
Fermentation of Agricultural By-products and Zinc Supplementation: 
A Synergistic Approach to Mealworm Microbiome Optimization

Bernardo Antunes1, Caroline Zanchi1, Jens Rolff 1, Hajo Haase2, Charlotte Rafaluk1

Claudia Keil2 
1 Evolutionary Biology, Freie Universität Berlin, Königin-Luise-Straße 1-3, 14195 Berlin, Germany, 2 Technische Universität Berlin, Food Chemistry and Toxicology,           

Straße des 17. Juni 135, 10623 Berlin, Germany

Tenebrio molitor L. (Coleoptera: Tenebrionidae) is one of the three most important industrialized insect species worldwide. Its role as a 

sustainable provider of protein and lipids for animal and human nutrition has become increasingly important [1]. However, rearing at high 

densities presents risks of pathogen spread, disease outbreaks, and transmission of harmful bacteria [2, 3]. Using fermented organic side streams 

to promote probiotic populations (e.g. lactic acid bacteria (LAB)) could reduce the environmental impact of production but introduces additional 

microbial complexity. Understanding the microbial communities present in these substrates is crucial for safe and effective insect farming. 

Moreover, micronutrients such as zinc may strengthen insect immunity and resilience. Here, we profiled the microbiota of fermented vegetables 

and assessed their influence, alone and in combination with zinc, on larval growth, survival, and gut microbiota. 

Our work promoted and identified beneficial microbiota changes in spinach from spontaneous fermentation, resulting in significantly increased 

counts of Lactobacilli and Enterococcus genera in longer fermentations, while repressing of potentially hazardous Pseudomonas. Feeding trials 

revealed that diets supplemented with fermented spinach and zinc had negligible effects on larvae survival. Despite reduced growth rates, 

potentially due caloric deficiencies and some level zinc toxicity, the experimental diets led to significant changes in host microbiota. Fermented 

spinach-treated groups revealed significantly increased counts of Lactococcus and Weisella, further promoted by higher zinc concentration for 

the latter. Research is ongoing to evaluate the effects of these strategies, individually and together, on larval microbiome composition and 

survival under pathogenic pressure. The goal is to develop optimized feed that ensures insect health, human safety, and reduce disease 

outbreaks in farmed T. molitor populations. 

Figure 1: Fermentation-induced changes in spinach microbial communities Stacked barplot representing the relative 

abundance of the 20 most abundant bacterial genera (out of 69 in total) detected in the different substrate and spinach samples. 

Each panel contains the bars corresponding to a treatment group: wheat bran (substrate), and spinach either non-fermented (NF) 

or fermented for 24, 48 or 96 hours. Each bar represents an individual sample, with each different coloured box representing one 

bacterial genus. Grey boxes indicate OTUs for which no genus could be assigned. Ten genera were detected as significantly 

differentially abundant between treatments. 

Figure 4: Microbial community composition of mealworm larvae reared on reared on wheat bran diets enriched 

with spinach and zinc

Stacked barplot representing the relative abundance of the 20 most abundant bacterial genera (out of 23 in total) detected in T. molitor 

larvae having been fed a control diet or fed diets containing spinach, either fresh or fermented for 96 hours, as well as 3 different 

concentrations of zinc (Zn0, Znlow or Znhigh). Each bar represents an individual sample, with each different coloured box representing 

one bacterial genus. Grey boxes indicate OTUs for which no genus could be assigned. Five genera were detected as significantly 

differentially abundant between treatments. 

Figure 2: Growth performance of mealworm larvae reared on wheat bran diets enriched with spinach 

and zinc (A) Larval weight gain (mg) and (B) survival (%) throughout a 35-day feeding trial, highlighting the 

differences between experimental groups at the end point.
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Figure 3: Zinc content of the feeding substrates and the mealworm larvae (A) Zinc accumulation in 

the formulated diets, (B) Zinc accumulation in larvae and (C) bioaccumulation factor (BAF) after 35-day 

feeding trial. The diets feature non-fermented (NF) and fermented (F) spinach, without zinc supplementation 

(Zn0), or fortified with low (Znlow) and high dosages of zinc (Znhigh).
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▪ Extended fermentation of spinach led to enrichment of LAB genera, while 

repressing human pathogen Pseudomonas  

▪ Feeding of fermented spinach, with or without zinc fortification, led to 

increased LAB genera in the host microbiome. 

▪ Zinc supplementation further supported Weisella proliferation. 
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▪ Treatments did not influence survival, but affected larval 

growth rate

▪ Zinc accumulation in the larvae increases with dosage.

▪ However, bioaccumulation factor decreased with higher dietary 

zinc, suggesting internal zinc regulation.
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