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CHAPTER THREE

Potential of entomocomposting
toward soil pathogen suppression

Dennis Beesigamukama®®, Maria Gémez-Brandén©,
and Chrysantus Mbi Tanga®

“International Centre of Insect Physiclogy and Ecology, Nairobi, Kenya
*Department of Crop Production and Management, Busitema University, Soroti, Uganda
“Grupo de Ecologia Animal (GEA), University of Vigo, Vigo, Galicia, Spain

1. Introduction

Soil degradation and waste accumulation are major challenges to food
security and environmental health in most developing countries (Stewart
et al., 2020; Wortmann et al., 2019; Jambeck et al., 2018; Somorin et al.,
2017; FAO, 2017; Friedrich and Trois, 2016; Tully et al., 2015;
Komakech, 2014; Okot-Okumu, 2012; Cobo et al., 2010; Muniafu and
Otiato, 2010). Projections show increase in the volume of wastes generated
in developing cities (von Blottnitz et al., 2010) yet, poor waste management
continues to cause serious pollution problems (Nweke and Sanders, 2009;
Kimani et al., 2010). Land filling is the commonest waste disposal method
in Africa (Okot-Okumu, 2012), which might lock most of the nutrients that
would have been recycled for improved soil fertility, crop production, and
reduce environmental pollution (Aryampa et al., 2021a, b). Several studies
have investigated the methods of treating organic wastes for agricultural use.
Tumuhairwe et al. (2009) recommended the aboveground pile method for
composting of market crop wastes, while recent studies have found insect-
assisted composting (entomocomposting) a better strategy of waste valoriza-
tion and compost hygienization (Lalander et al., 2016, 2015; Dortmans,
2015; Diener et al., 2011).

In addition to poor waste management, soils in most developing coun-
tries are affected by multiple degradation challenges. In sub-Saharan Africa
(SSA), 40% of soils are deficient in nutrients required for optimum plant
growth, with 25% affected by aluminum toxicity, 18% prone to leaching,
and 8.5% characterized by phosphorus (P) fixation (Tully et al., 2015).
This has led to deficiencies in nitrogen (N), P, and potassium (K), thus neg-
atively affecting the nutrient balances in most farmlands (Stewart et al., 2020;

Fate of Biological Contaminants During Recycling 47 |
of Organic Wastes Copyright © 2023 Elsevier Inc.
hteps://doi.org/10.1016/B978-0-323-95998-8.00009-1 All rights reserved.
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Cobo et al., 2010; Ebanyat et al., 2010; Gachimbi et al., 2005). Despite the
soil health challenges that smallholder farmers are grabbling with, they have
been reported to use little (< 10kgha ' year ") or no mineral fertilizer due
to the high-cost implications and limited access (Stewart et al., 2020; FAO,
2017), which has resulted into low crop productivity. Even in situations
where mineral fertilizers are widely used, their efficiency has been limited
by low soil organic matter, micronutrient deficiencies, and high acidity
(Stewart et al., 2020; Wortmann et al., 2019; Liverpool-Tasie et al.,
2017; Kihara et al., 2016; Vanlauwe et al., 2015), hence causing low profits.

Combined application of organic and mineral fertilizers has been rec-
ommended as an integrated soil fertility and nutrient management strategy
to reduce mineral fertilizer costs and improve fertilizer use efficiency, soil
health, and crop yields (Stewart et al., 2020; Vanlauwe et al., 2015,
2014). However, use of organic fertilizers is still limited by poor quality,
low availability, long production time, microbial contamination as well as
inadequate sources of organic matter on the farm (Stewart et al., 2020;
Ndambi et al., 2019; Rufino et al., 2011; Mugwe et al., 2009). Thus, there
is need for alternative sources of organic fertilizers that are hygienic, afford-
able, readily available, and of good quality to support sustainable soil health
management.

The use of insects to recycle organic waste into nutrient-rich insect
biomass for feed has rapidly attracted attention globally (Makkar et al.,
2014; van Huis, 2013) and presents an avenue for waste management
that could also contribute to improved soil health and crop yields (Fig. 1)
(Beesigamukama et al., 2021a, b; Moruzzo et al., 2021; Song et al., 2021;
Bortolini et al., 2020; Houben et al., 2020; Poveda et al., 2019; Kagata
and Ohgushi, 2012). Past research has demonstrated that black soldier fly
larvae (Hermertia illucens L.) (BSF) and mealworms (Tenebrio molitor L.) take
<5weeks to produce mature, stable, nutrient-rich, and pathogen-free
organic fertilizers (Table 1) compared with 8-24weeks for conventional
composting (Beesigamukama et al., 2021b; van Broekhoven et al., 2015),
thus shortening the compost production time and improving compost
hygiene (Klammsteiner et al., 2020a; Lalander et al., 2015).

On an annual basis, ex-ante macroeconomic estimates revealed that the
BSF larvae can recycle between 2 and 18 million tonnes of waste into frass
tertilizer worth approximately 9-85 million USD (Abro et al., 2020), thus
cleaning up the environmental and increasing organic fertilizer availability.
Field experiments have demonstrated that crops grown using BSF frass fer-
tilizer yielded higher profits than those grown using other commercial
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Potential of entomocomposting 51

organic fertilizers (Beesigamukama et al., 2021c¢), hence improving farm
productivity. The above advantages indicate that sustainable utilization of
insect frass fertilizer will significantly reduce overreliance on the expensive
mineral fertilizers, whose sole application also has overwhelming deleterious
effects on soil and environmental health and is less effective in soils with mul-
tiple degradation challenges.

This chapter provides comprehensive information on organic waste
pathogen reduction using insect larvae, mechanisms of pathogen suppression
during entomocomposting, and the contribution of insect frass fertilizer to
improving soil fertility and crop productivity in an environmentally sound,
socially just, climate-resilient, and cost-effective manner. Finally, we pro-
vide concluding remarks and key recommendations on sustainable utiliza-
tion of entomocomposting for waste management and fertilizer
production. This knowledge will guide investors, entrepreneurs, and
farmers who wish to use insects for waste recycling, environmental cleanup,
and fertilizer generation to achieve sustainable development goals.

2. Persistent pathogens in compost

The common indictors of pathogen of contamination in compost are
Salmonella spp., E. coli, and Clostridium perfringens (Liu et al., 2017).
According to French composting standards, pathogen indicators of compost
treatment efficiency are Salmonella, Listeria monocytogenes, helminths eggs,
E. coli, C. petfiingens, and Enterococcus (Brochier et al., 2012). For compost
to be rendered as safe for crop production, there are required minimum
detection limits for different microbes. The minimum detection limit for
fecal coliforms, E. coli, fecal streptococci, and Salmonella is 0.18 MPN g_],
1.8 MPN g7', 0.065 MPN g~', and 1000 MPN g™, respectively
(Brinton, 2000). Listeria should be <1.8 MPN g71 while that of E.coli
0157:H7 is 3 MPN g~ of total solids, and C. petfringens should be reduced
to zero (Brinton, 2000).

Coliform bacteria and fungal contamination, especially Aspergillus niger,
Ammophilus fumigatus, A. sparsus, A. versicolor, Acremonium spp., A. flavus, A.
restrictus, Cladosporium spp., and Penicillium spp., have been reported in green
waste composts (El-nagerabi et al., 2014; Elshafie and Alrawahi, 2012).
Brinton et al. (2009) reported high presence of Salmonella spp., fecal coli-
forms, and fecal strepfococci in composts and found that 55%, 23%, and
60% of the samples had pathogen levels that were above the US limit of
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1000 MPN g ' for Salmonella spp., fecal coliforms, and fecal streptococci,
respectively.

The presence of pathogens in compost presents a high risk of disease
transmission to humans, animals, and cultivated crops and high possibility
of environmental pollution. For example, application of contaminated
swine manure has been found to contaminate soil and water with E. coli,
Salmonella, and C. pesfringens (Samarajeewa et al., 2012). Therefore, strate-
gies are needed to ensure elimination of pathogens before field application of
compost. Maintenance of temperatures between 60°C and 70°C for at least
72h in all particles of compost has been recommended to cause significant
reduction in the populations of persistent pathogens and improve compost
hygiene (Wichuk and McCartney, 2007; Jouraiphy et al., 2005). However,
the efficiency varies with the method of composting; for instance, windrow
composting has been found more effective in suppressing E. coli and fecal
coliforms than other methods (Brinton et al., 2009). The low pathogen inac-
tivation efficiency associated with conventional composting methods war-
rants the pursuit for more efficient, faster, sustainable, and environmentally
friendly methods of waste recycling.

3. Fate of pathogens in insect-composted wastes

Significant reductions in Eschetichia coli O157:H7 and Salmonella
enterica serovar enteritidis have been reported in BSF frass generated from
chicken manure (Erickson et al., 2004), thus improving suitability for fertil-
izer use. Furthermore, composting a blend of pig manure, dog food, and
human feces using BSF larvae suppressed Salnonella spp. to below detection
limit, reduced thermotolerant coliforms to permissible levels for application
of frass as fertilizer, but had minimal impact on Enterococcus spp. (Lalander
et al.,, 2013, 2015). Previous studies have found that BSF larvae can effec-
tively reduce adenovirus, enterovirus, and reovirus in organic waste to min-~
imum levels (Lalander et al., 2015). Although the exact mechanisms are not
well-understood yet, it is anticipated that the secretion of antimicrobial pep-
tides (AMPs) into microbe-rich BSF substrates such as manure might help to
reduce its pathogenic load (Vogel et al., 2018; Elhag et al., 2017; Yi et al.,
2014). Mudalungu et al. (2021) underscored the role of edible insects as a
source of novel AMPs that can be effective against multidrug-resistant path-
ogens. In particular, StomoxynZH1 and DLP4 were found as predominant
AMPs in the BSF gut with potent antibacterial and antifungal activity
(Mudalungu et al., 2021; Vogel et al., 2018). Pathogen waste reduction
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might also be achieved by microbe ingestion and/or lysis in the insect’s gut
(Tanga et al., 20214a). Putting the accent on this matter is of utmost impor-
tance for human health to prevent the spread and transmission of unwanted
microorganisms into the environment.

On the other hand, edible insects can also act as reservoirs of foodborne
pathogens with detrimental effects on humans and animals as recently
reviewed by Vandeweyer et al. (2021). For instance, members of the genus
Providencia were found as part of BSF gut microbiota, and they are known to
cause gastroenteritis or urinary tract infections (De Smet et al., 2018). Of
note is that Providencia can exert a positive effect on the insect physiology
by enhancing BSF oviposition (Tanga et al., 2021a). Other bacteria associ-
ated with BSF gut and with important biosafety considerations include
Wohlfahrtiimonas (Tanga et al., 2021a; Khamis et al., 2020), which has been
found to cause sepsis upon myiasis infestation (Kdljalg et al., 2015). The
genus Campylobacter that can cause diarrhea in humans has also been reported
as member of the BSF larval gut microbiota (Tanga et al, 2021a;
Klammsteiner et al., 2020b; Wynants et al., 2019). Other relevant foodborne
pathogenic bacteria in edible insects comprise Staphylococcus aureus and
spore-forming bacteria like Clostridium spp., with the species C. perfringens
and Clostridium botulinum being the most relevant food pathogens within this
genus and the Bacillus cereus group. Nonetheless, Salmonella spp., Campylo-
bacter spp., and L. monocytogenes are considered of low health risk for edible
insects. The same occurs for Cronobacter spp., Vibrio spp., and Yersinia spp.
that are rarely reported (Vandeweyer et al., 2021, 2019). Microbiome ana-
lyses based on high-throughput sequencing revealed the existence of a core
microbiota in the BSF gut (Tanga et al., 2021a; Klammsteiner et al., 2020b),
but it is likely that most potential human pathogenic bacteria might be
acquired during feeding and transit through the gut without particular selec-
tion or retention in the host. Supporting this, the type of diet appeared to be
a determinant factor shaping the community composition of bacteria, and
more strongly of fungi, in BSF gut (Tanga et al., 2021a).

With respect to other biological risks, bacteria linked to edible insects can
be a reservoir of antibiotic resistance (AR) genes, which could be horizon-
tally transferred to animals or humans through the food chain during insect
mass rearing (Milanovi¢ et al., 2021). Previous studies have reported a high
prevalence of genes primarily conferring resistance to tetracyclines and
erythromycin in insect larvae and frass (Milanovi¢ et al., 2021, 2018,
2016; Osimani et al,, 2017a, b). Furthermore, Bertola and Mutinelli
(2021) found more than 70 species of viruses in edible insects, and they
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underscored that insect-specific viruses are of major concern in mass-rearing
systems because of their ability to actively replicate and persist on the target
species. Nonetheless, the fate of AR genes and viruses in the insect frass is still
in its infancy and needs to be further explored.

4. Mechanisms of pathogen suppression
by insect frass fertilizer

The activation of defensive responses in the plant when in contact
with insect frass fertilizer may rely on the recognition of chitin and/or chi-
tinase enzymes by cellular receptors present in the roots (Fig. 2), as reviewed
by Poveda (2021). Chitin is a major structural constituent of the periotrophic
gut membrane in insects and enzymes known as chitinases are necessary for
the proper formation of this membrane. The signaling recognition of these
eliciting biomolecules can confer systemic resistance to the plant through the
activation of metabolic pathways involved in the synthesis of phytohor-
mones such as salicylic acid or jasmonic acid, with a key role in plant defense
against disease pathogens (Kemboi et al., 2022; Poveda, 2020; Quilliam
etal., 2020). As shown in Fig. 2, other chemical-based mechanisms for path-
ogen suppression could be related to the presence of defense substances such
as phenols and flavonoids (Ahmed et al., 2013) and/or the emission of

I Insect frass fertilizer

Nutrients
Plant growth regulating substances

Plant

Shoot
biomass

. . Root
Stimulation of plant growth biomass Induction of systemic resistance

Plant growth regulating substances

Signaling recognition: chitin and chitinases

Increase microbial biomass and diversity, Defense substances: phenols and flavonoids

Increase enzymatic activity Emissions of volatile organic compounds

Nutrient release

ili ; —”| Pathogens
Insect frass fertilizer Disease supression 4

Fig. 2 Mechanisms of soil pathogen suppression and plant growth promotion using
insect frass fertilizer.
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volatile organic compounds by the insect frass fertilizer (Revadi et al., 2021;
Zhang et al., 2019). Previous studies have found that treatment with 2%—5%
chitosan from BSF pupal exuviae caused significant growth inhibition for
resistant strains of bacteria, especially E. coli, Bacillus subtilis, Pseudomonas
aeruginosa, S. aureus, and Candida albicans (Lagat et al., 2021).

Furthermore, the insects’ gut microbiota harbors microorganisms that
can help the plant to activate its response against pathogens, for instance,
by promoting the expression of genes encoding proteins involved in plant
defense mechanisms (Acevedo et al., 2017). Additionally, Sonawane et al.
(2018) isolated siderophore-producing bacterial taxa from the gut of the
grasshopper species Sathrophyllia femorata. Some of these bacteria have been
used in plant growth promotion and as biocontrol agents against insect pests
of plants. Altogether, this points toward plausible microbial-based functions
that may explain the positive influence of frass fertilizer on soil and plants.
Organic fertilizers contain an endogenous active microbiome that may exert
a long-term effect on the productivity and sustainability of agroecosystems
(Mas-Carrié et al., 2018). Focusing on this aspect is therefore of particular
interest to broaden our understanding about the role of insect frass fertilizer
as a plant biostimulant and unravel how its addition into soil may enhance
nutrition efficiency and/or crop quality traits.

5. Impact of insect frass fertilizer on soil pathogens

Soil treatment with frass fertilizer has been reported to increase free-
dom from pathogens, thus favoring plant growth. Soil amendment with frass
has been found to increase microbial diversity, suppress pathogenic micro-
organisms, and reduce soil pollution. For example, soil treatment with BSF
frass fertilizer increased the population of Gram-negative bacteria, which
outcompeted the coliforms, thus improving soil hygiene (Klamumsteiner
et al., 2020a). Use of BSF or mealworm frass fertilizer has been found to
increase protection of beans and tomatoes against fungal diseases, especially
those caused by Rhizoctonia solani, Fusarium oxysporum, and Pythium
(Kemboi et al., 2022; Gebremikael et al., 2020; Choi and Hassanzadeh,
2019). The exact mechanisms involved are not clearly understood, but it
is anticipated that frass fertilizer stimulates chemical reactions that neutralize
pathogens, increases soil enzyme and microbial activities, and supplies chitin
that has pesticidal properties (Gebremikael et al., 2020; Quilliam et al., 2020;
Povedaetal., 2019). For example, soil amendment with 10% BSF-chitin and
chitosan reduced the incidence and severity of bacterial wilt disease of
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tomatoes by 30%-35% and 23%—24%, respectively, indicating high biocon-
trol potential of BSF frass fertilizer against soil-borne pathogens (Kemboi
et al., 2022). Therefore, the use of insect frass fertilizers could reduce the
use of synthetic pesticides for crop protection and contribute toward organic
food production that is safer for human consumption. To minimize safety
risks upon consumption of crops fertilized by the insect frass fertilizer, a
new Regulation (EU) No. 2021/1925 implementing Regulation (EU)
No. 142/2011 requires a heat treatment of 70 °C for at least 60 min to reduce
the pathogenic load of the insect frass fertilizer to achieve the microbiolog-
ical standards prescribed by legislation (European Commission, 2018).

6. Other benefits of insect frass
6.1. Impact of insect frass fertilizer on soil health

Several studies have demonstrated the positive impacts of frass fertilizer on
soil health, especially nitrogen mineralization, nutrient availability, and
addressing biotic and abiotic challenges to crop production (Table 2). Soil
amendment with BSF frass fertilizer has been reported to cause significant
increase in beneficial bacteria, fungi, and archaea, reduced soil acidity,
and increased phosphorus and magnesium release compared with commer-
cial and conventional fertilizers (Beesigamukama et al., 2021a; Rummel
et al., 2021). Furthermore, soil amendment BSF frass fertilizer was found
to increase mineral N in the topsoil and improve the synchrony of N min-
eralization for plant uptake (Beesigamukama et al., 2020a, b). Improvements
in soil microbial activity, increase in soil N mineralization, and availability of
soil P and K have also been noted in soils amended with mealworm frass
(Houben et al., 2020). The improvements in soil fertility have been majorly
attributed to the presence of P and K solubilizing bacteria and fungi, side-
rophores, and N-fixing bacteria in mealworm amended soils (Poveda
et al., 2019).

Use of insect frass fertilizer has been associated with improvement in bio-
logical soil fertility and reduced environmental footprint. For example, soil
amendment with BSF frass fertilizer was found to increase microbial biomass
carbon, soil organic carbon sequestration and reduce greenhouse gas emis-
sions (Rummel et al., 2021; Song et al., 2021; Gebremikael et al., 2020).
Most of the N in frass fertilizer is in ammonium form (Beesigamukama
et al.,, 2021a); thus insect frass fertilizer could act as a biological nitrification
inhibitor and contribute to strategies for increasing soil N availability, reduc-
ing gaseous nitrogen loss, and supporting crop varieties bred to exploit
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environments with higher concentrations of ammonium (Subbarao and
Searchinger, 2021; Subbarao et al., 2012, 2009).

It is important to note that with climate change, the rising atmospheric
carbon dioxide levels are likely to inhibit plant assimilation of nitrates but not
ammonium, thus ammonium could become even more advantageous in the
future as an adaptation strategy (Subbarac and Searchinger, 2021). In the
long term, it is anticipated that use of frass fertilizer will increase soil organic
carbon stocks in highly degraded soils, reduce greenhouse gas emissions, and
enhance crop productivity amidst climate change.

The impact of frass fertilizer on soil fertility largely depends on the
nutrient concentrations, amendment rate, and mineralization rate
(Beesigamukama et al., 2020b; Poveda et al., 2019; Kagata and Ohgushi,
2012). Frass fertilizer with low nutrition levels could affect soil nutrient
availability by inducing longer periods of N immobilization (Kagata and
Ohgushi, 2012). Previous studies have reported up to 3months of N
immobilization using insect frass fertilizer (Beesigamukama et al., 2021b;
Gebremikael et al., 2020) and recommended mineral N supplementation
to increase the synchrony of N release for plant uptake (Beesigamukama
et al., 2020b).

6.2. Effect of insect frass fertilizer on crop productivity

Studies involving BSF frass fertilizer have reported significant increases in
the yields of maize (27%) (Beesigamukama et al., 2020a) and vegetables such
as tomatoes (135%), kales (27%), and French beans (50%) compared with
existing commercial fertilizers (Anyega et al., 2021) (Table 2). Higher N,
P, and K uptake and N use efficiencies have been reported in maize and veg-
etable crops grown using frass fertilizer, leading to improved nutritional
quality in terms of crude protein, crude fiber, and ash content compared
with commercial fertilizers (Anyega et al.,, 2021; Tanga et al., 2021b;
Beesigamukama et al.,, 2020a). Use of BSF frass fertilizer was found to
improve the yield of horticultural crops such as chili pepper and shallots bet-
ter than poultry manure (Quilliam et al., 2020). Furthermore, combined
application of frass fertilizer and mineral fertilizer has been found to enhance
the agronomic nitrogen use efficiency of different crops, thus improving fer-
tilizer use efficiency through a synergistic effect (Anyega et al., 2021; Tanga
et al., 2021b; Houben et al., 2020).

Mealworm frass fertilizer has also been found to enhance growth, yield,
biomass accumulation, and uptake of N, P, and K by crops such as barley and
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ryegrass (Houben etal., 2021, 2020). The same studies noted that mealworm
frass fertilizer also enhanced the P and K use efficiencies as good as the min-
eral NPK fertilizer. Furthermore, use of insect frass fertilizer has been
reported to boost crop production by increasing tolerance and resistance
against multiple abiotic and biotic stresses. For example, soil amendment
with mealworm frass fertilizer has been found to increase tolerance and resis-
tance against soil salinity, water logging, and drought (Guo et al., 2021;
Poveda et al., 2019). Soil treatment with BSF frass fertilizer caused suppres-
sion of Fusarium disease in cowpeas, thus improving plant health (Quilliam
et al., 2020). Bean crops grown using mealworm frass fertilizer had higher
root growth and extension, due to high presence of plant growth promoting
bacteria and growth hormones such as auxin, aminocyclopropane-1-
carboxylic acid deaminase (Poveda et al., 2019). These attributes confirm
that insect frass fertilizer is a quality organic fertilizer product worth integrat-
ing into farming systems of most developing countries, where mineral fer-
tilizers are less effective due to multiple soil degradation challenges.

Economic assessment has found that maize grown using frass fertilizer
would yield 29%-44% higher net income compared with commercial
organic fertilizer, the profits were higher for smallholder insect farmers
who could directly use frass fertilizer crop production compared with those
farmers that purchase similar frass fertilizer (Beesigamukama et al., 2021c).
These findings demonstrate the role of insect farming in circular economy
and justify the opportunities for future investments that would lead to
enhanced sustainability for agricultural and food systems, especially for
smallholder farmers in low- and middle-income countries.

7. Research prospects

Although entomocomposting and the udlization of insect frass as fertil-
izer have attracted a flurry of interest, harnessing the full potential of this
emerging technology still requires key research and policy interventions.
Studies have shown that benchtop and industrial-scale results on BSF larval
performance usually differ, making it difficult to transfer laboratory results
to industrial scale (Kooienga et al., 2020). Therefore, future research should
involve industrial-scale experiments or semi-natural environments to generate
credible findings and recommendations that can be adopted at industrial scale.

Most studies on agronomic effectiveness of insect frass fertilizer have
been conducted under controlled conditions (laboratory, pots, or green-
house), and little is known about the performance of insect frass fertilizer
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under open field conditions/natural environment. Future studies should
include field experiments and farmer-managed trials to generate accurate
information on fertilizer potential of insect frass fertilizer for scaling-up
and adoption.

Existing knowledge on frass fertilizer is limited to annual crops, yet
perennial crops require large quantities of fertilizer. The impacts of frass fer-
tilizer on perennial crops’ productivity should be adequately investigated to
generate the information necessary for integrating frass fertilizer into peren-
nial cropping systems.

The influence of insect frass fertilizer on soil health has been investigated
using short-term studies; future research should assess short-long term
impacts of frass fertilizer on soil fertility, especially physical soil fertility,
which has not received any research attention. Although soil amendment
with frass fertilizer has been found to suppress soil-borne plant pathogens
and pests, the scientific mechanisms involved have not been clearly eluci-
dated. The biochemical mechanisms involved in frass fertilizer-mediated
inactivation of below- and above-ground pests and pathogenic microorgan-
1sms should be explored to fine-tune research aimed at utilizing insect frass
fertilizer as a biopesticide.

Difterent insects and organic wastes produce frass fertilizer with different
physical-chemical properties and varying degrees of compost maturity and
stability. However, to date, there are no established standards for assessing
the quality of frass fertilizers produced by insects reared on various organic
wastes. Consequently, frass fertilizer quality is assessed using standards
established for conventionally composted organic fertilizers (Bernal et al.,
2017, 2009, 1998), yet entomocomposting is different from conventional
composting. Therefore, future research should establish the standards for
assessing the quality of insect frass fertilizers to ensure quality control,
approval by standard regulatory bodies, and integration of frass fertilizer into
existing fertilizer markets at both national and international levels. This
could be achieved through development of policy and legal framework
by major stakeholders, especially researchers/research institutions, agro-
input dealers, standard regulatory bodies, and governments at national
and international levels.

8. Conclusion

This chapter provides the first review of the influence ofinsect larvae on
pathogen reduction during organic waste composting and discusses the key
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mechanisms involved in pathogen suppression during entomocomposting.
The additional benefits of insect frass fertilizer on soil fertility, crop growth,
yield, nutritional quality, pathogen and disease suppression, and plant protec-
tion are also presented. Analysis of existing literature shows the high efficiency
of insect larvae in suppressing pathogens contained in organic wastes to pro-
duce an organic fertilizer with little or no biological contamination and poten-
tial for soil remediation using insect frass fertilizer. Existing research has
demonstrated additional benefits of entomocomposting, especially the posi-
tive impacts of insect frass fertilizers on soil health and crop productivity with
a lower environmental footprint compared with conventional fertilizers.
Consequently, entomocomposting will immensely contribute toward sustain-
able bioremediation, soil health management, close biogeochemical cycles,
and meet plant nutrient requirements using smart fertilizers and innovative
organic amendments. However, exploring the full potential of these technol-
ogies requires more research to: optimize pathogen suppression during
entomocomposting and soil remediation using insect frass fertilizer, develop
quality standards for insect frass fertilizer, assess the mid-long-term impacts
of frass fertilizer on soil and plant health, and develop policy and legal frame-
work for scaling up the use of insect frass fertilizer in existing fertilizer markets
and farming practices.

Acknowledgments

D.B. and C.M.T. gratefully acknowledge the financial support provided by the Australian
Centre for International Agricultural Research (ACIAR) (ProteinAfrica—Grant No. LS/
2020/154), Bill & Melinda Gates Foundation (INV-032416), the Curt Bergfors
Foundation Food Planet Prize Award, Norwegian Agency for Development
Cooperation, the Section for research, innovation, and higher education (CAP-Africa—
Grant No. RAF-3058 KEN-18/0005), Rockefeller Foundation (WAVE-IN—Grant No.
2021 FOD 030), the United Kingdom’s Foreign, Commonwealth & Development Office
(FCDO); the Swedish International Development Cooperation Agency (Sida); the Swiss
Agency for Development and Cooperation (SDC); the Federal Democratic Republic of
Ethiopia; and the Government of the Republic of Kenya. MGB acknowledges support by
the Programa Ramén vy Cajal (RYC-2016-21231; Ministerio de Economia y
Competitividad). The views expressed herein do not necessarily reflect the official opinion of the donors.

References

Abro, Z., Kassie, M., Tanga, C., Beesigamukama, D., Diiro, G., 2020. Socio-economic and
environmental implications of replacing conventional poultry feed with insect-based
feed in Kenya. ). Clean. Prod. 265, 121871. https://doi.org/10.1016/;.
jclepro.2020.121871.

Acevedo, F.E., Peiffer, M., Tan, C.W_, Stanley, B.A., Stanley, A., Wang, }., Jones, A.G.,
Hoover, K., Rosa, C., Luthe, D., Felton, G., 2017. Fall armyworm-associated gut



64 Dennis Beesigamukama et al.

bacteria modulate plant defense responses. Mol. Plant Microbe Interact. 30, 127
137. https://doi.org/10.1094/MPMI-11-16-0240-R..

Ahmed, A.A.1,, Hashem, M.Y., Mohamed, S.M., Khalil, S.H.S., 2013. Protection of potato
crop against Phthorimaea operculella (Zeller) infestation using frass extract of two noc~
tuid insect pests under laboratory and storage simulation conditions. Arch. Phytopathol.
Plant Protect. 46, 2409-2419. https://doi.org/10.1080/03235408.2013.795356.

Anyega, A.O., Korir, N K., Beesigamukama, D., Changeh, G.J., Nkoba, K., Subramanian,
S.,van Loon, J.J.A., Dicke, M., Tanga, C.M., 2021. Black soldier fly-composted organic
fertilizer enhances growth, yield, and nutrient quality of three key vegetable crops in
Sub-Saharan  Africa. Front. Plant Sci. 12, 1-14. https://doi.org/10.3389/
fpls.2021.680312.

Aryampa, S., Maheshwari, B., Sabiiti, E.N., Zamorano, M., 2021a. A framework for
assessing the ecological sustainability of waste disposal sites (EcoSWal)). Waste Manag.
126, 11-20. https://doi.org/10.1016/j.wasman.2021.02.044.

Aryampa, S., Maheshwari, B., Zamorano, M., Sabiiti, E.N., Olobo, C., Bateganya, N.L.,
2021b. Adaptation of EVIAVE methodology to landfill environmental impact assessment
in Uganda—a case study of Kiteezi landfill. J. African Earth Sci. 183, 104310. https://doi.
org/10.1016/] jafrearsci.2021.104310.

Beesigamukama, D., Mochoge, B., Korir, N.K., Fiaboe, K.K.M., Nakimbugwe, D.,
Khamis, F.M., Subramanian, S., Tanga, C.M., 2020a. Exploring black soldier fly frass
asnovel fertilizer for improved growth, yield, and nitrogen use effi ciency of maize under
field conditions. Front. Plant Sci. 11, 1-17. https://doi.org/10.3389/pls.2020.574592.

Beesigamukama, D., Mochoge, B., Korir, N., Musyoka, M.W., Fiasboe, K.K.M.,
Nakimbugwe, D., Khamis, F.M., Subramanian, S., Dubois, T., Ekesi, S., Tanga, C.
M., 2020b. Nitrogen fertilizer equivalence of black soldier fly frass fertilizer and syn-
chrony of nitrogen mineralization for maize production. Agronomy 10, 1-9. hteps://
doi.org/10.3390/agronomy10091395.

Beesigamukama, D., Mochoge, B., Korir, N., Ghemoh, C.J., Subramanian, S., Tanga, C.M.,
2021a. In situ nitrogen mineralization and nutrient release by soil amended with black
soldier fly frass fertilizer. Sci. Rep. 11, 1-14. https://doi.org/10.1038/541598-021-
94269-3.

Beesigamukama, D., Mochoge, B., Korir, N.X., Fiaboe, K.K., Nakimbugwe, ID., Khamis, F.
M., Subramanian, S., Wangu, M.M., Dubois, T., Ekesi, S., Tanga, C.M., 2021b. Low-
cost technology for recycling agro-industrial waste into nutrient-rich organic fertilizer
using black soldier fly. Waste Manag. 119, 183-194. https://doi.org/10.1016/j.
wasman.2020.09.043.

Beesigamukama, D., Mochoge, B., Korir, N., Menale, K., Muriithi, B., Kidoido, M.,
Kirscht, H., Diiro, G., Ghemoh, C}]., Sevgan, S., Nakimbugwe, D., Musyoka, M.
W., Ekesi, S., Tanga, C.M., 2021c. Economic and ecological values of frass fertiliser from
black soldier fly agro-industrial waste processing. J. Insects Food Feed, 1-10. https://doi.
org/10.3920/5iff2021.0013.

Bernal, M.P., Paredes, C., Sinchez-Monedero, M.A., Cegarra, J., 1998, Maturity and sta-
bility parameters of composts prepared with a wide range of organic wastes. Bioresour.
Technol. 63, 91-99. https://doi.org/10.1016/S0960-8524(97)00084-9.

Bernal, M.P., Alburquerque, J.A., Moral, R., 2009. Composting of animal manures and
chemical criteria for compost maturity assessment. A review. Bioresour. Technol.
100, 5444-5453. https://doi.org/10.1016/j.biortech.2008.11.027.

Bernal, M.P., Sommer, S.G., Chadwick, D., Qing, C., Guoxue, L., Michel, F.C., 2017.
Current approaches and future trends in compost quality criteria for agronomic, envi-
ronmental, and human health benefits. Adv. Agron. 144, 143-233. hutps://doi.org/
10.1016/bs.agron.2017.03.002.



Potential of entomocomposting 65

Bertola, M., Mutinelli, F., 2021. A systematic review on viruses in mass-reared edible insect
species. Viruses 13, 1-31. hetps://doi.org/10.3390/v13112280.

Bortolini, S., Macavei, L.I., Hadj Saadoun, J., Foca, G., Ulrici, A., Bernini, F., Malferrari, 1D,
Setti, L., Ronga, D., Maistrello, L., 2020. Hermefia illucens (L.) larvae as chicken manure
management tool for circular economy. J. Clean. Prod. 262, 121289. https://doi.org/
10.1016/j jclepro.2020.121289.

Brinton, W., 2000. Compost Quality Standards and Guidelines: An International View.
Woods End Research Laboratory, Inc., USA.

Brinton, W.F., Storms, P., Blewett, T.C., 2009. Occurrence and levels of fecal indicators and
pathogenic bacteria in market-ready recycled organic matter composts. J. Food Prot. 72,
332-339. https://doi.org/10.4315/0362-028X-72.2.332.

Brochier, V., Gourland, P., Kallassy, M., Poitrenaud, M., Houot, S., 2012. QOccurrence of
pathogens in soils and plants in a long-term field study regularly amended with different
composts and manure. Agric. Ecosyst. Environ. 160, 91-98. hitps://doi.org/10.1016/].
agee.2011.05.021.

Choi, S., Hassanzadeh, N., 2019. BSFL frass: a novel biofertilizer for improving plant health
while minimizing environmental impact. Candian Sci. Fair J. 2, 41—46. https://doi.org/
10.18192/¢sf5.v2i220194146.

Cobo, J.G., Dercon, G., Cadisch, G., 2010. Nutrient balances in African land use systems
across different spatial scales: a review of approaches, challenges and progress. Agric.
Ecosyst. Environ. 136, 1-15. https://doi.org/10.1016/j.agee.2009.11.006.

De Smet, J., Wynants, E., Cos, P., Van Campenhout, L., 2018. Microbial community
dynamics during rearing of black soldier fly larvae (Hermetia illucens ) and its impact
on exploitation potential. Appl. Environ. Microbiol. https://doi.org/10.1128/
AEM.02722-17. AEM.02722-17.

Diener, S., Studt Solano, N.M., Roa Gutiérrez, F., Zurbriigg, C., Tockner, K., 2011. Bio-
logical treatment of municipal organic waste using black soldier fly larvae. Waste Biomass
Valoriz. 2, 357-363. https://doi.org/10.1007/512649-011-9079-1.

Dortmans, B., 2015. Valorisation of Organic Waste—Effect of the Feeding R egime on Pro-
cess Parameters in a Continuous Black Soldier Fly Larvae Composting Systen1. Master’s
thesis, Swedish University of Agricultural Science and Faculty, p. 38.

Ebanyat, P, de Ridder, N., de Jagger, A., Delve, R_]., Bekunda, M.A_, Giller, K.E., 2010.
Drivers of land use change and household determinants of sustainability in smallholder
farming systems of Eastern Uganda. Popul. Environ. 31, 474-506. https://doi.org/10.
1007/511111-010-0104-2.

Elhag, O., Zhou, D., Song, Q., Soomro, A.A., Cai, M., Zheng, L., Yu, Z., Zhang, J., 2017.
Screening, expression, purification and functional characterization of novel antimicrobial
peptide genes from hermetia illucens (L.). PLoS One 12, 1-15. https://doi.org/
10.1371/journal.pone.0169582.

El-nagerabi, S.A.F., Elshafie, A.E., Alburashdi, H., 2014. Hydrophysical, chemical and
microbial properties of imported green waste composts. Nusantara Biosci. 6 (6), 13—
18. https://doi.org/10.13057 /nusbiosci/n060103.

Elshafie, S.A.F.E.A.E., Alrawahi, H.S., 2012. Physicochemical and microbial characteristics
of locally processed green waste composts. Compost Sci. Util. 20, 120-127.

Erickson, M.C., Islam, M., Sheppard, C., Liao, J., Doyle, M.P., 2004. Reduction of
Escherichia coli O157:H7 and Salmonella enterica serovar Enteritidis in chicken manure
by larvae of the black soldier fly. J. Food Prot. 67, 685—690. https://doi.org/
10.4315/0362-028X-67.4.685.

European Commission, 2018. Commission regulation (EU) 2021/1925 of 5 November
2021 amending certain annexes to regulation (EU) no 142/2011 as regards the require-
ments for placing on the market of certain insect products and the adaptation of a con-
tainment method. Off. J. Eur. Union 2016, 48-119.



66 Dennis Beesigamukama et al.

FAQO, 2017. The State of Food and Agriculture. Leveraging food Systems for Inclusive Rural
Transformation. FAO, Rome, https://dol.org/10.2307/2938399.

Friedrich, E., Trois, C., 2016. Current and future greenhouse gas (GHG) emissions from the
management of municipal solid waste in the eThekwini Municipality—South Africa.
J. Clean. Prod. 112, 4071-4083. https://doi.org/10.1016/j jclepro.2015.05.118.

Gachimbi, L.N., van Keulen, H., Thuranira, E.G., Karuku, A.M., de Jager, A., Nguluu, S.,
Ikombo, B.M., Kinama, J.M., Itabari, }.K., Nandwa, $.M., 2005. Nutrient balances at
farm level in Machakos (Kenya), using a participatory nutrient monitoring (NUTMON)
approach.  Land  Use  Policy 22, 13-22.  https://doi.org/10.1016/].
landusepol.2003.07.002.

Garttling, D., Kirchner, S.M., Schulz, H., 2020. Assessment of the n- and p-fertilization
effect of black soldier fly (diptera: Stratiomyidae) by-products on maize. J. Insect Sci.
20, 1-11. https://doi.org/10.1093/jisesa/ieaa089.

Gebremikael, M.T., Ranasinghe, A., Hosseini, P.S., Laboan, B., Sonneveld, E., Pipan, M.,
Oni, F.E., Montemurro, F., Hofte, M., Sleutel, S., De Neve, S., 2020. How do novel
and conventional agri-food wastes, co-products and by-products improve soil functions
and  soil quality? Waste Manag. 113, 132-144. https://doi.org/10.1016/5.
wasman.2020.05.040.

Guo, X., Zhao, B., Mao, Z., Wang, X., Xu, X., 2021. Effects of insect frass and distiller’s
grains on physicochemical properties of saline alkali soil. In: IOP Conference Series:
Earth and Environmental Science. vol. 781., https://doi.org/10.1088/1755-1315/
781/5/052023.

Houben, D., Daoulas, G., Faucon, M. P., Dulaurent, A.M., 2020. Potential use of mealworm
frass as a fertilizer: impact on crop growth and soil properties. Sci. Rep. 10, 1-9. https://
doi.org/10.1038/541598-020-61765-x.

Houben, 1D, Daoulas, G., Dulaurent, A.M., 2021. Assessment of the short-term fertilizer
potential of mealworm frass using a pot experiment. Front. Sustain. Food Syst. 5, 1—
7. https://doi.org/10.3389/fuf.2021.714596.

Jambeck, J., Hardesty, B.D., Brooks, A.L., Friend, T., Teleki, K., Fabres, J., Beaudoin, Y.,
Bamba, A., Francis, ]., Ribbink, A]., Baleta, T., Bouwman, H., Knox, ]., Wilcox, C.,
2018. Challenges and emerging solutions to the land-based plastic waste issue in Africa.
Mar. Policy 96, 256-263. https://doi.org/10.1016/j.marpol.2017.10.041.

Jouraiphy, A., Amir, S., El Gharous, M., Revel, ].C., Hafidi, M., 2005. Chemical and spec-
troscopic analysis of organic matter transformation during composting of sewage sludge
and green plant waste. Int. Biodeter. Biodegr. 56, 101-108. https://doi.org/10.1016/.
1biod.2005.06.002.

Kagata, H., Ohgushi, T., 2012. Positive and negative impacts of insect frass quality on soil
nitrogen availability and plant growth. Popul. Ecol. 54, 75-82. https://doi.org/
10.1007/510144-011-0281-6.

Kemboi, V J., Kipkoech, C., Njire, M., Were, S., Lagat, M.K., Ndwiga, F., Wesonga, .M.,
Tanga, C.M., 2022. Biocontrol potential of chitin and chitosan extracted from black sol-
dier fly pupal exuviae against bacterial wilt of tomato. Microorganisnis 10. https://doi.
org/10.3390/microorganisms10010165.

Khamis, F.M., Ombura, F.L.O., Akutse, X.S., Subramanian, S., Mchamed, S.A., Fiaboe, K.
K.M,, Sajjuntha, W., Van Loon, J.J.A., Dicke, M., Dubois, T., Ekesi, S., Tanga, C.M.,
2020. Insights in the global genetics and gut microbiome of black soldier fly, Hermetia
illucens: implications for animal feed safety control. Front. Microbiol. 11, 1—
15. https://doi.org/10.3389/fmicb.2020.01538.

Kihara, J., Nziguheba, G., Zingore, S., Coulibaly, A., Esilaba, A., Kabambe, V., Njoroge, S.,
Palm, C., Huising, ]., 2016. Understanding variability in crop response to fertilizer and
amendments in sub-Saharan Africa. Agric. Ecosyst. Environ. 229, 1-12. https://doi.org/
10.1016/j.agee.2016.05.012.



Potential of entomocomposting 67

Kimani, N.G., De Jong, .., Akumu, J., 2010. Environmental pollution and impact to public
health: implication of the Dandora municipal dumping site in Nairobi, Kenya. The
United Nations Environment Programme (UNEP). pp. 1-40.

Klammsteiner, T., Turan, V., Juirez, M.F.-D., Oberegger, S., Insam, H., 2020a. Suitability
of black soldier fly frass as soil amendment and implication for organic waste
hygienization. Agronomy 10, 1578. hitps://doi.org/10.3390/agronomy10101578.

Klammsteiner, T., Walter, A., Bogataj, T., Heussler, C.D., Stres, B., Steiner, F.M., Schlick-
Steiner, B.C., Arthofer, W, Insam, H., 2020b. The Core gut microbiome of black sol-
dier fly (Hermetia illucens) larvae raised on low-bioburden diets. Front. Microbiol. 11, 1—
14. https://doi.org/10.3389/fmicb.2020.00993.

Koljalg, S., Telling, K., Huik, K., Murruste, M., Saarevet, V., Pauskar, M., Lutsar, L., 2015.
First report of Wohifalutiimonas chitiniclastica from soft tissue and bone infection at an
unusually high northern latitude. Folia Microbiol. (Praha) 60, 155-158. https://doi.
org/10.1007/512223-014-0355-x.

Komakech, A J., 2014. Urban Waste Management and the Environmental Impact of Organic
Waste Treatment Systems in Kampala, Uganda. Swedish University of Agricultural Sci-
ences, Uppsala and Makerere University, Kampala.

Kooienga, E.M., Baugher, C., Currin, M., Tomberlin, J.K., Jordan, H.R., 2020. Effects of
bacterial supplementation on black soldier fly growth and development at benchtop and
industrial  scale.  Front. Microbiol. 11, 1-15. https://doi.org/10.3389/
fimicb.2020.587979.

Lagat, M.K., Were, S., Ndwigah, F., Kemboi, V J., Kipkoech, C., Tanga, C.M., 2021. Anti-
microbial activity of chemically and biologically treated chitosan prepared from black
soldier fly (Hermetia ilhicens) pupal shell waste. Microorganisms 9. https://doi.org/
10.3390/microorganisms9122417.

Lalander, C., Diener, S., Magri, M.E., Zurbriigg, C., Lindstrom, A., Vinnerss, B., 2013. Fae-
cal sludge management with the larvae of the black soldier fly (Hermetia illucens)—from a
hygiene aspect. Sci. Total Environ. 458-460, 312-318. https://doi.org/10.1016/j.
scitotenv.2013.04.033.

Lalander, C.H., Fidjeland, J., Diener, S., Eriksson, S., Vinneris, B., 2015. High waste-to-
biomass conversion and efficient Salmonella spp. reduction using black soldier fly for
waste recycling. Agron. Sustain. Dev. 35, 261-271. https://doi.org/10.1007/513593-
014-0235-4.

Lalander, C., Senecal, J., Gros Calvo, M., Ahrens, L., Josefsson, S., Wiberg, K., Vinner3s, B.,
20116. Fate of pharmaceuticals and pesticides in fly larvae composting. Sci. Total Environ.
565, 279-286. https://doi.org/10.1016/].scitotenv.2016.04.147.

Liu, Z., Carroll, Z.S., Long, S.C., Roa-Espinosa, A., Runge, T., 2017. Centrifuge separation
effect on bacterial indicator reduction in dairy manure. J. Environ. Manage. 191, 268—
274. https://doi.org/10.1016/j jenvman.2017.01.022.

Liverpool-Tasie, L.S.0., Omonona, B.T', Sanou, A., Ogunleye, W.Q., 2017. Is increasing
inorganic fertilizer use for maize production in SSA a profitable proposition? Evidence
from Nigeria. Food Policy 67, 41-51. https://doi.org/10.1016/j.foodpol.2016.09.011.

Makkar, H.P.S,, Tran, G., Heuzé, V., Ankers, P., 2014. State-of-the-art on use of insects as
animal feed. Anim. Feed Sci. Technol. 197, 1-33. https://doi.org/10.1016/j.
anifeedsci.2014.07.008.

Mas-Carrié, E., Dini-Andreote, F., Brossi, M J.D.L., Salles, ].F., OMf, H., 2018. Organic
amendment under increasing agricultural intensification: effects on soil bacterial commu-
nities and plant productivity. Front. Microbiol. 9, 1-12. https://doi.org/10.3389/
fmich.2018.02612.

Milanovic, V., Osimani, A., Pasquini, M., Aquilanti, L., Garofalo, C., Taccari, M., Cardinali,
F., Riolo, P., Clementi, F., 2016. Getting insight into the prevalence of antibiotic resis-
tance genes in specimens of marketed edible insects. Int. ]. Food Microbiol. 227, 22—
28. https://doi.org/10.1016/].ijfoodmicro.2016.03.018.



68 Dennis Beesigamukama et al.

Milanovié, V., Osimani, A., Roncolini, A., Garofalo, C., Aquilanti, L., Pasquini, M.,
Tavoletti, S., Vignaroli, C., Canonico, L., Ciani, M., Clement, F., 2018. Investigation
of the dominant microbiota in ready-to-ecat grasshoppers and mealworms and quantifi-
cation of carbapenem resistance genes by qPCR.. Front. Microbiol. 9, 1-11. https://doi.
org/10.3389/fmicb.2018.03036.

Milanovié, V., Cardinali, F., Belleggia, L., Garofalo, C., Pasquini, M., Tavoletti, S., Riolo,
P., Ruschioni, S., Isidoro, N., Osimani, A., Aquilanti, L., 2021. Exploitation of 1enebrio
molitor larvae as biological factories for human probiotics, an exploratory study. J. Funct.
Foods 82. https://doi.org/10.1016/j.j£.2021.104490.

Mishra, A., Afik, O., Cabrera, M.L., Delaplane, K.S., Mowrer, ].E., 2013. Inorganic nitro-
gen derived from foraging honey bees could have adaptive benefits for the plants they
visit. PLoS One 8, 1-6. https://doi.org/10.1371/journal. pone.0070591.

Moruzzo, L., Riccioli, F., Diaz, S.E., Secci, C., Poli, G., Mancini, S., 2021. Mealworm
(Tenebrio molitor): potential and challenges to promote circular economy. Animals 11,
1-16.

Mudalungu, C.M., Tanga, C.M., Kelemu, S., Torto, B., 2021. An overview of antimicrobial
compounds from african edible insects and their associated microbiota. Antibiotics
10. https://doi.org/10.3390/antibiotics10060621.

Mugwe, )., Mugendi, D., Mucheru-Muna, M., Merckx, R., Chianu, J., Vanlauwe, B., 2009.
Determinants of the decision to adopt integrated soil fertility management practices by
smallholder farmers in the central highlands of Kenya. Exp. Agric. 45, 61-75. https://
doi.org/10.1017/50014479708007072.

Muniafu, M., Odato, E., 2010. Solid waste management in Nairobi, Kenya. A case for
emerging economies. J. Lang. Technol. Entrep. Africa 2, 342-350.

Ndambi, O.A., Pelster, D.E., Owino, J.O., de Buisonjé, F., Vellinga, T., 2019. Manure
management practices and policies in Sub-Saharan Africa: implications on manure qual-
ity as a fertlizer. Front. Sustain. Food Syst. 3, 1-14. https://doi.org/10.3389/
f5ufs.2019.00029.

Nweke, O.C., Sanders, W.H., 2009. Modern environmental health hazards: a public health
issue of increasing significance in Africa. Environ. Health Perspect. 117, 863—
870. https://doi.org/10.1289/¢hp.0800126.

Okot-Okumu, J., 2012. Solid waste management in African cities—East Africa. In: Waste
Management—An Integrated Vision, pp. 3-20, https://doi.org/10.5772/50241.

Osimani, A., Cardinali, F., Aquilanti, L., Garofalo, C., Roncolini, A., Milanovié, V., Pas-
quini, M., Tavoletti, S., Clementi, F., 2017a. Occurrence of transferable antibiotic resis-
tances in commercialized ready-to-eat mealworms {Tenebrio molitor L.). Int. J. Food
Microbiol. 263, 38—46. https://doi.org/10.1016/j.ijffoodmicro.2017.10.009.

Osimani, A., Garofalo, C., Aquilanti, L., Milanovié, V., Cardinali, F., Taccari, M., Pasquini,
M., Tavoletti, S., Clement, F., 2017b. Transferable antibiotic resistances in marketed
edible grasshoppers (Locusta migratoria migratorioides). J. Food Sci. 82, 1184—
1192. https://doi.org/10.1111/1750-3841.13700.

Poveda, ]., 2020. Use of plant-defense hormones against pathogen-diseases of postharvest
fresh produce. Physiol. Mol. Plant Pathol. 111, 101521. https://doi.org/10.1016/].
pmpp.2020.101521.

Poveda, J., 2021. Insect frass in the development of sustainable agriculture. A review. Agron.
Sustain. Dev. 41. https://doi.org/10.1007/513593-020-00656-x.

Poveda, J., Jiménez-Goémez, A., Saati-Santamaria, Z., Usategui-Martin, R., Rivas, R.,
Garcia-Fraile, P., 2019. Mealworm frass as a potential biofertilizer and abiotic stress
tolerance-inductor in plants. Appl. Soil Ecol. 142, 110-122. https://doi.org/10.1016/
j-apsoil.2019.04.016.

Quilliam, R.S., Nuku-Adeku, C., Maquart, P., Little, D., Newton, R., Murray, F., 2020.
Integrating insect frass biofertilisers into sustainable peri-urban agro-food systems.
J. Insects Food Feed 6, 315-322. https://doi.org/10.3920/iff2019.0049.



Potential of entomocomposting 69

Revadi, S.V., Giannuzzi, V.A., Vetukuri, R.R., Walker, W.B., Becher, P.G., 2021. Larval
response to frass and guaiacol: detection of an attractant produced by bacteria from
Spodoptera littoralis frass. ]. Pestic. Sci. 94, 1105-1118. https://doi.org/10.1007/
$10340-021-01352-9. 2004.

Rufino, M.C., Dury, J., Tittonell, P., van Wijk, M. T., Herrero, M., Zingore, S., Mapfumo,
P., Giller, K.E., 2011. Competing use of organic resources, village-level interactions
between farm types and climate variability in a communal area of NE Zimbabwe.
Agr. Syst. 104, 175-190. https://doi.org/10.1016/j.agsy.2010.06.001.

Rummel, P.S., Beule, L., Hemkemeyer, M., Schwalb, S.A., Wichern, F., 2021. Black soldier
fly diet impacts soil greenhouse gas emissions from frass applied as fertilizer. Front. Sus-
tain. Food Syst. 5, 1-17. https://doi.org/10.3389/fsufs.2021.709993.

Samarajeewa, A.D., Glasauer, S.M., Lauzon, ].ID., Halloran, 1.P.O., Parkin, G.W ., Dunfield,
K.E, 2012. Bacterial contamination of tile drainage water and shallow groundwater
under different application methods of liquid swine manure. Can. J. Microbiol. 58,
668-677. https://doi.org/10.1139/W2012-038.

Setti, L., Francia, E., Pulvirenti, A., Gigliano, S., Zaccardelli, M., Pane, C., Caradonia, F.,
Bortolini, S., Maistrello, L., Ronga, ID., 2019. Use of black soldier fly (Hermetia illucens
(L), Diptera: Stratiomyidae) larvae processing residue in peat-based growing media.
Waste Manag. 95, 278-288. https://doi.org/10.1016/j.wasman.2019.06.017.

Somorin, T.O., Adesola, S., Kolawole, A., 2017. State-level assessment of the waste-to-
energy potential (via incineration) of municipal solid wastes in Nigeria. J. Clean. Prod.
164, 804-815. https://doi.org/10.1016/].jclepro.2017.06.228.

Sonawane, M.S., Chaudhary, R.D., Shouche, Y.S., Sayyed, R.Z., 2018. Insect gut bacteria:
a novel source for siderophore production. Proc. Natl. Acad. Sci. India Sect. B - Biol.
Sci. 88, 567-572. https://doi.org/10.1007/540011-016-0785-0.

Song, 8., Ee, AAW.L., Tan, ].K.N., Cheong, |.C., Chiam, Z., Arora, S., Lam, W.N., Tan, H.
T.W., 2021. Upcycling food waste using black soldier fly larvae: effects of further com-
posting on frass quality, fertilising effect and its global warming potential. ]. Clean. Prod.
288, 125664. https://doi.org/10.1016/]jclepro.2020.125664.

Stewart, Z.P., Pierzynski, G.M., Middendorf, B J., Vara Prasad, P.V., 2020. Approaches to
improve soil fertility in sub-Saharan Afiica. J. Exp. Bot. 71, 632~641. https://doi.org/
10.1093/jxb/erz446.

Subbarao, G.V., Searchinger, T.D., 2021. A “more ammonium solution” to mitigate nitro-
gen pollution and boost crop yields. Proc. Natl. Acad. Sci. U. S. A. 118, 1-5. https://doi.
org/10.1073/pnas.2107576118.

Subbarao, G.V., Nakahara, K., Hurtado, M.P., Ono, H., Moreta, D.E., Salcedo, A.F,,
Yoshihashi, A.'T., Ishikawa, T., Ishitani, M., Ohnishi-Kameyama, M., Yoshida, M.,
Rondon, M., Rao, .M., Lascano, C.E., Berry, W L., Ito, O., 2009. Evidence for bio-
logical nitrification inhibition in Brachiaria pastures. Proc. Natl. Acad. Sci. U. S. A. 106,
17302-17307. https://doi.org/10.1073/pnas.0903694106.

Subbarao, G.V., Sahrawat, K.L., Nakahara, K., Ishikawa, T., Kishii, M., Rao, I.M., Hash, C.
T., George, T.S., Srinivasa Rao, P., Nardi, P., Bonnett, D., Berry, W, Suenaga, K.,
Lata, J.C., 2012. Biological nitrification inhibition—a novel strategy to regulate nitrifi-
cation in agricultural systems. In: Advances in Agronomy, first ed. Elsevier Inc, https://
doi1.org/10.1016/B978-0-12-394275-3.00001-8.

Tanga, C.M., Wawery, ).W., Tola, Y.H., Onyoni, A.A., Khamis, F.M., Ekesi, S., Paredes, J.
C., 2021a. Organic waste substrates induce important shifts in gut microbiota of black sol-
dier fly (Hermetia illucens L.): coexistence of conserved, variable, and potential pathogenic
microbes. Front. Microbiol. 12, 1-11. https://doi.org/10.3389/fmicb.2021.635881.

Tanga, C.M., Beesigamukama, D., Kassie, M., Egonyu, P J., Ghemoh, CJ., Nkoba, K., Sub-
ramanian, S., Anyega, A.O., Ekesi, S., 2021b. Performance of black soldier fly frass fer-
tiliser on maize (Zea mays L.) growth, yield, nutritional quality, and economic returns.
J. Insects Food Feed, 1-12. https://doi.org/10.3920/4iff2021.0012.



70 Dennis Beesigamukama et al.

Tully, K., Sullivan, C., Weil, R., Sanchez, 1., 2015. The state of soil segradation in Sub-
Saharan  Africa: baselines, trajectories, and solutions. Sustainability, 6523—
6552. https://doi.org/10.3390/5u7066523.

Tumuhairwe, ].B., Tenywa, ].S., Otabbong, E., Ledin, S., 2009. Comparison of four low-
technology composting methods for market crop wastes. Waste Manag, 29, 2274—
2281. https://doi.org/10.1016/j.wasman.2009.03.015.

van Broekhoven, S., Ooninex, D.G.A.B., van Huis, A, van Loon, J.J.A., 2015. Growth per-
formance and feed conversion efficiency of three edible mealworm species (Coleoptera:
Tenebrionidae) on diets composed of organic by-products. J. Insect Physiol. 73, 1—
10. https://doi.org/10.1016/] jinsphys.2014.12.005.

Vandeweyer, D., Milanovié, V., Garofalo, C., Osimani, A., Clement, F., Van Campenhout,
L., Aquilanti, L., 2019. Real-time PCR detection and quantification of selected trans-
ferable antibiotic resistance genes in fresh edible insects from Belgium and the Nether-
lands. Int. J. Food Microbiol. 290, 288-295. https://doi.org/10.1016/].
jfoodmicro.2018.10.027.

Vandeweyer, D., De Smet, J., Van Looveren, N., Van Campenhout, L., 2021. Biological
contaminants in insects as food and feed. . Insects Food Feed 7, 807—-822. https://
doi.org/10.3920/J1FF2020.0060.

van Huis, A., 2013. Potential of insects as food and feed in assuring food security. Annu. Rev.
Entomol. 58, 563-583. https://doi.org/10.1146/annurev-ento-120811-153704.

Vanlauwe, B., Coyne, D., Gockowski, J., Hauser, S., Huising, ]., Masso, C., Nziguheba, G.,
Schut, M., Van Asten, P., 2014. Sustainable intensification and the African smallholder
farmer. Curr. Opin. Environ. Sustain. 8, 15-22. https://doi.org/10.1016/].
cosust.2014.06.001.

Vanlauwe, B., Descheemacker, K., Giller, K.E., Huising, J., Merckx, R., Nziguheba, G.,
Wendet, J., 2015. Integrated soil fertility management in sub-Saharan Africa : unravelling
local adaptation. Soil 1, 491-508. https://dei.org/10.5194/s0il-1-491-2015.

Vogel, H., Miller, A., Heckel, D.G., Gutzeit, H., Vilcinskas, A., 2018. Nutritional immu-
nology: diversification and diet-dependent expression of antimicrobial peptides in the
black soldier fly Hermetia illucens. Dev. Comp. Immunol. 78, 141-148. https://doi.
org/10.1016/§.dci.2017.09.008.

von Blottnitz, H., Kasozi, A., Cohen, B., 2010. Integrated Solid Waste Management Plan for
the City of Nairobi.

Wichuk, K.M., McCartney, D., 2007. A review of the effectiveness of current time-
temperature regulations on pathogen inactivation during composting. J. Environ.
Eng. Sci. https://doi.org/10.1139/507-011.

Wortmann, C.S., Kaizzi, K.C., Maman, N., Cyamweshi, A., Dicko, M., Garba, M., Milner,
M., Senkoro, C., Tarfa, B., Tettah, F., Kibunja, C., Munthali, M., Nalivata, P., Nkonde,
D., Nabahungu, L., Ouattara, K., Serme, L., 2019. Diagnosis of crop secondary and
micro-nutrient deficiencies in sub-Saharan Africa. Nutr. Cycl. Agroecosyst. 113,
127-140. https://doi.org/10.1007/510705-018-09968-7.

Wynants, E., Frooninckx, L., Crauwels, S., Verreth, C., De Smet, J., Sandrock, C., Wohlfahrt,
J., Van Schelt, J., Depraetere, S., Lievens, B., Van Miert, S., Claes, J., Van Campenhout,
L., 2019. Assessing the microbiota of black soldier fly larvae (Hemnetia illucens) reared
on organic waste streams on four different locations at laboratory and large scale. Microb.
Ecol. 77, 913-930. https://doi.org/10.1007/500248-018-1286-x.

Yi, HY., Chowdhury, M., Huang, Y.D., Yu, X.QQ., 2014. Insect antimicrobial peptides and
their applications. Appl. Microbiol. Biotechnol. 98, 5807-5822. https://doi.org/
10.1007/500253-014-5792-6.

Zhang, X.G., Li, X,, Gao, Y.L,, Liu, Y., Dong, W.X., Xiao, C., 2019. Oviposition deter-
rents in larval frass of potato tuberworm moth, Phthorimaea operculella (Lepidoptera:
Gelechiidae). Neotrop. Entomol. 48, 496-502. https://doi.org/10.1007/513744-018-
0655-y



