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Abstract

A large part of the environmental impact of animal production systems is due to the produc-
tion of feed. Insects are suggested to efficiently convert feed to body mass and might there-
fore form a more sustainable food and/or feed source. Four diets were composed from by-
products of food manufacturing and formulated such as to vary in protein and fat content.
These were offered to newly hatched Argentinean cockroaches, black soldier flies, yellow
mealworms, and house crickets. The first two species are potentially interesting as a feed
ingredient, while the latter two are considered edible for humans. Feed conversion effi-
ciency, survival, development time, as well as chemical composition (nitrogen, phosphorus,
and fatty acids), were determined. The Argentinean cockroaches and the black soldier flies
converted feed more efficiently than yellow mealworms, and house crickets. The first two
were also more efficient than conventional production animals. On three of the four diets
yellow mealworms and house crickets had a feed conversion efficiency similar to pigs. Fur-
thermore, on the most suitable diet, they converted their feed as efficiently as poultry, when
corrected for edible portion. All four species had a higher nitrogen-efficiency than conven-
tional production animals, when corrected for edible portion. Offering carrots to yellow meal-
worms increased dry matter- and nitrogen-efficiency and decreased development time. Diet
affected survival in all species but black soldier flies, and development time was strongly
influenced in all four species. The chemical composition of Argentinean cockroaches was
highly variable between diets, for black soldier flies it remained similar. The investigated
species can be considered efficient production animals when suitable diets are provided.
Hence, they could form a sustainable alternative to conventional production animals as a
source of feed or food.

Introduction

Several insect species can be produced for food and/or feed, for instance house crickets are pro-
duced for food in Thailand and Laos, and black soldier flies are used as fish feed [1-4]. Conven-
tional animal production systems contribute greatly to anthropogenic greenhouse gas production
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and use vast amounts of fossil energy and arable land [5, 6]. For a large part, these indicators of
environmental impact are determined by the amount and type of feed used during animal pro-
duction [7, 8]. Another important factor of environmental impact is how efficiently this feed is
converted into body mass. One of the suggested advantages of insects over conventional produc-
tion animals such as chickens, pigs and cattle, is a higher feed conversion efficiency, due to insects
being poikilothermic [2, 9, 10]. However, feed conversion efficiency depends on a variety of fac-
tors, such as the species and the diet consumed. Due to differences in digestive systems and
nutrient requirements the same diet may result in other feed conversion efficiencies in different
species [11]. Furthermore, diet composition affects development rate and the chemical composi-
tion of the insect body [12-15]. To quantify these variables, four insect species, two edible for
humans and two suitable as animal feed, were selected.

In our experiment we used several by-products to compose four diets, differing in protein
and fat content. The objectives of this experiment were 1) to compare the feed conversion effi-
ciency of several insect species to be used as production animals, and 2) to determine the effects
of diet composition on survival, development time, and chemical composition of these species.

Materials and Methods
2.1 Insects

Four insect species were selected: Argentinean cockroach (Blaptica dubia (Serville); Dictyop-
tera: Blaberidae), black soldier fly (Hermetia illucens (L.); Diptera: Stratiomyidae), yellow
mealworm (Tenebrio molitor (L.); Coleoptera: Tenebrionidae), and house cricket (Acheta
domesticus (L.); Orthoptera: Gryllidae). Adult Argentinean cockroaches were provided by a
private Dutch insect breeder and were checked daily for new-born offspring. Newly hatched
nymphs of the house cricket and larvae of the black soldier fly were taken from colonies main-
tained at the Laboratory of Entomology, Wageningen University. These two species had been
reared on chicken feed for over four years (Opfokmeel farmfood, Agruniek Rijnvallei Voer BV,
Wageningen, The Netherlands). Mealworm eggs were provided by Kreca V.O.F. (Ermelo, The
Netherlands). For all species, larvae or nymphs were randomly allocated to control and experi-
mental groups within 24 hours of egg hatch (black soldier flies, yellow mealworms, and house
crickets) or birth (Argentinean cockroaches).

2.2 Diet preparations

By-products derived from food manufacturing, available in The Netherlands, and varying in
protein and fat content were selected as feed ingredients. These were: beet molasses (Royal
Cosun, Breda, The Netherlands), potato steam peelings (Hedimix BV, Boxmeer, The Nether-
lands), spent grains and beer yeast (Anheuser-Busch, Dommelen, The Netherlands), bread
remains (Bakkersland BV, Hedel, The Netherlands), and cookie remains (Banketbakkerij van
Strien, Oud-Beijerland, The Netherlands). Bread and cookie remains were cut by means of a
Hobart 8145 cutter (Hobart Nederland BV, Woerden, The Netherlands). All ingredients were
subsequently freeze-dried in an Edwards Lyofast S 08 Freezedryer (A. de Jong TH BV, Dor-
drecht, The Netherlands). From these ingredients four experimental diets; 1) high protein,
high fat; 2) high protein, low fat; 3) low protein, high fat; and 4) low protein, low fat (Table 1).
The main other macronutrient in these diets were carbohydrates of which the content conse-
quently differed between diets. Diets were mixed in a Magimix CS 5200 food processor (Magi-
mix LTD, Surrey, UK). Each species had its own control diet. Kreca VOF provided a control
diet for the Argentinean cockroaches, yellow mealworms and house crickets. Van de Ven
Insectenkwekerij (Deurne, The Netherlands) provided another control diet for yellow meal-
worms (control2). The two control diets for yellow mealworms, both used in large scale
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Table 1. Inclusion percentage of feed ingredients to experimental diets based on weight.

Diet Spent grains
HPHF 60%
HPLF

LPHF

LPLF

Beer yeast Cookie remains Potato steam peelings Beet molasses Bread
20% 20%
50% 30% 20%
50% 50%
30% 20% 50%

Diet abbreviations: HPHF (high protein, high fat); HPLF (high protein, low fat); LPHF (low protein, high fat); LPLF (low protein, low fat).

doi:10.1371/journal.pone.0144601.t001

production, were different in colour and structure suggesting differences in composition; hence,
we tested both. For black soldier flies the chicken feed used for the black soldier fly colony at the
Laboratory of Entomology of Wageningen University (Wageningen, The Netherlands) served
as a control diet (Opfokmeel farmfood; Agruniek Rijnvallei Voer B.V., Wageningen, the Nether-
lands). Diets were stored at—20°C.

2.3 Experimental setup

Argentinean cockroach: Ten nymphs were placed in a plastic container (17.5x 9.3 x 6.3 cm)
with aeration slits on the sides. A piece of egg carton was placed in the container to provide a
hiding place for the nymphs. Nymphs were provided with four grams of either an experimental
diet, or control diet. Moisture was provided three times per week by applying a few drops of
tap water in a corner of the container.

Black soldier fly: One hundred larvae were placed in a plastic container (17.8 x 11.4 x 6.5
cm) of which the sides were manually perforated to allow air flow. Larvae were provided with
four grams of either an experimental diet, or control diet. For each gram of diet, approximately
two ml of water was added by means of a syringe.

Yellow mealworm: Fifty larvae were placed in a plastic container (17.5 x 9.3 x 6.3 cm) with
aeration slits in the sides. Larvae were provided with one gram of either an experimental diet or
one of the two control diets. In some rearing facilities, this species is provided with carrot as a
source of water [8]. Therefore, the effect of providing carrot was tested for each experimental
and control diet. Larvae allocated to a treatment with carrot, were provided with 0.30 g, three
times per week.

House cricket: Fifty nymphs were housed in a plastic cage (35.6 x 23.4 x 22.8 cm; Faunarium
type pt2665, Hagen, Holm, Germany), with aeration slits in the lid. To increase surface area,
two layers of hollow plastic tubes (20 cm long and 3 cm in diameter) were placed in each cage.
Nymphs were provided with one gram of either an experimental diet or control diet. Further-
more, a water dispenser (Gebroeders de Boon, Gorinchem, The Netherlands), with a piece of
tissue paper placed in the opening to prevent drowning, was placed in each cage.

For each species, six replicate containers per dietary treatment were set up, after which the
containers were placed in a climate chamber at 28°C with a relative humidity of 70% and a
photoperiod of 12 hours.

Three times per week, all containers were checked visually. If the feed provided was almost
depleted, as indicated by changes in colour and particle size, more was added to ensure ad libi-
tum feeding. Water for the house crickets was replenished when required.

All insects were harvested per container when the first prepupa (black soldier fly), pupa (yel-
low mealworm), or adult (Argentinean cockroaches and house crickets) was observed. Most
specimens per container would be expected to be in their last larval or nymphal stage at that
moment. This is when yellow mealworms are normally sold, and when house crickets have the
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highest edible portion [9]. Furthermore, black soldier flies have a higher digestibility in their
last larval stage than in their prepupal stage [16]. For Argentinean cockroaches the same
moment was chosen. Development time was considered to be the number of days between the
start of the experiment and the day a container was harvested. After harvesting, animals were
killed by freezing and then all animals were dried per container at 70°C until a constant weight.
Subsequently these were ground with a batch mill (Ika Labortechnik, Staufen, Germany) and
stored at -20°C until further analysis.

2.4 Chemical analysis

Nitrogen (N) and phosphorus (P) content of the diets, insects and faeces were determined
according to Novozamsky, Houba [17]. When insufficient samples were available (four sam-
ples), N content was determined according to Patton and Kryskalla [18], and P content accord-
ing to Rowland and Haygarth [19]. Fatty acids were extracted according to Folch, Lees [20]
and the fatty acid profiles were determined according to Raes, De Smet [21].

2.5 Calculations and statistics

Feed conversion efficiency can be expressed in different ways. The most common measure in
animal production systems is the Feed Conversion Ratio (FCR), which is the amount of feed
needed (in kg) to obtain one kg of weight increase of the production animal. Entomologists,
however, commonly use Efficiency of Conversion of Ingested food (ECI) as a measure for feed
conversion efficiency on a dry matter (DM) basis. ECI is calculated as: (weight gained / weight
of ingested food) * 100% [22]. For FCR and ECI calculations it was assumed that all provided
feed had been consumed by all species. This assumption was supported by changes in colour
and structure of the residual material; however, it cannot be excluded that a small amount of
feed was left unconsumed. Both the FCR and the ECI can be calculated on a fresh and a DM
basis, and can also be used for specific nutrient conversion efficiencies. In this paper, FCR is
expressed on a fresh weight basis, whereas ECI is expressed on a DM basis. FCRs for concen-
trates (feeds with a high nutrient density) exclude the weight of provided carrots.

Crude protein content was calculated by multiplying the nitrogen content by 6.25. Total
fatty acid content (TFA) was calculated by summing the contents of individual fatty acids.
Nitrogen conversion efficiency (N-ECI) was calculated as: (Insect N-content * insect weight at
harvest) / (Dietary N-content * feed provided).

Significant differences between treatments (P < 0.05) were determined by means of a Krus-
kall-Wallis test followed by a Scheffé test for post-hoc testing. The degrees of freedom equalled
the number of compared treatments minus one. If only one sample was analysed for a dietary
treatment, it was excluded from the dataset for post-hoc testing. Correlations between parame-
ters were determined by Pearson correlation tests. Statistical analysis for all data was performed
using SPSS 19.0.

Results and Discussion

This study compares the effects of different diets composed of food by-products on four insect
species. Effects on feed conversion efficiency, survival and development, as well as insect chem-
ical composition are reported.

3.1 Diet composition

Dry matter percentage and nutrient composition of diets are listed in Table 2. The experimen-
tal and the control diets used in this study had a high DM content (88-95%) whereas the
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Table 2. Dry matter (DM) percentage, crude protein (CP), phosphorus, and total fatty acid (TFA) percentages on a DM basis, and fatty acid compo-
sition (as % of total fatty acids *) of diets provided to Argentinean cockroach, black soldier fly, yellow mealworm, and house cricket (results based
on single analysis).

Diet

Experimental
diets

HPHF
HPLF
LPHF
LPLF
Control diets

Yellow
mealworm 1

Yellow
mealworm 2

House cricket
Black soldier fly

Argentinean
cockroach

Carrot

DM
%

95.0
95.1
89.1
89.1

89.3

89.3

89.9
90.0
88.0

9.1

CP

21.9
22.9
12.9
14.4

17.5

171

17.2
19.1
18.4

5.9

P

0.56
0.53
0.22
0.21

0.25

0.54

0.66
0.67
0.6

0.25

TFA C

9.5

14.6
2.1

4.9

4.2

35
2.7

1.6

C C C C C C C C C C C C C
10:0 12:0 13:0 14:0 16:0 16:1  18:0 18:1 18:1n9¢  18:2n6c  18:3n3  20:4n6  23:0
ti1
048 138 1.94 629 494 236 099 4.56 1.1 20.86 27.19 25 0.14 0.03
1.19 0 62.1 0 14.6 4.8 3.91 0 5.33 5.3 1.36 1.41 0
1.05 235 3.8 412 876 2196 136 7.29 2 30.05 10.36 0.73 0.07 0.02
0 0 2855 086 11.09 0.37 3.01 0 23.11 26.81 4.32 0 0
0 064 1419 04 1456 0.15 0.97 0 15.19 47.98 4.33 0 0
0 0 12.3 0 14 019 1.82 0 22.93 43.88 3.25 0 0
0.49 0 1 14.87 0.66 16.1 0.18 24 0.2 21.34 38.52 2.35
0 16.89 0.19 16.77 0 217 0 21.57 39.37 1.96
0 0 21.67 023 1279 0 1.62 0 17.15 41.98 29 0 0
0 0 50.4 0 11.78 0 1.2 0 2,12 29.79 2.34 0 1

Experimental diet abbreviations: HPHF = high protein, high fat; HPLF = high protein, low fat; LPHF = low protein, high fat; LPLF = low protein, low fat.
* Fatty acids < 1% of total fatty acids are excluded.

doi:10.1371/journal.pone.0144601.t002

carrots, provided to the yellow mealworms in the respective treatments, had a low DM content
(9%), making them a suitable source of water. High protein, and high fat diets contained more
crude protein and TFA, respectively, than control diets. The opposite was true for the low pro-
tein and the low fat diets.

In the high protein diets the phosphorus content was more than double that of the low pro-
tein diets (Table 2), preventing an accurate distinction between the effects of protein and phos-
phorus. Increased levels of dietary P are reported to have positive effects on life history traits of
certain insect species including house crickets [23-26]

The dietary fat composition varied between diets. The most prevalent fatty acids were tri-
decylic acid (C13:0), palmitic acid (C16:0), stearic acid (C18:0), oleic acid (C18:1n9c), and lino-
leic acid (C18:2 n6c¢). The latter was especially abundant in control diets (30-48% of TFA). In
the high protein, low fat diet the main fatty acid was C13:0 (62% of TFA), whereas in the con-
trol diets it accounted for 12-22% of TFA, and only 4-6% of TFA in the high fat diets. In the
high fat diets, myristic acid (C14:0) was present in larger concentration (5-9% of TFA) than in
the other diets (< 1%).

3.2 Feed conversion efficiency

When using economic allocation, by-products with a lower monetary value than the main
product are considered to have a lower environmental impact [7]. These by-products are
becoming increasingly important feed ingredients [27]. Their usefulness depends, among oth-
ers, on how efficiently these are converted to body mass by the production animal. Combina-
tions of by-products could make suitable insect diets. Diet composition is the main variable
determining feed conversion efficiency for a given insect species [28]. The two species suitable
as animal feed, the Argentinean cockroaches and black soldier flies, used their food more effi-
ciently than the species suitable for human consumption, the yellow Mealworms and house
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crickets (Table 3). This was apparent for both the FCR (feed conversion ratio on a fresh matter
basis) and the ECI (feed conversion efficiency on a dry matter basis).

Whether these more favourable FCRs would lead to economic and environmental benefits
when these insects are used as a feed ingredient depends on whether their diets could also be
used directly and efficiently by the consuming production animal.

For conventional production animals, FCRs for concentrates to edible product are reported
to be 2.3 for poultry meat, 4.0 for pork, and 8.8 for cereal beef [27]. The yellow mealworms had
high FCRs (> 3.8) on all diets. However, when only the concentrate feed is used for FCR calcu-
lations (carrots are excluded), the FCRs for carrot-supplemented diets is between 1.8 (high pro-
tein, high fat diet), and 3.1 (high protein, low fat diet). The lower values are similar to the FCR
for concentrates of commercially produced mealworms (2.2) provided with carrots [8]. Also
the house crickets, on their control diet, had a similar FCR (2.3). This indicates that the two
species suitable for human consumption were as efficient as poultry in converting their feed to
food for humans.

The Argentinean cockroaches had a higher FCR on their control diet than on the low pro-
tein, low fat and the two high fat diets (1.5-2.7; Table 3). On the low protein, high fat diet this
species had the highest ECI of all species-diet combinations (5-30%).

For the black soldier flies the FCRs and ECIs were similar over dietary treatments, although
they tended to use the low protein diets less efficiently than the other diets (P = 0.051).

In conventional production animals the energy content of the feed determines growth rates
and efficiencies [29]. In insects the protein density and composition seem to be more important
[30-32] because they do not use energy to maintain a constant body temperature. Indeed, high
protein diets resulted in lower FCRs and higher ECIs for most species. Furthermore, for all spe-
cies-diet combinations in our experiment N-ECI > ECI, indicating that N was more efficiently
converted to body mass than other diet components. N-ECI in yellow mealworms and house
crickets ranged between 22 and 58%. This can be considered high compared to the conversion
of dietary protein to edible protein in conventional production animals (12% for cereal beef,
23% for pork and 33% for chicken) [27]. This can only in part be explained by the higher edible
portion for the insects, compared to the conventional production animals. With a 50% increase
in demand of animal based protein expected by 2050, this high N-ECI may be the most rele-
vant benefit of insects over conventional production animals [33]. When compared over the
four insect species studied, large differences in N-ECI between species and between dietary
treatments were apparent. Argentinean cockroaches provided with the low protein high fat
diet had the highest N-ECI (87%). On the other diets, N-ECI for this species was also high (51—
66%). Both Argentinean and American cockroaches (Periplaneta americana) harbor endosym-
bionts that produce methane [34, 35]. The cockroach endosymbiont Blattabacterium enables
American cockroaches to convert nitrogenous waste products, such as uric acid, to amino
acids, and vitamins [36]. This explains their high N-ECI (51-83%), and possibly the high
N-ECI of Argentinean cockroaches in this study. N-EClIs calculated for the black soldier fly lar-
vae were slightly lower (43-55%) and these were not affected by diet.

For the yellow mealworms, the high water content of carrots might be expected to increase
the FCR for all carrot-supplemented diets, because of the high water content of the carrots.
However, this was only evident for the low protein diets. These diets resulted in longer develop-
ment times, and thereby longer periods of carrot provision, and hence larger amounts of carrot
being provided. On most other diets, carrot provision resulted in similar FCRs, and greatly
increased N-ECI (22-31% to 35-58%) and ECI (7-12% to 13-21%). The latter values seem low
compared to previously reported ECIs (17-29%), in a study where yellow mealworms were
also provided with diets varying in protein content and supplemented with carrot [37]. How-
ever, the higher values in that study (28-29%) were found on diets with an extremely high
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Table 3. Survival rate (%), development time (days), Feed Conversion Ratio (FCR), Dry matter conversion of ingested food (ECI;%), and nitrogen
efficiency (N-ECI; %), of Argentinean cockroach, black soldier fly, yellow mealworm without and with carrot, and house cricket on different diets
(Mean £ SD). Different superscripts in a column, per species, denote significant differences (Kruskal Wallis followed by Scheffé’s post-hoc test; P < 0.05).

Sample size

Argentinean cockroach

Black soldier fly

Yellow mealworm

House cricket

DN W = OO0 OO0 0o O O O O O o OO O O oo oo O O O O3>

Diet Survival rate Development time FCR ECI N-ECI
HPHF 80 +17.9% 200 + 28.8° 1.7 £ 0.24° 21 +3.0° 58 +8.3°
HPLF 47 +16.3° 294 + 33,52 2.3+0.35% 16 + 2.7°° 51+8.7°
LPHF 53 +13.2% 266 + 29.3% 1.5+0.19° 30 + 3.9% 87 +11.42
LPLF 51+ 12.2% 237 + 14.9%° 1.7 £ 0.15°° 18 + 1.9°° 66 + 6.7°
Control 75 +21.7% 211 +£18.7° 2.7 +0.47° 14 +2.1° 52 +8.1°
HPHF 86 + 18.0 21+1.4° 1.4 +0.12 24+15 51+32
HPLF 77 +19.8 33 +5.43° 1.9+0.20 20+1.3 51+325
LPHF 72+12.9 37 +10.62 2.3+0.56 18+4.8 55+ 14.6
LPLF 74 £235 37+58° 2.6 +0.85 17 +5.0 43+12.8
Control 75+31.0 21+1.1°¢ 1.8+ 0.71 23+53 52 +12.2
HPHF 79 +7.0%° 116 + 5,29 3.8+ 0.63° 12 + 2,70%f 29 + 6.7°%
HPLF 67 + 12.3°° 144 + 13.0% 4.1 +0.25° 10 + 1.0%" 22 +2.3°
LPHF 19+7.3° 191 + 21.9%° 5.3+0.81° 8+0.8% 28 + 2.8%
LPLF 52 +9.2% 227 + 26.9% 6.1+0.62° 7+1.0 23 +3.1%
Control1 84 +9.9%° 145 + 9.3% 4.8+0.14° 9 + 0,20 28 + 0.6°%
Control2 34 + 15,0% 151 + 7.8° 4.1 +0.49° 11 + 1,500 31 + 4,200
HPHF-C 88 + 5.4%° 88 +5.1 45+0.17° 19 +1.6%° 45 + 4.5°
HPLF-C 82 + 6.4%° 83+6.5 5.8 + 0.48° 15 + 0.9 35 + 2,204
LPHF-C 15 + 7.4° 135 + 17.3°% 19.1 +5.932 13 + 2.7%d 45 + 9,230
LPLF-C 80 + 5.6%° 164 + 32.9° 10.9 + 0.61° 13 + 1.4%% 41 + 4.6
Control1-C 93+9.32 91 +85 5.5 + 0.49° 14 + 3.3 45+ 2.4°
Control2-C 88 +3.1%° 95 + 8.0°' 5.0 + 0.48° 21+26° 58 +7.3°
HPHF 27 +19.0%° 55 +7.3° 45+ 2.84 8+4.9 23 +13.4°
HPLF 6 117 10 3

LPHF 7+3.1° 167 + 4.42 6.1+1.75 5+1.3

LPLF 11+ 1.4° 121 £ 2.8° 3.2+0.69 9+22

Control 55+ 11.22 48 +2.3° 2.3+057 12432 41+10.8%

Experimental diet abbreviations: HPHF = high protein, high fat; HPLF = high protein, low fat; LPHF = low protein, high fat; LPLF = low protein, low fat, C

indicates carrot supplementation.

doi:10.1371/journal.pone.0144601.t003

protein content (33-39% DM). This indicates that dietary protein content is a primary deter-
minant in feed conversion efficiency. However, these extremely high protein diets resulted in a
higher excretion of uric acid, and N-ECIs calculated from that study (14-23%) were low com-
pared to our study.

For house crickets, no differences in FCR were found between dietary treatments (2.3-6.1).
Published FCR values for this species (1.5-2.8) indicate that feed conversion was inefficient on
most of our diets [2, 10, 32]. Furthermore, house cricket ECI (5-12%) was the lowest of the
four species investigated. Similarly to the FCR, reported ECI values for last stage nymphs and
adults (20-38%), were more favorable than in our experiment [38-40]. House cricket N-ECI
(23-41%) was similar to yellow mealworm not provided with carrot, but lower than the other
species-treatment combinations. The N-ECI observed in our study was similar to the N-ECI
reported by Lundy & Parrella (25%) for house crickets on grain-based diets [32]. In our study
water provision might have been suboptimal, affecting the ECI similarly as observed for yellow
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mealworms. Another explanation might be that a densovirus (AdDNV), present in most Euro-
pean and North-American house cricket production facilities, interfered with nutrient absorp-
tion, increased mortality and decreased growth rates [41-43].

3.3 Survival rates and development time

Whereas all diets were accepted by the four species, development times were strongly affected
by dietary treatment (Table 3). The same was true for survival rate except for the black soldier
flies, in which survival was high on all treatments (72-86%). Higher survival rates were corre-
lated with shorter development times in the other species; for the Argentinean cockroaches (R
=-0.708; P < 0.001), yellow mealworms (R = -0.524; P < 0.001), and house crickets (-0.718;

P =0.001). As both parameters are considered indicators of dietary quality, strong correlation
can be expected [11].

In the Argentinean cockroaches the survival rate was 47% on the high protein, low fat diet,
whereas it was 80% on the high protein, high fat diet. Similarly, development took ca. ten
months on the high protein, low fat diet while this was only seven months on the high protein,
high fat and their control diet.

The black soldier flies developed fastest on the high protein, high fat, and their control diet
(three weeks), whereas on the low protein diets this took over five weeks. On a high quality diet
such as chicken feed, or a diet designed for houseflies, black soldier fly larvae develop in two to
three weeks [44, 45]. The extended development on the low protein diets indicates these had a
lower dietary quality for black soldier flies [11, 12].

The yellow mealworms in our study developed in 12 to 32 weeks. Similar to the black soldier
flies, development times were extended in yellow mealworms on low protein diets, compared
to high protein diets or their controll diet. Furthermore, survival was higher on high protein
diets than on low protein diets, while their control diets were intermediary. Except for the low
protein diets, development time and survival of yellow mealworms in our study were similar to
published values (10.5-24 weeks and 69-92%, respectively) [37, 46, 47]. It appears that in this
species dietary protein content is a determining factor for development and survival. The inclu-
sion of beer yeast in the high protein diets, which works as a feeding stimulant [48], and con-
tains important growth factors for yellow mealworms [49] might also have contributed to a
shorter development time and higher survival. Carrot provision decreased development
time and resulted in uniform survival rates (> 80%) except for the low protein, high fat diet
(< 20%). Irrespective of carrot provision, survival was low on this diet, which might well have
been caused by the presence of cinnamon in the cookie remains (which comprised 50% of that
diet), as was suggested by van Broekhoven, Oonincx (37). The increased survival and shortened
development time could be due to the carrot functioning as a water supply to the yellow meal-
worms [47, 49]. However, other nutrients, for instance B-carotene, could also have been of
influence [11, 37].

The development time of house crickets in our study varied substantially between the con-
trol diet (7 weeks) and the low protein, high fat diet (24 weeks). On the high protein, high fat
and their control diet these values were similar as reported in literature (4.5-11.5 weeks), but
development was strongly prolonged on the other diets [2, 40, 50-52]. Furthermore, survival
rates can be considered low in this species on all diets, with the possible exception of their con-
trol diet (55%). Older studies report that house crickets do well on most animal feeds or poultry
mashes and that a 20% crude protein content is sufficient to support growth [38, 40]. Further-
more, survival can be up to 80% [51]. A more recent study reports survival rates similarly low
(24-47.5%) as our study [2]. These differences might be attributed to the previously mentioned
densovirus.
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3.4 Insect body composition

Considerable differences in dry matter content were found for the four different species

(Table 4). House crickets had the lowest DM content (~ 25%), whereas the highest was observed
in yellow mealworms (up to 42%). Compositional differences between the four species were
apparent (Table 4, Fig 1). Crude protein content was the lowest in black soldier flies, followed
by yellow mealworms, whereas Argentinean cockroaches and house crickets had higher crude
protein contents (P < 0.001). Crude protein and TFA contents were within published values for
black soldier flies, yellow mealworms, and house crickets (Table 5). Argentinean cockroaches
had a lower P content than the three other species (P<0.001). Phosphorus and crude protein
content were strongly correlated in the Argentinean cockroach (R = 0.776; P = 0.001), black sol-
dier fly (R = 0.827; P < 0.001), and yellow mealworm (R = 0.546; P = 0.001), but not in house
crickets (P = 0.11). When analysed for the four species together, no such correlation was found
(P =0.572), which could suggest species-specific crude protein and P ratios. Because in most
diets higher crude protein contents coincided with higher P contents this could also have been a
dietary effect, as was seen in black soldier flies produced on manure [53].

Within species, dietary treatment had the largest effect on composition for the Argentinean
cockroaches. Considerable plasticity was observed regarding DM (28-39%), crude protein (38-
73% DM), and TFA content (15-40% DM) in our study. Whereas Yi, Lakemond [54] reported
a lower DM content (24%), their crude protein and TFA content were within the range found in
our study (Table 5). On both the high protein, low fat and their control diet, Argentinean cock-
roaches contained almost twice as much crude protein, compared to the low protein, high fat
diet. In American cockroaches uric acid (which contains N) is stored when they are provided
with high protein diets [36]. If this is also the case for Argentinean cockroaches, on such high
protein diets N-based crude protein determinations would overestimate true protein content.

The black soldier flies in our study showed little compositional variation. Their DM content
was between 33 and 36%, whereas a far larger range (17-40%) has been reported [1, 44, 53, 55].
Crude protein contents in our study had the same range as reported in other studies with black sol-
dier flies (38-46% DM). This was elevated on the high protein, high fat diet compared to the low
protein diets. Phosphorus content of black soldier flies on their control diet was higher than those
on low protein diets, but low on all diets compared to results from other studies (Table 5). Their
TFA content was not affected by dietary treatments, and similar to published values (Table 5).

In the yellow mealworms carrot supplementation decreased DM content but it did not affect
crude protein, P, or TFA content. This is in contrast with the findings of Urs and Hopkins [46]
who reported an increase in fat content when water was provided. When comparing diets sup-
plemented with carrots, the highest TFA content was found on the control2 diet, although the
diet itself had an intermediate TFA content. TFA content was more variable (23-35% of DM)
than crude protein and P content, which were similar on most diets. Whereas crude protein
and TFA content were within the range published for yellow mealworms, the P content of our
yellow mealworms was lower (Table 5).

House crickets had a high crude protein (58-59% DM) and a low TFA content (17-21%
DM) on the diets on which sufficient material for chemical analysis could be collected (the con-
trol and the high protein diets). Although our diets had a large variation in fat content, this was
not reflected in the TFA content of the crickets, whereas other studies indicate that large vari-
ability is possible (Table 5).

3.5 Fatty acids

No butyric acid (C4:0), caproic acid (C6:0), caprylic acid (C8:0), undecylic acid (C11:0), or eru-
cic acid (C 22:1n9) was detected in any of the insect species. Capric acid (C10:0) was detected
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Table 4. Dry matter (DM), crude protein (CP; %DM), phosphorus (P; g/kg DM) content, and total fatty acids (TFA, %DM), of Argentinean cockroach,
black soldier fly, yellow mealworm without and with carrot, and house cricket on different diets (Mean * SD). Different superscripts in a column, per
species, denote significant differences (Kruskal Wallis followed by Scheffé’s post-hoc test; P < 0.05).

Species Diet DM CP P TFA
Argentinean cockroach HPHF 32.7 £2.72%° 60.7 + 1.59° 6.0 +0.16° 19.6 + 0.59"°
HPLF 33.7 +1.53% 72.5 +1.252 5.8 +0.312 16.1 + 1.81°°
LPHF 38.5 + 5.09° 37.5 + 0.99° 4.7 +0.28° 40.2 + 2.69°
LPLF 27.6 +£1.71° 53.9 + 0.88° 5.9 + 0.08° 20.5 + 0.30°
Control 31.6 +1.36™ 69.8 +1.912 6.2 + 0.45% 15.2 + 1.38°
Black soldier fly HPHF 32.9+1.86 46.3 + 0.932 8.5+ 0.28%° 24.7 +0.38
HPLF 35.6 +2.45 435 + 3.00%° 8.6 + 0.90%° 25.5 + 3.80
LPHF 35.1+1.97 38.8 + 2.56° 6.7 +1.34° 28.0 +7.42
LPLF 35.3+2.36 38.3+1.41° 6.4 +0.32° 33.5+3.17
Control 33.9+228 43.8 +0.24%° 9.7+1.132 25.4 + 3.99
Yellow mealworm HPHF 415 +0.372 53.6 + 0.45° 8.9+0.31% 26.5 + 1.10°°
HPLF 36.7 + 3.65%° 53.5 + 1.252 8.8+ 0.15%° 23.0 +1.31°
LPHF 37.2 +2.76%° 44 4% 8.8* 26.8 + 1.89°°
LPLF 38.2 + 2.85%° 475 +1.26%° 8.2 + 0.06%° 28.5 + 0.713°
Control1 39.8 + 0.97% 52.4 +0.36° 9.7 + 0.262 27.0 + 1.02°°
Control2 39.2 +1.27%° 49.2 +1.01%° 7.7 +0.40° 30.9 + 0.37%°
HPHF-C 32.3 +2.90%¢ 51.3 + 1.09% 8.3 +0.20%° 22.6 + 1.36°
HPLF-C 35.1 + 0.80°° 53.3+1.132 8.4 +0.25%° 23.6 + 1.59°
LPHF-C 34.8 + 2.39P 441 + 4.86**P 7.8+1.70% 27.2 + 0.99°°
LPLF-C 30.2 + 1.29¢ 48.3 + 0.00**2° 7.9 +0.06%° 24.8 + 2.08°
Control1-C 35.0 + 2.05°% 50.4 + 1.94° 9.2 +0.27% 24.8 +1.41°°
Control2-C 36.0 + 0.96%*° 47.8 + 0.22%° 7.9 +0.24%° 34,5 + 3.272
House cricket HPHF 25.7 + 2.67 59.2 + 5.57** 8.5+ 0.86 20.8 + 3.44
HPLF 24.0% 8 - 20.8 + 1.50
LPHF 25.1 +5.24 - - -
LPLF 24.8 + 0.98 - - -
Control 241 +152 57.8+278 8.9+0.26 17.4 +1.61

Experimental diet abbreviations: HPHF = high protein, high fat; HPLF = high protein, low fat; LPHF = low protein, high fat; LPLF = low protein, low fat, C

indicates carrot supplementation.

For DM% n = 6, for CP, P & TFA n = 3 unless indicated otherwise.

- indicates insufficient sample,

*n=1,
**n=2.

doi:10.1371/journal.pone.0144601.1004

only in black soldier flies (0.8-1.3% of TFA; Table 6). Fig 2 illustrates that fatty acid profiles

were determined not only by diet, but were in part species-specific. The clearest example of this
was the high lauric acid (C12:0) concentration in the black soldier flies, which contributed
between a third to half to TFA, while this was < 0.5% in the other species. In dipterans C16 fatty

acids are suggested to predominate [56]; however, for black soldier flies this seems to be C12:0
(Table 5). Also C14:0 was present in higher levels in black soldier flies than in the other species
investigated. While C16:0 concentrations were affected by diet, all species had similar ranges.
The contribution of C18:0 to TFA was highest in house crickets, followed by Argentinean cock-
roaches and yellow mealworms, while for black soldier flies this was lowest (P < 0.001). The
main fatty acid in Argentinean cockroaches and yellow mealworms was C18:1n9¢, while the
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Fig 1. Total fatty acid and crude protein content as a percentage of dry matter of Argentinean cockroaches (A), Black soldier flies (B), Yellow
mealworms without carrot (C), Yellow mealworms with carrot (D) and House crickets (E) reared on experimental (HPHF = high protein, high fat;
HPLF = high protein, low fat; LPHF = low protein, high fat; LPLF = low protein, low fat), or control diets.

doi:10.1371/journal.pone.0144601.g001

relative concentration was much lower in black soldier flies and house crickets (P < 0.001).
Large variation due to dietary treatment was apparent for C18:2n6c¢ in all species, as indicated
by the error bars in Fig 2. A small proportion of the house cricket fatty acids consisted of eicosa-
trienoic acid (C20:3n3; 0.4% of TFA), and docosahexaenoic acid (C22:6n3; ~0.1% of TFA).
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Table 5. Comparative data on crude protein (CP; %DM), fat (%DM), and phosphorus content (P; %DM), and the main fatty acids (as a % of total fatty
acids) for black soldier fly larvae, yellow mealworms and house crickets.

CP Fat P c12:0 C14:0 C16:0 C16:1 C18:0 C18:1n9¢ C18:2n6c  C18:3n3
Argentinean cockroaches 59 24 - 0.0-0.2 1.0-12 1820 5.0-55 3.743 49-52 16-18 1.1-1.3
Black soldier fly larvae 3846 21-35 0920 2137 2986 1220 3863 1.8-65 23-32 2.1-6.8 0.0-0.5
Yellow mealworms 45-69 19-36 0.7 0.2-1.3 1.1-8.2 11-23 1.6-4.7 1.0-4.5 40-61 15-31 0.3-1.3
House crickets 52-74  6.5-35 1 0.2-04 0629 2332 07-54 6.1-88 2029 2041 0.9-5.1

Data adapted from: [1,2,36,38,39,43,52,62—75].

doi:10.1371/journal.pone.0144601.t005
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These were not detected in the other species analysed, or in any of the diets. Furthermore, both
house crickets on the high protein, high fat diet, and black soldier flies on the low protein, high
fat diet contained 0.1% eicosapentaenoic acid (C20:5 n3), while in the Argentinean cockroaches
and yellow mealworms this fatty acid was not detected.
In all species investigated, n3 fatty acids were present in low concentrations (< 1.5%), while
n6 fatty acids were present in higher concentrations (Table 6). The content of n3 fatty acids, as
well as the n6/n3 ratio is relevant for human and animal health. A n6/n3 ratio < 5 is considered
optimal for human health [57]. In most animal products this ratio is between 10 and 15, but in

OJLHLH

16:0 Cl16:1 C18:0 (C18:1n9¢ C18:2n6¢ C18:3n3

zdaxd

B Argentinean cockroach

W Black soldier fly

u Yellow mealworm

m House cricket

Fig 2. Average fatty acid composition of Argentinean cockroach, Black soldier fly, Yellow mealworm and House cricket reared on four
experimental diets and their respective control diets.

doi:10.1371/journal.pone.0144601.9002
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monogastric animals it can be dietarily altered [57]. Similarly, the fatty acid profile of insects is
considered to reflect the fatty acid profile of the diet [11], although this is not true for all spe-
cies, for instance yellow mealworms [58]. Our experimental diets differed in their n6/n3 ratio
(4.9-13.5), and affected insect n6/n3 ratios (5.8-102.1; Table 7). However, none of the insect-
diet combinations resulted in a n6/n3 ratio < 5. The lowest n6/n3ratios were present in the
Argentinean cockroaches and black soldier flies, followed by house crickets, whereas yellow
mealworms had high n6/n3 ratios (>>20) on all diets tested. In order to optimize n6/n3 ratios in
insect-derived food or feed further experiments on the plasticity of fat content and fatty acid
profile are needed.

The main fatty acid profile in Argentinean cockroaches followed a pattern similar to an ear-
lier study with this species; the main fatty acid was C18:1n9c¢, followed by C16:0, and C18:2n6c
(Table 5). The concentration of the latter fatty acid showed considerable variation due to die-
tary treatment (1.7-19.5% of TFA). The fatty acid profile of the Argentinean cockroaches par-
tially followed the dietary fatty acid profile. However, it seems that C18:1n9c was selectively
accumulated, especially on the high protein, low fat diet. In a study with several cockroach spe-
cies this fatty acid accounted for 30-55% of TFA [56], which might indicate that cockroaches
are especially rich in C18:1n9c.

Opverall, fatty acid profiles of black soldier flies in this study were similar to published values
(Table 5), although C12:0 concentrations were higher and C18:1n9c concentrations were
lower. The fatty acid profiles of the black soldier flies did not follow the dietary fatty acid pat-
tern in general. black soldier flies on the high fat diets, rich in C18:1n9¢, retained more of this
fatty acid than on the other diets, but the low protein, low fat diet, resulted in relatively low
concentrations of C18:1n9c. On all diets this species had a high concentration of C12:0. It
appears black soldier flies metabolize a large proportion of fatty acids to C12:0 when lower lev-
els of fat are provided, whereas these are stored in their dietary form when higher amounts are

Table 7. Ratios between n6 and n3 fatty acids in experimental and control diets provided to Argentin-
ean cockroach, black soldier fly, yellow mealworm, and house cricket.

Treatment Diet Argentinean Black Yellow Yellow House

cockroach soldier fly mealworm mealworm with cricket
carrot

Experimental

diets

HPHF 10.7 16.2 1.1 32.1 23.7 15.3

HPLF 4.9 5.8 7.2 102.1 66 29

LPHF 13.5 18.2 9.1 79.1 57.7

LPLF 6.2 10.4 6.1 40.6 35.4

Control diets

Yellow 11.1 26.6 20.9

mealworm 1

Yellow 13.5 45.2 324

mealworm 2

House cricket 16.4 22.2

Black soldier fly  20.1 15.1

Argentinean 14.5 221

cockroach

Carrot 12.8

Experimental diet abbreviations: HPHF = high protein, high fat; HPLF = high protein, low fat; LPHF = low
protein, high fat; LPLF = low protein, low fat.

doi:10.1371/journal.pone.0144601.t007

PLOS ONE | DOI:10.1371/journal.pone.0144601 December 23, 2015 15/20



@’PLOS ‘ ONE

Dietary Effects on Insects for Food or Feed

provided, indicating limited possibilities to tailor the fatty acid profile of black soldier flies. On
most diets black soldier flies did, however, have a relatively low n6/n3 ratio.

Yellow mealworms were rich in C18:1n9¢,C18:2n6¢, and C16:0 on all diets, which corre-
sponds with published fatty acid profiles for this species (Table 5). Whereas carrot provision
strongly influenced N-ECI in yellow mealworms, it did not influence their general fatty acid
profile, which agrees with the results of Urs and Hopkins [46] on water provision to yellow
mealworms. The fat composition of yellow mealworm seems to be fairly constant. Whereas the
n6/n3ratio is flexible, yellow mealworms accumulate n6 fatty acids more efficiently than n3
fatty acids, resulting in a higher n6/n3ratio in the yellow mealworm compared to their diet
[37]. Yellow mealworm had the highest n6/n3 ratio on all diets tested, although carrot provi-
sion resulted in a decrease.

Fatty acid data on house crickets are available for only three diets, due to a limited amount
of sample. The main fatty acid in this species was C18:2 n6, although C16:0 and C18: 1n9 were
also present in high concentrations. Together these made up > 75% of TFA. Large differences
in C18:2n6 and o-linolenic acid (C18:3n3) concentrations were found due to dietary treatment.
This suggests large plasticity in the content of these fatty acids, similar to the study of Collavo,
Glew [2]. House crickets can convert C18:1n9 into C18:2n6 [59, 60], but probably require one
of these in their diet. The low concentrations of these fatty acids in the high protein, low fat
diet might have prolonged development and lowered survival. Because C20:3n3 and C22:6n3
were not detected in the diet, but was present in the house crickets, this could suggest de
novo synthesis. House crickets can elongate C18:3n3 to C20:5n3 [61], however, formation
of C20:3n3 and C22:6n3 has not previously been described. In contrast to our findings, no
C20:3n3 or C22:6n3 was detected by Tzompa-Sosa, Yi [62], whereas they reported a higher
concentration of C20:5n3 (0.6 vs. 0.1% of TFA). The latter fatty acid was, however, detected in
the diet used in that study, and might therefore have been selectively accumulated.

Conclusions

This study shows that 1) insects can be produced on diets composed of food by-products, 2)
Argentinean cockroaches and black soldier flies use feed more efficiently than yellow meal-
worms and house crickets, 3) yellow mealworms and house crickets were equally efficient in
converting feed to edible body mass as poultry, 4) on suitable diets the insects utilized protein
more efficiently than conventional production animals, and 5) the composition of insect spe-
cies can be altered through their diet.

Further studies should focus on finding optimised combinations of insect species and diet
composition, in order to efficiently produce insects that meet the nutritional requirements of
humans and other animals.

Acknowledgments

Dr. Verena Eisner is thanked for aiding in the selection of suitable by-products. Kreca VOF
and Van de Ven Insectenkwekerij are kindly acknowledged for the provision of insects and
insect feed.

Author Contributions

Conceived and designed the experiments: DO SvB AvH JvL. Performed the experiments: DO
SvB. Analyzed the data: DO SvB AvH JvL. Wrote the paper: DO SvB AvH JvL.

PLOS ONE | DOI:10.1371/journal.pone.0144601 December 23, 2015 16/20



@’PLOS ‘ ONE

Dietary Effects on Insects for Food or Feed

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

Bondari K, Sheppard DC. Soldier fly larvae as feed in commercial fish production. Aquaculture. 1981;
24:103-9.

Collavo A, Glew RH, Huang Y-S, Chuang L-T, Bosse R, Paoletti MG. House cricket small-scale farm-
ing. Ecological Implications of Minilivestock: potential of insects, rodents, frogs and snails (Ed Paoletti
M G) Science Publishers, Inc. Enfield, New Hampshire, U.S.A.. ISBN 1-57808-339-7; 2005. p. 519—
44,

Hanboonsong Y, Jamjanya T, Durst PB. Six-legged livestock: Edible insect farming, collection and mar-
keting in Thailand2013.

Sheppard CD, Larry Newton G, Thompson SA, Savage S. A value added manure management system
using the black soldier fly. Bioresource Technology. 1994; 50(3):275-9.

Steinfeld H. Sustainability Issues in Livestock Production. Exploratory Workshop Sustainable Protein
Supply; 16 March 2012; Amsterdam.

Steinfeld H, Gerber P, Wassenaar T, Castel V, Rosales M, (Eds.) dH C. Livestock’s long shadow. Envi-
ronmental issues and options. 2006; Food and Agriculture Organization of the United Nations, Rome,
Italy:319 pp.

de Vries M, de Boer IUM. Comparing environmental impacts for livestock products: A review of life cycle
assessments. Livestock Science. 2010; 128(1-3):1-11.

Oonincx DGAB, de Boer IJM. Environmental impact of the production of mealworms as a protein
source for humans—A Life Cycle Assessment. PLoS One. 2012; 7(12):e51145. doi: 10.1371/journal.
pone.0051145 PMID: 23284661

Nakagaki BJ, deFoliart GR. Comparison of diets for mass-rearing Acheta domesticus (Orthoptera: Gryl-
lidae) as a novelty food, and comparison of food conversion efficiency with values reported for live-
stock. Journal of Economic Entomology, 84(3): 891-896. 1991.

Ramos-Elorduy J. Energy supplied by edible insects from Mexico and their nutritional and ecological
importance. Ecology of Food and Nutrition 47: 3, 280-297. 2008.

Cohen AC. Insect Diets: Science and Technology: CRC Press, London, UK; 2003.

Gobbi P, Martinez-Sanchez A, Rojo S. The effects of larval diet on adult life-history traits of the black
soldier fly, Hermetia illucens (Diptera: Stratiomyidae). European Journal of Entomology. 2013; 110
(3):461-8.

Oonincx DGAB, van der Poel AF. Effects of diet on the chemical composition of migratory locusts
(Locusta migratoria). Zoo Biology. 2011; 30(1):9-16. Epub 2011/02/15. doi: 10.1002/200.20308 PMID:
21319208.

McFarlane J, Neilson B, Ghouri A. Artificial diets for the house cricket, Acheta domesticus (L.). Cana-
dian Journal of Zoology. 1959; 37(6):913-6.

Finke MD, Oonincx DGAB. Insects as Food for Insectivores. In: Morales-Ramos JA, Rojas MG, Sha-
piro-llan DI, editors. Mass Production of Beneficial Organisms: Invertebrates and Entomopathogens.
London, UK: Academic Press; 2013.

Bosch G, Zhang S, Oonincx DGAB, Hendriks WH. Protein quality of insects as potential ingredients for
dog and cat foods. Journal of Nutritional Science. 2014; 3(e29):1-4. doi: 10.1017/jns.2014.23

Novozamsky |, Houba V, Temminghoff E, Van der Lee J. Determination of total N and total P in a single
soil digest. Netherlands Journal of Agricultural Science. 1984; 32(4):322—4.

Patton CJ, Kryskalla JR. Methods of analysis by the US Geological Survey National Water Quality Lab-
oratory: Evaluation of alkaline persulfate digestion as an alternative to kjeldahl digestion for determina-
tion of total and dissolved nitrogen and phosphorus in water: US Department of the Interior, US
Geological Survey; 2003.

Rowland AP, Haygarth PM. Determination of total dissolved phosphorus in soil solutions. J ENVIRON
QUAL. 1997; 26(2):410-5.

Folch J, Lees M, Sloane Stanley GH. A simple method for the isolation and purification of total lipides
from animal tissues. J Biol Chem. 1957; 226(1):497-509. PMID: 13428781

Raes K, De Smet S, Demeyer D. Effect of double-muscling in Belgian Blue young bulls on the intramus-
cular fatty acid composition with emphasis on conjugated linoleic acid and polyunsaturated fatty acids.
Anim Sci. 2001; 73(2):253-60.

Waldbauer GP. The consumption and utilization of food by insects. Advances in Insect Physiology.
1968; 5:229-88.

Perkins MC, Woods HA, Harrison JF, Elser JJ. Dietary phosphorus affects the growth of larval Man-
duca sexta. Archives of Insect Biochemistry and Physiology. 2004; 55(3):153—-68. PMID: 14981659

PLOS ONE | DOI:10.1371/journal.pone.0144601

December 23, 2015 17/20


http://dx.doi.org/10.1371/journal.pone.0051145
http://dx.doi.org/10.1371/journal.pone.0051145
http://www.ncbi.nlm.nih.gov/pubmed/23284661
http://dx.doi.org/10.1002/zoo.20308
http://www.ncbi.nlm.nih.gov/pubmed/21319208
http://dx.doi.org/10.1017/jns.2014.23
http://www.ncbi.nlm.nih.gov/pubmed/13428781
http://www.ncbi.nlm.nih.gov/pubmed/14981659

@’PLOS ‘ ONE

Dietary Effects on Insects for Food or Feed

24.

25.

26.

27.
28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

Visanuvimol L, Bertram SM. How dietary phosphorus availability during development influences condi-
tion and life history traits of the cricket, Acheta domesticus. Journal of Insect Science. 2011; 11.

Frost PC, Elser JJ. Growth responses of littoral mayflies to the phosphorus content of their food. Ecol-
ogy Letters. 2002; 5(2):232—40. doi: 10.1046/j.1461-0248.2002.00307.x

Visanuvimol L, Bertram SM. Dietary phosphorus availability influences female cricket lifetime reproduc-
tive effort. Ecological Entomology. 2010; 35(3):386-95. doi: 10.1111/j.1365-2311.2010.01195.x

Wilkinson J. Re-defining efficiency of feed use by livestock. Animal. 2011; 5(07):1014—-22.

Scriber JM, Slansky Fj. The nutritional ecology of immature insects. Annual Review of Entomology.
1981; 26(1):183.

Herrero M, Havlik P, Valin H, Notenbaert A, Rufino MC, Thornton PK, et al. Biomass use, production,
feed efficiencies, and greenhouse gas emissions from global livestock systems. Proceedings of the
National Academy of Sciences of the United States of America. 2013; 110(52):20888-93. PMID:
24344273

Friend W. Nutritional requirements of phytophagous insects. Annual Review of Entomology. 1958; 3
(1):57-74.

House H. Insect nutrition. Annual Review of Entomology. 1961; 6(1):13-26.

Lundy ME, Parrella MP. Crickets are not a free lunch: Protein capture from scalable organic side-
Streams via high-density populations of Acheta domesticus. PLoS One. 2015; 10(4):e0118785. doi:
10.1371/journal.pone.0118785 PMID: 25875026

Herrero M, Thornton PK. Livestock and global change: Emerging issues for sustainable food systems.
Proceedings of the National Academy of Sciences. 2013; 110(52):20878-81. doi: 10.1073/pnas.
1321844111

Oonincx DGAB, van ltterbeeck J, Heetkamp MJ, van den Brand, van Loon JJ, van Huis A. An explora-
tion on greenhouse gas and ammonia production by insect species suitable for animal or human con-
sumption. PLoS One. 2010; 5(12):e14445. Epub 2011/01/06. doi: 10.1371/journal.pone.0014445
PMID: 21206900; PubMed Central PMCID: PMC3012052.

Hackstein JH, Stumm CK. Methane production in terrestrial arthropods. Proceedings of the National
Academy of Sciences of the United States of America. 1994; 91(12):5441-5. PMID: 8202505

Mullins DE, Cochran DG. Nitrogen metabolism in the American cockroach—I. An examination of posi-
tive nitrogen balance with respect to uric acid stores. Comparative Biochemistry and Physiology Part A:
Physiology. 1975; 50(3):489-500.

van Broekhoven S, Oonincx DGAB, van Huis A, van Loon JJA. Growth performance and feed conver-
sion efficiency of three edible mealworm species (Coleoptera: Tenebrionidae) on diets composed of
organic by-products. Journal of Insect Physiology. 2015; 73(0):1-10.

Woodring JP, Clifford CW, Beckman BR. Food utilization and metabolic efficiency in larval and adult
house crickets. Journal of Insect Physiology. 1979; 25:903—12.

Woodring JP, Roe RM, Clifford CW. Relation of feeding, growth, and metabolism to age in the larval,
female house cricket. Journal of Insect Physiology. 1977; 23(2):207—-12. PMID: 853233

Clifford CW, Woodring J. Methods for rearing the house cricket, Acheta domesticus (L.), along with
baseline values for feeding rates, growth rates, development times, and blood composition. Journal of
Applied Entomology. 1990; 109(1-5):1-14.

Szelei J, Woodring J, Goettel MS, Duke G, Jousset FX, Liu KY, et al. Susceptibility of North-American
and European crickets to Acheta domesticus densovirus (AdDNV) and associated epizootics. Journal
of Invertebrate Pathology. 2011; 106(3):394-9.

Liu K, Li Y, Jousset F-X, Zadori Z, Szelei J, Yu Q, et al. The Acheta domesticus densovirus, isolated
from the European house cricket, has evolved an expression strategy unique among parvoviruses.
Journal of Virology. 2011; 85(19):10069—-78. doi: 10.1128/JV1.00625-11 PMID: 21775445

Pham HT, Yu Q, Bergoin M, Tijssen P. A novel ambisense densovirus, Acheta domesticus mini ambi-
densovirus, from crickets. Genome announcements. 2013; 1(6):e00914—13. doi: 10.1128/genomeA.
00914-13 PMID: 24201197

Diener S, Zurbrugg C, Tockner K. Conversion of organic material by black soldier fly larvae: establish-
ing optimal feeding rates. Waste Manage Res. 2009; 27(6):603—10. doi: 10.1177/0734242x09103838.
IS1:000268798200008.

Furman DP, Young RD, Catts PE. Hermetia illucens (Linnaeus) as a factor in the natural control of
Musca domestica (Linnaeus). Journal of Economic Entomology. 1959; 52(5):917-21.

Urs KCD, Hopkins TL. Effect of moisture on the lipid content and composition of two strains of Tenebrio
molitor L. (Coleoptera, Tenebrionidae). Journal of Stored Products Research. 1973; 8(4):299-305.

PLOS ONE | DOI:10.1371/journal.pone.0144601

December 23,2015 18/20


http://dx.doi.org/10.1046/j.1461-0248.2002.00307.x
http://dx.doi.org/10.1111/j.1365-2311.2010.01195.x
http://www.ncbi.nlm.nih.gov/pubmed/24344273
http://dx.doi.org/10.1371/journal.pone.0118785
http://www.ncbi.nlm.nih.gov/pubmed/25875026
http://dx.doi.org/10.1073/pnas.1321844111
http://dx.doi.org/10.1073/pnas.1321844111
http://dx.doi.org/10.1371/journal.pone.0014445
http://www.ncbi.nlm.nih.gov/pubmed/21206900
http://www.ncbi.nlm.nih.gov/pubmed/8202505
http://www.ncbi.nlm.nih.gov/pubmed/853233
http://dx.doi.org/10.1128/JVI.00625-11
http://www.ncbi.nlm.nih.gov/pubmed/21775445
http://dx.doi.org/10.1128/genomeA.00914-13
http://dx.doi.org/10.1128/genomeA.00914-13
http://www.ncbi.nlm.nih.gov/pubmed/24201197
http://dx.doi.org/10.1177/0734242x09103838

@’PLOS ‘ ONE

Dietary Effects on Insects for Food or Feed

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Urs KCD, Hopkins TL. Effect of moisture on growth rate and development of two strains of Tenebrio
molitor L.(Coleoptera, Tenebrionidae). Journal of Stored Products Research. 1973; 8(4):291-7.

Murray DRP. The stimulus to feeding in larvae of Tenebrio molitor L. Journal of Insect Physiology.
1960; 4(1):80-91. ISI:A1960XF19100008.

Fraenkel G. The nutrition of the mealworm, Tenebrio molitor L.(Tenebrionidae, Coleoptera). Physiologi-
cal Zoology. 1950; 23(2):92—-108.

Patton RL. Oligidic diets for Acheta domesticus (Orthoptera: Gryllidae). Annals of the Entomological
Society of America. 1967; 60(6):1238—42.

McFarlane JE. A comparison of the growth of the House chricket (Orthoptera:Gryllidae) reared singly
and in groups. Canadian Journal of Animal Science. 1962; 40:559-60.

Patton R. Growth and development parameters for Acheta domesticus. Ann Entomol Soc Am. 1978; 71
(1):40-2.

Oonincx D, van Huis A, van Loon J. Nutrient utilisation by black soldier flies fed with chicken, pig, or
cow manure. Journal of Insects as Food and Feed. 2015:1-9.

YiL, Lakemond CM, Sagis LM, Eisner-Schadler V, van Huis A, van Boekel MA. Extraction and charac-
terisation of protein fractions from five insect species. Food chemistry. 2013; 141(4):3341-8.

Dierenfeld ES, King J. Digestibility and mineral availability of Phoenix Worms (Hermetia illucens)
ingested by Mountain Chicken Frogs (Leptodactylus fallax). Journal of Herpetological Medicine and
Surgery. 2008; 18(3—-4):100-5.

Fast PG. Insect lipids. Progress in the Chemistry of Fats and other Lipids. 1970; 11(2):181-242.

Kouba M, Mourot J. A review of nutritional effects on fat composition of animal products with special
emphasis on n-3 polyunsaturated fatty acids. Biochimie. 2011; 93(1):13-7. doi: 10.1016/j.biochi.2010.
02.027 PMID: 20188790

Howard RW, Stanley-Samuelson DW. Fatty acid composition of fat body and Malpighian tubules of the
tenebrionid beetle, Zophobas atratus: Significance in eicosanoid-mediated physiology. Comparative
Biochemistry and Physiology Part B: Biochemistry and Molecular Biology. 1996; 115(4):429-37. doi:
10.1016/S0305-0491(96)00161-7

de Renobales M, Cripps C, Stanley-Samuelson DW, Jurenka RA, Blomquist GJ. Biosynthesis of lino-
leic acid in insects. Trends in Biochemical Sciences. 1987; 12:364—6.

Cripps C, Blomquist GJ, de Renobales M. De novo biosynthesis of linoleic acid in insects. Biochimica
et Biophysica Acta (BBA)—Lipids and Lipid Metabolism. 1986; 876(3):572—80.

Blomquist GJ, Borgeson CE, Vundla M. Polyunsaturated fatty acids and eicosanoids in insects. Insect
Biochemistry. 1991; 21(1):99—-106.

Tzompa-Sosa DA, YiL, van Valenberg HJ, van Boekel MA, Lakemond CM. Insect lipid profile: aqueous
versus organic solvent-based extraction methods. Food Research International. 2014; 62:1087-94.

Hale OM. Dried Hermetia illucens larvae (Diptera; Stratiomyidae) as a feed additive for poultry Journal
of the Georgian Entomological Society. 1973; 8:16-20.

Newton GL, Booram CV, Barker RW, Hale OM. Dried Hermetia illucens larvae meal as supplement for
swine. Journal of Animal Science. 1977; 44:395-400.

Barker D, Fitzpatrick MP, Dierenfeld ES. Nutrient composition of selected whole invertebrates. Zoo biol-
ogy. 1998; 17(2):123-34.

Bernard JB, Allen ME. Feeding captive insectivorous animals: Nutritional aspects of insects as food.
Nutrition Advisory Group Handbook. 1997; 1997(003).

Nakagaki BJ, Sunde M.L., and Defoliart G.R.. Protein quality of the house cricket, Acheta domesticus,
when fed to broiler chicks. Poultry Science. 1987; 66:1367—71.

Finke MD. Complete nutrient composition of commercially raised invertebrates used as food for insecti-
vores. Zoo Biology. 2002; 21(3):269-85. doi: 10.1002/z00.10031

Newton GL, Sheppard DC, Watson DW, Burtle GJ, Dove CR, Tomberlin JK, et al. The black soldier fly,
Hermetia illucens, as a manure management/ resource recovery tool. State of the Science, Animal
Manure and Waste Management Jan 57, San Antonio, TX. 2005.

Newton L, Sheppard C, Watson DW, Burtle G. Using the black soldier fly, Hermetia illucens, as a value-
added tool for the management of swine manure. Report for Mike Williams, Director of the Animal and
Poultry Waste Management Center, North Carolina State University, Raleigh, Nc Agreements between
The Nc Attorney General, Smithfield Foods, and Premium Standard Farms, and Frontline Farmers.
2005.

Ghaly AE, Alkoaik F. The yellow mealworm as a novel source of protein. American Journal of Agricul-
tural and Biological Sciences. 2009; 4(4):319.

PLOS ONE | DOI:10.1371/journal.pone.0144601

December 23,2015 19/20


http://dx.doi.org/10.1016/j.biochi.2010.02.027
http://dx.doi.org/10.1016/j.biochi.2010.02.027
http://www.ncbi.nlm.nih.gov/pubmed/20188790
http://dx.doi.org/10.1016/S0305-0491(96)00161-7
http://dx.doi.org/10.1002/zoo.10031

el e
@ ) PLOS ‘ ONE Dietary Effects on Insects for Food or Feed

72. St-Hilaire S, Cranfill K, Mcguire MA, Mosley EE, Tomberlin JK, Newton L, et al. Fish offal recycling by
the Black Soldier Fly produces a foodstuff high in omega-3 fatty acids. Journal of the World Aquaculture
Society. 2007; 38(2):309-13.

73. Oonincx DGAB, Stevens Y, van den Borne JUGC, van Leeuwen JPTM, Hendriks WH. Effects of vitamin
D3 supplementation and UVb exposure on the growth and plasma concentration of vitamin D3 metabo-
lites in juvenile bearded dragons (Pogona vitticeps). Comparative Biochemistry and Physiology Part B:
Biochemistry and Molecular Biology. 2010; 156(2):122-8.

74. LiQ, ZhenglL, QiuN, CaiH, Tomberlin JK, Yu Z. Bioconversion of dairy manure by black soldier fly
(Diptera: Stratiomyidae) for biodiesel and sugar production. Waste Management. 2011; 31(6):1316-20.
doi: 10.1016/j.wasman.2011.01.005 PMID: 21367596

75. Sealey WM, Gaylord TG, Barrows FT, Tomberlin JK, McGuire MA, Ross C, et al. Sensory analysis of
Rainbow Trout, Oncorhynchus mykiss, fed enriched Black Soldier Fly prepupae, Hermetia illucens.
Journal of the World Aquaculture Society. 2011; 42(1):34-45.

PLOS ONE | DOI:10.1371/journal.pone.0144601 December 23, 2015 20/20


http://dx.doi.org/10.1016/j.wasman.2011.01.005
http://www.ncbi.nlm.nih.gov/pubmed/21367596

