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Abstract

Agro-industrial by-products such as sugar beet pulp (SBP) represent a substantial envi-
ronmental and logistical challenge if not valorized within the circular bioeconomy. This 
study evaluated the bioconversion performance and waste reduction efficiency of black 
soldier fly (Hermetia illucens L.) larvae reared on SBP-based diets across three independent 
biological cycles (n = 9 replicate containers per dietary treatment, total N = 36 experi-
mental units, each initially stocked with 6000 larvae). Four dietary formulations were 
compared on a dry matter (DM) basis: Control (100% wheat bran), Option 1 (60% wheat 
bran + 40% SBP), Option 2 (60% wheat bran + 40% SBP inoculated with Trichoderma sp. 
at 1 × 106  colony-forming units (CFU)/g), and Option 3 (co-diet: 60% wheat bran + 30% 
SBP + 10% industrial molasses). Dietary formulation significantly affected all measured 
biological growth and waste reduction parameters (p < 0.05). Inclusion of 40% unsupple-
mented or fungal-inoculated SBP (Options 1 and 2) suppressed wet daily larval growth rate 
(12.65–12.83 mg/d) and impaired the feed conversion ratio (FCR 5.75–5.87) compared to 
the Control (15.72 mg/d; FCR 4.68), which is attributed to dietary protein dilution and high 
structural fiber density. Direct in situ inoculation with Trichoderma sp. yielded a modest 
increase in substrate mass reduction (SMR 53.04 ± 2.49% vs. 47.52 ± 2.67% in Option 1) 
but did not improve larval growth or feed conversion. In contrast, the co-diet formulation 
combining 30% SBP with 10% molasses (Option 3) achieved the highest larval survival 
rate (93.0 ± 1.8%), elevated daily wet growth rate (16.32 ± 0.83 mg/d; 3.26 mg DM/d), 
lowest FCR (4.52 ± 0.23), maximum substrate mass reduction (SMR 78.60 ± 2.15%), and 
peak biomass conversion efficiency (BCR 22.12 ± 1.13%), performing comparably to or 
outperforming the wheat bran Control. These findings demonstrate that simultaneous 
soluble carbohydrate enrichment and fiber reduction represent an effective dietary opti-
mization strategy for valorizing high-fiber agro-industrial side-streams in commercial insect 
rearing systems.

Keywords: Hermetia illucens; bioconversion efficiency; sugar beet pulp; molasses; Trichoderma sp.; 
circular bioeconomy; waste reduction; feed conversion ratio

Sustainability 2026, 18, 10894 https://doi.org/10.3390/su182110894

https://crossmark.crossref.org/dialog?doi=10.3390/su182110894&domain=pdf&date_stamp=2026-10-27
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0003-1629-1888
https://orcid.org/0000-0002-4700-635X
https://orcid.org/0000-0001-9266-4709
https://doi.org/10.3390/su182110894


Sustainability 2026, 18, 10894 2 of 13

1. Introduction
Industrial agro-food processing generates millions of metric tons of organic side-

streams annually worldwide, representing a major logistical, financial, and environmen-
tal challenge when managed through landfilling or open composting [1]. In Europe, 
sugar beet pulp (SBP)—the fibrous co-product remaining after sucrose extraction from 
Beta vulgaris L.—is generated in large quantities during seasonal autumn harvesting cam-
paigns [1,2]. Traditionally, wet SBP is utilized as low-cost livestock feed for ruminants or 
channeled into anaerobic digestion facilities for biogas generation [1,2]. However, fresh SBP 
exhibits an inherently high moisture content (75–82%), accelerating spontaneous microbial 
decomposition, leachate formation, and odor emissions during storage [2,3]. While ther-
mal dehydration stabilizes SBP for storage and transport, drying requires approximately 
4.5–6.0 MJ per kilogram of evaporated water, incurring substantial energy consumption 
and associated carbon emissions [3–7].

Beyond insect bioconversion, recent bioengineering efforts have investigated alternative 
biological pathways to valorize agro-industrial and food-processing by-products into high-
value biocompounds. For example, acidogenic fermentation of food side-streams has been 
successfully established to yield carboxylates, biohydrogen, and platform chemicals [8], 
while two-stage pilot systems demonstrate the production of bio-based plastics such as 
polyhydroxyalkanoates (PHAs) using mixed microbial cultures fed on fermented food 
residues [9]. Positioning insect rearing within this broader valorization landscape provides 
a complementary, highly efficient strategy focusing directly on feed-grade protein and 
lipid production [10,11].

From a nutritional and chemical perspective, the dry matter (DM) of SBP consists 
predominantly of structural polysaccharides (22–30% cellulose, 24–32% hemicellulose, and 
20–30% pectin) but is substantially limited in crude protein (7–10% DM) and available lipids 
(<1.5% DM) [12–14]. The tight intermolecular cross-linking among cellulose microfib-
rils, arabinogalactan-rich hemicellulose matrices, and highly branched pectin polymers 
confers high physical recalcitrance, impeding conventional enzymatic hydrolysis [10,14]. 
Converting these recalcitrant fiber polymers into animal feed components requires bio-
refinery approaches that circumvent the thermodynamic inefficiencies of direct combustion 
or simple composting [10,14].

Bioconversion using black soldier fly (BSF, Hermetia illucens L.; Diptera: Stratiomyi-
dae) larvae has emerged as a premier circular economy technology capable of closing 
nutrient loops [15,16]. H. illucens larvae rapidly consume organic side-streams, convert-
ing heterogeneous biomass into larval tissue suitable for poultry, swine, and aquacul-
ture feeds [11,15,17]. By substituting for conventional feed inputs like imported soybean 
meal and marine fishmeal, insect farming contributes directly to the United Nations Sus-
tainable Development Goals, specifically Sustainable Development Goal 2 (SDG; Zero 
Hunger—by enhancing sustainable animal feed production) and SDG 12 (Responsible 
Consumption and Production—by diverting agro-industrial residuals into circular produc-
tion cascades) [18–20].

However, the capacity of H. illucens larvae to digest high-fiber agro-industrial side-
streams is fundamentally constrained by their physiological and biochemical profile. Lar-
vae possess an alkaline midgut adapted primarily to digesting proteins and non-structural 
starches, whereas their endogenous cellulolytic and pectinolytic enzyme machinery remains 
limited [21–23]. Although gut commensal microflora contribute partially to polysaccha-
ride breakdown, raw lignocellulosic and pectin-rich substrates often extend larval de-
velopment time and lower feed conversion efficiency unless balanced with complemen-
tary nutrients [21,22,24]. In particular, unfermented pectin exhibits exceptional water-
absorption and swelling capacities, forming viscous hydrogels that increase the bulk shear 
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viscosity of the ingested mash. This rheological shift can mechanically impair the peri-
staltic mixing within the larval digestive tract and hinder the passive diffusion of nutrient 
molecules to the midgut brush border epithelium [21,22].

To address these physical, mechanical, and enzymatic bottlenecks, two primary 
substrate-modification interventions are commonly proposed: biological inoculation us-
ing lignocellulolytic microorganisms (e.g., Trichoderma sp.) and nutritional co-digestion 
with energy-dense side-streams [25–27]. Trichoderma species secrete an extensive cocktail 
of extracellular cellulases, endoglucanases, cellobiohydrolases, and pectinases capable of 
softening plant cell wall structures and hydrolyzing glycosidic bonds [26]. Fungal-assisted 
valorization can be conducted either via decoupled solid-state pre-fermentation or direct in 
situ co-inoculation. While decoupled pre-fermentation requires dedicated incubation ves-
sels, energy input, and prolonged residence time, direct in situ inoculation offers substantial 
operational simplicity for commercial-scale rearing if microbial degradation can proceed 
concurrently with larval feeding. Concurrently, industrial molasses—a viscous by-product 
of sugar refining rich in sucrose, glucose, and fructose—provides rapidly metabolizable, 
soluble carbohydrates capable of fulfilling immediate larval metabolic maintenance require-
ments, mitigating amino acid oxidation for energy, and stimulating metabolic activity in 
the gut microbiome [12,28].

Although H. illucens bioconversion has been investigated on diverse agro-industrial 
residues (such as brewers’ spent grains, fruit pomace, and agricultural wastes), direct 
comparative data regarding the bioconversion kinetics of sugar beet pulp remain limited. In 
particular, empirical studies directly evaluating unsupplemented SBP against in situ fungal 
inoculation (Trichoderma sp.) and soluble carbohydrate co-supplementation (molasses) 
under standardized, replicated commercial batch conditions are lacking.

The objective of this study was to evaluate the bioconversion efficiency, growth kinetics, 
and substrate mass reduction in H. illucens larvae reared on SBP-containing diets across 
four standardized formulations: a standard wheat bran control, an unsupplemented SBP 
formulation (40% SBP), a fungal-inoculated formulation (40% SBP + Trichoderma sp.), and 
a co-diet formulation (30% SBP + 10% molasses). This study focuses on gravimetric mass-
balance conversion, growth kinetics, and waste reduction indices; biochemical proximate 
composition and fatty acid profiles are evaluated in a companion study. We hypothesized 
that balancing high-fiber SBP with soluble carbohydrates in combination with reduced 
fiber proportion would mitigate nutritional and physical constraints, resulting in improved 
growth performance, feed conversion, and substrate mass reduction.

2. Materials and Methods
2.1. Larval Source and Substrate Characterization

Five-day-old H. illucens larvae were obtained from the certified commercial breeding 
colony of UAB Insectum (Kaunas, Lithuania). Larvae were separated from the nursery 
starter feed by gentle manual sieving. The initial individual larval wet weight (10.0 ± 0.3 mg, 
corresponding to an initial dry matter mass of 2.80 ± 0.08 mg per larva) was determined by 
gravimetrically weighing and oven-drying representative sub-samples at 105 °C to constant 
mass [29,30]. To avoid manual handling stress and maintain accuracy across large numbers, 
the target stocking density of 6000 larvae per container was achieved gravimetrically: three 
sub-samples of 200 larvae were weighed on an analytical balance (±0.1 mg; KERN & Sohn 
GmbH, Balingen, Germany) to determine the exact batch mean larval weight, and the 
biomass equivalent to 6000 larvae (~60.0 g wet mass) was allocated to each experimental 
container in accordance with standard rearing protocols [30,31].

Fresh pressed sugar beet pulp (SBP) and industrial sugar beet molasses were ob-
tained directly from the processing facility Nordic Sugar Kėdainiai (Kėdainiai, Lithuania). 
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Standard wheat bran was sourced from AB Kauno Grūdai (Kaunas, Lithuania). Baseline 
nutritional characteristics of the raw feedstocks (DM basis) were as follows:
• Fresh SBP: 21.6 ± 1.2% DM; DM composition: 9.1 ± 0.4% crude protein, 1.2 ± 0.1% 

ether extract, 28.5 ± 1.1% cellulose, 26.2 ± 1.0% hemicellulose, 24.1 ± 1.3% pectin, and 
4.2 ± 0.3% crude ash.

• Wheat bran: 87.8 ± 0.5% DM; DM composition: 15.8 ± 0.5% crude protein, 4.1 ± 0.2% 
ether extract, 10.8 ± 0.6% cellulose, 24.5 ± 0.8% hemicellulose, 1.1 ± 0.1% pectin, and 
5.2 ± 0.2% crude ash.

• Molasses: 74.5 ± 0.8% DM; DM composition: 8.5 ± 0.3% crude protein, 0.1 ± 0.0% ether 
extract, 64.2 ± 1.5% total soluble sugars (sucrose, glucose, fructose), and 9.4 ± 0.4% 
crude ash.
For the fungal treatment, a commercial preparation containing viable conidia of Tricho-

derma sp. (1 × 106  colony-forming unit (CFU)/g dry substrate; Bioenergy LT, Panevėžys, 
Lithuania) was incorporated into the dry blend prior to hydration. Conidia were mixed 
into the hydrated blend immediately prior to larval stocking to assess a single-step in situ 
protocol without an external solid-state pre-incubation phase.

2.2. Experimental Design and Dietary Formulations
Four experimental dietary treatments were evaluated on a dry matter (DM) basis 

(Table 1):
• Control: 100% Wheat Bran (standard commercial rearing substrate).
• Option 1: 60% Wheat Bran + 40% SBP.
• Option 2: 60% Wheat Bran + 40% SBP + Trichoderma sp. (1 × 106  CFU/g DM).
• Option 3: 60% Wheat Bran + 30% SBP + 10% Molasses.

Table 1. Formulation and ingredient composition of the experimental diets for H. illucens larvae (dry 
matter basis).

Treatment Wheat Bran (% DM) Sugar Beet Pulp (% DM) Molasses (% DM) Inoculant/Additive

Control 100 0 0 None

Option 1 60 40 0 None

Option 2 60 40 0 Trichoderma sp. (1 × 106  CFU/g)

Option 3 60 30 10 None
Note: All experimental diets were adjusted to an initial moisture content of 70.0 ± 2.0% using distilled 
water prior to larval stocking.

Ventilated polypropylene containers (40 × 30 × 22 cm; internal floor area 1200 cm2 ) 
were stocked at a density of 5 larvae/cm2  (6000 larvae per container). Substrate was supplied 
once at the onset of rearing following a single-batch feeding regime at an allocation of 0.60 g 
wet diet per larva (0.18 g DM/larva, corresponding to 3600.0 g wet diet and 1080.0 g DM 
per container) [29,30,32].

Rearing was conducted in a climate-controlled chamber at 28.0 ± 0.5 °C and 70.0 ± 2.0% 
relative humidity under complete darkness. Substrate moisture was monitored gravimet-
rically throughout the 18-day feeding trial and maintained at 70.0 ± 2.0% by periodic 
fine misting with distilled water, ensuring that moisture was not a limiting factor. Three 
sequential, independent biological rearing cycles were conducted:

Cycle 1: 30 May 2025–16 June 2025
Cycle 2: 28 July 2025–15 August 2025
Cycle 3: 8 September 2025–25 September 2025
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Each cycle evaluated all four treatments in triplicate (3 containers × 4 treatments = 
12 containers per cycle), providing n = 9 independent biological replicates per dietary 
treatment (overall N = 36 experimental units).

2.3. Harvesting Protocol and Sample Processing
Larvae were harvested on day 23 of total development (5 days post-hatch nursery phase 

+ 18 days of dietary rearing), corresponding to the appearance of the earliest prepupae 
(<1–2% cuticular melanization) [33]. In line with commercial whole-larva harvesting 
procedures, larvae were harvested without a pre-harvest fasting period.

Larval biomass was separated from residual frass using automated vibrating sieves 
(2.5, 2.0, and 1.5 mm). Larvae were transferred onto a 3 mm washing mesh, rinsed with 
cold tap water, and immersed five times in clean water baths (<60 s total immersion) to 
remove adhering residues without causing osmotic water absorption, followed by a rinse 
with distilled water. Cleaned larvae were placed on paper-lined trays and exposed to gentle 
forced-air ventilation at 35–40 °C for 1 h to remove surface water. Sub-samples of clean 
larvae and residual frass were dried in a forced-air oven (Memmert GmbH + Co. KG, 
Schwabach, Germany) at 65 °C for 24 h and subsequently at 105 °C for 4 h to determine 
absolute DM content. Total live survivor counts per container were determined by weighing 
total live larval wet mass per container and enumerating five representative subsamples of 
~200 larvae to calculate individual mean weight and extrapolate total survivor numbers (Nf ).

2.4. Performance and Bioconversion Metrics
All growth, mass-balance, and conversion metrics were calculated using established 

mass-balance formulas [34,35]:

Survival Rate (SR, %) = (
𝑁𝑓

𝑁𝑖
) × 100 (1)

where Nf  is the final count of live larvae and Ni  is the initial count of seeded larvae 
(Ni  = 6000).

Daily Larval Growth Rate, wet basis (DLGRwet, mg/d) =
𝑊𝑓 ,ind − 𝑊𝑖,ind

𝑡 (2)

where Wf ,ind  and Wi ,ind  are the final and initial wet weights per individual larva (mg), 
respectively, and t is the feeding duration (t = 18 days).

Daily Larval Growth Rate, dry basis (DLGRdry, mg DM/d) =
𝑚𝑓 ,ind − 𝑚𝑖,ind

𝑡 (3)

where mf ,ind  and mi ,ind  are final and initial dry matter weights per individual larva (mg 
DM), respectively.

Feed Conversion Ratio (FCR) =
𝑊𝑖

𝐵𝑓 − 𝐵𝑖
(4)

where Wi  is the total initial substrate dry mass provided (g DM, 1080.0 g), Bf  is the final total 
larval dry biomass (g DM), and Bi  is the initial total larval dry biomass (g DM, ~16.8 g).

Substrate Mass Reduction (SMR, %) = [
𝑊𝑖 − 𝑊𝑓

𝑊𝑖
] × 100 (5)

where Wf  is the final residual frass dry mass (g DM). SMR quantifies total gravimetric mass 
loss resulting from larval ingestion, assimilation, and metabolic respiration.

Biomass Conversion Efficiency (BCR, %) = [
𝐵𝑓 − 𝐵𝑖

𝑊𝑖
] × 100 (6)
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2.5. Statistical Analysis
Data were analyzed using IBM SPSS Statistics (Version 28.0; IBM Corp., Armonk, 

NY, USA). The experimental container was designated as the independent experimental 
unit. Normality of distributions and homogeneity of variances were confirmed using the 
Shapiro–Wilk and Levene’s tests, respectively.

A preliminary two-way ANOVA incorporating Treatment as a fixed factor and Cycle 
as a blocking factor revealed no significant cycle effect or Treatment × Cycle interaction 
(p > 0.05 across all variables). Observations across the three cycles were therefore pooled 
(n = 9 replicate containers per treatment, total N = 36) and evaluated via one-way Analysis 
of Variance (ANOVA). Overall treatment effects are reported with degrees of freedom, 
F-values, exact p-values, and partial eta-squared (𝜂2

𝑝) effect sizes. Treatment means were 
separated using Tukey’s Honest Significant Difference (HSD) post hoc test at 𝛼 = 0.05. 
Results are presented as Mean ± Standard Deviation (SD).

3. Results
Dietary formulation significantly influenced all biological growth parameters, feed 

conversion efficiencies, and substrate mass reduction indices of H. illucens larvae (p < 0.05; 
Table 2). The statistical analysis confirmed substantial treatment effect sizes across all 
conversion metrics, with partial eta-squared (𝜂2

𝑝) exceeding 0.84 for growth rate, FCR, and 
BCR, and reaching 0.974 for substrate mass reduction.

Table 2. Biological and bioconversion performance of H. illucens larvae reared on different sugar beet 
pulp-based substrate formulations.

Parameter Control
(100% Bran)

Option 1
(40% SBP)

Option 2
(40% SBP + Trichoderma sp.)

Option 3
(30% SBP + 10% Molasses) Test Statistics (F, p, 𝜼2

p)

Survival Rate (SR, %) 91.0 ± 3.8 ab 84.0 ± 8.8 b 85.0 ± 7.8 b 93.0 ± 1.8 a 𝐹3,32 = 4.52, 𝑝 = 0.009, 𝜂2
𝑝 = 0.297

Daily Growth Rate, wet 
(DLGR_wet, mg/d) 15.72 ± 0.39 ab 12.65 ± 0.76 b 12.83 ± 0.74 b 16.32 ± 0.83 a 𝐹3,32 = 66.86, 𝑝 < 0.001, 𝜂2

𝑝 = 0.862

Daily Growth Rate, dry 
(DLGR_dry, mg DM/d) 3.14 ± 0.08 ab 2.53 ± 0.15 b 2.57 ± 0.15 b 3.26 ± 0.17 a 𝐹3,32 = 66.88, 𝑝 < 0.001, 𝜂2

𝑝 = 0.862

Feed Conversion Ratio 
(FCR) 4.68 ± 0.11 a 5.87 ± 0.37 b 5.75 ± 0.33 b 4.52 ± 0.23 a 𝐹3,32 = 57.30, 𝑝 < 0.001, 𝜂2

𝑝 = 0.843

Substrate Mass 
Reduction (SMR, %) 71.30 ± 1.23 b 47.52 ± 2.67 d 53.04 ± 2.49 c 78.60 ± 2.15 a 𝐹3,32 = 401.03, 𝑝 < 0.001, 𝜂2

𝑝 = 0.974

Biomass Conversion 
Efficiency (BCR, %) 21.37 ± 0.53 a 17.04 ± 1.07 b 17.39 ± 1.00 b 22.12 ± 1.13 a 𝐹3,32 = 67.62, 𝑝 < 0.001, 𝜂2

𝑝 = 0.864

Note: Values represent Mean ± SD (n = 9 biological replicates pooled across three independent cycles, 
total N = 36). Means within a row sharing different superscript letters (a, b, c, d) are significantly 
different according to Tukey’s HSD test (p < 0.05). All parameters except DLGR (wet) are calculated 
strictly on a dry matter (DM) basis.

3.1. Larval Survival and Growth Kinetics
Substrate formulation exerted a statistically significant effect on the survival rate of 

H. illucens larvae (F3,32  = 4.52, p = 0.009, 𝜂2
𝑝 = 0.297; Table 2). The highest larval survival 

was achieved in the co-diet formulation combining 30% SBP and 10% industrial molasses 
(Option 3: 93.0 ± 1.8%), maintaining exceptional consistency and minimal coefficient of vari-
ation (1.9%) across all three independent rearing cycles. In contrast, diets formulated with 
40% raw SBP (Option 1: 84.0 ± 8.8%) and fungal-inoculated SBP (Option 2: 85.0 ± 7.8%) ex-
hibited reduced survivability, differing significantly from Option 3 (Tukey’s HSD, p = 0.021 
and p = 0.038, respectively). However, survival rates in Option 1 and Option 2 were statisti-
cally comparable to the standard wheat bran Control (91.0 ± 3.8%; Tukey’s HSD, p = 0.089 
and p = 0.142, respectively). These results demonstrate that while the incorporation of 
40% unsupplemented or fungal-inoculated SBP introduced physiological and ingestion 
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hurdles that lowered survival by 6.0 to 7.0 percentage points relative to the control, it did 
not cause acute or lethal toxicity. Furthermore, direct in situ inoculation with Trichoderma 
sp. (Option 2) failed to mitigate this physiological stress, yielding a survival rate that was 
statistically indistinguishable from unsupplemented SBP (p = 0.978).

Daily larval growth kinetics followed an identical response pattern, with overall dietary 
formulation exerting an exceptionally strong effect (F3,32  = 66.86, p < 0.001, 𝜂2

𝑝 = 0.862; 
Table 2). Diets containing 40% SBP without soluble carbohydrate balancing significantly 
depressed larval growth rates. Larvae in Option 1 and Option 2 achieved daily wet weight 
gains of only 12.65 ± 0.76 mg/d and 12.83 ± 0.74 mg/d, respectively, reflecting a 19.5% 
and 18.4% reduction compared to the Control (15.72 ± 0.39 mg/d; Tukey’s HSD, p < 0.001). 
On a dry matter basis (DLGR_dry; F3,32  = 66.88, p < 0.001, 𝜂2

𝑝 = 0.862), individual so-
matic accumulation was similarly constrained at 2.53 ± 0.15 mg DM/d in Option 1 and 
2.57 ± 0.15 mg DM/d in Option 2 versus 3.14 ± 0.08 mg DM/d in the Control (p < 0.001).

Conversely, the co-dietary modification in Option 3 (30% SBP + 10% molasses) com-
pletely restored larval growth performance, achieving an individual daily wet gain of 
16.32 ± 0.83 mg/d (DLGR_dry: 3.26 ± 0.17 mg DM/d). This represented a statistically 
significant increase of 29.0% and 27.2% relative to Option 1 and Option 2, respectively 
(p < 0.001). Over the entire 18-day feeding trial, an individual larva in Option 3 attained 
a final average wet mass of approximately 303.8 mg (corresponding to ∼61.5 mg DM), 
compared to only 237.7 mg wet (∼48.3 mg DM) in Option 1. Although DLGR in Option 3 
numerically surpassed the wheat bran Control by 3.8%, pairwise post hoc testing indicated 
that this difference was not statistically significant (p = 0.187). Therefore, partially replac-
ing SBP with 10% molasses was fully sufficient to sustain larval growth rates on par with 
commercial cereal feed.

3.2. Feed Conversion Efficiency and Substrate Reduction
Feed conversion efficiency, evaluated via the Feed Conversion Ratio on a strict dry 

matter basis (FCR; dry substrate input divided by dry larval biomass gained), differed 
significantly among dietary treatments (F3,32  = 57.30, p < 0.001, 𝜂2

𝑝 = 0.843; Table 2). Sub-
strates containing 40% SBP suffered from severely impaired conversion efficiency, requiring 
substantially greater dry substrate quantities to generate a unit of insect tissue. Specifically, 
Option 1 (FCR 5.87 ± 0.37) and Option 2 (FCR 5.75 ± 0.33) were statistically indistinguish-
able from each other (p = 0.824), but displayed significantly poorer conversion performance 
than the wheat bran Control (FCR 4.68 ± 0.11; Tukey’s HSD, p < 0.001), representing 
an efficiency deficit of 25.4% and 22.9%, respectively. In Option 3, nutritional balancing 
with molasses and concomitant fiber dilution fully restored feeding efficiency, yielding an 
optimal FCR of 4.52 ± 0.23. This conversion ratio was significantly superior to both 40% SBP 
diets (p < 0.001) and statistically equivalent to the cereal Control (p = 0.495), demonstrating 
that the incorporation of molasses allowed larvae to allocate ingested nutrients toward 
somatic accretion with maximal bioenergetic efficiency.

Substrate Mass Reduction (SMR), which quantifies total gravimetric dry mass loss 
through larval ingestion, assimilation, and metabolic respiration, demonstrated clear, sta-
tistically distinct segregation across all four dietary regimes (F3,32  = 401.03, p < 0.001, 
𝜂2

𝑝 = 0.974; Table 2). Unsupplemented SBP (Option 1) resulted in the poorest degradation 
efficiency, yielding an SMR of only 47.52 ± 2.67%, which left over 52.4% (566.8 g DM) of 
initial feed dry mass as recalcitrant, unconsumed frass. Inoculation with Trichoderma sp. 
(Option 2) produced a statistically significant enhancement in waste breakdown, increasing 
SMR to 53.04 ± 2.49% (Tukey’s HSD, p < 0.001 vs. Option 1), representing a net reduction 
gain of 5.52 percentage points (59.6 g additional dry waste degraded per container). Despite 
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this improvement, waste processing in Option 2 remained substantially below the wheat 
bran Control (71.30 ± 1.23%; p < 0.001).

The most pronounced substrate reduction was recorded in Option 3 (SMR 78.60 ± 2.15%), 
which left only 231.1 g DM of residual frass per container. Option 3 degraded 31.08 and 
25.56 percentage points more dry mass than Options 1 and 2, respectively (p < 0.001). 
Crucially, Option 3 also significantly outperformed the commercial 100% wheat bran Control 
by 7.30 percentage points (p < 0.001). This confirms that the synergistic combination of 
accessible soluble mono- and disaccharides and reduced structural fiber resistance acted as 
a potent behavioral and metabolic phagostimulant, driving larvae to ingest and process the 
substrate matrix to an unprecedented degree.

3.3. Biomass Conversion Efficiency (BCR)
Biomass Conversion Efficiency (BCR), defined as the percentage of initial dry feed suc-

cessfully converted into harvested larval dry biomass, followed the bioenergetic trajectories 
observed for DLGR and FCR (F3,32  = 67.62, p < 0.001, 𝜂2

𝑝 = 0.864; Table 2). Larvae reared on 
40% SBP diets achieved dry biomass conversion efficiencies of only 17.04 ± 1.07% (Option 
1) and 17.39 ± 1.00% (Option 2), yielding total container biomass gains of approximately 
184.0 g DM and 187.8 g DM, respectively. No significant difference was detected between 
the unsupplemented and fungal-inoculated treatments (p = 0.812), and both were signif-
icantly lower than the 21.37 ± 0.53% (230.8 g DM) recorded for the wheat bran Control 
(p < 0.001).

In sharp contrast, larvae in Option 3 achieved a peak conversion efficiency of 
22.12 ± 1.13%, harvesting an average of 238.9 g of net larval dry biomass per container. 
Post hoc comparisons confirmed that the BCR in Option 3 was statistically equivalent to 
the Control (p = 0.273) while significantly outperforming Option 1 and Option 2 by 29.8% 
and 27.2%, respectively (p < 0.001). Across all biological, conversion, and degradation 
indices, the co-dietary strategy in Option 3 demonstrated that targeted carbohydrate sup-
plementation combined with structural fiber alleviation completely eliminates the growth 
depressions and metabolic bottlenecks associated with raw sugar beet pulp bioconversion.

4. Discussion
The effective valorization of agro-industrial side-streams via insect bioconversion de-

pends on addressing substrate-specific mechanical, nutritional, and enzymatic constraints. 
Sugar beet pulp contains a dense cell-wall polysaccharide network (pectin, cellulose, hemi-
cellulose) combined with moderate crude protein content (7–10% DM) [12–14]. Our results 
indicate that unsupplemented inclusion of SBP at 40% DM reduces growth rate, feed con-
version efficiency, and substrate reduction. However, a co-dietary strategy combining 30% 
SBP with 10% molasses substantially improved these metrics, matching or exceeding the 
standard wheat bran control.

4.1. Nutritional and Structural Factors in Sugar Beet Pulp Bioconversion
The lower growth rates (12.65 mg/d wet) and biomass conversion efficiency (17.04%) 

in Option 1 reflect the compositional characteristics of raw SBP. Replacing 40% of wheat 
bran (which contains ~15.8% crude protein) with SBP (~9.1% crude protein) dilutes dietary 
nitrogen [22]. Dietary protein availability is a primary factor influencing somatic tissue 
synthesis in H. illucens [15,28]. When dietary protein is low, larvae often require greater 
substrate consumption to meet physiological amino acid requirements, contributing to 
higher FCR values (5.87) [25,32].

In addition, SBP is characterized by high pectin content (~24% DM) with substantial 
water-holding and swelling capacities [12,14]. In hydrated substrates, pectin can form 
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viscous gels that alter physical texture. Because dipteran larvae rely on physical churning 
and peristaltic processing of ingested mash, high substrate viscosity can impede feed 
ingestion and slow the diffusion of endogenous digestive enzymes [21,22,24]. These physical 
properties, alongside the absence of endogenous cellulase machinery in H. illucens, likely 
account for the lower substrate mass reduction observed in Option 1 (SMR 47.52%).

4.2. Response to In Situ Inoculation with Trichoderma sp.
Biological fungal inoculation is often evaluated for softening lignocellulosic materi-

als [26,27]. In our trial, in situ addition of Trichoderma sp. conidia (Option 2) resulted in a 
modest increase in substrate mass reduction (53.04% vs. 47.52% in Option 1; p < 0.001), 
suggesting that fungal activity provided minor degradation of the substrate matrix.

However, in situ fungal inoculation did not improve larval survival (85.0%), daily 
growth rate (12.83 mg/d wet), FCR (5.75), or BCR (17.39%) relative to Option 1. This 
outcome indicates that direct co-inoculation of fungal spores without an external pre-
incubation phase is insufficient to enhance larval growth. Because larvae actively feed 
from day 1, the fungus lacks the residence time required to establish extensive mycelial 
networks and secrete high enzyme titers before the substrate is consumed or disturbed. 
Furthermore, fungal inoculation does not alter the baseline protein-to-carbohydrate balance 
of the substrate [15,25]. Consequently, if fungal treatment is to be applied to SBP, decoupled 
solid-state pre-fermentation prior to larval introduction warrants investigation rather than 
direct in situ inoculation [23,26,27].

4.3. Combined Mechanisms of Nutritional Balancing in Option 3
The bioconversion metrics recorded for Option 3 (DLGR_wet 16.32 mg/d, FCR 4.52, 

SMR 78.60%, BCR 22.12%) reflect the combined modification of reducing SBP content from 
40% to 30% while incorporating 10% molasses. This co-dietary adjustment addresses both 
physical and nutritional limitations:
• Metabolic Energy Availability: Molasses supplies an abundant pool of readily fer-

mentable mono- and disaccharides (sucrose, glucose, fructose) [12,28]. Readily acces-
sible carbohydrates provide direct energy for larval metabolism, reducing the need 
to catabolize dietary amino acids for basal maintenance and allowing protein to be 
partitioned toward tissue growth [16,28].

• Substrate Rheology and Gut Dynamics: Reducing SBP from 40% to 30% decreased 
total structural fiber and pectin content, lowering substrate viscosity and physical 
resistance. Concurrently, soluble sugars can serve as substrates for commensal gut and 
feed-associated microflora, which may release secondary exogenous enzymes in the 
digestive tract that assist in breaking down complex carbohydrates [15,25,36].
These combined effects enabled Option 3 to achieve an SMR of 78.60%, significantly 

higher than the 100% wheat bran Control (71.30%), while achieving comparable biomass 
conversion (BCR 22.12% vs. 21.37%).

4.4. Circular Bioeconomy Context
In major agricultural regions, sugar beet processing co-locates wet pulp and molasses. 

Integrating insect bioconversion facilities with existing sugar refining infrastructure represents 
a potential circular valorization pathway [1,3,35]. Utilizing fresh pulp on-site could circumvent 
fuel requirements for thermal drying and reduce long-distance transport logistics [2,4–7].

Moreover, biological upcycling of agro-industrial by-products via insects complements 
other emerging biorefinery concepts. While microbial acidogenic fermentation can convert 
food processing streams into volatile fatty acids and biochemicals [8], and integrated 
systems can route residues into microbial polyhydroxyalkanoates (PHAs) [9], insect rearing 
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directly yields larval biomass suitable for downstream protein and lipid recovery [10,17,18]. 
Converting wet organic side-streams through controlled biological systems also avoids open 
disposal pathways that can generate diffuse methane and nitrous oxide emissions [2,36,37].

4.5. Limitations and Future Research Directions
Several methodological aspects of this study should be recognized:

• Confounded Dietary Factors: Option 3 combined a 10% addition of molasses with a 10% 
reduction in SBP content. Therefore, the observed improvements reflect the combined 
effect of soluble sugar supplementation and fiber dilution. Future studies employing 
multi-factorial response surface designs are recommended to isolate the individual 
contributions of sugar concentration, protein supplementation, and fiber levels.

• Biological Pre-treatment Protocols: We evaluated only direct in situ fungal inocula-
tion. Dedicated multi-day solid-state pre-fermentation protocols with Trichoderma 
sp. or yeast strains prior to larval stocking should be explored to determine whether 
decoupled pre-digestion can enhance fiber utilization [13,26,27].

• Harvesting Protocol: Larvae were harvested without a 24 h fasting period, following 
commercial whole-larva processing conventions. While this reflects industrial practice, 
gut contents may influence final biomass composition.

• Biochemical Characterization: Substrates, frass, and larvae were evaluated gravimet-
rically on a dry matter mass-balance basis to model conversion kinetics and mass 
reduction. Detailed proximate composition (crude protein, amino acids, crude fat, 
fatty acid profiles, and fiber fractions) of incoming feeds and harvested materials was 
allocated to a companion study.

5. Conclusions
Unsupplemented sugar beet pulp incorporated at 40% DM reduces H. illucens growth 

kinetics and feed conversion efficiency (DLGR_wet 12.65 mg/d, FCR 5.87, BCR 17.04%) due 
to structural fiber constraints and dietary protein dilution relative to standard wheat bran. 
Direct in situ inoculation of SBP-based diets with Trichoderma sp. without prior incubation 
produced a minor increase in substrate mass reduction (SMR 53.04%) but did not improve 
larval growth, survival, or feed conversion. A co-dietary formulation combining 30% SBP 
and 10% molasses (Option 3) substantially improved bioconversion performance, achieving 
high survival (93.0%), lowest FCR (4.52), peak substrate reduction (78.60%), and a biomass 
conversion efficiency of 22.12%, matching or exceeding the standard wheat bran Control. 
These results demonstrate that combining soluble carbohydrate supplementation with 
structural fiber reduction is an effective formulation approach for valorizing high-fiber 
agro-industrial co-products in commercial black soldier fly bioconversion systems.
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