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ABSTRACT

Olive pomace (OP) is a sludge arising from the production of olive oil, generated in increasing amounts in Portugal. The
management of this toxic waste stream is complex and the number of processing plants is limited. In this study, OP was
incorporated as a feed component for rearing black soldier fly larvae (BSFL) under industrial conditions. Larvae were reared
inside a climate-controlled room with regulated temperature and humidity. The rearing cycle lasted 13 days, after which larvae
were harvested. In addition to assessing bioconversion efficiency and larval proximate composition, the resulting frass was
examined for its fertilizer potential. Frass was analyzed for plant nutrient content and microbial profile in three forms: fresh,
heat-treated (70°C for 1h), and pelletized. The inclusion of OP in the diets reduced waste-to-biomass conversion efficiency
(21.5%pwm to approximately 13.3%py) but did not affect the proximate composition of the larval biomass, which consistently
contained around 43%p crude protein and 20%py crude fat. Neither the presence of OP nor the applied post-treatments altered
the nutrient composition of frass, which contained on average 3.5% total N, 2.6% P,0s, and 5.9% K,O. However, at the highest
inclusion level (84%), the abundance of bacterial and fungal groups was significantly reduced. The predominant phyla in the
frass were Actinobacteria, Bacteroidota, Firmicutes, Proteobacteria, Ascomycota and Basidiomycota, and the dynamics of
microbial communities were influenced by specific micronutrients. The presence of OP led to a significant reduction of
potentially pathogenic bacteria and fungi in the frass, indicating a sanitizing effect attributable to this material.

1 | Introduction olives (Olea europaea L.), with both Spain and Portugal

together accounting for more than 65% of the European olive

Agricultural production in the Mediterranean biogeographic
region is based on the cultivation of specific crops that are
adapted to its unique climatic conditions with warm, dry
summers and mild, rainy winters. Among the most cultivated
crops in that region are grapes, citrus fruit, some grains and

oil production (European Commission 2020). As a conse-
quence, large amounts of olive pomace—the main solid by-
product deriving from olive oil extraction, composed of olive
seeds and pulp—are generated in those countries, with an
average of 400 kg of olive pomace obtained for every ton of
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processed olives (Tapia-Quirds et al. 2020). Although some
applications to olive pomace have been explored—such as a
valuable biomass for energy production (Azzaz et al. 2020) or a
raw material for feed production (European Commission
2017)—the large amounts generated annually, combined with
the high pollution potential (mostly due to the presence of
phenolic compounds, pesticides, mycotoxins and polycyclic
aromatic hydrocarbons) (Schmidt et al. 2023), suggests that
alternative usages should be considered.

Olive pomace has been treated by several established methods,
including thermophilic composting, thermal treatments, anaer-
obic digestion and others (Muscolo et al. 2019). More recently, it
was proposed that a bioconversion treatment using black soldier
fly (Hermetia illucens, BSF) larvae could also be used to treat
olive pomace, especially if it was mixed with other materials of
organic origin. Ramzy et al. (2022) studied the bioconversion of
olive pomace mixed with wheat bran at distinct inclusion levels
(0, 25, 50% and 75%) and demonstrated that it can be considered
a feasible feed component for the larvae, with minimum negative
impact to the larvae’ development. However, at a high inclusion
level (75%) of pomace, the authors reported lower material
reduction, larval growth and protein accumulation, but at lower
levels (25%-50%), the proximate composition of the larval bio-
mass remained unaffected. Similar findings were reported by
Ameixa et al. (2023), who observed reduced substrate conversion
and lower protein content in the larval biomass. Those authors
also documented a significant shift in the larvae's fatty acids
profile: lauric acid (C12:0), a medium-chain saturated fatty acid
markedly decreased, while oleic acid (C18:1) accumulated as
higher proportions of olive pomace were included in the diet.
Both studies further reported prolonged development times,
with pupation being delayed at olive pomace inclusion levels
above 50%.

The bioconversion of biowaste with BSF larvae generates not
only a larval biomass that can be used as an animal feed
ingredient (Osuch et al. 2024) but also a treatment residue
(called frass), which can be used as an organic fertilizer (Lopes
et al. 2022). According to the most recent definition by the
European Union, frass is the common designation used to
describe “insect larvae feces”, also including the feeding sub-
strate, parts of farmed insects and dead eggs (European Com-
mission 2021). In addition, frass was recently placed within the
EU Regulation 142/2011 as an animal manure, requiring a heat
treatment of 70°C during 1 h before commercialization, to en-
sure biological safety (European Commission 2011). Similarly to
what is normally observed in the larval biomass, the composi-
tion of the frass is also affected by the type of feed substrate
provided to the larvae, in relation to plant nutrients, bioactive
compounds and microbial composition (Gold et al. 2020; Lopes
et al. 2022). Even though the bioconversion of olive pomace
with BSF larvae have been investigated before (in small scale
experiments), the effects of the dietary inclusions of pomace in
the resulting frass remain unknown, both in terms of how the
nutrient composition and the microbiome of frass might change
when including this biowaste in larval feed.

Frass has been shown to have wide-ranging positive effects on
soil-plant systems, which are believed to be associated with its
high concentrations of organic carbon, nitrogen and phosphorus

(Beesigamukama et al. 2022) and its varied microbial composi-
tion that is known to stimulate microbial activity in soils (Esteves
et al. 2022). Studies have also indicated that the presence of
chitin in frass (from larvae molts) can exert positive effects in
plants, including protection against pests and improved plant
growth, a process that seems to be mediated by microorganisms
(Barragan-Fonseca et al. 2023). The benefits of fertilizers such as
frass to the soil-plant system are strongly dependent on several
factors: for example the origin of the material, its nutrient and
microbial composition, the potential presence of phytotoxic
compounds and the application dose (Abbott et al. 2018;
Chen et al. 2018).

In a recent study, Praeg and Klammsteiner (2024) demonstrated
that frass from BSF larvae, yellow mealworms (Tenebrio mo-
litor) and Jamaican field cricket (Gryllus assimilis) stimulated
soil microbial activity, asserted by increased microbial respira-
tion and microbial biomass carbon. This was observed in both
fresh and heat-treated frass, which was partially unexpected,
seen that a 70°C heat treatment for 1 h can inactivate selected
microbial groups, for example pathogenic microorganisms such
as Salmonella spp. and Clostridium spp. (Van Looveren
et al. 2022). It would thus be feasible to assume that other, more
beneficial microbial groups, could be negatively affected as well.
Interestingly, those authors verified that even after the heat
treatment, frass still boosted the soil's microbial activity, indi-
cating that this fertilizer's contribution to soil microbiota and
consequently plant growth might be strongly linked to its
nutrient content (Praeg and Klammsteiner 2024).

To the authors knowledge, the inclusion of olive pomace in BSF
larvae diets was investigated in relation to its effects on the bio-
conversion process performance (using small scale settings) and
proximate composition of reared larvae, while the pomace-derived
frass composition remains a knowledge gap. In this study, the goal
was to evaluate the effects of olive pomace, included as part of the
larvae’s diet in different inclusion levels, on process performance,
larval biomass quality and composition (both in terms of nutrients
and microorganisms) of the resulting frass fertilizers. Com-
plementarily, the evaluated frass was analyzed both fresh (without
any post-treatment) but also after being submitted to two different
post-treatments methods—heat-treatment at 70°C for 1h and
pelletization, to evaluate if these post-treatments would exert any
effect on the composition of this fertilizing material. It was
hypothesized that olive pomace would not interfere negatively
with the bioconversion process but that its presence in the larvae
diets could affect the microbial composition of frass, and that the
resulting frass would have similar concentration of nutrients to
those reported in the literature (Girttling and Schulz 2022; Lopes
et al. 2022). The obtained results partially confirmed the hypoth-
esis, since olive pomace affected bioconversion efficiency (BCE)
differently at distinct inclusion levels, as well as the final microbial
composition of frass.

2 | Material and Methods
2.1 | Larvae and by-Products

Newly hatched black soldier fly (BSF) larvae were reared for
approximately 5d in Gainesville diet (30% dry matter, DM),
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at an industrial BSF rearing unit located in Santarém, Por-
tugal. These young larvae (4.6 + 2.1 mg) were counted and
separated into batches according to the company's proce-
dures, for further use in the study. Briefly, the procedure for
young larvae separation and use was taken as follows: larvae
originating from approximately 12.6 g of eggs were reared in
a box containing Gainesville diet and, after hatching and
rearing them for 5d, the box's content was divided into 18
portions of larvae (mixed with the consumed diet), with one
portion being used in one replicate (plastic boxes of
40 x 60x 12 cm) during the bioconversion process (see details
of the experimental design in Section 2.2). The by-products
used as feed substrates for the larvae in this study were
vegetable cuttings from a local processing plant (red peppers,
pumpkin, broccoli and zucchini) and olive pomace from a
local olive oil processing industry. Both sites were located
within 10 km of the experimental site where the experiment
took place. These by-products are normally delivered weekly
to the company and were provided fresh, without prior
freezing or processing. All by-products were ground in an
industrial grinder to reduce particle size to a maximum of
3mm and blended before being provided to the larvae.

2.2 | Experimental Design

Three experimental diets were assembled in this study using
vegetable cuttings and a grain mix (Gainesville diet) as the base
ingredients: the control diet contained only the vegetables and
grains (Diet 0% OP, which stands for “olive pomace”);
the second diet had an inclusion level (wet basis) of 35% of olive
pomace (Diet 35% OP) and the third diet comprised 84% olive
pomace (Diet 84% OP) (Figure 1). The diets were formulated to
have a proximate composition that would fall within expected
ranges of nutrients needed to rear BSF larvae, according to the
company's protocols. The crude protein of diets ranged between
5.6% and 7.1%, crude fat between 1.8% and 3.5% and crude fiber
between 9.6% and 13.6%. The dry matter (DM) content of the
diets was 29.9 + 3.2%. Details about diets' composition and their
nutritional values are presented in the Supplementary Material
(Table S1). For each experimental diet, 18 replicates (plastic
boxes) were assembled.

Experimental diets

Diet 0% OP
Diet 35% OP

T ——
Diet 84% OP Bioconversion

(13 days) Frass

Larval biomass

2.2.1 | BSF Larvae Bioconversion Step

The bioconversion process was performed in the aforemen-
tioned plastic boxes, which had a useful area of 2400 cm? each.
A total of 13.5kg (wet weight) of each diet was placed inside
each replicate (reaching an average depth of 6.1 +£0.7 cm),
together with individual portions of larvae, prepared as
described in Section 2.1. The experiment was conducted inside
a climatic chamber with controlled temperature (25 + 1°C) and
humidity (70 + 10%), located at the Entogreen's research center
in Santarém, Portugal, which simulates exactly what is carried
out in an industrial plant for processing by-products with BSF
larvae. The bioconversion process for all diets lasted for 13 days,
upon which the larvae and frass were separated by sieving,
using a circular vibrating mechanical sieve (2-10 mm mesh).
The weight of larvae and frass collected from each replicate was
recorded, as well as the weight of 10 randomly selected larvae,
which were used to estimate the individual larval weight and
number of larvae remaining at the end of treatment.

2.2.2 | Post-treatment of Frass

The frass from six randomly selected replicates per treatment was
divided into three portions. One “fresh frass” sample (frass col-
lected immediately after sieving) was collected directly after
harvest, while two other samples were subjected to different post-
processing (Figure 1) techniques: a heat treatment following the
proposed standards of the EU Regulation 142/2011 (European
Commission 2011) (70°C for 1 h) and a mechanical pelletization
process, to assess the impact of the post-treatments on the
composition and microbial community of the samples. For the
heat treatment, an oven was set to 70°C and the frass sample was
placed on top of sterile paper in thin layers (1 cm) for 1 h, while
for the pelletization, a pellet machine (Power Classic 380 W) was
used. Before its use and in between batches of frass (replicates of
all treatments), the machine was surface sterilized by spraying
ethanol 70% and allowing it to dry naturally. Frass was added to
the machine slowly and continuously, to maintain a flow of
homogeneous pellets being produced (Figure S1). The pellets
were left still on top of a plastic tarp for approximately 1h for
cooling down and then sampled for further analysis.

Proximate composition analysis

> (DM, CP, EE, CF, ash)

Heat treatment
Fresh (70°C -1h)

L J
A4

— Pelletization

Analysis

Nutrient composition
Abundance of bacteria (16S)
Abundance of fungi (ITS)
Presence of potential pathogens

FIGURE 1 | Diagram summarizing the experimental design adopted in this study. The experimental diets were bioconverted by black soldier fly

larvae for 13 days, followed by separation of larval biomass and frass by mechanical sieving. While the larval biomass was promptly analyzed for its

proximate composition, frass was sampled either fresh, heat treated (70°C for 1h) or pelletized, followed by nutrient composition analysis and

microbiome profiling.

MicrobiologyOpen, 2025

3 of 16

85U8017 SUOWILLIOD aA 1.0 3|qeol dde au Aq peuseob ae Sappiie YO ‘8sh JO 3| 10y Aeiq1]8UlUO AB]IM UO (SUORIPUOD-PUR-SWRIALO" AB|IM"Ae1q 1 BU1 [UO//SdNL) SUORIPUOD pUe SWie | 8u) 89S *[9202/S0/7T] Uo Ariqiauliuo A8|iMm '8 eAilesedooD - ziuo N sef3 Aq 08TOL'E00W/Z00T OT/I0P/L0d" A3 (1M AseIq Ul |Uo//Sdny WOy pepeolumod 9 ‘SZ0Z ‘/2885K02



2.3 | Sample Collection and Analysis

The initial feed substrates were collected (one single sample)
after the grinding and mixing processes described in
Section 2.2 and analyzed initially for DM and volatile solids
(VS) content. This was done by drying the samples in an oven
(65°C for 48 h) and further burning them in a muffle oven as
suggested by Guidini Lopes et al. (2023). Samples were also
analyzed for crude protein (using the Kjeldahl method, using
sulfuric acid to convert nitrogen into ammonium, then dis-
tilled with 10 N NaOH and titrated with HCl) and using a
protein conversion factor of 6.25. Crude fat was evaluated by
means of the Soxhlet extraction method, where the dried
sample was placed in a filter paper and continuously washed
with hexane for fat dissolution (AOAC 1920), while crude
fiber was analyzed by the AOAC 962.09 method, in which the
fat-free sample is sequentially boiled in dilute sulfuric acid
and sodium hydroxide, followed by filtration, washing,
drying, and incineration of the residue to determine fiber
content (AOAC 1962). The same six randomly selected rep-
licates mentioned in Section 2.2.2 were used for larvae and
frass sample collection. Three larvae samples (300g) were
collected from each treatment. These were used for proxi-
mate composition determination (crude protein, fat, fiber and
ash), analyzed in the same laboratory using the same stan-
dard methods as described above. Briefly, the larvae were
analyzed for crude protein based on Kjeldahl nitrogen, but
using a conversion factor of 4.76 as suggested by Janssen et al.
(2017). Crude fat (ether extract) was done by the Soxhlet
extraction method (AOAC 1920) and crude fiber by the same
AOAC 962.09 method (AOAC 1962).

Regarding frass nutrient composition, three samples (300 g)
of each frass type (fresh, heat-treated and pelletized) were
collected from each treatment and analyzed. Frass samples
were analyzed for DM and VS content (as described above),
total organic carbon (TOC), organic matter (OM) and con-
centration of plant nutrients, including nitrogen (N), phos-
phorus (P,0s), potassium (K,0), total organic carbon (TOC),
C/N ratio, calcium (CaO), magnesium (MgO), copper (Cu),
manganese (Mn), boron (B), zinc (Zn), sodium (NaO),
pH and electrical conductivity (EC). Frass TOC and N were
analyzed by combustion in an elemental analyzer (LECO CN
628). For the analysis of macro and micronutrients, samples
were burned at 500°C for 4h in a muffle oven and the
remaining ashes were dissolved in 0.1 M HNO; solution.
Then, P,0s was determined by spectrophotometry in the
visible region, while NaO and K,O by flame-photometry
(using a Micronal B462 photometer). Other nutrients
(Ca, Mg, Cu, Mn and Zn) were analyzed with the aid of an
atomic absorption spectrophotometer (SpectrAA 220,
Varian). Boron was determined by extracting the sample with
hot water, reacting the extract with azomethine-H reagent (to
form a yellow complex) and then measuring the absorbance
at 420 nm. Frass pH and EC were determined by diluting the
sample in deionized water (using a 1:2.5 dilution) and mea-
suring both parameters after a 60 min resting period.

Additionally, frass was collected from the six selected rep-
licates for microbiome profiling, described in section 2.4. For
microbial analysis, the pelletized frass samples were ground

in a sterilized coffee grinder and sieved (2 mm mesh) to a
similar particle size as the other frass samples (fresh and
heat-treated frass). Therefore, for larval proximate compo-
sition, frass nutrient characterization and frass microbiome
profiling, a total of 9, 27 and 54 samples were analyzed,
respectively. The samples used for microbial profiling were
collected in 50 mL Falcon tubes and stored at —20°C pending
analysis.

The presence of pathogenic bacteria mentioned in the
European Regulation 142/2011 for frass commercialization
standards (European Commission 2011) was also evaluated
in the same frass samples that were analyzed physico-
chemically. Salmonella spp. was analyzed in 25g of frass,
estimated according to the methodology proposed in ISO
6579 (ISO 2002), and presumptive Escherichia coli was ana-
lyzed by means of a colony-count technique after incubation
of plates at 44°C, according to ISO 11866-2 (ISO 2005). All
analyses of frass and larvae (except the microbial profile of
frass) were performed by an accredited laboratory (Mérieux
NutriSciences, Vila Nova de Gaia, Portugal).

24 | Microbiome Composition Analysis

The relative abundance of bacterial and fungal groups
within fresh, heat-treated and pelletized frass was investi-
gated. To characterize the microbial community composi-
tion and diversity, samples (six samples per treatment
and per type of post-treatment) were processed at In-
novPlantProtect (InPP) (Elvas, Portugal) for DNA extraction
and sequencing, according to the protocols described in the
Earth Microbiome Project (https://earthmicrobiome.org/
protocols-and-standards/).

2.41 | DNA Extraction

The samples’ DNA was extracted from 250 mg of frass according
to the protocol of DNeasy of the PowerSoil Kit (Qiagen, Venlo,
Netherlands), following the manufacturer's instructions. The
extracted DNA was quantified and assessed for purity before
sequencing.

2.4.2 | PCR Amplification and Sequencing

The extracted DNA underwent two separate sequencing
runs. The V4 hypervariable region of the 16S rRNA gene was
amplified using primers 515F and 806R (Caporaso
et al. 2023) modified with Illumina adapter overhangs. The
amplified products were purified and subjected to a second
PCR for indexing, where unique Illumina Nextera XT indices
were added to each sample. Paired-end sequencing was
carried out on the Illumina MiSeq platform using the MiSeq
Reagents Kit v3 with a 2Xx150bp Nano configuration.
A similar workflow was used for sequencing the ITS1
hypervariable region, employing ITS1F and ITS2 primers,
followed by paired-end sequencing on the same platform
with 2 X 250 bp reads.
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2.4.3 | Bioinformatics Analysis

Raw sequence data processing was done using dada2, for 16S
rRNA raw reads, the sequences were trimmed by length and
quality (absence of N, maximum error rates maxEE were 2 for
both forward and reverse reads). An amplicon sequence variant
(ASV) was determined according to the dada2 algorithm, and
chimera ASVs were removed by the “consensus” method.
Taxonomic annotation was performed by the naive Bayesian
classifier (provided in dada2 package, default settings) with the
SILVA 138 database (Quast et al. 2013) as the training set. For
ITS1 raw reads, the primer sequences were identified and re-
moved by cutadapt (Martin 2011). Sequences were trimmed by
length and quality (absence of N, maximum error rates maxEE
were 2 for both forward and reverse reads). ASVs were deter-
mined according to the dada2 algorithm (version for ITS); chi-
mera ASVs were removed by the “consensus” method.
Taxonomic annotation was performed by the naive Bayesian
classifier with the UNITE ITS database (Nilsson et al. 2019).

2.5 | Process Efficiency

Process efficiency was evaluated by means of the larval yield
(wet basis), which is the biomass of larvae produced in each
replicate, and by two standard indexes, namely the bio-
conversion efficiency (BCE, Eq. 1), which gives the amount of
waste substrate converted into larval biomass; and the material
reduction (MatRed, Eq. 2), which gives the reduction of the feed
substrate provided to the larvae (i.e. is converted into frass).
Both indexes were calculated according to the equations
described in Guidini Lopes et al. (2023) as present below:

Myy

BCE= [ ) x 100 €))

Minitial

where my, and m;,;q) are the total mass of harvested larvae and
the initial substrate, respectively.

MatRed = (1 - %] % 100 )
Minitial

where My ass and Myniia) are the total mass of frass and the initial
substrate respectively.

2.6 | Statistical Analysis

Process parameters indexes (larval yield per experimental unit,
BCE and MatRed) and larvae proximate composition (DM, ash,
crude protein, fiber and fat) data were first analyzed using
Shapiro-Wilk's and Levene's tests to verify the assumptions of
normality and homoscedasticity, respectively. The data was
found to be homogeneous and normally distributed, thus a
one-way analysis of variance (ANOVA) was carried out,
followed by the Tukey’s post-hoc multiple comparisons test
with a 5% significance level. The frass composition of
plant nutrients was also assessed for normality and
homoscedasticity. In case the assumptions of normality and

homoscedasticity were met, a factorial ANOVA followed by
the Tukey's post-hoc test was performed to identify differ-
ences in the frass composition within two factors: diet type
and posttreatment methodology.

Statistical analyses of the microbiome data were performed
using R (v4.3.1; Core 2023). Boxplots containing the relative
abundance of the microbial community, and the soil chem-
ical components proportions were plotted using “ggplot2”
(v3.4.3) (Wilkinson 2011). The “phyloseq” package (v1.32.0,
(McMurdie and Holmes, 2013) was used to subsample the
number of reads per sample and create an object that was
used for downstream analysis. Shannon and Inverse Simp-
son diversity indexes were calculated using the function
“alpha” available through the package “microbiome”
(v1.10.0) (Lahti and Shetty 2012-2019). Differences between
treatments were analyzed within a linear model framework,
followed by the “emtrends” function. Differences in
beta diversity were evaluated using the function “adonis”
and “pairwise.adonis” from the “vegan” package (v2.5-7,
Oksanen et al. 2020) on the Bray-Curtis dissimilarity matrix.
The same matrix was used to generate a nonmetric multi-
dimensional scaling (NMDS) analysis with the vegan
function “metaMDS” and show the distribution of the com-
munity composition. Redundancy analysis (RDA) was per-
formed to explore the relationships between microbial
community composition and environmental variables.
Variables were preselected using the “bioenv” function from
the “vegan” package, which identifies the subset of en-
vironmental variables most strongly associated with com-
munity composition. Additionally, the “ordistep” function
was applied to refine the selection. To assign functionality,
the identified genera were cross-referenced with the Fun-
galTraits database (Pdlme et al. 2020), and their primary
lifestyle was determined for presentation. Additionally,
specific bacterial taxa known to pose risks to soil, animal,
plant, or human health were identified from the 16S data,
and their relative abundances were examined.

3 | Results
3.1 | Process Efficiency and Larval Composition

The larval yield per treatment unit and the BCE were highest
in the control with no olive pomace (OP) (2.0 kg larvae box!
and 22%py,, respectively) and lowest in the diet with 35% olive
pomace (Diet 35% OP) (1.6 kg box™ and 12%py;, respectively)
(Table 1). Material reduction (MatRed) varied among treat-
ments, with the lowest reduction observed in the 84% olive
pomace diet (38%py). In contrast, diets with lower olive
pomace content showed higher material reductions: 55% DM
in the 0% olive pomace diet and 64% DM in the 35% olive
pomace diet.

There was no statistically significant difference (p > 0.05)
between the proximate composition of the larval biomass in
any of the parameters evaluated, except for the DM content,
which was slightly higher for the larvae reared in the control
diet (Diet 0% OP), which did not contain olive pomace (36%)
(Table 2). Crude protein was approximately 43%py; in the
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TABLE 1 | Process parameters related to the BSF larvae bioconversion efficiency of three diets containing no (Diet 0% OP), low (Diet 35% OP) or

high (Diet 84% OP) inclusion of olive pomace.

BCEpn (%) MatRedpy; (%) Larval Yield (kg box™)
Diet 0% OP 21.5+5.0° 54.8 +8.0° 2.040.2°
Diet 35% OP 12.0+0.1° 64.3 +2.0° 1.6+0.1°
Diet 84% OP 13.3+1.3° 38.4+5.6° 1.8+0.1°

Note: Values are presented as mean + standard deviation (n = 18). Different superscript letters denote significant differences (Tukey’s test, p < 0.05).
Abbreviations: BCE, bioconversion efficiency; DM, dry matter; MatRed, material reduction.

TABLE 2 | Proximate composition (on a dry matter basis) of black soldier fly larvae fed different diets containing no (Diet 0% OP), low (Diet 35%

OP) or high (Diet 84% OP) inclusion of olive pomace.

DM (%) CP (%pm) EE (%pm) Ash (%pwm) CF (%pm)
Diet 0% OP 36.0 23" 432438 23.6 +2.0 9.4+0.6 9.7+1.7
Diet 35% OP 30.0+1.1° 484+1.5 20.1+£0.9 10.5+04 134+ 1.5
Diet 84% OP 33.4+0.8% 46.6 +1.3 22.6+0.4 9.1+0.3 141+13

Note: Values are presented as mean + standard deviation (n = 3). Different superscript letters denote significant differences (Tukey’s test, p < 0.05).
Abbreviations: CF, crude fiber; CP, crude protein; DM, dry matter; EE,ether extract (crude fat).

larvae reared the control diet with no olive pomace and
48%pw in the larvae fed Diet 35% OP (p > 0.05). The opposite
trend was true for crude fat (EE), being lowest in larvae
reared on Diet 35% OP (20%py) and highest in larvae reared
on the control diet.

3.2 | Frass Composition and the Effects of
Post-Treatments

The DM of frass immediately after the bioconversion process
was 76% in the control treatment (Diet 0% OP) and in the
diet with the highest inclusion (Diet 84% OP), while it was
50% for Diet 35% (Table S3). The physico-chemical char-
acteristics and concentration of selected macronutrients in
frass considering the factorial experimental design of the
study is presented in Table 3. The adoption of either heat-
treatment or pelletization in frass samples resulted in a
reduction of its moisture content, while the organic matter
concentration was unaffected by both post-processing
methodologies. The control with no olive pomace (Diet 0%
OP) exhibited the highest total organic carbon (TOC) content
(42.6%pwm), like that of Diet 35% OP (40.7%pwm), and higher
than Diet 84% OP (39.5%pwm), but no significant effect of post-
treatments was observed for this parameter. The same trend
was observed for P,0Os, with the highest concentration being
found in Diet 84% OP (3.54%pm) and no observed impact of
post-treatments. No effects of either diet type or post-
treatments were observed for the other parameters, includ-
ing total nitrogen (Np), K,0, C/N ratio and pH (Table 3).
When it comes to the concentration of other macronutrients
(Ca and Mg) and micronutrients (Cu, Mn, Zn and Na), the
type of diet was found to influence these parameters, while
post-treatments did not, as shown in the Supplementary
Material (Table S2). The mean values obtained for each of
the frass' characteristics in each experimental diet and sub-
sequent post-treatments are presented in the Supplementary
Material (Tables S3 and S4).

3.3 | Effects of Diets and Post-treatment
Technologies on the Microbial Composition of
Frass

3.3.1 | Effects on the Bacterial Community

The analysis of 16S rRNA gene amplicons resulted in a total
of 1085 amplicon sequence variants (ASVs) after quality
control, filtering and applying the 97% threshold. This data
was used to generate the relative abundance of each identi-
fied phylum (Figure 2a). The samples contained between
16,436 and 86,900 reads and were subsampled to 16,436 reads
per sample. This subsampling retained 954 ASVs, which were
used for all diversity analyses. A second run targeting the ITS
region and considering a clustering cut-off of 97%, produced
553 ASVs. Total reads per sample ranged from 31,085 to
86,259 and were subsampled to 31,085 reads per sample,
yielding 551 ASVs for use in all diversity analyses.

The diets significantly affected the relative abundance of
bacterial groups (at phylum level) in frass, while no differ-
ences were observed in the frass samples that received dis-
tinct post-treatments. In the control treatment (Diet 0% OP),
a balanced composition of Firmicutes, Proteobacteria and
Actinobacteria was observed (Figure 2a). In Diet 35% OP, a
higher abundance of Proteobacteria was observed, with a
very low presence of Bacteroidota. In the samples from Diet
84% OP, Proteobacteria was found in low abundance, fol-
lowed by Actinobacteria, with Firmicutes being the pre-
dominant group. Irrespective of the type of post-treatment
adopted in the frass samples, the bacterial community's
diversity was significantly higher in Diet 0% OP, in com-
parison to the other diets, according to the Shannon and
Inverse Simpson diversity indexes (p < 0.0001). Additionally,
the two diets containing olive pomace (Diet 35% OP and Diet
84% OP) were different among each other according to
Shannon Diversity (p < 0.0001) but similar according to the
Inverse Simpson index (p > 0.05; Figure 2b).
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TABLE 3 | Factorial analysis of the physico-chemical properties of black soldier fly larvae frass, either fresh or subjected to two post-treatments
(heat treatment and pelletization) and derived from the bioconversion of three diets containing 0% (Diet 0% OP), 35% (Diet 35% OP), or 84% (Diet
84% OP) olive pomace. Values shown for each factor level (diet and type) represent marginal means + standard deviation, averaged over the levels of

the other factor. Statistical results for main effects and interactions are based on a two-way ANOVA.

DM (%) OM (%pm) TOC (%pm) Nt (%pm) P20s (%pm) K0 (%pm) C/N ratio

pH EC (dS cm™)

Diet

0% OP 68.9 83.6 42.6* 3.60
35% OP 59.6° 82.9 40.7%° 3.52
84% OP 61.7° 83.0 39.5° 3.39
Type

Fresh 55.36° 83.4 40.9 3.44
Heat 66.55° 83.4 40.5 3.38
Pellet 58.4° 82.7 41.4 3.69
Statistics

Diet 79.7%%% 8.3 246.9%* 5.97
Type 84.6%+* 9.5m 21.7°¢ 15.17
Interaction  24.1* 3.1™ 21.1™ 3.9"

1.86° 5.96 11.83 8.9 10.30
2.49%° 5.81 11.57 8.7 10.18
3.542 5.98 11.70 8.9 10.38
2.68 5.97 11.92 8.9 10.12
2.73 5.64 11.97 9.0 10.51
2.47 6.14 11.20 8.7 10.23
34,17 2208 0.9" 1.5™ 0.6™
9.3 154" 1.7% 5.518 3.8"
26.8* 5.0 2.5 2.9™ 2.6™

Note: Values shown for each factor level (diet and type) represent marginal means + standard deviation, averaged over the levels of the other factor. Statistical results for
main effects and interactions are based on a two-way ANOVA. Different superscript letters denote significant differences (Tukey’s test, p < 0.05). Significance levels:
Abbreviations: DM, dry matter; K20, potassium oxide; NT, total nitrogen; OM, organic matter; P,Os, phosphate; TOC, total organic carbon.

*p < 0.05; **p < 0.01; ***p < 0.001; ns: not significant.

The PERMANOVA analysis indicated that the 16S bacterial
community composition was modulated solely by the different
diet types and not by the post-treatments applied, and the
finding was supported by NMDS analysis (stress: 0.0338;
Figure 2c). RDA also revealed three distinct groups reflecting
the different diets, with RDA1 and RDA2 collectively
explaining approximately 35% of the total variance. Some of
the frass' physicochemical properties, particularly copper and
zinc, were identified as the only statistically significant factors
by the bio.env analysis. Copper was strongly associated with
Diet 1, while zinc was linked to Diet 2 (Figure 2d).

The ASVs identified as belonging to taxonomic groups that
can potentially be considered pathogenic, such as Clostrid-
ium, Escherichia-Shigella, Salmonella, Sporosarcina, Staph-
ylococcus, and Xanthomonadaceae, were separated from the
general pool of samples, to identify potential risks of frass for
the soil-plant health continuum. Their abundance accounted
for 4.41% in Diet 0% OP, 2.25% in Diet 35% OP and 0.2% in
Diet 84% OP (Figure 3). The most abundantly observed mi-
croorganisms belonged to the family Xanthomodaceae,
which are Gram-negative proteobacteria considered a plant
pathogen, and from the genus Sporosarcina, which are
spore-forming bacteria that can infect mammals. The other
identified groups belonged to the clade Clostridium, even
though it is not possible to know which genus or species
those belong to.

3.3.2 | Effects on the Fungal Community
In comparison to the bacterial phyla observed in the frass

samples, the relative abundance of the fungal community was
less diverse compared to the bacterial community (Figure 4),

with an almost exclusive presence of Ascomycota in all diets,
irrespective of posttreatment of frass. Low abundances of
Blastocladiomycota, Mortierellomycota and Mucoromycota
were also observed. There was no significant difference in
fungal diversity between the control diet with no pomace and
Diet 35% OP (p > 0.05), while such diversity was significantly
higher in these diets compared to Diet 84% OP, according to
both Shannon and Inverse Simpson diversity indexes
(p £0.0001) (Figure 4b). Similarly to the findings observed for
bacterial diversity, the PERMANOVA analysis indicated that
the ITS fungal community composition was influenced solely by
the different diet types, a finding that was also supported by the
NMDS analysis (stress: 0.1686; Figure 4c). The redundancy
analysis revealed a clear separation among the three diet
groups, with RDA1 and RDA2 together explaining approxi-
mately 47% of the total variance. The bio.env analysis identified
manganese, calcium, boron, and total organic carbon as statis-
tically significant factors influencing the groups. Boron ex-
hibited a negative correlation with Diet 35% OP, while calcium
and manganese were strongly associated with Diet 84% OP.
Total organic carbon was linked to Diet 35% OP (Figure 4d).

The functionality of the fungal community was assigned using
the FungalTraits database. All diets exhibited a predominance
of genera recognized as nectar/tap saprotrophic in relation to
other functionalities, in particular for the diet with highest
inclusion of olive pomace (Diet 84% OP). In contrast, the
groups found in Diet 0% OP and Diet 35% OP were majorly
associated with animal parasitism and plant pathogenicity.
The control diet with no olive pomace contained 23% of these
groups, while 10% were found in Diet 35% OP, and 1.3% in the
diet with highest inclusion of olive pomace (Diet 84% OP),
thus following the same trend as observed for the bacterial
groups (Figure 5).
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4 | Discussion
4.1 | Olive Pomace Reduced Bioconversion
Efficiency

The frass obtained from the bioconversion process of diets
containing olive pomace (OP) visually appeared to have a
higher moisture content as compared to the control with no
pomace, by the time of harvest. However, upon analyses, the
dry matter (DM) content of frass was only lower in Diet 35%
OP (50%) (Table 3). All experimental replicates were stacked
in pallets and placed in the same positions inside the three-
floors climatic chamber described in Section 2.2.1; thus, the
applied ventilation inside the chamber was likely very sim-
ilar in all treatments. Therefore, the differences observed in
the frass' DM content can be attributed to the bioconversion
process itself, i.e. to the interaction of larvae with the diets.
Ameixa et al. (2023) prepared diets containing 0%-75% of
olive pomace mixed with chicken feed and used it as feed
substrate for BSF larvae. Those authors' results showed that
the presence of olive pomace resulted in lower bioconversion
efficiency (BCE) and substrate reduction (MatRed), espe-
cially at high inclusion levels (> 50%), reaching values as
low as 5.0 +0.1% of BCE, on a wet basis. Similarly, Ramzy
et al. (2022) reported a linear decrease in MatRed (with the
lowest value being approximately 17% on a wet basis), when
increasing the inclusion rate of olive pomace from 0% to 75%
in a wheat bran-based diet. Both studies were conducted on a
small scale, using 100-500 larvae per replicate, differing
from the present study, which was conducted on an industry
scale. Nonetheless, the findings of this study indicate a
potential negative influence of olive pomace on the larvae's
performance during bioconversion, which should be inves-
tigated in future studies.

It is likely that the olive pomace-based diets contained phenolic
compounds and tannins, possibly in high concentrations
(especially in Diet 84% OP), which are substances that can be
toxic to animals and plants (Wu et al. 2015). This fact might
have compromised the ability of larvae to properly digest the
diets containing pomace. Ameixa et al. (2023) and Ramzy et al.
(2022) also hypothesized that due to the presence of distinct
types of fibers (including cellulose and lignin), olive pomace's
digestion by larvae could have been hampered in their studies.
However, this was likely not the case for the present study,
since the crude fiber concentration in the diets did not exceed
13.6% (Table S1). As demonstrated by Lindberg et al. (2025),
materials such as plant residuals given exclusively to the larvae
as their feed substrate, with fiber contents above 30%, certainly
hamper bioconversion affecting its efficiency, compromising
the process as a whole. The observation that both inclusion
levels of pomace (35% and 84%) resulted in similar BCE and
larvae yield was unforeseen, since a more linear effect would
have been expected. Considering that this study was conducted
in a large-scale setting, in conditions that are typically less
controlled than in a laboratory, it is likely to assume that the
observed process efficiency parameters might have been due to
normal variations observed daily in the industry. Thus, an
additional experiment would clarify if indeed even a low
inclusion level of olive pomace (as in Diet 35% OP) would
reduce BCE and yield to the same extent. Additionally, such a
reduction in process efficiency might be related to the higher
level of microbial reduction observed in the frass deriving from
Diet 84% OP in comparison to Diet 35% OP; however, unfolding
this possible correlation is not simple, seen that during bio-
conversion, there is a close interaction between biological,
physical and chemical factors affecting performance. Thus, it is
recommended that future studies investigate broader inclusion
levels of olive pomace provided for BSF larvae, in the attempt of
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identifying more adequate blends and the levels in which bio-
conversion might be compromised.

4.2 | Larval Proximate Composition Was Not
Affected by the Presence of Olive Pomace

The only difference observed in the larval biomass obtained from
the three experimental diets was a slightly lower DM content in
Diet 35% OP (30%pn) compared to the control diet with no OP
(36%pm), While crude protein, fat, ash and fiber levels were found
to be similar in all diets (Table 2). Regardless of the inclusion level
of olive pomace in diets, their proximate composition was similar
(Table S1), which can explain the relatively small variability
observed in the obtained larval biomass amongst treatments.
Similar results were reported by Ameixa et al. (2023), who
observed small variations in the larval biomass in relation to
crude protein (ranging from 37%pwm to 43%py), While the crude
fat content was similar in the presence or absence of olive pomace
(ranging from 35.4%pm to 38.5%py in that study). Due to the
procedures of oil extraction performed during the production of
olive oil, olive pomace is typically a product with low crude fat
content, not exceeding 3% on a DM basis (Anténia Nunes
et al. 2018; Ramzy et al. 2022). The substantial interest for olive
pomace is mostly related to the presence of specific fatty acids and
other functional compounds found in this by-product (Difonzo
et al. 2021), which can have their dynamic severely changed in
the larval biomass, as reported by Ameixa et al. (2023).

4.3 | Diet but Not Post-Processing of Frass
Affected Its Nutrient Composition

The presence or absence of olive pomace in the larval diets did
not significantly influence the nutrient composition of the

resulting frass, except for total organic carbon (TOC) and
phosphate (P,0s), which were slightly lower and higher,
respectively, in the diet with highest pomace inclusion (Diet
84% OP) (Table 3). The observed values for frass' organic matter
content, total nitrogen (Nr), potassium (K,0), C/N ratio and
pH were found to be within the expected ranges, as reported by
Lopes et al. (2022) and Girttling and Schulz (2022). These
nutritional parameters confirmed that frass can be used as a
fertilizer for cultivation; however, as discussed by Lopes et al.
(2024), additional parameters that are related to the stability
and maturity of the frass-fertilizer should be evaluated, as there
have been reports of frass phytotoxicity. Olive pomace is rich in
phenolic compounds, which are known to be phytotoxic and to
inhibit plant growth and microbial development (Khdair and
Abu-Rumman 2020). These compounds can be present in frass
and thus future studies should evaluate OP-derived frass for
phytotoxicity, including self-heating capacity tests and micro-
bial respiration assays. Mostafaie et al. (2025) investigated the
impact of frass derived from BSFL bioconversion of olive
pomace on soil, including seed germination bioassays using
ryegrass and broccoli seeds, as well as ecotoxicological bioassays
using the soil model invertebrate Enchytraeus crypticus. Those
authors reported no significant adverse effects on the tested soil
health indicators, with minor plant growth reductions being
observed.

Regarding the post-processing of frass, neither the heat treat-
ment nor the pelletization process affected the nutrient con-
tent of the fertilizers, which were similar to the fresh frass
from all three diets (Tables 3, S3 and S4). The only parameters
that were significantly influenced by the post-processing
methods were the DM content of the frass, corroborating the
results of Sarlaki et al. (2021), who observed a reduced DM in
agro-biowaste fertilizers after the pelletization and drying of
fresh materials. Similarly, Lopez-Mosquera et al. (2008)
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evaluated the pelletization of poultry litter and found that the
pelletized poultry litter had similar nutrient content as
the fresh litter. This was also evaluated by Praeg and
Klammsteiner (2024) for insect frass of three species, including
frass from crickets (Gryllus assimilis), mealworms (Tenebrio
molitor) and BSF larvae. Those authors observed that most
fertilization-related parameters in frass from these three insect
species remained unchanged after heat-treating frass at 70°C
for 1 h. These results demonstrated that it is possible to heat-
treat or pelletize BSF larvae frass without losing its nutritional
quality, supporting the current EU Regulation 2021/1925 for
the commercialization of insect frass. In addition, it supports
the feasibility of producing a pellet fertilizer, which can be
easily used by farmers in comparison to applying fresh frass in
powder-form (Lopez-Mosquera et al. 2008).

4.4 | Frass Microbial Composition Was
Significantly Affected by the Presence of Olive
Pomace in the Larval Diet

The predominance of Firmicutes, Proteobacteria, Bacteroidota
and Actinobacteria in BSF larvae frass observed in this study
was similar to previous findings (Gold et al. 2020; Wu
et al. 2024; Wynants et al. 2019). Several biological functional-
ities can be generally attributed to these bacterial phyla: e.g. the
degradation of recalcitrant molecules by Actinobacteria (Wang
et al. 2016); consumption of easily degradable molecules by
Firmicutes, as normally observed in the first stages of a com-
posting process (Subirats et al. 2020) or accelerated fiber
decomposition mediated by Bacteroidota (Zhong et al. 2020).
However, without deepening the investigation in family level,
genera or even into species that are active and viable in the
frass—which can be performed by both bioinformatics, meta-
genomic and through microbial plating techniques—it is diffi-
cult to hypothesize the potential impacts of these frass types
simply by observing the abundance of different bacterial groups.
The same applies to the observed fungal groups, where a great
abundance of Ascomycota and Basidiomycota was observed,
groups that comprises thousands of species with varying func-
tions within the soil-plant continuum. Nevertheless, it is note-
worthy how the diet with the highest olive pomace inclusion
(Diet 84% OP) resulted in a frass with a generally lower diversity
of both bacterial and fungal groups (Figures 2 and 4). Amplicon
analysis is limited in its ability to accurately identify genera
within samples; thus, even if such identification was available,
understanding the specific functions of the observed microbial
groups would remain limited without complementary genomic
analysis. Therefore, future studies should combine these ap-
proaches with metagenomics, aiming to provide detailed
information on the functionality of fungal and bacterial groups
in frass fertilizers.

The inclusion of olive pomace in the diet of BSF larvae appeared
to have led to a distinct microbial dynamic in the resulting frass
fertilizers. This could be attributed to the potential phytotoxic
properties of compounds present in olive pomace, which may
select for more resistant groups of bacteria. When evaluating
the composting of agricultural waste with olive mill wastewater,
Abid and Sayadi (2006) reported that the presence of phenols in
the wastewater had detrimental effects on the microbial

activity, consequently compromising the composting process.
Conversely, despite its toxic potential, Bouhia et al. (2022) re-
ported >90% reduction in the concentration of polyphenols
after a co-composting process of olive pomace with green waste,
attributing this reduction especially to the shift in the microbial
dynamics of the mixture, with fungi having great impacts in the
transformation of the material and their components during the
maturation stage. As reported by Lopes et al. (2024), frass
maturation does not occur in a short bioconversion process
such as the one carried out in this study (13 days), thus it
is feasible to assume that the sole presence of olive pomace in
the diets was responsible for the change in the microbial
dynamics, as demonstrated in this study, but the potential ef-
fects in the transformation of substances such as phenolic
compounds would 1 need a further decomposition step for be
achieved.

The “bioenv” method followed by “ordistep” function that were
applied to the full data set of both bacterial and fungal com-
position, selected the environmental variables that best ex-
plained the distribution of the microbial communities in the
frass samples, reducing multicollinearity and eliminating
redundant variables that did not add significant information to
the model. As expected, the selected variables differed between
bacteria and fungi, as each microbial group responds differently
to varying environmental conditions and interacts in distinct
ways with specific factors (Wang et al. 2024). The structure of
the bacterial community was better differentiated in both the
NMDS (Figure 2c) and the RDA (Figure 2d) compared to fungal
groups (Figure 4c,d). However, of all variables analyzed, only
Zn and Cu were considered highly relevant for such separation,
explaining 34.8% of the variation observed in the distribution of
bacteria. As demonstrated by Peng et al. (2022), Zn, Cu and
other micronutrients interact with bacterial groups in the soil in
complex ways, leading to shifts in community composition
depending on their concentrations. According to Wang et al.
(2024), the presence of micronutrients in the soil - either nat-
urally found or added through fertilizers—can explain the
variations existing in the structure of microbial communities
across different soils to a greater extent than geographic loca-
tion, basic soil properties or macro-elements. This can be at-
tributed to several interacting factors, including the role of
microelements as cofactors that support enzyme production in
the soil-plant continuum, as well as soil fertility traits such as
pH, organic matter, or physical characteristics of the soil (Lopes
et al. 2025). For instance, it was demonstrated by Dai et al.
(2023) that single nutrients can contribute to the presence or
absence of specific microbial groups in the soil, depending on
their concentration.

When it comes to the fungal communities observed in the
frass samples, the differentiation across samples was
evident, albeit with less contrast compared to bacterial
groups. In this case, four environmental variables were
impactful (Mn, Ca, B and TOC), contributing to 47.1% of the
variation observed in the community structure. The greater
number of variables explaining fungal distribution than the
bacterial distribution, may be due to the fact that bacteria
tend to respond in a straightforward, linear manner to en-
vironmental factors such as the ones measured in this study
(organic matter and both macro- and microelements)
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(Shepherd and Oliverio 2024). Therefore, only a few vari-
ables are typically sufficient to clearly distinguish and ex-
plain most of the observed variation in bacterial
distribution. Fungi, on the other hand, appear to process
information from multiple environmental gradients in a
more complex manner. Thus, it is also possible that addi-
tional, not measured factors, influence the fungal commu-
nity. If these variables would have been included, they may
have improved our level of explanation of the variation
observed in fungal distribution. It is noteworthy that iso-
lating individual variables and examining their specific
interaction with microbial communities is exceptionally
complex, as both the soil and organic fertilizers such as frass
- and their interactions - add complexity to the system. In
this study, it was demonstrated that the concentration of
micronutrients in olive pomace-derived frass was similar to
the values reported in the literature for frass derived from
several other waste substrates (Lopes et al. 2022; Song
et al. 2021). It is thus reasonable to assume that frass can
contribute to shaping the soil communities due to its dis-
tinct micronutrient composition, which may, in turn,
influence soil-plant health (Noman et al. 2024). Therefore,
despite its complexity, future studies should investigate the
effects and interactions of prominent variables in frass with
specific microbial communities, with special regard to
groups considered as biostimulants (e.g. plant growth-
promoting rhizobacteria).

The presence of bacterial pathogens, targeting various orga-
nisms and functions, was significantly reduced in frass derived
from the diet with the highest inclusion of olive pomace (Diet
84% OP) (Figure 3). The feed substrates used in this study were
prepared on the same day, using the same waste streams from
the same batch (vegetables and olive pomace), and the BSF
larvae bioconversion took place concurrently. This suggests
that the different inclusion rates of olive pomace were likely
the only parameters affecting the abundance of these bacteria.
The laboratory tests for the presence of E. coli and Salmonella
spp. - the two microorganisms specified in the European leg-
islation for safe use of frass as a fertilizer (European Com-
mission 2011) - indicated the absence of both; however, both
these bacteria as well as members of the Clostridium genus
were detected in the frass microbiome through amplicon
sequencing. This is likely a detection of DNA from inactive
microorganisms spotted in the amplicon sequencing. Van
Looveren et al. (2022) also heat-treated frass at 70° C for 1h
and assessed the fate of Salmonella spp. (a mixture of S. en-
terica subsp. enterica serovar Infantis and S. enterica subsp.
enterica serovar Typhimurium) and Clostridium perfringens in
the fertilizer samples. Those authors reported a significant
reduction in Salmonella spp, while only vegetative forms of
C. perfringens were affected by the treatment and their en-
dospores remained unaffected. Nevertheless, sequencing these
microorganisms’ RNA (which in turn do not account for
inactive microbial DNA) in frass samples should be carried out
in future studies, aiming to understand the real effect of BSF
larvae on the survival and viability of these pathogenic
microorganisms.

Similar observations were made regarding the presence of
potentially pathogenic and non-pathogenic fungal groups in

frass samples, with a predominance of nectar/tap saprotrophs
being observed, regardless of whether olive pomace had been
included in the BSF larvae diet or not and the post-treatment
method adopted. frass from Diet 84% OP had the lowest path-
ogen richness of all diets (Figure 4a,b), suggesting again that the
inclusion of olive pomace in the BSF larvae diet lead to selection
of distinct groups of microorganisms, possible due to phytotoxic
traits of this organic material (Schmidt et al. 2023). It is known
that the bioconversion of contaminated waste streams by
BSF larvae effectively inactivates several pathogenic micro-
organisms such as Salmonella, E. coli and even viruses like
bacteriophages (Elhag et al. 2022; Erickson et al. 2004; Lopes
et al. 2020; Lalander et al. 2025), while not affecting others
(e.g. Enterococcus spp.), which might help explain the find-
ings of this study for some groups of bacteria and fungi.
In addition, it is noteworthy that all the pathogens analyzed
through amplicon sequencing in the study were found in low
concentrations in the frass samples, confirming that frass
can be a hygienically safe fertilizer/soil amendment. Bohm
et al.(2023) demonstrated the significant impact of BSF
larvae in the bioconversion of biosolids contaminated with
several pathogenic microorganisms (including Salmonella
spp.) and antibiotic resistance genes (ARG) (e.g. sull, tetA,
tetQ and others), which are mostly inactivated or found in
reduced concentrations after the process. However, not all
pathogenic bacteria and targeted genes were impacted by the
BSF larvae treatment in that study (corroborating the find-
ings of this study as well), while some of the unaffected
bacteria were likely harboring these ARG. This highlights
the importance for future studies to address the viability of
distinct bacterial and fungal groups in frass following BSF-
driven waste bioconversion, to clarify why some groups are
affected while others remain unchanged.

5 | Conclusions

The presence of olive pomace in the diets of black soldier fly
larvae moderately reduced the bioconversion efficiency and
larval yield, especially with a higher inclusion level of pomace
(Diet 84% OP, olive pomace). However, larval proximate com-
position remained unchanged even at this inclusion level, with
larvae presenting between 43 — 48% crude protein and 20%-23%
ether extract. Some frass parameters changed, including
reduced concentration of total organic carbon and increased
concentration of phosphate with higher inclusion of pomace.
Frass composition was unaffected by the posttreatment meth-
ods used (heat treatment or pelletization), demonstrating that
these can be applied without changing the quality of the fer-
tilizer. The microbial composition of the generated frass was
significantly shaped by inclusion of olive pomace in the BSF
larvae diet. Specifically, at the highest inclusion level of 84%, the
abundance of potentially pathogenic fungi and bacteria in the
resulting frass was significantly lower, suggesting that incor-
porating olive pomace into the BSF larvae diet improves frass
sanitization during the bioconversion process, when compared
to diets with lower olive pomace content. It was demonstrated
in this study that a frass of high quality (in terms of plant
nutrients) and hygienic safety (with respect to concentration of
pathogenic microorganisms) can be produced through BSF
larvae bioconversion of olive pomace.
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