https://www.wageni ngenacademic.com/doi/pdf/10.3920/J FF2020.0110 - Thursday, June 17, 2021 12:26:15 AM - IP Address:93.70.225.232

{’ Wageningen Academic

ARTICLE IN PRESS AL Publishers

Journal of Insects as Food and Feed, 2021 online i

SPECIAL ISSUE: Advancement of insects as food and feed in a circular economy

Substrate as insect feed for bio-mass production

L. Pinotti'([s) and M. Ottoboni

Department of Health, Animal Science and Food Safety ‘Carlo Cantoni, University of Milan, via dell' Universita 6, 26900
Lodi, Italy; luciano.pinotti@unimi.it

Received: 31 August 2020 / Accepted: 3 February 2021
© 2021 Wageningen Academic Publishers

OPEN ACCESS

REVIEW ARTICLE
Abstract

Insects are able to convert organic material (i.e. waste and by products) into high-quality biomass, which can be
processed into animal feed. Several studies have investigated the influence of growing substrates on the nutritional
value of different insect species, particularly black soldier fly larvae and prepupae. This article reviews studies on
how insects bioconvert different substrates, the effect of the substrate on the composition of insect meals, and on
the development time (time needed to reach the harvesting state). All these studies indicate that insects convert
low and high quality organic material (i.e. waste, by products, compound feeds) into high-quality insect biomass.
The role and effects of selected nutrients, such as ether extract/fats, carbohydrates and fibre in the substrate, seem
to be key factors in defining the features of the biomass as well as the time needed to reach the harvesting state.
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1. Introduction

One of the most important requirements for any animal-
producing farm is the biomass that the farmer uses for feed.
As insect farming is a relatively new and currently small but
fast growing enterprise, there is little knowledge regarding
the optimal nutritional content each farmed species needs
for maximal productivity.

The concept of ‘feed’ in terms of insects is not very well
defined. There are more than 900 different agricultural
products that are used to produce/prepare animal feed
(FAO, 2013), and usually the traditional feed classification
includes the following categories: (1) roughage; (2)
concentrate; (3) feed supplements; and (4) feed additives.

There are no such feed categories for farmed insects. The
reason for this is related to the insect’s ability to upgrade low
nutrient substrates such as industrial co-by-products and
vegetable waste (Dicke, 2018; Pinotti et al., 2019). In fact, a
wide range of organic materials can be used as a source of
nutrients or as substrates for insect rearing. These depend
on the availability, the legislative framework, applicability
in the specific farming system, and the cost.

According to the definition of ‘farmed animals’ (EC, 2009b),
insects bred for the production of processed animal proteins
(PAPs) are considered as farmed animals, and are therefore
subject to ‘feed ban’ rules (EC, 2001) as well as the rules
of animal feeding (EC, 2009b). Thus, PAPs and insects
are closely connected (EC, 2017; Ottoboni et al., 2017),
although in opposite ways.

This review covers the main different rearing substrates
reported in the literature for farmed insects and provides
a broad analysis of the different substrates used for all
insects, with a specific focus on those used for black soldier
fly (BSF) larvae.

2. Type of substrates

‘Substrate’ is the overall term applied for the materials used
as insect feed. The use of substrates for the growth of insects
is still an open issue. Currently there are two categories,
those that are legally permitted and those that are not. The
line between these two categories differs depending on the
different authorities and countries.

In the EU, for instance, the use of several substrates such
as ruminant proteins, catering waste, meat-and-bone
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meal and manure is prohibited (EC, 2009a), in line with
regulations on transmissible spongiform encephalopathies
and bovine spongiform encephalopathy. Furthermore,
certain substrates, such as manure and intestinal contents,
catering waste or former foodstuffs containing meat and
fish, as well as human manure and sewage sludge, are also

not allowed. Specifically, in its risk assessment (EFSA, 2015),

the European Food Safety Authority (EFSA) considers the

following seven categories (from A to G) of substrates:

A. Animal feed materials according to the EU catalogue
of feed materials (Commission Regulation (EU) No
68/2013) and authorised as feed for food producing
animals (EC, 2013).

B. Food produced for human consumption, but which
is no longer intended for human consumption for
reasons such as expired use-by date or due to problems
of manufacturing or packaging defects. Meat and fish
may be included in this category.

C. By-products from slaughterhouses (hides, hair, feathers,
bones, etc.) that do not enter the food chain but originate
from animals fit for human consumption.

D. Food waste from food for human consumption of both
animal and non-animal origin from restaurants, catering,
and households.

E. Animal manure and intestinal content.

E. Other types of organic waste of vegetable nature such
as gardening and forest material.

G. Human manure and sewage sludge.

In Western countries the main substrates currently used
for insect production thus include commercial animal
feed, co-products from the primary production of non-
animal origin food, and former foodstuffs (not containing
meat and fish) for example production surplus, misshapen
products, food with expired best-before-dates that have
been produced in compliance with food legislation which
have been already proposed as valid carbohydrates/energy
sources in animal nutrition (Giromini et al., 2017; Luciano
et al., 2020; Ottoboni et al., 2019; Pinotti et al., 2019, 2020,
2021; Tretola et al., 2019). By contrast, in other countries
(e.g. African countries), a wide range of bio-waste products
are readily available and used as substrates for insect
rearing, and these organic materials, for example animal
manure, are typically composted or heat-treated before use
(Miinke-Svendsen et al., 2017).

Other feed substrates commonly used by farmers include
conventionally compounded meals made from seasonally
available cereals and legumes such as maize, sorghum and
soybeans, and indigenous vegetables such as collard greens,
jute mallow, amaranth leaves, black nightshade, cowpea
leaves, and spider plants.

Insect producers also use local substrates, such as forage
leaves, as a substitute for vegetables during the dry season
(Miinke-Svendsen et al., 2017). These include cassava,
banana, sweet potato, tomato, pawpaw, and moringa leaves.
These feed items are highly sought after by other farming
activities as well, and are also used as food for humans
(Miinke-Svendsen et al., 2017).

Insect producers select substrates based on a number of
criteria, including the nutritional composition, expected
effects on the insect species such as weight gain (also known
as biomass production), feed efficiency (feed conversion
ratio), finally the time needed to reach the harvesting stage,
and steady year-round supply. In terms of the quality of
the derived insect biomass, the key issues are protein
concentration and amino acid profile, the fatty acid profile,
micronutrients (such as minerals), the absence of hazards,
or ease of removal during harvesting.

A further key issue in terms of efficiency and quality is
the water content. A recent study (Dzepe et al., 2020) in
which five substrates moisture content levels (40, 50, 60,
70 and 80%) were tested, indicated that increasing the
substrate moisture content reduces the larval feed reduction
(mass reduction, %; Salomone et al., 2017), wet weight,
development time, and body size and body thickness of
the larvae. This is in line with another study (Lalander
et al., 2020), which reported that adding too much water
content reduced the biomass conversion ratio and survival
rate of the larvae. In fact, substrates with a water content
of between 80-90%, can only be used in combination with
ventilation, while very wet substrates with a water content
of over 90% were not considered suitable for BSF larvae
compost even with active ventilation. These findings
could have implications for the waste management sector
interested in the fly larvae treatment of fruit and vegetable
wastes. This is because the BSF larvae composting of wet
substrates is simpler if a dry separation of the larvae from
residue is carried out after the completed treatment, thus
rendering this option viable for a wider range of substrates
(Lalander et al., 2020). Efficient drying is one of the key
elements in producing a profitable feed. Typically, dryers
will use between 3,000 kJ/kg and 4,500 k] /kg of evaporated
water (Hamm, 2017). However, complete water removal
is not required in insect rearing for substrate preparation,
indeed certain species of insect, such as BSF, can be reared
on substrates containing up to 80% moisture (Lalander
et al., 2020). This opens up new scenarios in insect
substrate evaluation, since wastewater residues from the
starch industry and cheese industry, for instance, can be
considered as wet nutrient sources to rear insects, with
benefits in terms of cost and performance. Accordingly,
by adopting these strategies (incomplete or no drying for
insect substrates), drying costs can be reduced or avoided.
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3. Potential of insects in upgrading waste
material and organic streams

Irrespectively of the legal basis, several substrates can be
used in insect farming, namely: chicken feed, manure/
faeces/sludge/abattoir waste, industrial by-products, fruit
and vegetables, vegetable and cereal-based standard insect
diets, restaurant and food waste, animal based products
and by-products, straw, and algae. This is also in line with
the 14 studies listed in Table S1, in which more than 50
different types of substrates have been tested on the same
insect species (i.e. BSF larvae). Eight classes/categories were
identified, namely chicken feed, manure digestate sludge,
industrial by-products, fruit and vegetables, standard diet
BSEF, animal by-products, straw, and algae.

Figure 1 reports the mean, quartiles, minimum and
maximum observations and outliers for normalised BSF
biomass yield (g dry matter (DM) biomass yield from 100
young larvae) from the different substrate categories. From
these records, even if case sensitive, it is clear that the best
performing substrates are those characterised by ‘balanced
diets’ in terms of nutrients composition and profile.
This is the case of chicken feed and BSF standard diets
proposed in different studies. Poultry diets, for instance,
are composed primarily of a mixture of several feedstuffs
such as cereal grains, soybean meal, fats, and vitamin
and mineral premixes. These diets provide the essential
energy and nutrients that are essential for fowl growth,
reproduction, and health, namely proteins and amino acids,
carbohydrates, fats, minerals, and vitamins. The energy
necessary for maintaining the chicken’s general metabolism
and for producing meat and eggs is provided by the energy-
yielding dietary components, primarily carbohydrates and
fats, but also protein. Similarly, in insects, the best growing
performance are obtained when a complete/balanced
feeding media (i.e. chicken feed) is used. Indeed, such
substrate in general are rich in energy and protein, while
balanced for all nutrients (Barragan-Fonseca et al., 2018).
By contrast, straw and algae substrates did not guaranteeing
adequate insect biomass yields, probably due the presence
of different anti-nutritional factors (ANFs). Straw is a crop
residue consisting of the dry stems and leaves left over
after the harvest of cereals, and legumes (Heuzé, and Tran,
2015). In term of nutrient content, straw is considered a
lignocellulosic biomass, indeed it contain cellulose (38%),
hemicelluloses (25%), lignin (12%) (Gummert et al., 2020).
As feed for farm animals, all types of straw consist of coarse,
high-fibre, low-protein and low-digestibility roughage
(Gummert et al., 2020). For insect however the situation
is more controversial: the high quantity of rice straw in
the substrate (daily feeding of 200 mg of ground rice straw
per larvae) resulted in the highest prepupal dry weight,
lowest (i.e. quick) developmental time, but lowest waste
reduction efficiency (10.85%). The highest waste reduction
efficiency (31.53%) was recorded by larvae fed at the lowest
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straw rate (12.5 mg of straw/larvae/day) (Manurung et al.,
2016). Another recent study (Liu et al., 2018) reported that
among the different types of fibre (acid detergent fibre;
ADF, neutral detergent fibre; NDF, hemicellulose, cellulose,
lignin) all of them, with the exception of hemicellulose,
had negative effect on larval growth. Among ADF, NDE,
cellulose, and lignin however, lignin has shown the strongest
negative impact. This is in also explained by the fact that
very often, in vegetable matrix, hemicellulose and cellulose
are linked to lignin, which in turn protects them from
digestion (Liu et al., 2018). However, the ability of BSF
larvae to bio convert fibre rich substrate may be partially
explained by the presence, in the digestive tract of the insect,
of intestinal bacteria able to degrade cellulose (Kim et al.,
2014b). Thus, based on these findings it seems that insects
have some potential in digesting some fibre fraction (i.e.
cellulose and hemicellulose), even though other factors
might be important in defining larvae growth performance
(e.g. larvae density; Barragan-Fonseca et al., 2018).

The same low growth rate has been reported when algae
are used as substrate: by increasing the inclusion of brown
algae in the feeding medium, the BSF larvae had a reduced
growth and feed intake. The reason for this is unknown
although recent publications have reported the presence of
several ANFs in algae in general, and Ascophyllum nodosum
in particular. These marine materials contain alginate and
fucoidan, which have several side effects. Alginate extract is
used in reducing the appetite and energy intake in humans
(Hall et al., 2012), whereas Fucoidan is an efficient inhibitor
of a-amylase and a-glucosidase (Kim et al., 2014a). Both
these ANFs, probably affect the feed efficiency of seaweed
as a feeding media for insects, although their percentage in
the diet is important in defining such negative effects. The
reduced insect growth rate however is in contrast with the
nutrient profile of seaweed which can also contain several
micronutrients. Algae contain iodine, sterols, essential
amino acids/fatty acids (e.g. eicosapentaenoic acid) and
vitamin E (Liland et al., 2017). Thus, insect larvae can act as
carriers of such essential nutrients from sources not directly
suitable for human or animal nutrition, in human or animal
diets. This ability can be used to tailor the composition of
the insect larvae towards the desired nutrient profiles to
be used as livestock-feed ingredients (Liland et al., 2017;
Pinotti et al., 2019).

Combining the findings of different studies (Supplementary
Table S1) however, the potential of insects to upgrade waste
material and organic streams is clear. This is confirmed
when considering the three major nutrient groups including
proteins, lipids, and carbohydrates (P, L, and C) (Ortiz et al.,
2016). To calculate PLC ratios, each major nutrient (P, L,
and C) percentage is divided by the sum of the percentages
of proteins, lipids, and digestible carbohydrates (total
carbohydrate; fibre). The sum of the three ratios (P, L, and
C) should always be 1.
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Figure 1. Mean, median, quartiles, minimum and maximum observations and outliers for larval biomass yield production (grams
of larval biomass yield on the basis of 100 young larvae). DM = dry matter.

The contents of the major nutrient groups and PLC
ratios of the food ingredients commonly used in diets for
farmed insects are presented in Figure 2 and 3. The two
figures show how insects are able to upgrade and convert
unbalanced carbohydrates based (70-90%) substrate into a
more balanced biomass combining carbohydrates, proteins
and lipids. This is in line with data reported by Spranghers
et al. (2017), who reported that BSF larvae synthesise
fatty acids, above all lauric acid (C12:0), using non-fibre
carbohydrates contained in the substrate. This feature
seems to be specific for this insect species, in fact when
comparing the fatty acid profile of the prepupae with that
of their respective substrates, it appears that the substrate
has a limited effect on the fatty acid profile of the prepupae.
Interestingly, in the same study, lipids of the harvested
prepupae were mainly composed of C12:0, even when the
substrate only contained this fatty acid in trace amounts.

4. Insect vs substrates

In order to facilitate a comparison, two representative
studies were selected, namely Spranghers et al. (2017) and
Meneguz et al. (2018), in which eight different substrates
were tested (Table 1; Figure 4).

Combining substrate features with insect (BSFL) biomass
led to various conclusions. The crude protein content,
and the chitin corrected crude protein content in larval
biomass both varied (mean 307-530 and 234-403 g/kg DM,

respectively) among different types of substrate used for
growing larvae. These figures are based on two assumptions:
(1) all the nitrogen in the food is present as protein; (2) all
food protein contains 160 g N/kg (McDonald et al., 2012).
Accordingly, the nitrogen-to-protein conversion factor, is
set at 6.25; and second chitin is excluded when calculating
the protein content, which implies the use of the nitrogen-
to-protein conversion factor, of 4.76. In fact, the presence of
non-protein nitrogen (NPN) in insects, i.e. chitin, may lead
to an overestimation of the protein content. A nitrogen-
to-protein conversion factor (Kp) specific for insect larvae
(Kp=4.76) has been proposed (Janssen et al., 2017). This Kp
value is calculated from the ratio of the sum of the amino
acid residue weights to nitrogen content. This enables the
‘real protein content’ to be estimated, which is 24% lower
than the protein content based on a Kp of 6.25. These values
however, were obtained using a low protein substrate (mean
14% crude protein (CP) on DM basis).

However, considering a protein upgrade of the substrate for
both values (crude protein and the chitin corrected crude
protein contents), an increase of between 2.1 and 2.8 was
recorded. In fact, in both studies, the larval biomass protein
content was at least twice the protein content recorded in
the substrate. These upgrade figures were 5.2 in the case
of fats. Rearing substrates were generally characterised
by a lower lipid input compared to larval biomass (86 and
287 g/kg DM, respectively). There was a small variability
in the lipid content in the rearing substrates, whereas by
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Figure 2. Ternary plot of protein, lipid, and carbohydrate (PLC) ratios of substrate used for rearing black soldier flies. Carbohydrates
are determined by the following calculation on dry matter basis: carbohydrates =100 — (% crude Ash) - (% crude fat) — (% crude
protein). Substrate are classified as: vegetable substrate, circles (®); and animal based products, diamonds (+). Data elaborated
from Biancarosa et al. (2017); Bruno et al. (2019); Liland et al. (2017); Ma et al. (2018); Manurung et al. (2016); Meneguz et al. (2018);
Nguyen et al. (2013, 2015); and Spranghers et al. (2017).

90

100 # } 1 1 } } } } t ¥ 0
C 0 10 20 30 40 50 60 70 80 90 100 L

Figure 3. Ternary plot of protein, lipid, and carbohydrate (PLC) ratios of BSF prepupae biomass. Carbohydrates are determined
by the following calculation on dry matter basis: carbohydrates = 100 - (% crude ash) - (% crude fat) — (% crude protein). Data
elaborated from Biancarosa et al. (2017); Liland et al. (2017); Meneguz et al. (2018); and Spranghers et al. (2017).
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Table 1. Selected studies on black soldier fly (BSF) considered in this review and the main inputs considered.!

Study Substrates Insect larvae (BSF)
W CP EE ash IDFf NFC' Energy' Development Production CP" cP EE Ash Energy’
NDF* time (day) gDM (kp 4.76)  (kp 6.25)
gkg gl/kg DM kcallkg DM glkg DM kcallkg DM
Meneguz et Brewery by-products 917 200 86 40 447 225 2,910 8 2.29 403 530 299 73 5107
al, 2018 Winery by-products 868 117 79 103 566 134 1,724 22.2 3.09 262 344 322 146 3,950
Fruit waste 641 46 28 30 139 756 3,590 22 2.63 234 307 407 72 4825
Fruit and vegetable waste 768 120 26 91 178 585 3,028 20.2 329 319 419 263 130 3,994
Spranghers  Restaurant waste 738 157 139 45 41 618 4,451 19 5.87 328 431 386 27 5548
etal.,, 2017 Fruitand vegetable waste 873 86 21 108 331 449 2,239 15.5 5.75 304 399 371 96 4,805
Digestate 757 246 62 299 381 7 785 15 35 321 422 218 197 3,335
Chicken feed 742 175 53 115 175 425 3,030 12.3 8.51 314 412 336 100 4,653
Mean 788 143 62 104 282 400 2,720 17 4 31 408 325 105 4527

1CP = crude protein; DM = dry matter; EE = ether extract; IDF/NDF = food fibre/neutral detergent fibre; NFC = non-fibre carbohydrates; W = water content.

2* = estimated or calculated from Meneguz et al., (2018) and Spranghers et al. (2017).
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Figure 4. Nutrient composition and energy content in four different rearing substrates and resulting black soldier fly larval
biomass (expressed on DM basis; data from Meneguz et al., 2018; Spranghers et al., 2017). CP = crude protein; DM = dry matter;

EE = ether extract.

contrast a large variability was observed in larval material
(287151 g/kg DM). These figures, however, have to be
considered with caution since are based on a limited dataset
and can be different in other insect species (Dreassi et al.,
2017). Very recently Oonincx and Finke (in press) provided
a very exhaustive overview of the nutrients content of insect
and how selected nutrients can be manipulated starting
from the raring substrate.

The large variability in fat content in larvae can be explained
by the ability of BSF larvae to synthesise fatty acids on the
basis on different nutrients. In fact, insects can convert
carbohydrates into lipids. In the presence of abundant
non-fibre carbohydrates in the rearing substrate, BSF larvae
mainly synthesise lauric acid (over 50% of total fatty acids)

(Arrese and Soulages 2010; Meneguz et al., 2018; Oonincx
et al., 2015; Spranghers et al., 2017), however in some cases
this capacity was also observed with high fibre substrates
(Liland et al., 2017; Meneguz et al., 2018). Incidentally, when
fat quality (fatty acid profile) is considered, the situation
is extremely variable (Pinotti et al., 2019; Schiavone et al.,
2017). Moreover, insect fat content is also important in
defining technological quality of the resulting insect meals
as reported elsewhere (Gasco et al., 2020; Ottoboni et al.,
2018; Pinotti et al., 2019)

The average ash content reported in these studies was
51+50 g/kg DM in rearing substrates and 105+50 g/kg DM
in larval biomass. It thus seems that BSF larvae tend to
accumulate minerals contained in the substrate. In fact, the

Please cite this article as 'in press’

Journal of Insects as Food and Feed



https://www.wageni ngenacademic.com/doi/pdf/10.3920/J FF2020.0110 - Thursday, June 17, 2021 12:26:15 AM - IP Address:93.70.225.232

average ash content in larval biomass was twice that in the
rearing substrate. Other studies, (Arango Gutiérrez et al.,
2004; Newton et al., 1977, 2005), have demonstrated that the
ash content of BSF larvae was extremely variable depending
on the type of substrate they were grown on. However,
considering the mineral composition, Spranghers et al.
(2017) found no correlation between any of the elements
in the larval biomass and relative substrate. Although ash
has no nutritional value, its content needs to be monitored,
since ash generally reduces the digestibility of feed and
nutrients, therefore limiting the biomass potential.

The interplay between mineral/ash/metal content in
substrates and insect bioaccumulation is important
for two reasons: (1) insects can accumulate minerals;
(2) bioaccumulation can occur for both desirable and
undesirable minerals/metals. In this respect some studies
(Marone 2016; Purschke et al., 2017) have already indicated
that insects — both wild harvested and farm raised — are
potentially vulnerable to the accumulation of chemical
contaminants, such as metals, ingested via contaminated
feed or water.

Considering two (out of seven) of the main farmed insects
authorised within the EU as fish feed ingredients, it seems
that not only the mineral/metal substrate concentration
is important in terms of their accumulation in the insect
biomass but also the exposure time. In the case of Tenebrio
molitor, Vijver et al. (2003) observed that Pb and Cd
concentrations of mealworm larvae, reared on spiked
soils linearly increase with exposure time. With regard to
BSE, in larvae reared on experimentally spiked substrate
(Cd, Pb and Zn), Diener et al. (2015) observed an initial
accumulation of Cd in larvae followed by a decrease in
adults ascribed to defecation prior to pupation. However no
accumulation was observed in the case of Pb and Zn. In the
same species, Purschke et al., (2017), reported a significant
bioaccumulation of Cd and Pb in BSF larvae, exposed to
experimentally contaminated substrates. Of note the bio-
accumulation factors were however different: higher than
9 for cadmium, and over 2 for lead. These results indicate
that as with all livestock feed insect substrates need to be
checked for contaminants in order to ensure feed and food
safety standards throughout the value chain.

The fibre (expressed as a NDF, hemicellulose, cellulose, and
lignin) substrate content can vary considerably. In fact, the
findings of two recent studies, namely Spranghers et al.
(2017) and Meneguz et al. (2018), are extremely revealing.
They reveal that an insect biomass containing two to four
times the substrate’s energy content can be obtained from
poor energy substrates such as wine/beer fibrous by-
products. Specifically, when BSFs are used to bio-enhance
a low energy substrate (i.e. digestate), the energy content
of the rearing substrate is increased by over four times in
the deriving larvae. By contrast, in the case of energy dense
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substrates (i.e. restaurant waste), the energy content is only
increased by 25% in the larval biomass, which increases in
any case (Figure 1).

These figures highlight that BSF larvae are able to efficiently
bio-convert waste and by-products that are high in fibre
content (38-55% NDF), accumulating an appreciable
amount of lipids and proteins, without any detrimental
effect on their growth performance. This is in confirmed
in Meneguz et al. (2018), who reported a very good
performance of BSF larvae reared on a high fibre substrate
(NDF: 447 g/kg DM; ADF: 225 g/kg DM).

Figure 5 reports the energy content in rearing substrates and
BSF larval biomass. Although the formulas used to calculate
the energy content were designed for pigs, these figures give
a further indication of the potential of insects to upgrade
waste material and organic streams. Considering the energy
content in substrates, values ranged between 700 kcal/kg
DM in digestate and 4,500 kcal/kg DM in restaurant waste.
On the other hand, the energy content varied from 3,000
kcal/kg DM and 5,500 kcal/kg DM in the larval biomass.

These figures highlight that larvae efficiently bio-convert
waste and by-products with a high fibre content (38-55%
NDF) without any detrimental effect on their growth
performance. In addition, their ability to convert ‘fibre in
fat’ enhances their potential and efficiency: it would seem
that insects are able to return over twice the amount of
energy than that introduced into the rearing system. The
ability of BSF larvae to bio convert fibre rich substrate may
be partially explained by the presence, in the digestive tract
of the insect, of intestinal bacteria able to degrade cellulose
(Kim et al., 2014b).

5. Time needed to reach the harvesting stage

Although several environmental factors such as
temperature, light, and humidity are known to affect growth
and development of insect (Oonincx and Finke, in press), a
further factor that needs to be considered in defining the
substrate is the ‘time’ needed to reach the harvesting stage.
As reported in Figure 6, different substrates can accelerate
or delay the development time needed to rear insects.

Balanced diets, as in the case of chicken feed, would seem
able to accelerate the growing phase of BSF larvae, thus
reducing the time needed to reach the harvesting state
by up to 50%. Most other substrates are able to guarantee
the harvesting within four weeks. The only exceptions are
industrial by-products as in the case of the brewery by-
product (BRE) substrate obtained during beer production
(Meneguz et al., 2018). The growth dynamics and waste
reduction efficiency parameters of BSF larvae grown on
BRE were found to be excellent. The BRE larvae in fact,
showed a very good performance despite the high structural
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straw, standard diet BSF, restaurant food waste, manure digestate sludge, industrial byproducts (BP), fruit and vegetable, chicken
feed, animal based products. Data elaborated from studies reported in Table S1.

carbohydrate content of the relative rearing substrate (NDF:
approximately 45% on a DM basis; ADF: 23%), reaching
the harvesting phase in less than 2 weeks (Meneguz et
al., 2018). These results however clearly demonstrate that
BSF larvae are able to efficiently bio convert waste and by-
products characterised by a high fibre content, thanks to
the presence, in their digestive tract of fibrolytic bacteria
(Kim et al., 2014b). By contrast, straw slowed the growth
of the larvae, which need almost 50 days before they can be
harvested. The role of lignin in these results is still unclear.
The same scenario was also confirmed when the insect
biomass produced was plotted against development time
(Figure 7).

Another key nutrient in defining the time needed to reach
the harvesting stage seems to be the protein content in
growing substrate. Oonincx et al. (2015) observed that in the
BSF the growing performances in term of feed conversion
rate and efficiency of conversion of ingested foods were
similar over dietary treatments, although they tended
to use the low protein diets (13-14% CP) less efficiently
than the other diets. By contrast the same trial evidenced
that BSF larvae developed faster when a high protein and
energy dense diet was administered (Oonincx et al., 2015).
Similarly, Barragédn-Fonseca et al. (2018) have observed that
development time were largely affected by selected nutrient
concentration. Specifically, development time increased
with lower protein content. These two studies used both
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vegetable based diet. However, the effect of substrate
protein concentration on development time was similar
when animal sources were included (Nguyen et al., 2013).
Some of these issue have been also addressed by Oonincx
and Finke in a recent review (2020), in which the authors
suggested that variation in amino acid patterns between life
stages (i.e. age) of a species partially depends on whether
that species undergoes complete metamorphosis — as in
the case of BSF-or incomplete metamorphosis.

6. Conclusions

The aim of the present work was to review the main rearing
substrates reported in the literature for farmed insects. The
focus was on offering a broad analysis of different substrates
for all insects, and especially those used for BSF larvae.

Although most of the data reviewed highlight the huge
potential of insects to upgrade ‘low input’ substrates with a
high value biomass, several aspects still need clarification.
One of the main issues in insect livestock is the lack of
standardisation, not only in practice but also during the
research and development process. For instance, in one
day, BSF larvae can reduce 30 metric tons of food waste to
ca. 10 metric tons (waste reduction 66%), while producing
930 kg of dry biomass (Chia et al., 2019; Salomone et al.,
2017). Based on the figure efficiency can be very low,
even though in the balance it must be considered that
insect are reared on organic waste, which would otherwise
end up in dumpsites, causing environmental pollution
(Chia et al., 2019). These figures clearly indicate that
standard performance indicators are needed to prevent

any misunderstanding in the evaluation of the micro-
livestock system.

An insect Substrate Conversion Rate needs to be devised,
expressed in dry matter in order to avoid confusion, along
with specific normalisation units. For instance, when the
insect production/yield is reported, its normalisation is
essential, for example, the grams of larval biomass yield
(DM) on the basis of 100 young larvae. These can be
obtained not only through an extensive assessment of insect
livestock systems and conditions, but also by defining the
common standard reference indicators that are generally
recognised.

Considering the feeding rate, the optimal performance in
terms of grams of larval biomass yield (DM) on the basis of
100 young larvae and time needed to reach the harvesting
stage, is obtained when feeding 200 mg/day/larvae (Diener
et al., 2009). This quantity however has to be consider as
indicative since as reported elsewhere (Oonincx and Finke,
in press) above the feeding rate other many possible factors
can affect insect growth. Among those larvae density, for
instance, has been reported as one of the main important
(Barragan-Fonseca et al., 2018).

In terms of nutritional value, this review shows how insects
are able to upgrade and convert an unbalanced carbo-
hydrates-based (70-90%) substrate, into a more balanced
biomass that combines proteins, lipids, and carbohydrates
(ratio protein, lipids, carbohydrates 34:33:33 +5.2:9.6:8.9)
depending on the diet.
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However care needs to be taken regarding undesirable
compounds in rearing substrate such as ANFs and
contaminants. In the case of ANFs, marine materials may
contain alginate and fucoidan, for which several side effects
have been reported such as a reduced insect growth rate.
In the case of contaminant like heavy metals, it seems that
accumulation and excretion patterns show similarities at
different levels such as order (i.e. also species) and life
stages. Variation in dietary intake levels will to some extent
affect insect concentrations (Oonincx and Finke, in press).
Furthermore, evidence indicates that that not only the
mineral/metal substrate concentration is important for their
accumulation in the insect biomass, but also the exposure
time. For example for heavy metals, the bio-accumulation
factor is higher than 9 for cadmium, and over 2 for lead.
This thus indicates that insect substrates as with all livestock
feed, require monitoring for contaminants in order to ensure
feed and food safety standards throughout the value chain.
A further point that has to be consider is ‘what insect prefer’
In this direction a recent study (Morales-Ramos et al., 2020)
on self-selection of food ingredients and agricultural by-
products by cricket, evidenced something new. Specifically,
among several ingredients tested, some materials have
shown a greatest selective/preference consumption by
these species; rice bran (whole and defatted), corn dry
distillers grain, buckwheat, and dry cabbage, were the most
preferred by the crickets under experimental conditions.
Accordingly, these five ingredients have been proposed as
key ingredients for insect diet development in the future.

An additional aspect that has been not fully addressed in
the literature whether the substrate should be changed
during the various rearing phases. Even investigate in
different scenario (the aim was to study how the substrate
exposure can shape insect mycobiota; Varotto Bocazzi et
al., 2017), the findings showed that it is possible to ‘design’
the insect composition by combining the substrates and
time of exposure. In summary, the substrate on which
insects are maintained significantly contributes to shaping
the nutrient composition of the resulting insect material,
although the effect of time needs further investigation.
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