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Simple Summary: Insects have been widely studied as a potential sustainable source of proteins to 

meet a rising global demand. Among them, the yellow mealworm (Tenebrio molitor, L.) is showing 

promise for its mass-rearing potential and its authorization by the European Union (EU) as a novel 

food. As in conventional animal husbandry practices, probiotics could provide nutritional and im-

munological benefits as part of the insect’s diet. This study evaluated the dietary supplementation 

of three types of probiotics on the development and disease resistance of yellow mealworm larvae. 

The results showed that the addition of probiotics can play a role in insect farming to improve the 

nutritional value of sub-optimal diets and protect the insects against entomopathogens. However, 

this study emphasizes the contrasting effects of the different probiotic strains tested and the need 

for more research on the topic.  

Abstract: In recent years, the yellow mealworm (Tenebrio molitor L.) has demonstrated its potential 

as a mass-produced edible insect for food and feed. However, challenges brought on by pathogens 

in intensive production systems are unavoidable and require the development of new solutions. 

One potential solution is the supplementation of probiotics in the insect’s diet to obtain the double 

benefits of improved growth and enhanced immune response. The aim of this study was to evaluate 

the effects of diet-based probiotic supplementation on T. molitor larval survival, growth, and re-

sistance against a fungal pathogen. Three probiotic strains, namely Pediococcus pentosacceus KVL-

B19-01 isolated from T. molitor and two commercialized strains for traditional livestock, Enterococcus 

faecium 669 and Bacillus subtilis 597, were tested. Additionally, when larvae were 9 weeks old, a 

pathogen challenge experiment was conducted with the fungus Metarhizium brunneum. Results 

showed that both P. pentosaceus and E. faecium improved larval growth and larval survival following 

fungal exposure compared to the non-supplemented control diet. Since B. subtilis did not improve 

larval performance in terms of either development or protection against M. brunneum, this study 

suggests the need for further research and evaluation of probiotic strains and their modes of action 

when considered as a supplement in T. molitor‘s diet. 
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1. Introduction 

Though entomophagy is a common practice in many parts of the world [1], the com-

mercial mass production of insects is a novel approach to addressing issues surrounding 

sustainable food systems [2] and nutrient recycling [3]. Insects are rich in protein, fatty 

acids, vitamins, and minerals [4]. Some species are well-suited for mass production as 

animal source food (ASF) substitutes and feed ingredients for livestock and pets [5]. One 

of the most promising insect species within the emerging insects-as-food-and-feed indus-

try is the yellow mealworm (Tenebrio molitor L.) (Coleoptera: Tenebrionidae) [6]. Since this 
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insect species can be easily managed for indoor rearing, it has been industrially produced 

as feed for pets and zoo animals such as wild birds, reptiles, small mammals, and so on 

[5]. Moreover, recent advancements in EU legislation have also paved the way for the use 

of T. molitor as a novel human food [7].  

With growing concerns around replacing conventional protein sources with sustain-

able alternatives, more companies have engaged in scaling up insect production [8]. How-

ever, industrial mass production is dependent on gaining a better understanding of the 

insect’s biology and associated biological risk factors [9–11]. Risks associated with patho-

gen occurrence and disease transmission in mass insect production have been well-docu-

mented [10,12,13]. Entomopathogens include a range of bacteria, viruses, fungi, and nem-

atodes [10,13]. Among them, fungal infections are a common problem in mass rearing 

systems, likely due to the humid conditions in rearing chambers favouring fungal growth 

[13–15]. One of the potential biological risk factors that can invade insect colonies is Me-

tarhizium brunneum, a hypocrealean entomopathogenic fungus (EPF). Through the pres-

ence of adhesion factors, hydrolytic enzymes, and specialized infection structures, it is 

capable of infecting insects by penetrating the hard cuticle, leading to death within a few 

days [13,15]. Studies have shown this fungus to be highly virulent to Coleopteran insects, 

including T. molitor [12,13], and it is commonly used as a biological control agent against 

various pest species [12,15].  

As with conventional production animals, the supplementation of viable beneficial 

microbes in the insect’s diet is a possible way to improve overall health status and prevent 

disease risks in the rearing system [9,14]. Strengthening the host immune system in insect 

farming could also provide protection against the emergence of opportunistic microbials 

when insects are reared for human food production [7,9,14]. These beneficial microbes, 

commonly known as probiotics, can confer health benefits to the host when consumed in 

adequate amounts [15–19]. Compared to probiotics for higher vertebrates, these supple-

mented microbes are gut commensals isolated and characterized from insects’ guts to ob-

tain nutritional and health benefits [14]. The Most probiotic bacteria studied for insect 

feeding trials belong to a group of lactic acid-producing bacteria (LAB) such as Lactobacil-

lus sp. and others such as Saccharomyces sp., Streptococcus sp., and Bacillus sp. [14]. In ad-

dition, recent studies of probiotic feeding in insect species such as T. molitor and Galleria 

mellonella have shown anti-microbial and anti-fungal properties against pathogenic bacte-

ria such as Bacillus thuringiensis, Serratia, and Pseudomonas spp.  in addition to fungal spp. 

such as Candida albicans [9,14]  

The objective of this study was to evaluate the effect of probiotic-supplemented oat-

meal diets on T. molitor larval growth and resistance against the fungal entomopathogen 

M. brunneum. Three probiotic strains were used in this study: two strains used as probiot-

ics in conventional livestock, B. subtilis 597 and Enterococcus faecium 669, and a strain pre-

viously isolated from T. molitor, Pediococcus pentosaceus KVL-B19-01.  

2. Materials and Methods 

2.1. Experimental Insects 

Tenebrio molitor larvae used in the present study were procured from adult beetles 

reared at the Section for Organismal Biology (SOBI) of the University of Copenhagen 

(UCPH), Denmark. Eight small Petri dishes (8.5 cm diameter and 1.4 cm high) filled with 

commercially available potato starch flour and covered with a mesh (average mesh size 

of 1.62 cm × 0.78 cm (Olympus provis, Miami, FL, USA)) were placed in cages with adult 

beetles. After 24 h, the eggs were collected by sieving the flour using a metal strainer. The 

collected eggs were incubated at 30 °C in three large Petri plates (13.5 cm diameter and 

1.7 cm high) without feed. Newly hatched larvae about 24 h–48 h old (five days after in-

cubation of the eggs) were collected for the bioassay. 
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2.2. Origin and Culture of Probiotics 

A P. pentosaceus strain, KVL-B19-01, was isolated and proliferated at the Department 

of Plant and Environmental Sciences (PLEN), University of Copenhagen (UCPH), Freder-

iksberg, Denmark. The whole process of culturing, collecting, and processing this strain 

in freeze-dried powdered form was carried out according to the procedure described by 

Lecocq et al. [9]. De Man, Rogosa, and Sharpe (MRS) culture medium was used for the 

cultivation of P. pentosacceus. Bacterial cells were incubated in MRS broth at 33 °C for 24 

hours, collected by centrifugation (15 minutes at 5000 rpm), and washed thrice in phos-

phate buffer saline (PBS). Afterward, the cells were transferred into 50 mL Falcon tubes, 

centrifuged once more, and re-suspended in 20 mL PBS. All the samples were kept at −80 

°C before freeze-drying. Freeze-drying was carried out over 18 hours at −60 °C in a He-

tosicc CD52 freeze drier (University of Copenhagen, Frederiksberg). Finally, the freeze-

dried sample was preserved at −20 °C until diet supplementation. Before feed supplemen-

tation, the colony forming unit (CFU) was determined to be 1 × 10 11 CFU.g-1. The B. subtilis 

strain 597 and the E. faecium strain 669 tested in this study were obtained from Chr. Han-

sen A/S, Horshølm, Denmark; B. subtilis 597 was provided as spray-dried with a CFU 

value of 5.4 × 10 11 CFU.g-1 and E. faecium 669 in a freeze-dried powdered form with a CFU 

value of 6.8 × 10 11 CFU.g-1. 

2.3. Preparation of Probiotic Diet Mix 

Commercially available organic oats (365 Øko® Havregryn, Denmark) were used as 

a feed for the larvae. The control diet was composed of 25 g of plain oatmeal flour while 

the other three treatments consisted of the same amount of oat flour mixed with the pro-

biotics (three bacterial strains) using a mixer (Budget®, Denmark). All three bacterial 

strains were mixed to a final concentration of 5 × 10 9 CFU.g-1 in the oatmeal. Since the 

experiment was carried out 9 months after first collecting or producing the strains, the 

CFU value for P. pentosaceus was found to have decreased, which resulted in having to 

supply 1.250 g of the bacteria in the oatmeal diet; for E. faecium 669 and B. subtilis 597, 

0.184 g and 0.231 g respectively were mixed in the feed. In all treatments, larvae were 

moved to freshly mixed oatmeal flour + bacteria at week 5 after disposing of the leftover 

frass. Cut potatoes were replaced in the boxes every 2 days as a source of water for the 

larvae.  

2.4. Preparation of Metarhizium brunneum Inoculum 

Metarhizium brunneum strain KVL 12 − 37 was used for the pathogen challenge exper-

iment. The fungus was kept in the culture collection at the Department of Plant and Envi-

ronmental Sciences, University of Copenhagen, Denmark, at −80 °C. Conidia were pro-

duced by culturing the fungus on Sabouraud’s 4% dextrose agar (SDA; Merck KGaA, 

Darmstadt, Germany) in Petri dishes for three weeks at 23°C. Conidia were harvested by 

scraping the surface of the culture with a sterile loop and 0.05% Triton-X 100, and subse-

quently the solution was filtrated over three layers of sterile gauze to eliminate hyphae 

and agar. The conidia concentration was determined with a haemocytometer (Neubauer 

improved) and the concentration was adjusted to 2.7 × 10 6 conidia.mL-1 suspension. Prior 

to the experiment, the viability of M. brunneum conidia was qualified by a germination 

test.   

2.5. Bioassay Assessments 

2.5.1. Assessment of Larval Body Weight and Survivability of Larvae 

Ten replicates of 100 larvae 24 h−48 h old were set up for each of the four treatments. 

In all, four thousand larvae were used for this experiment. At this age, average weight per 

larva was calculated by weighing 100 larvae 40 times, and the final mean weight per larva 

was found to be 0.00042 mg. The larvae were randomly divided and kept in plastic boxes 

(16.5 cm× 10 cm× 7cm) with a vented lid. The boxes containing the larvae were incubated 
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in darkness at 30 °C for up to 15 weeks. Weight and survival were measured weekly from 

week five until week fifteen or until the larvae in a replicate reached an average of 0.12 

g/larva. Weight was measured using a scale with a precision of three decimal places (Sar-

torius Lab Equipments, Germany).  

2.5.2. Pathogen Challenge with Metarhizium brunneum 

The pathogen challenge was carried out in week 9. Five larvae were randomly se-

lected from each subgroup (i.e., 50 larvae per treatment group of which 25 larvae served 

as test group while the other 25 larvae served as control group). Individual larvae were 

weighed prior to the experiment to analyse the effect of weight on infection. The fungal 

challenge dose for this strain was chosen based on the LD50 value for this fungal strain, 

obtained from a study conducted by Pascal Herren, Ph.D. scholar (unpublished data) that 

would result in an expected 50% mortality among tested larvae. Twenty-five larvae from 

each treatment received the fungal treatment, with 2 µL of M. brunneum KVL 12 − 37 (1.22 

× 105 spores) conidial suspension on their integument, which was topically applied while 

the other twenty-five larvae were applied with 2 µL 0.05% Triton-X 100 as the control 

group. The larvae were transferred to 30 mL medicine cups (Hammarplast Medical AB, 

Sweden) lined with moist filter paper (average size 2.3 cm × 2.0 cm) attached to the inner 

wall to maintain humidity and kept without feed for 24 hours. The next day, 2 g of plain 

oat flour was provided for feed and a moist filter paper for water. The cups were closed 

with a vented lid. The filter paper was changed daily, and the larvae were observed daily 

for 14 days. During the experimental period, if any dead larvae were detected, they were 

surface sterilized by dipping them into 5% NaOCl solution for 30 s and then three times 

into sterile demineralized water (DW) for 30 s. These dead larvae were finally transferred 

into new medicine cups with open lids and left at room temperature. The following day, 

a moist filter paper (average size 2.5 cm × 2.0 cm) was attached to the inner wall of the 

medicine cups and the paper was changed daily until mycosis was observed on the dead 

larvae, generally 3-5 days after death. Dead larvae were considered mycosed if the char-

acteristic greenish sporulation of M. brunneum was detected on the larval surface.  

2.6. Statistical Analysis 

All statistical analyses were carried out with R version 4.0.3 [20] (The Foundation for 

Statistical Computing Platform, 2020). The overall effect of probiotic treatment on indi-

vidual larval body weight was analysed with the nonparametric Kruskal–Wallis rank-

sum test (kruskal_test function, rstatix package, R). If there was an overall significant ef-

fect (p < 0.05), post-hoc analyses were performed using the Dunn test with Bonferroni 

method of P-value adjustment for multiple comparisons (p < 0.05, Dunn test function, FSA 

package, R). The number of larvae counted weekly was analysed with a generalized linear 

model fitted with Poisson distribution (glm function, Poisson family, lme4 package, R). 

Post-hoc analyses were carried out with differences of least squares means (LS Means) 

with Tukey adjustment for multiple comparisons (glm function, emmeans package, R). 

The number of T. molitor larvae that survived exposure in the four treatment groups (C, 

B, E, and P) and two  subtreatment groups (F (+): exposed to the fungus M. brunneum, 

and F (-): exposed to 0.05% Triton-X 100 as control) for a 14-day period was subjected to 

time-to-event analyses using a log-rank test in R (p < 0.05, survfit function, survival and 

survminer package, R). Post-hoc analysis of the log-rank test was carried out with Bonfer-

roni adjustment. Logistic regression and odds ratio were used to analyse whether larval 

weight had an influence on mortality in the fungus-exposed larvae.  
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3. Results 

3.1. In Vivo Study of Probiotic-Based Diet Supplementation Effects 

Average larval weight was evaluated from week 5 onward until larvae from each 

treatment group were harvested at weeks 9, 13, and 15 depending on the treatment (Fig-

ure 1). At day 5, the average weight of individual larvae was 0.00042 mg. At week 9, there 

was an overall significant difference between treatments (χ2=36.44, d.f.=3, p < 0.0001). Lar-

vae from the P. pentosaceus-fed group reached an average weight of 0.133 g/larva and were 

significantly heavier than larvae from the E. faecium treatment (0.065 g/larva, p < 0.0001), 

from the control treatment (0.040 g/larva, p < 0.0001), and from the B. subtilis treatment 

(0.029 g/larva, p < 0.0001). Likewise, at week 13 there was an overall significant difference 

between treatments (χ2=23.28, d.f.=2, p < 0.0001). At this week, larvae fed with E. faecium 

bacteria reached an average weight of 0.131g and were significantly heavier than larvae 

from the B. subtilis treatment (0.058 g/larva, p < 0.0001) and from the control treatment 

(0.104 g/larva, p = 0.0021). Finally, by week 15 there was again a significant difference be-

tween treatments (χ2=14.28, d.f.=1, p < 0.0001). At this week, larvae from the control treat-

ment reached an average weight of 0.131 g/larva, which was significantly heavier than 

those from the B. subtilis treatment (0.072 g/larva, p < 0.0001). By counting the number of 

surviving larvae in each harvesting week (9, 13, and 15), the analysis did not show any 

significant differences in the effect of treatment groups on larval survival (p > 0.05). The 

average larval survivability in all treatment groups was above 81.07%.  

. 

Figure 1. Average body weight (g) of individual Tenebrio molitor larvae in the four probiotic treat-

ment groups during the experimental period of 15 weeks. Horizontal reference line at Y=0.12 g 

indicates the threshold weight of the larvae to harvest. Blue: control (C); red: Bacillus subtilis (B); 

green: Enterococcus faecium (E); and violet: Pediococcus pentosacceus (P). Each treatment group con-

sisted of 10 subgroups, each with 100 larvae. Larvae were harvested at three time points: P larvae 

at week 9, E larvae at week 13, and C larvae at week 15, as indicated by final data points. The bars 

in each curve represent the standard error (± SE) from the mean weight. Significant differences (p< 

0.0001) in larval weight at weeks 9, 13, and 15 are indicated by ***. 

3.2. Pathogen Challenge with the Fungus Metarhizium brunneum 

Over the 14-day trial period, larval mortality in all treatment groups that were ex-

posed to Triton-X without fungi as a control was around 10-20% and was not statistically 

different (p >0.05). None of the unexposed dead larvae showed any visible sign of fungal 

infection, whereas all the dead larvae from the exposed treatments showed signs of fungal 

growth, with green spores developing in 75-100% of the cadavers. The study found an 

overall significant effect (χ2=24.70, d.f.=3, p < 0.05) of the treatments on larval survival after 

exposure with M. brunneum (Figure 2). Pairwise comparison of the fungus-exposed larvae 

showed significant larval mortality in the B. subtilis treatment group compared to those 

from the E. faecium (p < 0.05) and P. pentosacceus (p < 0.05) treatment groups, but not from 
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the control group (p > 0.05) (Fig. 2.). In addition to this, there was significantly less larval 

mortality in the P. pentosacceus (p < 0.05) and E. faecium (p < 0.05) treatment groups com-

pared to the control group. However, there was no difference (p > 0.05) in larval mortality 

between the P. pentosaceus and E. faecium treatment groups. (Figure 2.). Finally, the analy-

sis did not find any significant effect of larval body weight (χ2= 6.69, d.f.=3, p > 0.05) on 

larval mortality after pathogen challenge. 

 

Figure 2. Kaplan–Meier curve showing the proportion of alive Tenebrio molitor larvae recorded 

over two weeks in four probiotic treatment groups. Blue: control (C); red: Bacillus subtilis (B); green: 

Enterococcus faecium (E); and violet: Pediococcus pentosacceus (P). Larvae were exposed to the fungus 

Metarhizium brunneum strain KVL 12–37 and observed for 14 days as a part of the fungal pathogen 

challenge experiment. Highest mortality was observed for fungus-treated larvae fed with B. subtilis 

bacterium, which was significantly different from the two probiotic treatment groups but not from 

the control group. The least mortality was observed for larvae supplemented with P. pentosacceus 

strains, which was significantly different from B. subtilis treatment groups but not from E. faecium 

and control groups. Different letters at the right end of the curves indicate significant differences (p 

< 0.05, Bonferroni adjustment for multiple comparisons) between the corresponding treatment 

groups. 

4. Discussion 

The application of probiotics in the mass production of T. molitor is a novel approach 

to protection against entomopathogens in an insect colony. This concept was guided by 

evidence of beneficial effects of a probiotic-based diet on health and nutrition in food an-

imals [19] and other insect models such as Ceratitis capitata and Tribolium castaneum 

[11,21,22]. A recent review has also presented an overview of insect–microbiota interac-

tions and the use of probiotics in insects reared for food and feed, as well as their interac-

tions with the host microbiota [14]. The present study investigated whether supplement-

ing the T. molitor larval diet with probiotic bacterial strains, namely P. pentosacceus KVL-

B19-01, E. faecium 669, and B. subtilis 597, could provide health and nutritional benefits to 

the insects. The results demonstrated that two of the probiotic strains (P. pentosacceus KVL-
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B19-01 and E. faecium 669) improved larval growth and disease resistance. Beneficial ef-

fects of these two strains have been documented in other studies including both vertebrate 

and non-vertebrate host animals [11,21,23–26]. On the other hand, this study could not 

demonstrate beneficial effects in either nutrition or disease resistance by supplementing 

the larval diet with B. subtilis 597, although another B. subtilis NCIMB 3610 strain showed 

improvement in growth in a study conducted by Rizou et al. [7]. In general, several studies 

have shown the probiotic nature of other strains of B. subtilis and/or its metabolites and 

have been routinely used for probiotic purposes in conventional livestock farming and 

aquaculture, as well as with honeybees and silkworms [24,27–30].  

The two bacterial treatments, P. pentosaceus KVL-B19-01 and E. faecium 669, improved 

larval growth. These bacterial strains are classified as lactic acid bacteria (LABs) owing to 

their production of lactic acid as a metabolite. The improved larval growth could have 

been the result of modulation of gut symbionts and inhibition of pathogenic organisms 

after successful gut colonization. As with higher animals, insect species also depend on 

symbiotic relationships with microorganisms present in their gut for digestion and detox-

ification of harmful substances [31]. Several in vivo studies performed in mice and hu-

mans have shown successful gut establishment of lactic acid bacteria (LABs) following 

regular supplementation [32–34]. Similarly, other studies conducted in livestock animals 

have found successful gut colonization and nutritional benefits [35,36]. LABs colonize the 

gut epithelium and maintain gut health by decreasing pH, the production of bacteriocins 

and exo-polysaccharides, and competitive exclusion of pathogenic organisms [37–39]. In 

addition to this, studies have shown that other lactic acid-producing bacteria can stimu-

late host defensin production from gut epithelial cells and prevent adhesion of pathogenic 

microorganisms [38–41]. Moreover, antimicrobial activity of LABs against entomopatho-

gens has been reported in vitro in studies conducted by Grau et al. [11] and Lecocq et al. 

[9]. Recent microbiome studies have also reported the presence of LAB strains in T. 

molitor’s gut [9,42,43]. The strain of P. pentosaceus that was used in this study was originally 

isolated from the gut of T. molitor, and successful gut colonization was recently shown by 

Lecocq et al. [9]. It is assumed that LAB strains adhered nonspecifically to the gut epithe-

lium with the help of their positive hydrophobicity [44], and in this way modulated the 

gut environment to increase a healthy gut flora-favouring feed-digestion process. 

Another theory behind the improved growth observed in the P. pentosacceus KVL-

B19-01 and E. faecium 669 treatments could have been from contributions made to host 

enzymatic activity after gut colonization. Studies have reported the exogenous enzymatic 

activity (production of amylase, trypsin, protease, lipase, etc.) of LABs [45–47], and similar 

enzymes are secreted in the mealworm gut for feed digestion [48,49]. Thus, the synergistic 

effects of the probiotic strains on endogenous enzyme production could have improved 

digestion and absorption of nutrients in the host [47,50–54]. Additionally, increased host 

appetite is also linked to additive enzyme activity [55]. Other studies have reported that 

exogenous enzymatic activity of P. pentosaceus and E. faecium enhanced feed palatability 

and taste by production of short-chain fatty acids (SFAs) [38,56–58]. The increased palat-

ability and feed intake were visually evident in this study by observing complete deple-

tion of the diet in those treatment groups that were supplemented with P. pentosaceus 

KVL-B19-01 and E. faecium M74.  

Furthermore, probiotic strains promote host body growth with histological modifi-

cations in the gut region [54,57,59]. It is speculated that P. pentosaceus KVL-B19-01 and E. 

faecium 669 might have altered midgut microvilli structure with increased permeability 

and absorptive area to maximize nutrient absorption by the microvilli. Previous studies 

have shown a similar beneficial effect of P. pentosacceus by increasing absorptive surface 

with elevated mucus-secreting goblet cells and elongated intestinal villi [25,50,60]. Like-

wise, it has been documented that E. faecium improved mucosa ultrastructure, widened 

the transport area, and improved intestinal permeability, thus enhancing nutrient absorp-

tion and reducing  energy consumption [35,57,59]. In addition to this, the thickness of the 

muscular layer of the intestine is also associated with improved nutrient absorption [50].   
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Among the tested strains, larvae fed with P. pentosaceus KVL-B19-01 grew faster and 

first attained maximum body weight. This difference could be explained by the energy 

cost and extra nutrients provided by higher cell counts (either dead or alive) of the P. 

pentosaceus strain mixed in the diet. Lecocq et al. [9] found improved growth of T. molitor 

larvae by feeding with a dead/autoclaved P. pentosaceus strain. Similarly, other studies 

have also demonstrated that microbes (whether dead or alive) can serve as a rich source 

of protein, and dead microbes can be as effective as live ones [61,62].  

The present study showed poor growth of larvae fed with B. subtilis 597. Though 

several strains of this bacterium are used as biopesticides [63], this study attempted to 

evaluate whether B. subtilis 597 can confer probiotic effects on T. molitor larvae. The cur-

rent poor performance of this strain could be due to an unfavourable environment created 

by the bacterium itself. Pathogenicity possessed by this strain has been linked with the 

bacterial protein elicitor AMEP412, biosurfactants, broad spectrum cyclic lipopeptides, 

and chitinase [64–68]. Since insect growth and development are largely dependent on a 

chitinous structure, the damage to the peritrophic membrane from the chitinase enzyme 

can lead to a reduced nutrient utilization and consequently to poor insect growth [68]. 

Importantly, another reason could be the resistance possessed by T. molitor larvae itself 

against B. subtilis. Tenebrio molitor belongs to the endopterygote clade, which produces 

antibacterial peptides such as defensin against Gram-positive bacteria [69]. This activity 

has been shown in Allomyrina dichotoma, a member of the beetle family [70]. However, in 

contrast to this study, the probiotic effects of B. subtilis have been reported in other arthro-

pod species such as silkworm and white shrimp [30,71,72]. More interestingly, a recent 

study conducted by Rizou et al. [7] found beneficial effects of B. subtilis on larval growth 

and other nutritional fortification effects in T. molitor larvae. This contrasting difference 

might be due to intraspecific differences since biochemical activity can strongly differ be-

tween bacterial strains [73].  

This study found that T. molitor larvae fed with P. pentosaceus and E. faecium were less 

susceptible to M. brunneum, whereas higher larval mortality was observed in larvae pro-

vided with B. subtilis. This health-related effect of P. pentosaceus and E. faecium could be 

explained by the antifungal properties of these LAB strains. LABs are commonly used as 

fungicides, since they can synthesize organic acids (e.g., lactic acid, succinic acid, and ace-

tic acid) and other antifungal and antibacterial metabolites such as phenylacetic acids, cy-

clic dipeptides, hydrogen peroxide, diacetyl, and antimicrobial peptides [74,75]. Moreo-

ver, studies have reported that gut microbiota can modulate insects’ immune response, 

thereby making them resilient against pathogens [75]. The antifungal activity of P. pento-

saceus against several fungal species such as Aspergillus fumigatus, Botrytis elliptica, 

Fusarium oxysporum, Penicillium roqueforti, and P. chrysogenum has been shown [73], and 

for E. faecium against fungi such as Penicillium spp., Aspergillus spp., and Cladosporium spp. 

[18]. On the other hand, larvae fed with B. subtilis did not show any resistance against the 

fungus M. brunneum compared to controls. Although the results showed that larval 

weight did not have an effect on larval mortality after pathogen challenge, larvae fed with 

B. subtilis were visibly undernourished and began to die earlier than larvae in the P. pen-

tosaceus and E. faecium groups after exposure to the fungus. It can be speculated that the 

immune function in the undernourished B. subtilis-fed larvae was compromised, Fitness 

costs in terms of resource use and other pleiotropic effects could have halted disease re-

sistance, subsequently leading to death [76]. A recent review paper has also reported that 

gut microbes can assist pathogens in overcoming host immune responses [13]; that could 

also be assumed in this situation with higher larval mortality. Contrary to this study, other 

studies have shown that other B. subtilis strains can exhibit antifungal activity against di-

verse fungal species [77–80]. Thus, more studies are required to fully understand the 

mechanisms behind the poor performance of B. subtilis-fed larvae against M. brunneum. 

Finally, the isolation of the pathogen-treated larvae could be viewed critically. Since the 

laboratory setup differs from the industrial rearing system, this experiment cannot repre-

sent the pathogen challenge in the actual scenario as insects exhibit anti-parasitic defence 
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mechanisms [81]. Behavioural immunity is one of the natural methods shown by insects 

that indirectly protects them from the surrounding pathogenic organisms [81]. Likewise, 

studies have reported nest hygiene maintenance in social insects such as termites and ants 

through cannibalism and corpse-burying behaviours that remove the dead [82]. Similar 

mechanisms may occur with this insect species under mass breeding conditions, which 

would make observation and quantification of the effects of the pathogen difficult. This 

study undeniably underlines that the health status of the individual insect is influenced 

by the gut microbiome. Thus, more studies are needed to evaluate all these effects in a 

mass-production setting.  

5. Conclusions 

This study demonstrated the developmental and health benefits of dietary supple-

mentation with probiotic strains P. pentosaceus and E. faecium in T. molitor larvae. These 

two strains improved larval growth and larval resistance against the entomopathogenic 

fungus M. brunneum. However, the B. subtilis strain used in this study was shown to have 

the opposite effect on T. molitor, resulting in decreased larval growth and increased sus-

ceptibility to M. brunneum. The exact mechanism behind the probiotic effects still needs to 

be revealed in future studies. In addition to this, the suitability of probiotic strains for diet 

supplementation also requires further study.  

Author Contributions: Conceptualization, A.L. and A.B.J.; software, S.D.; validation, A.B.J., A.L., 

and S.D.; formal analysis, S.D.; investigation, A.B.J. and A.L.; writing—original draft preparation, 

S.D. All authors have read and agreed to the published version of the manuscript.  

Funding: This project was supported by the EU grant SUSINCHAIN (H2020-LC-SFS-17-2019 

#861976). 

Data Availability Statement: The data are available from the corresponding author upon request. 

Acknowledgments: We thank the laboratory technicians of the Section of Organismal Biology for 

providing technical support. Likewise, we are very grateful to Chr. Hansen A/S for providing us 

with test probiotic strains (B. subtilis 597 and E. faecium 669) for this study. We thank Pascal Herren, 

Ph.D. scholar, for providing technical guidance for the pathogen challenge experiment. Finally, our 

sincere gratitude to Sundar Thapa, Rajan Dhakal, and Suraj Dhakal for their academic help.  

Conflicts of Interest: The authors declare no conflict of interest.  

References 

1. Vassileios, V. Food waste as a potential new source for edible insect mass production for food and feed: A review. Fermentation 

2019, 5, 81. https://doi.org/10.3390/fermentation5030081. 

2. Akhtar, Y.; Isman, M.B. Insects as an alternative protein source. In Proteins in Food Processing, 2nd ed.; Elsevier Ltd.: Amsterdam, 

The Netherlands, 2018; pp. 263–288. https://doi.org/10.1016/B978-0-08-100722-8.00011-5. 

3. Carus, M.; Dammer, L. The circular bioeconomy—Concepts, opportunities, and limitations. Ind. Biotechnol. 2018, 14, 83–91. 

https://doi.org/10.1089/ind.2018.29121.mca. 

4. Van Huis, A. Potential of insects as food and feed in assuring food security. Annu. Rev. Entomol. 2013, 58, 563–583. https://doi-

org:10.1146/annurev-ento-120811-153704. 

5. Makkar, H.P.S.; Tran, G.; Heuzé, V.; Ankers, P. State-of-the-art on use of insects as animal feed. Anim. Feed. Sci. Technol. 2014, 

197, 1–33. https://doi.org/10.1016/j.anifeedsci.2014.07.008.  

6. Pippinato, L.; Gasco, L.; Di Vita, G.; Mancuso, T. Current scenario in the European edible-insect industry: A preliminary study. 

J. Insects Food Feed. 2020, 6, 371–381. https://doi .10.3920/jiff2020.0008. 

7. Rizou, E.; Kalogiouri, N.; Bisba, M.; Papadimittriou, A.; Kyrila, G.; Lazou, A.; Stefanos, A.; Hatzikamari, M.; Mourtzinos, I. 

Amelioration of growth, nutritional value, and microbial load of Tenebrio molitor (Coleoptera: Tenebrionidae) through probiotic 

supplemented feed. Eur. Food Res. Technol. 2022, 248, 727–739. https://doi.org/10.1007/s00217-021-03925-5. 

8. Grau, T.; Vilcinskas, A.; Joop, G. Sustainable farming of the mealworm Tenebrio molitor for the production of food and feed. Z. 

Für Nat. 2017, 72, 337–349. https://doi.org/10.1515/znc-2017-0033. 

9. Lecocq, A.; Natsopoulou, M.E.; Berggreen, I.E.; Eilenberg, J.; Heckmann, L.H.L.; Nielsen, H.V.; Stensvold, C.R.; Jensen, A.B. 

Probiotic properties of an indigenous Pediococcus pentosaceus strain on Tenebrio molitor larval growth and survival. J. Insects Food 

Feed. 2021, 7, 975–986. http://dx.doi.org/10.3920/JIFF2020.0156. 



Insects 2022, 13, 1114 10 of 13 
 

 

10. Eilenberg, J.; Vlak, J.M.; Nielsen-LeRoux, C.; Cappellozza, S.; Jensen, A.B. Diseases in insects produced for food and feed. J. 

Insects Food Feed. 2015, 1, 87–102. https://doi.org/10.3920/jiff2014.0022. 

11. Grau, T.; Vilcinskas, A.; Joop, G. Probiotic Enterococcus munditi isolate protects the model insect Tribolium castaneum against 

Bacillus thuringiensis. Front. Microbiol. 2017, 8, 1261. https://doi.org/10.3389/fmicb.2017.01261. 

12. Castrillo, L.A.; Griggs, M.H.; Ranger, C.M.; Reding, M.E.; Vandenberg, J.D. Virulence of commercial strains of Beauveria bassiana 

and Metarhizium brunneum (Ascomycota: Hypocreales) against adult Xylosandrus germanus (Coleoptera: Curculionidae) and 

impact on brood. Biol. Control 2011, 58, 121–126. https://doi.org/10.1016/j.biocontrol.2011.04.010. 

13. Maciel-Vergara, G.; Jensen, A.B.; Lecocq, A.; Eilenberg, J. Diseases in edible rearing systems. J. Insects Food Feed. 2021, 7, 621–

638. https://doi.org/10.3920/JIFF2021.0024. 

14. Savio, C.; Mugo-Kamiri, L.; Upfold, J.K. Bugs in bugs: The role of probiotics and prebiotics in maintenance of health in mass-

reared insects. Insects 2022, 13, 376. https://doi.org/10.3390/insects13040376. 

15. Leger, R.J.S.; Wang, J.B. Metarhizium: Jack of all trades, master of many. Open Biol. 2020, 10, 200307. 

https://doi.org/10.1098/rsob.200307. 

16. Hill, C.; Guarner, F.; Reid, G.; Gibson, G.R.; Merenstein, D.J.; Pot, B.; Morelli, L.; Canani, R.B.; Flint, H.J.; Salminen, S.; et al. 

Expert consensus document: The international scientific association for probiotics and prebiotics consensus statement on the 

scope and appropriate use of the term probiotic. Nat. Rev. Gastroenterol. Hepatol. 2014, 11, 506–514. Available online: 

http://www.nature.com/doifinder/10.1038/nrgastro.2014.66. (accessed on 10 February 2020) 

17. Holzapfel, W.H.; Schillinger, U. Introduction to pre- and probiotics. Food Res. Int. 2002, 35, 109–116. 

https://doi.org/10.1016/S0963-9969(01)00171-5. 

18. Kanak, E.K.; Yilmaz, S.Ö. Identification, antibacterial and antifungal effects, antibiotic resistance of some lactic acid bacteria. 

Food Sci. Technol. 2020, 41, 174–182. https://doi.org/10.1590/fst.07120. 

19. Anee, I.J.; Alam, S.; Begum, R.A.; Shahjahan, R.M.; Khandaker, A.M. The role of probiotics on animal health and nutrition. J. 

Basic Appl. Zool. 2021, 82, 52. https://doi.org/10.1186/s41936-021-00250-x. 

20. R Studio, Version 4.0.3.; Posit Software: Boston, MA, USA. Available online: https://www.rstudio.com/products/rstudio/down-

load/ (accessed on 5 December 2020). 

21. Hamden, H.; Guerfali, M.M.S.; Fadhl, S.; Saidi, M.; Chevrier, C. Fitness improvement of mass-reared sterile males of Ceratitis 

capitata (Vienna 8 strain) (Diptera: Tephritidae) after gut enrichment with probiotics. J. Econ. Entomol. 2013, 106, 641–647. 

https://doi.org/10.1603/EC12362. 

22. Augustinos, A.A.; Kyritsis, G.A.; Papadopoulos, N.T.; Abd-Alla, A.M.M.; Cáceres, C.; Bourtzis, K. Exploitation of the medfly 

gut microbiota for the enhancement of sterile insect technique: Use of Enterobacter sp. in larval diet-based probiotic applications. 

PLoS ONE 2015, 10, e0136459. https://doi.org/10.1371/journal.pone.0136459. 

23. Audisio, M.C. Gram-Positive Bacteria with Probiotic Potential for the Apis mellifera L. Honeybee: The experience in the North-

west of Argentina. Probiotics Antimicrob. Proteins 2017, 9, 22–31. https://doi.org/10.1007/s12602-016-9231-0. 

24. Kowalski, Z.M.; Górka, P.; Schlagheck, A.; Jagusiak, W.; Micek, P.; Strzetelski, J. Performance of Holstein calves fed milk-re-

placer and starter mixture supplemented with probiotic feed additive. J. Anim. Feed Sci. 2009, 18, 399–411. 

https://doi.org/10.22358/jafs/66409/2009. 

25. Gong, L.; He, H.; Li, D.; Cao, L.; Khan, T.A.; Li, Y.; Pan, L.; Yan, L.; Ding, X.; Sun, Y.; et al. A new isolate of Pediococcus pentosaceus 

(SL001) with antibacterial activity against fish pathogens and potency in facilitating the immunity and growth performance of 

grass carps. Front. Microbiol. 2019, 10, 1384. https://doi.org/10.3389/fmicb.2019.01384. 

26. Wang, W.; Cai, H.; Zhang, A.; Chen, Z.; Chang, W.; Liu, G.; Deng, X.; Bryden, W.L.; Zheng, A. Enterococcus faecium modulates 

the gut microbiota of broilers and enhances phosphorus absorption and utilization. Animals 2020, 20, 2–13. 

https://doi.org/10.3390/ani10071232. 

27. Sen, S.; Ingale, S.L.; Kim, Y.W.; Kim, J.S.; Kim, K.H.; Lohakare, J.D.; Kim, E.K.; Kim, H.S.; Ryu, M.H.; Kwon, I.K.; et al. Effect of 

supplementation of Bacillus subtilis LS 1–2 to broiler diets on growth performance, nutrient retention, caecal microbiology and 

small intestinal morphology. Res. Vet. Sci. 2012, 93, 264–268. https://doi.org/10.1016/j.rvsc.2011.05.021. 

28. Hu, Y.; Dun, Y.; Li, S.; Zhao, S.; Peng, N.; Liang, Y. Effects of Bacillus subtilis KN-42 on growth performance, diarrhea, and faecal 

bacterial flora of weaned piglets. Asian Australas. J. Anim. Sci. 2014, 27, 1131–1140. http://dx.doi.org/10.5713/ajas.2013.13737. 

29. Chai, P.C.; Song, X.L.; Chen, G.F.; Xu, H.; Huang, J. Dietary supplementation of probiotic Bacillus subtilis PC465 isolated from 

the gut of Fenneropenaeus chinensis improves the health status and resistance of Litopenaeus vannamei against white spot syn-

drome virus. Fish Shellfish. Immunol. 2016, 54, 602–611. https://doi.org/10.1016/j.fsi.2016.05.011. 

30. Sun, L.; Khalid, A.; Khalid, F.; Wang, Z. Effect of Bacillus Subtilis Protease on growth, production performance and feed effi-

ciency of silkworm. Bombyx mori L. Res. Sq. 2020, 1. https://doi.org/10.21203/rs.3.rs-32668/v1. 

31. Douglas, A.E. The microbial dimension in insect nutritional ecology. Funct. Ecol. 2009, 23, 38–47. https://doi.org/10.1111/j.1365-

2435.2008.01442.x. 

32. Dicks, L.M.T.; Botes, M. Probiotic lactic acid bacteria in the gastrointestinal tract: Health benefits, safety, and mode of action. 

Benef. Microbes 2010, 1, 11–29. https://doi.org/10.3920/BM2009.0012. 

33. Hao, L.; Cheng, Y.; Su, W.; Wang, C.; Lu, Z.; Jin, M.; Wang, F.; Wang, Y. Pediococcus pentosaceus ZJUAF-4 relieves oxidative stress 

and restores the gut microbiota in diquat-induced intestinal injury. Appl. Microbiol. Biotechnol. 2021, 105, 1657–1668. 

https://doi.org/10.1007/s00253-021-11111-6. 



Insects 2022, 13, 1114 11 of 13 
 

 

34. Huang, J.; Li, S.; Wang, Q.; Guan, X.; Qian, L.; Li, J.; Zheng, Y.; Lin, B. Pediococcus pentosaceus B49 from human colostrum ame-

liorates constipation in mice. Food Funct. 2020, 11, 5607–5620. https://doi.org/10.1039/D0FO00208A. 

35. Samli, H.E.; Senkoylu, N.; Koc, F.; Kanter, M.; Agma, A. Effects of Enterococcus faecium and dried whey on broiler performance, 

gut histomorphology and intestinal microbiota. Arch. Anim. Nutr. 2007, 61, 42–49. https://doi.org/10.1080/17450390601106655. 

36. Mallo, J.J.; Rioperez, J.; Honrubia, P. The addition of Enterococcus faecium to diet improves piglet’s intestinal microbiota and 

performance. Livest. Sci. 2010, 133, 176–178. https://doi.org/10.1016/j.livsci.2010.06.057. 

37. Nghe, D.; Nguyen, T. Characterization of antimicrobial activities of Pediococcus pentosaceus Vtcc-B-601. J. Appl. Pharm. Sci. 2014, 

4, 61–64. https://doi.org/10.7324/japs.2014.40511. 

38. Jiang, S.; Cai, L.; Lv, L.; Li. L. Pediococcus pentosaceus, a future additive or probiotic candidate. Microb. Cell Fact. 2021, 20, 45. 

https://doi.org/10.1186/s12934-021-01537-y. 

39. Corr, S.C.; Hill, C.; Gahan, C.G.M. Understanding the mechanisms by which probiotics inhibit gastrointestinal pathogens. In 

Advances in Food and Nutrition Research, 1st ed.; Academic Press & Elsevier Ltd.: Amsterdam, The Netherlands, 2009; Volume 

56, pp. 1–15. https://doi.org/10.1016/S1043-4526(08)00601-3. 

40. Strompfová, V.; Lauková, A.; Ová, D.M. Effect of bacteriocin-like substance produced by Enterococcus faecium EF55 on the com-

position of avian gastrointestinal microflora. Acta Vet. Brno. 2003, 72, 559–564. Available online: https://actavet.vfu.cz/me-

dia/pdf/avb_2003072040559.pdf (accessed on 20 February 2020). 

41. Papagianni, M.; Anastasiadou, S. Pediocins: The bacteriocins of Pediococci. Sources, production, properties, and applications. 

Microb. Cell Factories 2009, 8, 3. https://doi.org/10.1186/1475-2859-8-3. 

42. Wynants, E.; Crauwels, S.; Lievens, B.; Luca, S.; Claes, J.; Borremans, A.; Bruyninckx, L.; Van Campenhout. L. Effect of post-

harvest starvation and rinsing on the microbial numbers and the bacterial community composition of mealworm larvae (Teneb-

rio molitor). Innov. Food Sci. Emerg. Technol. 2017, 42, 8–15. https://doi.org/10.1016/j.ifset.2017.06.004. 

43. Osimani, A.; Milanović, V.; Cardinali, F.; Garofalo, C.; Clementi, F.; Pasquini, M.; Riolo, P.; Ruschioni, S.; Isidoro, N.; Loreto, N.; 

et al. The bacterial biota of laboratory-reared edible mealworms (Tenebrio molitor L.): From feed to frass. Int. J. Food Microbiol. 

2018, 272, 49–60. https://doi.org/272:49–60. 10.1016/j.ijfoodmicro.2018.03.001. 

44. Leyva-Madrigal, K.Y.; Luna-González, A.; Escobedo-Bonilla, C.M.; Fierro-Coronado, J.A.; Maldonado-Mendoza, I.E. Screening 

for potential probiotic bacteria to reduce prevalence of WSSV and IHHNV in whiteleg shrimp (Litopenaeus vannamei) under 

experimental conditions. Aquaculture 2011, 322–323, 16–22. https://doi.org/10.1016/j.aquaculture.2011.09.033. 

45. Naidu, A.S.; Bidlack, W.R.; Clemens, R.A. Probiotic spectra of lactic acid bacteria (LAB). Crit. Rev. Food Sci. Nutr. 1999, 39, 13–

126. https://doi.org/10.1080/10408699991279187. 

46. Zhou, X.X.; Wang, Y.B.; Li, W.F. Effect of probiotic on larvae shrimp (Penaeus vannamei) based on water quality, survival rate 

and digestive enzyme activities. Aquaculture 2009, 287, 349–353. https://doi.org/10.1016/j.aquaculture.2008.10.046. 

47. Zuo, Z.H.; Shang, B.J.; Shao, Y.C.; Li, W.Y.; Sun, J.S. Screening of intestinal probiotics and the effects of feeding probiotics on 

the growth, immune, digestive enzyme activity, and intestinal flora of Litopenaeus vannamei. Fish Shellfish. Immunol. 2019, 86, 

160–168. https://doi.org/10.1016/j.fsi.2018.11.003. 

48. Prabhakar, S. Molecular Characterization of Digestive Proteases of the Yellow Mealworm, Tenebrio molitor L. Ph.D. Thesis, Kan-

sas State University, Manhattan, KS, USA, 2006. 

49. Rodjaroen, S.; Thongprajukaew, K.; Khongmuang, P.; Malawa, S.; Tuntikawinwong, K.; Saekhow, S. Ontogenic development 

of digestive enzymes in mealworm larvae (Tenebrio molitor L.) and their suitable harvesting time for use as fish feed. Insects 

2020, 11, 393.https://doi.org/10.3390%2Finsects11060393 

50. Won, S.; Hamidoghli, A.; Choi, W.; Bae, J.; Jang, W.J.; Lee, S.; Bai, S.C. Evaluation of potential probiotics Bacillus subtilis WB60, 

Pediococcus pentosaceus, and Lactococcus lactis on growth performance, immune response, gut histology, and immune-related 

genes in whiteleg shrimp, Litopenaeus vannamei. Microorganisms 2020, 8, 281. https://doi.org/10.3390/microorganisms8020281. 

51. Ringø, E.; Van Doan, H.; Lee, S.; Song, S.K. Lactic Acid Bacteria in shellfish: Possibilities and challenges. Rev. Fish. Sci. Aquac. 

2020, 28, 139–169. https://doi.org/10.1080/23308249.2019.1683151. 

52. Ahmadifar, E.; Sadegh, T.H.; Dawood, M.A.O.; Dadar, M.; Sheikhzadeh, N. The effects of dietary Pediococcus pentosaceus on 

growth performance, hemato-immunological parameters, and digestive enzyme activities of common carp (Cyprinus carpio). 

Aquaculture 2020, 516, 734656. https://doi.org/10.1016/j.aquaculture.2019.734656. 

53. Ziaei-Nejad, S.; Rezaei, M.H.; Takami, G.A.; Lovett, D.L.; Mirvaghefi, A.R.; Shakouri, M. The effect of Bacillus spp. bacteria used 

as probiotics on digestive enzyme activity, survival, and growth in the Indian white shrimp Fenneropenaeus indicus L. Aquacul-

ture 2006, 252, 516–524. https://doi.org/10.1016/j.aquaculture.2005.07.021. 

54. Zheng, X.; Duan, Y.; Dong, H.; Zhang, J. Effects of Dietary Lactobacillus plantarum on growth performance, digestive enzymes, 

and gut morphology of Litopenaeus vannamei. Probiotics Antimicrob. Proteins 2018, 10, 504–510. https://doi.org/10.1007/s12602-

017-9300-z. 

55. Xing, C.F.; Hu, H.H.; Huang, J.B.; Fang, H.C.; Kai, Y.H.; Wu, Y.C.; Chi, S.C. Diet supplementation of Pediococcus pentosaceus in 

cobia (Rachycentron canadum) enhances growth rate, respiratory burst, and resistance against photobacteriosis. Fish Shellfish Im-

munol. 2013, 35, 1122–1128. https://doi.org/10.1016/j.fsi.2013.07.021. 

56. Juega, M.; Costantini, A.; Bonello, F.; Cravero, M.C.; Martinez-Rodriguez, A.J.; Carrascosa, A.V.; Garcia-Moruno, E. Effect of 

malolactic fermentation by Pediococcus damnosus on the composition and sensory profile of Albariño and Caiño white wines. J. 

Appl. Microbiol. 2014, 116, 586–595. https://doi.org/10.1111/jam.123929. 



Insects 2022, 13, 1114 12 of 13 
 

 

57. El-Haroun, E.R.; Goda, A.M.A.S.; Chowdhury, K.M.A. Effect of dietary probiotic Biogen® supplementation as a growth pro-

moter on growth performance and feed utilization of Nile tilapia Oreochromis niloticus (L.). Aquac. Res. 2006, 37, 1473–1480. 

https://doi.org/10.1111/j.1365-2109.2006.01584.x. 

58. Wang, Y.; Sun, J.; Zhong, H.; Li, N.; Xu, H.; Zhu, Q.; Liu, Y. Effect of probiotics on the meat flavour and gut microbiota of 

chicken. Sci. Rep. 2017, 7, 6400. https://doi.org/10.1038/s41598-017-06677-z. 

59. Gheisar, M.; Hosseindoust, A.; Kim, I.H. Effects of dietary Enterococcus faecium on growth performance, carcass characteristics, 

faecal microbiota, and blood profile in broilers. Vet. Med. 2016, 61, 28–34. http://dx.doi.org/10.17221/8680-VETMED. 

60. Bliūdžiūtė, S. Effects of Mannan-Oligosaccharides and Probiotics Pediococcus pentosaceus ir Lactobacillus sakei on Growth Perfor-

mance, Microvilli Length of Gut and Morphological Blood Parameters of Carp (Cyprinus carpio) Farming in a Closed Recircu-

lating System. Master’s Thesis, Lithuanian University of Health Sciences, Kaunas, Lithuania, 2018. Available online: 

https://hdl.handle.net/20.500.12512/103735 (accessed on 25 January 2020). 

61. Keebaugh, E.S.; Yamada, R.; Obadia, B.; Ludington, W.B.; Ja, W.W. Microbial quantity impacts drosophila nutrition, develop-

ment, and lifespan. iScience 2018, 4, 247–259. https://doi.org/10.1016/j.isci.2018.06.004. 

62. Kataria, J.; Li, N.; Wynn, J.L.; Neu. J. Probiotic microbes: Do they need to be alive to be beneficial? Nutr. Rev. 2009, 67, 546–550. 

https://doi.org/10.1111/j.1753-4887.2009.00226.x. 

63. Cawoy, H.; Bettiol, W.; Fickers, P.; Ongena, M. Chapter 13. Bacillus-based biological control of plant diseases. In Pesticides in the 

Modern World—Pesticides Use and Management; Embrapa Meio Ambiente: Jaguariúna, Brazil, 2011; Volume 13, pp. 273–302. 

Available online: https://www.alice.cnptia.embrapa.br/bitstream/doc/920753/1/2011CL08.pdf (accessed on 17 March 2020). 

64. Liu, Q.; Zhang, B.; Shen, Y.; Yin, K. Effect of the protein elicitor AMEP412 from Bacillus subtilis artificially fed to adults of the 

whitefly, Bemisia tabaci (Genn.) (Hemiptera: Aleyrodidae). Egypt. J. Biol. Pest Control 2020, 30, 3. https://doi.org/10.1186/s41938-

019-0202-0. 

65. Valenzuela-Soto, J.H.; Estrada-Hernández, M.G.; Ibarra-Laclette, E.; Délano-Frier, J.P. Inoculation of tomato plants (Solanum 

lycopersicum) with growth-promoting Bacillus subtilis retards whitefly Bemisia tabaci development. Planta 2010, 231, 397–410. 

https://doi.org/10.1007/s00425-009-1061-9. 

66. Ghribi, D.; Elleuch, M.; Abdelkefi-Mesrati, L.; Boukadi, H.; Ellouze-Chaabouni, S. Histopathological effects of Bacillus subtilis 

SPB1 biosurfactant in the midgut of Ephestia kuehniella (Lepidoptera: Pyralidae) and improvement of its insecticidal efficiency. 

J. Plant Dis. Prot. 2012, 119, 24–29. https://doi.org/10.1007/BF03356415. 

67. Das, K.; Mukherjee, A.K. Assessment of mosquito larvicidal potency of cyclic lipopeptides produced by Bacillus subtilis strains. 

Acta Trop. 2006, 97, 168–173. https://doi.org/10.1016/j.actatropica.2005.10.002. 

68. Chandrasekaran, R.; Revathi, K.; Nisha, S.; Kirubakaran, S.A.; Sathish-Narayanan, S.; Senthil-Nathan, S. Physiological effect of 

chitinase purified from Bacillus subtilis against the tobacco cutworm Spodoptera litura Fab. Pestic. Biochem. Physiol. 2012, 104, 65–

71. https://doi.org/10.1016/j.pestbp.2012.07.002. 

69. Bulet, P.; Cociancich, S.; Dimarcq, J.L.; Lambert, J.; Reichhart, J.M.; Hoffmann, D.; Hetru, C.; Hoffmann, J.A. Insect immunity: 

Isolation from a coleopteran insect of a novel inducible antibacterial peptide and of new members of the insect defensin family. 

J. Biol. Chem. 1991, 266, 24520–24525. https://doi.org/10.1016/S0021-9258(18)54260-5. 

70. Miyanoshita, A.; Hara, S.; Sugiyama, M.; Asaoka, A.; Taniai, K.; Yukuhiro, F.; Yamakawa, M. Isolation and characterization of 

a new member of the insect defensin family from a beetle, Allomyrina dichotoma. Biochem. Biophys. Res. Commun. 1996, 220, 526–

531. https://doi.org/10.1006/bbrc.1996.0438. 

71. Zokaeifar, H.; Balcázar, J.L.; Saad, C.R.; Kamarudin, M.S.; Sijam, K.; Arshad, A.; Nejat, N. Effects of Bacillus subtilis on the growth 

performance, digestive enzymes, immune gene expression and disease resistance of white shrimp, Litopenaeus vannamei. Fish 

Shellfish Immunol. 2012, 33, 683–689. https://doi.org/10.1016/j.fsi.2012.05.027. 

72. Olmos, J.; Acosta, M.; Mendoza, G.; Pitones, V. Bacillus subtilis, an ideal probiotic bacterium to shrimp and fish aquaculture that 

increases feed digestibility, prevent microbial diseases, and avoid water pollution. Arch. Microbiol. 2020, 202, 427–435. 

https://doi.org/10.1007/s00203-019-01757-2. 

73. Hansen, C. Strains Matter: Selected Combinations Is the Key to a Successful Solution. pp. 1–4. Available online: 

http://www.chr.hansen.com/en/animal-health/cards/article-cards/strains-matter (accessed on 25 March 2021). 

74. Ilavenil, S.; Vijayakumar, M.; Kim, D.H.; Arasu, M.V.; Park, H.S.; Ravikumar, S.; Choi, K.C. Assessment of probiotic, antifungal 

and cholesterol lowering properties of Pediococcus pentosaceus KCC-23 isolated from Italian ryegrass. J. Sci. Food Agric. 2016, 96, 

593–601. https://doi.org/10.1002/jsfa.7128. 

75. Sadeghi, A.; Raeisi, M.; Ebrahimi, M.; Sadeghi, B.; Antifungal activity of Pediococcus pentosaceus isolated from whole barley 

sourdough. J. Food Qual. Hazards Control 2016, 3, 30–36. Available online: https://jfqhc.ssu.ac.ir/article-1-228-en.pdf (accessed on 

15 January 2020). 

76. González-santoyo, I.; Córdoba-aguilar., A. Phenoloxidase: A key component of the insect immune system. Entomol. Exp. Et Appl. 

2012, 142, 1–16. https://doi.org/10.1111/j.1570-7458.2011.01187.x. 

77. Zhang, L.; Chaomin, S. Fengycins, cyclic lipopeptides from marine Bacillus subtilis strains, kill the plant-pathogenic fungus 

Magnaporthe grisea by inducing reactive oxygen species production and chromatin condensation. Appl. Environ. Microbiol. 2018, 

84, e00445-18. https://doi.org/10.1128/AEM.00445-18. 

78. Mardanova, A.M.; Hadieva, G.F.; Lutfullin, M.T.; Khilyas, I.V.; Minnullina, L.F.; Gilyazeva, A.G.; Bogomolnaya, L.M.; 

Sharipova, M.R. Bacillus subtilis strains with antifungal activity against the phytopathogenic fungi. Agric. Sci. 2017, 8, 1–20. 

https://doi.org/10.4236/as.2017.81001. 



Insects 2022, 13, 1114 13 of 13 
 

 

79. Kumar, A.; Saini, P.; Shrivastave, J. Production of peptide antifungal antibiotic and biocontrol activity of Bacillus subtilis. Indian 

J. Exp. Biol. 2009, 47, 57–62. Available online: http://nopr.niscpr.res.in/bitstream/123456789/2895/1/IJEB%2047%281%29%2057-

62.pdf (accessed on 5 February 2020). 

80. Liu, Y.; Chen, Z.; Ng, T.B.; Zhang, J.; Zhou, M.; Song, F.; Lu, F.; Liu, Y. Bacisubin, an antifungal protein with ribonuclease and 

hemagglutinating activities from Bacillus subtilis strain B-916. Peptides 2007, 28, 553–559. https://doi.org/10.1016/j.pep-

tides.2006.10.009. 

81. de Roode, J.C.; Lefèvre, T. Behavioral immunity in insects. Insects 2012, 3, 789–820. https://doi.org/10.3390/insects3030789. 

82. Liu, L.; Zhao, X.Y.; Tang, Q.B.; Chao-Liang Lei, C.L.; Huang, Q.Y. The mechanisms of social immunity against fungal. infections 

in eusocial insects. Toxins 2019, 11, 244. https://doi.org/10.3390/toxins11050244. 

 


