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Abstract. Medically significant Lucilia sericata larvae lack a standardised, reproducible, animal tissue-free, and sterilisable diet
for rearing. In this study, we developed and evaluated a diet made from dried milk, protein powder, cholesterol, amino acids, and
vitamins with a defined macronutrient composition. We demonstrated that this formulation supports larval development compa-
rable to that of control liver diet. This diet composition was also tested with a deficiency in each ingredient to determine their role
and influence on larval development. Specifically, the effects of these diets on the following traits of the fly were measured: third
instar larvae length and weight, pupal weight, pupation percentage, eclosion percentage, adult longevity, and egg-laying capacity
across two generations. Based on performed studies, we demonstrated that Lucilia sericata did not successfully develop on a
diet lacking vitamins. Moreover, reduced third instar larval survivorship was observed in diets deficient in protein and cholesterol,
whereas higher eclosion failure occurred in diets lacking milk, protein, and Q-acids. These results indicate that each ingredient
is important in the larval development. Overall, larvae reared on liver-based diets showed similar characteristics to those reared
on artificial diets. Furthermore, subsequent generations of Lucilia sericata reared on this diet exhibited normal development and
reproductive capacity, and their eggs produced viable offspring. This represents a potentially novel formulation, with sterilisable
and readily available ingredients, and a meat-free composition that can be easily produced and used for medical applications.

INTRODUCTION

As early as the 1930s, medical flies, such as Lucilia seri-
cata (Ls) (Meigen) (Diptera: Calliphoridae), have become
one of the most effective therapeutic approaches for the
treatment of chronic wounds using their wound healing
activity (maggot therapy) (Baer, 1931). Maggots have the
potential to fully cover the TIME acronym of successful
wound healing (Schultz et al., 2004; Georgescu et al., 2016;
Pritchard et al., 2016), including T — dead tissue debride-
ment (physical and enzymatic), [ — inflammation and infec-
tion — reduction of pathogenic microbes from the wound,
M — moisture — creating the watering condition inside the
wound, mostly from the salivary glands, and E — edging —
promoting cells proliferation stimulated by growth factors
produced by maggot secretions. As a result, even hard to
heal wounds can be successfully treated after two months
of maggot application (Pritchard et al., 2016).

In recent years, the ageing of the population has led to an
increase in chronic diseases, which are the main risk fac-

tors for the development of chronic wounds. Consequently,
wound treatment has become an important global socio-
economic challenge. Effective management often requires
a combination of therapeutic approaches, which is further
complicated by the growing problem of antibiotic resist-
ance caused by the inappropriate and excessive use of anti-
biotics (Liu et al., 2022). It is therefore essential to promote
alternative therapies such as larval therapy, which offers
multifaceted benefits, and support their broader adoption
and practical implementation by healthcare professionals
(Pritchard et al., 2016).

Ls larvae/maggots feed on zoonotic soft tissues; there-
fore, rearing and maintenance of sterile populations is a
major challenge for the medical community involved in
this type of therapy. Ls is a holometabolous insect. From
oviposition to eclosion, the developmental stages of the fly
involve three larval instars, proceeded by a post-feeding/
wandering phase before the final moult into the pupa and
finally emerging as an imago/adult. The duration from egg
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to pupa is 10-14 days, where each instar is about 1 day
long, and post-feeding and pupation last 4-5 days at 22°C
incubation (Grassberger & Reiter, 2001). When rearing the
Ls maggots, it is crucial to provide adequate food for the
larvae from the first stage of their development and suit-
able environmental conditions, both for therapeutic and
epidemiological reasons. Although larvae of these insects
can be reared on a variety of natural foods, including beef
liver, poultry liver, poultry waste, fish waste, meat, minced
meat with fat, carrion, and manure, alternative foods (with-
out non-sterile organic animal residues) are being sought
for rearing (Pascacio-Villafan & Cohen, 2023). The de-
velopment of an alternative food is important because the
natural diet of these insects is based on decomposing meat
containing pathogenic microorganisms, which can further
infest the wound with serious infections. Such food tends
to have an unpleasant odour, and the composition of the
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diet is difficult to control accurately. Moreover, the lack of
information about macronutrient content of the diet makes
it difficult to verify results obtained in individual laborato-
ries (Sherman & My-Tien Tran, 1995; Shefa et al., 2013).
A review of different diets, which were developed by re-
searchers over the years, and the results of growth of medi-
cal maggots are presented in the Table 1.

A desirable artificial diet should allow optimal larval
growth and viability comparable to that of larvae grown on
liver while also fulfilling the following criteria: (i) Meat-
free composition. The diet, which does not contain any
meat or meat products, helps expunge harmful microbes
from the larvae’s environment. This is of utmost impor-
tance regarding patient’s safety during the medical proce-
dure; (ii) Simplicity and reproducibility. The diet should be
easy to prepare, consist of well-defined, readily available,
and cost-effective ingredients, and allow a standardised

Table 1. Different diets proposed by researchers for rearing fly maggots, with particular focus on the maggots of Lucilia sericata.

Species of fly Diet composition

Result Authors

Lucilia sericata Sterile 1:1 mixture of liver and 3% bacto-agar

Sherman & My-

Proper development of larvae Tien Tran, 1995

Purified casein, brewer’s yeast powder or
Fleischmann'’s yeast, butterfat or cod liver oil,
salt mixture, cystine and 1.5% agar solution

Lucilia sericata

Proper development of larvae

Agar containing peptone (Bacto Peptone)
or bovine extract (Lemco)

Not suitable for larval growth — maggots

died after few days .
Michelbacher

Yeast (Fleischmann’s yeast and baker’s yeast) . . etal. 1932
and eggs (including coagulated chicken egg dNOt Iswt.ableffor Iarvatl growtlh N tlmtehof '
white), NaCl, CaCO,, K,HPO, K,SO,; KI, e."etr‘]’p'”g‘t’ T""%gcl’t ?I.W""S onger ”""”
FeSO,-7H,0 in the control; adult flies were sma
Technical casein mixed with a 1.5% Not suitable for larval _growth —not many larvae
. reached adult stage; time of development of
solution of agar .
maggots was longer than in the control
Blood agar (3% sheep blood) and nutrient agar Not suitable for larval growth — time of .
. . e . Borkataki
Lucilia sericata (consisting of, among other things, peptone, development of maggots was longer than
) i " etal., 2019
beef extract, and agar) in the control; too low nutritional values
Musca domestica L Powdered milk, dried yeast and agar Proper development of larvae Sawicki &
: : y 9 P P Holbrook, 1961
Lucilia sericata Agar with 20% added horse blood Proper development of larvae Daniels et al.,
and dried brewer’s yeast P P 1991
Lucilia sericata Raw chicken eggs, nutritional agar Proper develooment of larvae Khatun et al.,
Megaselia scalaris and whole milk powder P P 2018
Lucilia cuprina Whole milk powder, beef blood, Proper development of larvae Shefa et al.,
P chicken eggs and wheat bran P P 2013
Agar, sheep blood, liver powder, brain-heart
Lucili icat broth, BHI, sodium hydrogen phosphate, P devel tof | Rueda et al.,
ucilia sericata potassium hydrogen phosphate, sodium roper development ot larvae 2010
chloride, glucose and distilled water
Whole milk powder, dried yeast, Tachibana &

Lucilia sericata s .
wheat germ, agar, propionic acid

Proper development of larvae Numata, 2001

Dehghan et al.,

Lucilia sericata Fish food Proper development of larvae 2020
Lucilia sericata Lamb meat (used as control) Proper development of larvae Dan|1esl)sgizt al,
o . e Shefa et al.,

Lucilia cuprina Tilapia fish (used as control) Proper development of larvae 2013
Tachibana &

Lucilia sericata Liver (used as control)

Proper development of larvae Numata, 2001

Lucilia sericata Sheep meat (used as control)

Borkataki et al.,

Proper development of larvae 2019
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Fig. 1. Schematic representation of studies performed in this paper.

macronutrient composition; (iii) Optimal consistency. If
the food is excessively liquid, the larvae may drown. In
contrast, if the food has insufficient moisture content, the
eggs can fail to hatch due to desiccation; and (iv) Steril-
ity and storage. The food should remain sterile and can be
safely stored at 4°C without risk of cross-contamination.
Inspired by the existing studies of non-animal source in-
gredients, we developed a diet consisting of combinations
of Mueller-Hinton Agar or agar supplemented with dried
whole milk, protein, vitamins, Q-acids, and cholesterol,
which are the major components of bovine liver (tradition-
ally used for larval feeding). The developed diet fulfils all
the previously mentioned criteria. A schematic diagram in
Fig. 1 shows studies performed to achieve such objective.
As part of this study, we evaluated whether larvae reared
this diet would develop comparably to those reared on beef
liver as a control. The results obtained are presented in this
study.

MATERIAL AND METHODS

Fly rearing conditions

Flies (Lucilia sericata) obtained from Biollab (Kedzierzyn-
Kozle, Poland) were kept in rectangular cages (29.5 cm x 37 cm
% 35.5 cm) covered with nylon mosquito net under 24.8 £ 1.3°C
average temperature, 61.6 £ 4.3% relative humidity, and 12 h
photoperiod. The adult flies were given sugar, water, and a muscle
growth supplement (FitMax MASS ACTIVE 20) as food. Flies
grown on such conditions and diet were able to produce eggs after
three to four weeks from eclosion.

Bacteria

Bacteria used in this study include Pseudomonas aeruginosa
ATCC 27853, Staphylococcus aureus ATCC 25923, Staphylococ-
cus epidermidis ATCC 12228, and Escherichia coli ATCC 25922
obtained from BioMaxima (Lublin, Poland).

Egg collection and surface sterilisation

To collect eggs, a fresh beef liver trap was placed in the cages
to induce oviposition in adult female flies (Fig. S1A). The trap
comprises two compartments: the lower chamber contains a small
piece of beef liver covered with polyamide gauze (mesh size
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42 pm; Surtex, £.0dz, Poland), after which the upper chamber is
inserted. This upper section is lined with paper towel moistened
with distilled water or PBS (phosphate-buffered saline; Eurx,
Gdansk, Poland) to maintain humidity and prevent desiccation
of the eggs. Traps were retrieved after 3—4 h, once oviposition
had occurred.

Laid eggs were gently removed from the mesh to sterile plastic
containers. As eggs were clumped, to separate them, sterile 5 mL
of 1x PBS was added to the containers and gently mixed using a
2 mL sterile Pasteur pipette until evenly separated. After separa-
tion, eggs were allowed to settle to remove debris and non-viable
floating eggs from the supernatant. Then 1% PBS was replaced
with 7 mL of 5% chloramine-T (Sigma-Aldrich, St. Louis, MO,
USA) and the eggs were thoroughly washed for seven minutes
(Wolff & Hansson, 2005). This procedure was repeated twice.
The chloramine was then replaced by sterile 5 mL of 1x PBS and
mixed for approximately two minutes. After that, the eggs were
resuspended in a fresh portion of sterile PBS (0.5 mL eggs in
1 mL solution). Using a sterile Pasteur pipette, the desired quan-
tity of eggs was placed in sterile plastic containers with the re-
spective test food.

Study 1: Selection and optimisation of artificial diet
composition based on larval growth and development

Material

The following ingredients were used to prepare the artificial
diets: milk powder (Whole milk powder, containing 26% fat,
OSM Siedlce, Poland), a high-protein supplement Protifar (Nu-
tricia, Warsaw, Poland), vitamins B complex (MultiVit, Activlab
Pharma, Cracow, Poland), Q-3 (Activlab Pharma, Cracow, Po-
land), black cumin oil (source of Q-6, GAL, Poznan, Poland),
cholesterol (Sigma-Aldrich, St. Louis, MO, USA), Mueller Hin-
ton Agar (VWR International, Leuven, Belgium), agar (Oxoid
Ltd, Basingstoke, United Kingdom).

Composition of larvae diet

Five different diets (Table 2) were tested for their effects on lar-
val development of Ls. The compositions were named as follows:

Control — autoclaved beef liver purée mixed with 3% agar, au-
toclaved at 130°C for 20 min as described by Sherman & My-
Tien Tran (1995).

MHA — Mueller Hinton Agar — ready-to-use medium contains
beef extract, casein hydrolysate, starch, and agar.
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Table 2. Detailed composition of tested diets.

MHA MHA+milk MHA+milk

Ingredients [g] A+milk

+sup +prot+sup +prot+sup
Beef infusion solids 0.13 0.13 0.13 -
Casein acid hydrolysate 1.15 1.15 1.15 -
Starch 0.1 0.1 0.1 -
Agar 1.12 1.12 1.12 0.7
Q-acids - 0.67 0.29 0.29
Fat - 2.6 3.6 3.6
Carbohydrates - 3.8 5.0 5.0
Protein - 2.6 22.4 22.4
Cholesterol - 1.21 0.41 0.41
Vitamins B complex - 0.07 0.033 0.033
Water 100 100 100 100

MHA-+milk+sup — Mueller Hinton Agar with milk and supple-
ments such as vitamins, Q-acids, and cholesterol. This diet con-
tains whole milk powder which is often included in the artificial
diets described in previous publications (Sawicki & Holbrook,
1961; Daniels et al., 1991; Tachibana & Numata, 2001) as it is en-
riched with vitamins and cholesterol which are needed for normal
larval growth (Hobson, 1935; Kadner & LaFleur, 1951; Beenak-
kers et al., 1985).

MHA-+milk+prot+sup — Mueller Hinton Agar with milk, pro-
tein and supplements (same as above). This food contained less
milk compared to MHA+milk+sup, but the protein content is
similar to 100 g of beef liver.

A-+milk+prot+sup — agar with milk, protein and supplements
(same as above). This composition contains agar instead of MHA
which allows exclusion of beef extract.

Experimental procedure

The collected eggs (approximately 50 eggs) and 40 g of food
were placed in a sterile container. For ventilation purposes, a hole
was made and covered with an autoclaved net (polyamide gauze,
mesh size 42 um) and sealed with industrial glue. Eggs were in-
cubated to the pupal stage in the dark at 32°C. For each diet, five
replicates were prepared for each measurement point. Samples
from days 1, 2, and 5 for each type of food were flooded with 96%
ethanol, and the length of the dead larvae was measured. After
day 5, one dry and one-half moistened tissue with 1.5 mL PBS
was added to the remaining containers as a substrate for pupation.
From day 7, pupae were collected and transferred to cages.

Optimisation of the final composition of food

In the next stage of the experiment, a base medium composi-
tion (A+milk+prot+sup) was selected to ensure proper larval de-
velopment, which was then optimised by modifying the content
of milk, protein preparation, and agar to achieve an equilibrium
between medium consistency and larval growth. The final com-
position of the food is presented in Table 3 (complete) and named
in the further part of the experiment as A+milk+prot+sup II arti-
ficial diet (AD).

Study 2: Effect of individual components on growth
and development of larvae

Composition of artificial larval diet

Six different compositions of ingredients of AD with each com-
position omitted one ingredient (Table 3) were tested for their
effects on the larval development of Ls. The compositions were
named as: artificial food without vitamin B complex (-vit), artifi-
cial food without whole milk powder (-milk): a diet significantly
reduced in fat and carbohydrate and containing less protein than
complete diet, artificial food without cholesterol (-chl), artificial
food without high-protein supplement (-prot): a diet significantly

doi: 10.14411/eje.2025.044

Table 3. Composition of deficient diets based on selected
A+milk+prot+sup Il.

A+milk+prot+sup Il

Ingredients [g]?

-vit  -milk -chl -prot -Q complete

Agar 1.5 1.5 1.5 1.5 1.5 1.5
Q- acids® 040 0.35 040 040 0.05¢ 0.40
Fat 2.2 0.1¢ 22 21°¢ 22 2.2
Carbohydrates 3.1 0.1¢ 3.1 3.0 31 3.1
Protein 9.1 7.0¢ 91 21¢ 91 9.1
Cholesterol 0.41 0.4 0.01c 041 0.41 0.41
Vitamins B complex 0.0004¢ 0.0264 0.0264 0.0264 0.0264 0.0264
Water 100 100 100 100 100 100

2|n addition, the artificial foods contained ingredients such as so-
dium, potassium, chloride, calcium, phosphorus, magnesium, iron,
zinc, and other vitamins, among others, which were present in the
milk, protein, and vitamin preparations used to prepare them. ® Q-3
acid (mainly EPA, DHA): 0.12 g and Q-6 acid (mainly LA): 0.28 g.
¢These ingredients are present in milk. ¢ These ingredients are pre-
sent in high-protein supplement.

reduced in protein, artificial food without Q-acids (-Q2). As a con-
trol, complete diet, containing all the basic components of AD,
i.e. fat, carbohydrate, protein, Q-acids, cholesterol, and B vita-
mins was used. The ingredients for the complete diet were pre-
pared according to the procedure described in patent application
number P.448853.

Briefly, agar was added to autoclaved distilled water and mi-
crowaved until completely dissolved. Then powdered milk,
cholesterol, Q-acids, and protein powder were gradually added,
ensuring proper mixing and microwaving to achieve a uniform
mixture. Vitamins were added to the cooled-down media, and
25 mL was poured into sterile Petri dishes. The diet was prepared
under aseptic conditions. For the experiment, one ingredient was
omitted, and the diet was prepared in the same manner.

Experimental procedure

50 (£5) eggs and 10-11.5 g of the test food were placed in a
sterile container bottle to enable larval growth and development
until pupal stage (Fig. S1B). Eggs were incubated to pupae stage
in the dark at 32°C. Three independent replicates were prepared
for each diet.

On the following day 3, ten larvae were collected from each
replicate. The collected larvae were transferred in 96% ethanol
(Stanlab, Lublin, Poland) to kill them. The length of the dead lar-
vae was measured using callipers. To the surviving larvae, fresh
food was added along with a clean paper towel as a substrate
for pupation. The moisture in the bottle was maintained using
sterile 1x PBS. From day 6, pupae were collected, their length
was measured using callipers, and they were transferred to larger
cages. These cages were maintained under previously described
conditions. Following day 14, the number of pupae, larvae, and
flies in the bottles was counted and subsequently moved to larger
cages.

On day 30 of the experiment, as the flies had reached sexu-
al maturity, a beef liver trap was placed in each cage to check
whether the matured flies were able to lay eggs. The collected
eggs were weighed, sanitised as indicated earlier, and placed in
a container with the same food treatment as the prior generation.
The experiment lasted 14 days as well. The results were recorded
as described above.

Study 3: Assessment of antibacterial activities of larval
secretions
Collection of maggot secretion

The collected eggs were surface sterilised as described earlier,
and 100 pL of eggs were dispensed onto sterile bottle (Fig. S1B)
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Fig. 2. Mean values of larval length of Ls growing on different artificial foods in consecutive days of postembryonic development. A — first
day, B — second day, C — fifth day. Same letter indicates no pairwise differences according to Tuckey post-hoc test. Cont. — autoclaved
beef liver; 1 — A+milk+prot+sup, 2 — MHA milk+prot+sup, 3 — MHA+milk+sup, 4 — MHA.

containing autoclaved puréed liver mixed with agar and on our
formulated artificial diet AD. The bottles were prepared in five
replicates. Crude secretion extract was collected by incubating
maggots between second-third instar stage in sterile distilled
water (0.5 mL of water per 1 g of larvae) for 3 h at 32°C in dark-
ness. The collected extract was siphoned from replicates and
centrifuged at 11,000 rpm for 10 min at 4°C to collect the su-
pernatant, which was then filter sterilised using a sterile 0.45 pm
syringe filter, followed by sterile 0.22 pm PES (Polyethersulfone,
VWR International, Radnor, USA) syringe filter. The secretion
extract was concentrated by vacuum evaporation and was further
used for testing. The protein concentration from each secretion
was estimated using NanoDrop 2000 (Thermo Fisher Scientific,
Waltham, MA, USA).

Antibacterial radial diffusion assay

20 pL of each extract was spotted onto the Mueller-Hinton-I1
agarose (0.75 w/v %, VWR International, Leuven, Belgium) plate
seeded with normalised reference bacteria adjusted to 0.5 McFar-
land, taken from overnight-grown cultures in Tryptic Soy Broth
(TSB, Sigma-Aldrich, St. Louis, MO, USA). The plates were al-
lowed to dry and were transferred to an incubator for overnight
incubation at 32°C. The next day, plates were observed for halos,
indicating a zone of inhibition.

Statistical analysis

To assess the relationship between body length and artificial
food type, a generalised linear model (GLM) with a gamma distri-
bution and log link function was applied. The gamma distribution
was chosen because the body length data were positively skewed
and did not meet the assumptions of normality required for linear
regression. This distribution is appropriate for continuous, strictly
positive data with right skewness. The model selection was based
on minimising overdispersion, confirmed by a total deviance per
degree of freedom (df) always below one, and choosing mod-
els with the lowest Akaike Information Criterion (AIC) and the
Bayesian Information Criterion (BIC) values (O’Hara, 1997).
The Wald statistic was used to test the significance of the model
parameters, comparing estimated coefficients against the null
hypothesis that they are equal to zero. The pairwise differences
in mean body length between artificial food types were assessed
using Tukey’s test with Bonferroni correction for multiple com-
parisons. GLM analyses were performed using Statistica version
13.3 software (TIBCO Software Inc.). Finally, the normalised
data relative to the control (expressed as percentages) were visu-
alised through heatmaps, non-metric multidimensional scaling
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(NMDS), and Similarity Percentage (SIMPER) analysis, which
were conducted using PAST software (Hammer et al., 2001).

RESULTS

The results of Study 1: “Selection and optimisation of
artificial diet composition based on larval growth and
development” are shown in Fig. 2. From these results, it
can be concluded that larvae growth response was signifi-
cantly influenced by the composition (GLM, P < 0.001)
(Table S1). On day 1, larvae fed on A+milk+prot+sup ex-
hibited the greatest mean length, significantly surpassing
the control group fed on autoclaved beef liver (larvae fed
on A+milk+prot+sup were approximately 15% larger than
those in control group), while other diets resulted in mark-
edly reduced lengths (larvae were approximately 33—44%
smaller than those in control group). By Day 2, larval length
remained highest in control and A+milk+prot+sup. Larvae
reared on liver and A+milk+prot+sup were approximately
15-22% larger than larvae reared on MHA+milk+prot+sup
and approximately 40% larger than those reared on MHA.
Similar trend was also observed on Day 5. These findings
indicate a time-dependent effect of diet composition on lar-
val development, with A+milk+prot+sup support superior
growth and diet with MHA significantly impairing it. Lar-
vae reared on A+milk+prot+sup were 4.5 times larger than
larvae reared on MHA.

The GLM modelling was performed using larval length
measurements collected on days 1, 2, and 5 from larvae
reared on five different diet treatments, including our de-
veloped agar-based diet (A+milk+prot+sup) and control
autoclaved beef liver purée. Larval length was modelled as
a function of diet composition using a gamma distribution
with log link to accommodate the data distribution. Model
selection was guided by minimising overdispersion and se-
lecting models with the lowest AIC and BIC values. The
analysis revealed a highly significant effect of diet on larval
growth (P < 0.001), with larvae on the A+milk+prot+sup
diet exhibiting significantly greater mean lengths than
those on other diets, including the control. These findings
were further supported by pairwise Tukey tests with Bon-
ferroni adjustments (Fig. 2).
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Table 4. Comparison of food and liver nutrient composition.

A+milk+prot+sup Il Liver (content

Ingredients [g]

(content per 100 g)  per 100 g)
Fat 2.2 3.6-5.3
Carbohydrates 3.1 2.0-50
Protein 9.1 20.4-29.1
Q-3 acid (mainly EPA, DHA) 0.12 0.01-0.23
Q-6 acid (mainly LA) 0.28 0.17-0.44
Cholesterol 0.41 0.28-0.40
Vitamins B complex 0.026 0.024-0.300

Although the agar-based diet supported larval growth,
pupation, and development into normally functioning
adults, its consistency was not suitable. The use of large
amounts of protein or milk made it difficult to achieve a
homogeneous consistency of the feed, which tends to form
lumps. Prepared food has a semi-liquid consistency and
when eaten, the larvae became stuck in it, reducing their
survival rate. In addition, mould growth or contamination
was observed on the food when incubated with for more
than 4 to 5 days with larvae at 32°C, due to distinctive
odour of lactic acid fermentation. To prevent such situation
fresh sterile food was added every 2 to 3 days.

As a result of the difficulties described before, work con-
tinued to develop artificial diets that would not only ensure
adequate growth and development of the larvae, but would
also be easy to prepare, easy to handle and have the right
texture. Consequently, modified composition of tested diet
namely as A+milk+prot+sup II (AD) was developed. The
developed food consists of omega acids, vitamin B com-
plex, cholesterol and carbohydrates in similar values to
those found in fresh beef liver (Brust & Fraenkel, 1955;
Enser et al., 1996, 1998; Williams, 2007; USDA, 2025),
which is often used as larval food. However, the amount
of fat and protein in the proposed diet was lower than in
liver (Table 4).

The developed diet was used in another experiment to
compare the growth and development of larvae fed on ar-
tificial diet and those fed on beef liver at 28°C and 32°C
incubation temperatures. From this experiment, it was ob-
served that larvae reared on AD and beef liver at 32°C did
not differ significantly in size, with mean body lengths of
9.8 £ 0.94 mm and 10.2 + 0.84 mm, respectively (n = 10).
In contrast, at 28°C, larvae reared on the AD diet were

doi: 10.14411/eje.2025.044

smaller than those in the control group, with mean body
lengths 0f9.0 £ 0.71 mm and 10.4 = 0.55 mm, respectively
(n=10).

From this experiment, it was observed also that larvae
reared on an AD at 32°C started to pupate faster (within 5
days) than larvae reared on the liver (within 6 days). In ad-
dition, the number of pupae were reduced in larvae reared
on the liver compared to those reared on AD. In the case of
larvae reared on beef liver at 28°C, a high mortality of lar-
vae at the third instar was observed; in addition, the larvae
pupation was delayed compared to AD (2 days later) and
the number of pupated individuals was reduced by half.
The larvae reared on AD at 28°C pupated slower than at
32°C.

In the Study 2: “Effect of individual components on
growth and development of larvae”, we tested the effect
of individual components of the AD on larval growth and
development. The obtained results were presented in Table
5, Table S2 and Fig. 3.

Based on the results, we can conclude that the lengths
of 3 instar larvae across food groups significantly dif-
fer among the food deficiencies (P < 0.001) in genera-
tion G,. The mean larval length feeding on food lacking
in omega-acids (-Q2) and the complete diet have the high-
est values, while deficiency of powdered milk (-milk) re-
sulted in the shortest lengths of the maggots. Wald’s statis-
tic (x> = 148.51) confirms strong differences among food
groups. G, also demonstrates significant differences (P =
0.0067), but the variation was smaller compared to G,.
Pupa length for G, showed significant differences across
different food deficiencies (P < 0.001). Food (-Q) produced
the largest pupae, while food (-milk) produced the small-
est. The Wald statistic (x> = 184.8) supports meaningful
variation in the pupal size due to food composition. In G,
pupae size is still affected by food composition significant-
ly (P <0.001). Complete food shows the largest pupae and
food (-milk) the smallest. Food (-milk) consistently results
in the smallest larvae and pupa sizes across generations,
indicating it may be nutritionally deficient (Brust & Fraen-
kel, 1955). The results indicate that the larvae’s diet should
provide them with adequate amounts of lipids, proteins and
carbohydrates, which not only allow for proper develop-

Table 5. Comparison of larvae growth against diets with deficiencies of ingredients.

A+milk+prot+sup |l

Parameters - -

-vit -milk -chl -prot -Q complete
3rd instar larvae length (mm) 11.10+1.71 9.11+1.25 12.04+0.97 10.34+1.38 12.49+1.64 12.75+1.52
Total larvae (30 larvae) weight (g) 1.44 0.60 1.76 0.97 1.78 1.65

G Pupa length (mm) 7.70+0.46 7.02+0.47 7.93+0.43 7.42+0.40 8.02+0.39 7.88+0.38
0 Pupa weight (mg) 0.959 0.697 1.120 0.814 1.120 1.100
Pupation rate (%, + SE) 23.81+5.93 59.29+2.36 68.98+1.00 60.93+11.69 51.58+3.02 58.25+12.75
Eclosion rate (% + SE) 39.54+9.97 42.95+3.19 46.97+£0.94 48.28+0.33 46.42+1.10 50.10+8.64
Number of eggs laid (g) - 34.93+2.05 122.90+21.38 32.63+5.35 70.27+28.19 75.43+42.45
3rd instar larvae length (mm) - 10.12+£1.78 11.27+£0.87 7.85+1.94 10.27£2.57 11.60+£1.05
G, Total larvae weight (g) - 1.20 2.32 1.50 1.39 1.04
Pupae length (mm) - 6.58+0.49 7.97+0.45 7.85+0.27 7.78+0.42 8.10+£0.34
Pupation rate (%, + SE) - 31.00+£7.19 36.5+1.62 39.13¢° 43.19+0.87 41.13+1.732
Eclosion rate (% * SE) - 30.69+15.37 37.04+10.31 40.002 42.15+3.06 49.00+1.00

aCombined replicates.
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Generation 0
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Fig. 3. The mean confidence interval (+Cl) of the third instar larvae and pupa length in relation to different food deficits in the first and
second generations. The letters indicate differences (Tukey HSD test result) among various diets.

ment, but also provide an adequate reservoir of substances
necessary during the pupation (Beenakkers et al., 1985).

Although larger sizes of larvae and pupa from G, with
food deficit in vitamins (-vit), the mature females failed to
lay eggs for the next generation. The results obtained may
indicate that the B vitamin content of the milk is sufficient
for the growth of the larvae, but not for the proper develop-
ment of the flies (Hobson, 1933).

The effect of each dietary component on fly development
in comparison to control is shown in a statistical summary
in Fig. 4, the original data with description of the calcula-
tion shown in Table S3.

In our study (Study 3) we also investigated the bioactiv-
ity of secretions from larvae fed on our AD and on control
liver. The activity was determined using the radial diffusion
assay from both secretions. Secretion from AD-fed larvae
showed a zone of inhibition against E. coli ATCC 25922

(A) (B)
Parameters Generation  -vit -milk -chl -prot -Q O
)
3rd larvae length Gy § . Gy
Pupa length Gy k<]
o
Pupae weight (mg) Gy 3™ Go
Eclosion failure Gy
-0.10
Adult flies survival G ANOSIM, R=0.6, p<0.001
o Stress = 0.06
Total dead flies Gy 080 a3 000 030
. : Coordinate 1
Female egg-laying capacity G, (C) ik
3rd larvae length G,
Larvae survivorship until day 4 G,
Pupa length G,
Eclosion failure G,
Adult flies survival G,
Total dead flies G,

-Q

Fig. 4. A— Heat map of the influence of deficit ingredients with respect to control composition on Ls development across generations (G,
and G,). The darkest red shade indicate that lack of ingredients had higher negative impact on larvae development. Grey colour means
lack of data. B — A nonmetric multidimensional scaling analysis, showing that different factors (food ingredients) are responsible for G,
and G, development. C — SIMPER analysis showing that different factors (food deficiencies) are responsible for G, and G, development.
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in concentrations ranging from 7 to 56 mg/mL. Activity
against P. aeruginosa ATCC 27853 was only observed as
loss of yellow-green pigment (pyoverdine) from both liver
and AD secretion, as shown in Fig. S2 and Fig. S3. Nota-
bly, no activity was observed against Gram-positive bacte-
ria from any secretion on diffusion assay.

DISCUSSION

Meat-free diets based on ingredients such as eggs, milk,
fish and yeast are increasingly being developed for Ls lar-
val development (Stadler & Takac, 2022), but information
on macronutrient composition, that is, % of protein, lipid,
or carbohydrate, is still insufficiently documented. Knowl-
edge of the exact composition of larval food is particularly
important when comparing and verifying results obtained
by different laboratories, or when experiments must be
performed under controlled conditions. (Shefa et al., 2013;
Sherman & My-Tien Tran, 1995). We have indicated that
dried cow milk, protein powder, and supplements such as
multivitamins, cholesterol, and omega acids are suitable
for rearing Ls larvae efficiently. Larvae fed on the devel-
oped diet exhibited growth comparable to those fed on
the control diet of autoclaved puréed beef liver with agar
(Zheng et al., 2017; Dehghan et al., 2020).

The ingredients present in our food have similar nutri-
tional values in comparison to fresh beef liver (which is
often used as a larval food), as shown in Table 4. The pro-
posed composition is formulated, reproducible, and inde-
pendent of factors such as the quality of animal tissues, the
risk of animal pathogen transmission, and rearing condi-
tions, which may influence the liver composition (Enser
et al., 1998). The downside of the liver is that it produces
a strong malodour upon decomposition, and the presence
of probable toxins present in the liver may inhibit larval
growth (Hernandez-Herrero et al., 1999; Clark et al., 2006;
Kharbouche et al., 2008). Additionally, liver is prone to mi-
crobial contamination, making it less suitable for applica-
tions where sterility is critical — such as medical maggot
therapy and experimental investigations; due to the risk
of transmitting pathogenic bacteria to the patient’s body
(Sherman & My-Tien Tran, 1995; Zhang et al., 2009). Au-
toclaving meat helps reduce contamination; however, this
process can lead to protein coagulation, potentially reduc-
ing its bioavailability to larvae (Fine & Alexander, 1934).

We also evaluated the effects of individual nutrients as
dietary deficiencies on larval growth dynamics and de-
velopment. Among the tested components, vitamin defi-
ciency produced the most severe adverse outcomes, fol-
lowed by deficiencies in milk, protein, cholesterol, and
omega-3 acids (Table 5). These findings are consistent
with previous studies emphasising the essential roles of
lipids, cholesterol, proteins, and vitamins in insect devel-
opment (Brust & Fraenkel, 1955; Beenakkers et al., 1985;
Barragan-Fonseca et al., 2018). Vitamin deficiency has the
most pronounced negative impact on metabolic processes,
energy production, and cellular function of maggots (Hob-
son, 1933; Brust & Fraenkel, 1955; Tachibana & Numata,
2001), and studies utilising dried yeast, a rich source of B
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vitamins, have supported the influence of B vitamins on
larval growth and reproductive success. Larvae reared on
this diet exhibit significantly enhanced development com-
pared to those maintained on a diet deficient in B vitamins
(Tachibana & Numata, 2001). Our findings also confirm
that B vitamins are essential for the development and repro-
duction of Ls larvae because larvae reared on food without
vitamins were significantly smaller than those fed on the
liver diet. Additionally, the mortality rate was the highest
among all presented diets (Table 5), and the fecundity of
adult females was greatly limited in the next generation.
Another food ingredient that had an essential effect on
larval growth was whole milk powder, which was selected
as the primary ingredient in the formulated diet because of
its high fat and protein content, particularly albumin and
sterols, which are critical for larval growth and develop-
ment (Shefa et al., 2013; Polat et al., 2024). Milk-deficient
diets resulted in significantly smaller third-instar larvae
and pupae, along with reduced pupal weight. These find-
ings are in agreement with observations reported by Bar-
ragan-Fonseca et al. (2018). Although milk contains many
components that are essential for the development of lar-
vae, it is not possible to use it as a complete food (Zheng
et al., 2017). The powdered milk used in our experiments
contained small amounts of B vitamins (0.005%) and cho-
lesterol (0.1%). Both parameters are crucial for the proper
development of larvae (Brust & Fraenkel, 1955; Tachibana
& Numata, 2001). In our study, we found that the amount
of cholesterol provided in the milk powder was sufficient
to increase larval growth close to that of the control, but
not sufficient to ensure adequate health and fitness in adult
flies. In addition, the amount of protein provided as a com-
ponent of the milk used in preparing the food was found to
be insufficient. The diet containing only milk together with
supplements had a negative effect on larval development;
the larvae and third instar pupae were significantly smaller,
losing their weight (Daniels et al., 1991). The lack of pro-
tein also affects the fecundity of flies. Wall et al. (2002)
showed that an adequate supply of protein at the larval
stage affects the ability of adult females to lay eggs. In our
case, we supplemented the protein content using protein
powder made from concentrated cow’s milk to match the
amounts typical of animal tissues (Zarkadas et al., 1996).
Replacing a part of the milk in the developed feed for-
mula with a high-protein product not only improved the
nutritional value of the feed, which had a positive effect
on the condition of the larvae, but also improved the ar-
tificial food consistency (photos shared in the repository
DOI:10.5281/zenodo.15302601). An adequate amount of
moisture is also crucial to avoid drowning of larvae in ex-
cessively liquid food and desiccation of eggs or dry food
with poor moisture. Moisture is one of the most critical
factors for the survival of Ls in the early stages of the life
cycle (Davies & Hobson, 1935). The negative effect of lig-
uid food on the development of Ls flies was confirmed by
Byrd (2009), who noted that chicken liver is an unsuitable
growth medium for larvae because it easily liquefies as it
decomposes. Extremely high humidity of the substrate is
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also unsuitable, as it increases the time of larval develop-
ment (Kokdener & Sahin Yurtgan, 2022). The posterior
spiracles at the posterior end of the larvae enable the larvae
to regulate oxygen exchange in a semi-liquid environment
(Keilin, 1994; Magni et al., 2021).

To enhance the solid consistency of the food, we added
agar. Sherman & My-Tien Tran (1995) applied a similar
solution to ensure the optimal consistency of the liver dur-
ing autoclaving. The fluid consistency of agar after au-
toclaving also allows the preparation of diets containing
nutrients or ingredients essential for larval development
that are sensitive to the autoclaving process (McCollum &
Davis, 1915; Yeung et al., 2006). These ingredients only
need to be added to the agar before it solidifies.

In our procedure, the diet was prepared in a laminar air-
flow chamber using autoclaved distilled water with agar,
with brief microwave heating to maintain sterility. Pre-
pared this way, the food remains sterile and nutritionally
available to larvae, which might otherwise be lost during
heat sterilisation (McCollum & Davis, 1915). Such read-
ily usable food can be stored for extended periods at 4°C
while maintaining sterility for a month. This is a substan-
tial advantage, especially when continuous mass produc-
tion of larvae is required.

In summary, the proposed meat-free sterile diet offers
a compelling option for both healthcare providers and re-
searchers. It is nutritionally complete, pathogen-free, and
can be prepared easily (within 1-2 h) and stored, making
it useful in medical wound debridement therapy and con-
trolled experimental settings. Additionally, the ingredients
necessary for its preparation are readily available, inexpen-
sive (the cost of feeding 100 larvae from the 1st instar to
the pupa is 0.6 USD), and compliant with food-grade or
dietary supplement standards. Moreover, in our research,
larvaec maintained on this diet retained the capability to
produce biologically active secretions. Which leads us to
believe that the developed food may find future application
for the rearing and maintenance of fly larvae lines in health
and research facilities or supply units.
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Table S1. Results of generalised linear modelling of maggot’s
length variation in relation to quality of artificial diet.

Variables df Wald stat. P
First day Intercept 1 2305.92 <0.001
Avrtificial diet 5 692.99 <0.001
Second day Intercept 1 19071.72 <0.001
Avrtificial diet 5 603.04 <0.001
Third day Intercept 1 18744.68 <0.001
Avrtificial diet 5 2011.97 <0.001
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Table S2. Generalised linear modeling results of third instar larvae and pupae length analysis through significance comparison in G, and
G, generations.

Dependent Indep_endent SS df MS F P Wald stat. Significance
variable variable
3rd instar larvae Intercept 22997.76 1 22997.76 11183.2 <0.001 62730.13 Significant
length Avrtificial diet 294.81 5 58.96 28.67 <0.001 148.51 Significant
G, P lenath Intercept 13338.39 1 13338.39 73316.22 <0.001 307923.2 Significant
Upae ‘eng Artificial diet 31.92 5 6.38 35.09 <0.001 184.8 Significant
3rd instar larvae Intercept 16402.82 1 16402.82 5194.923 <0.001 20885.22 Significant
G length Avrtificial diet 62.6 4 15.65 4.956 <0.001 14.2 Significant
! P lenath Intercept 5291.379 1 5291.379 28743.47 <0.001 114354.9 Significant
upaeleng Artificial diet 33.181 4 8.295 45.06 <0.001 193.3 Significant
Table S3. Heatmap calculation. Normalised data to control data
value in percentage was divided by maximum value in each pa-
rameter. The darkest red shade indicates lack of ingredients that
had higher negative impact on larvae development. Grey colour
means lack of data. Shades of red were achieved using MS Excel
conditional colour scale formatting. The numeric scale is from value
0 to 1 with 0.1 minor scale. Scale?describes situations where the
highest value is desirable and close to the control value. Scale®de-
scribes a situation where the high ratio is an undesirable situation
and differs from the control value.
Parameters Generation -vit -milk -chl -prot -Q
3rd larvae length? G, 0.890.730.960.831.00
Pupa length? G, 0.950.901.000.921.00
Pupae weight (mg)? G, 0.8600:621.000.731.00
Eclosion failure® G, Io.24-o.41 0.63
Adult flies survival® G, 0.941.000.880.88
Total dead flies® G, 0.430.430.570.57
Female egg-laying capacity? G, 0.28 1.000.260.57
3rd larvae length? G, 0.860.96 1.000.87
Larvae survivorship until day 4> G, 0.960.810.561.00
Pupa length? G, 0.831.000.990.98
Eclosion failure® G, 0.750.6211.000.77
Adult flies survival® G, 1.000.940.880.81
Total dead flies® G, 0.000.57 0.001.00
a
mM 020 0.30 040 0.50 0.60 0.70 0.80 0.90 1.00
No data Higer Similar
negative to
impact control
b - 0.00 0.10 0.20 030 0.40 0.50 0.60 0.70 0.80 0.90 ﬁ
No data Similar Higc;r
to negative
control impact
A B Hole covered with net

Upper nut compartment
with moisten paper lining

Net separating liver

—_—
Bottom compartment with
a piece of beef liver

Fig. S1. A lllustration of a trap used for oviposition of eggs. B — lllustration of the bottle used for larval growth in the study 2.
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Escherichia coli ATCC 25922 Staphylococcus aureus ATCC 25923 Staphylococcus epidermidis ATCC 12228

Fig. S2. Antimicrobial activity of secretions
from L. sericata larvae reared on the artifi-
cial diet against Gram-negative and Gram-
positive reference bacteria. Representative
radial diffusion test plates showing zones
of inhibition against E. coli growth. Against
P. aeruginosa, a zone with loss of pigment
was observed. Numbers on the plate indi-
cate a twofold decreasing concentration of
secretion from 56.0 to 0.3 mg/mL, until the
8" dilutions. Pictures were taken using the
Syngene G:BOX high-resolution camera.
The red circle shows the zone of inhibi-
tion of bacterial growth, and the red oval

- shows the area where the bacteria did not
Pseudomonas aeruginosa ATCC 27853~ Pseudomonas aeruginosa ATCC 27853 produce pigment.

Escherichia coli ATCC 25922 Staphylococcus aureus ATCC 25923 Staphylococcus epidermidis ATCC 12228

Fig. S3. Antimicrobial activity of secre-
tions from L. sericata fly larvae reared on
liver against Gram-negative and Gram-
positive bacteria. Representative radial
diffusion plates demonstrate that secre-
tions collected from larvae reared on the
liver show no antimicrobial activity against
the tested microorganisms; however,
only loss of pigment when tested against
P.aeruginosa was observed. Numbers on
the plate indicate a twofold decreasing
concentration of secretion from 56.0 to 0.3
mg/mL, until the 8" dilution. Pictures were
taken using the Syngene G:BOX high-res-
olution camera. The red oval shows the

' area where the bacteria did not produce
Pseudomonas aeruginosa ATCC 27853 Pseudomonas aeruginosa ATCC 27853 pigment.
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