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ABSTRACT
1. Due to the increasing global demand for more sustainably produced animal protein, there is an 
intensive search for feeds to replace soybeans. Black soldier fly larvae (BSFL) appear to have great 
potential for replacing soybeans in poultry diets. The main objective of this study was to determine if 
the nutritional value of BSFL is superior to soybeans when feeding organic broilers, since smaller 
amounts of BSFL could replace the soybean content in the feed, thus saving even more resources.
2. Eighty Hubbard S757, a slow growing organic broiler type, were fattened for 63 d, spending the last 
49 d on one of five diets. Two soybean cake- and soybean oil-based diets (SS, SS-) were compared 
with three diets based on partially defatted BSFL meal and BSFL fat from two origins (AA-, AB-, BB-). 
Different from diet SS, diets SS-, AA-, AB-and BB- were designed with approximately 20% less lysine 
and methionine. Growth (n = 16), metabolisability, body nitrogen retention, carcase and meat quality 
(n = 8) were evaluated.
3. Broilers of the insect-based feeding groups, AA- and AB-, grew similarly well compared to those of 
group SS. They also retained more nitrogen in the body than those fed BB- and SS-. Breast meat yield 
was higher with AA- and AB- than with BB- and SS-, but still lower than with SS. Dietary variations in 
physicochemical meat quality were of low practical relevance. Diet BB- resulted in a more yellow skin 
and meat. The fatty acid profile of the breast meat lipids reflected the high lauric acid proportion of the 
BSFL lipids, resulting in up to 80 times higher proportions than when feeding the soybean-based diets.
4. The results indicate that high-quality BSFL, depending on their origin, may indeed be superior to 
soybean protein, but that the meat lipids from BSFL-fed broilers can contain significant amounts of 
lauric acid, which, from a human nutrition perspective, could have a negative impact on meat quality.
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Introduction

Poultry meat is a commodity with increasing global impor
tance, and soybeans are a main protein source for the poul
try’s consumption. Also, soybean oil is used in poultry diets. 
Cultivating soybeans primarily takes place in subtropical 
regions and is co-responsible for ongoing deforestation 
(Taherzadeh and Caro 2019). In addition, the same authors 
point out that the high amounts of fertiliser and water 
required for its cultivation lead to further environmental 
impacts. The search for alternatives that are safe for human 
consumption and can be produced more ecologically while 
remaining economically competitive has intensified in recent 
years. One such solution may be insects. Specifically, the 
black soldier fly larvae (BSFL, Hermetia illucens L.), 
a globally prevalent stratiomyidae (Diptera) presents 
a promising alternative protein source (Smetana et al. 2019; 
van Huis 2020). These larvae can convert a wide range of 
organic materials including animal manure, kitchen waste 
and agricultural waste into a high-quality protein source 
(Ewusie et al. 2018; Gold et al. 2020). Recently, the EU has 
admitted protein meals from certain insect species, among 
them BSFL, as feeds for poultry (Commission Regulation 
(EU) 2021/1372 from 17 August 2021). This EU regulation 
also prescribes that rearing substrates are restricted to mate
rials that could be used directly as food or feed.

Research related to BSFL in poultry nutrition has steadily 
increasing (Abd EL-Hack et al. 2020; Sypniewski et al. 2020). 
The BSFL meal is rich in N (up to about 100 g/kg dry matter 
(DM)) and comparably rich in lysine (Lys) and methionine 
(Met) (Heuel et al. 2021a). Moreover, unprocessed BSFL are 
rich in energy (up to 400 g ether extract/kg DM) as well as Ca 
and P (Barragan-Fonseca et al. 2017). However, the focus 
was placed on feeding laying hens and on testing defatted 
BSFL meal. Recently, research has included feeding BSFL to 
broilers, whether as a full-fat meal (Pieterse et al. 2019; 
Woods et al. 2019; de Souza Vilela et al. 2021) or as fully or 
partially defatted BSFL meal (Dabbou et al. 2018; Schiavone 
et al. 2019). Additionally, the substitution of soybean oil by 
pure BSFL fat was tested (Schiavone et al. 2018; Cullere et al.  
2019; Kim et al. 2020), as was the use of live BSFL in broiler 
diets, where an increased activity promoted the birds’ welfare 
(Ipema et al. 2020).

These studies did not find any adverse effects on growth 
performance and feed conversion rate. However, the diets 
used in these studies were always designed to fully cover the 
needs of the used broiler types and usually replaced soybean 
material one-to-one. This excluded determining whether 
BSFL-based feeds were even superior to soybean in their 
nutritional quality. If so, it would be possible to replace the 
soybean with lower proportions of BSFL. The quality of the 
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BSFL material could also depend on the quality of its pro
duction and processing (Heuel et al. 2021a). Furthermore, 
the use of BSFL in poultry nutrition, especially full-fat BSFL, 
might be limited by the richness of its lipids in the undesired 
lauric acid (12:0, LAU) (Ulbricht and Southgate 1991). 
However, laying hens were shown to incorporate only 0.7– 
0.8% of LAU intake in the egg lipids (Heuel et al. 2021b). 
This might not be the case in broiler meat lipids. Schiavone 
et al. (2019) found a clear increase in LAU, myristic acid 
(14:0, MYR) and palmitic acid (16:0, PAM) in the meat lipids 
compared to the soybean-based feeding, even when using 
defatted BSFL meal.

For these reasons, the present study’s objective was to test 
the feeding value of BSFL meal and the fat of different 
production and processing origins in diets designed for 
organic broilers. Three hypotheses were tested: (1) The nutri
tional value of defatted BSFL meal is superior to that of 
soybeans for broilers and, consequently, lower amounts are 
needed compared to soybeans: (2) replacing soybeans with 
BSFL material improves the growth performance of organic 
broilers and does not impair their carcase and meat quality; 
and (3) the high content of LAU and other medium-chain 
fatty acids (FAs) of the BSFL lipids leads to only a small 
increase of these FA in the meat lipids. In order to provoke 
differences between BSFL and soybean protein, a lower pro
portion of BSFL in the diet was compared to soybean, with 
a calculated deficiency in Lys and Met.

Materials and methods

Ethics approval

All experimental procedures were approved by the respon
sible authority for animal welfare, the Cantonal Veterinary 
Office of Zurich, Switzerland (licence no. ZH221/17).

Birds and housing conditions

A total of 86 one-day-old organic-type broiler chicks 
(Hubbard S757) were purchased from Wüthrich Geflügel, 
Belp, Switzerland, to be fattened for 63 d following the Swiss 
guidelines for organic poultry production (Bio Suisse 2020). 
Six of these chicks were randomly selected and euthanised 
24 h after hatching for comparative body composition ana
lysis and stored at −20°C until analysis. The remaining 80 
chicks were housed for the first 2 weeks of life in groups of 
28–30 birds in three wooden compartments (1.73 m2 floor 
size each) and fed a commercial crumbled starter diet (UFA 
671, UFA, Herzogenbuchsee, Switzerland) at ad libitum 
access. The boxes were equipped with a perch, fine sawdust, 
and a plastic drinking trough. The room temperature was 
continuously reduced from 33°C during the first 2 d to 28°C 
from day 8 onwards. Light was provided for 23 h/day in the 
first 2 d and for 16 h/day afterwards. Humidity was main
tained at about 45%.

For the remaining 49 d, the broilers were moved in pairs 
to their final pens of 0.604 m2 floor size, 0.8 m height and 
meshed floor with a perch and nest mat. Sixteen broilers 
each, marked individually by rings, were assigned each of 
five experimental diets using a randomised block design. It 
was ensured that the animals in each pair were of similar 
weight in order to create a balance of strength and prevent 
rank warfare. Following the common practice for broiler 

fattening, the birds remained unsexed. The temperature 
was continuously reduced from 28°C to 22°C from day 14 
to day 28 and maintained going forward. Diets (one trough 
per pen) and water (three nipple drinkers) were provided at 
ad libitum access. The health status of the broilers was 
visually monitored daily. One SS bird was euthanised 
on day 45 due to neurological damage unrelated to the 
experiment.

Diets and experimental design

The two control diets (SS, SS-) were based on soybean cake 
and soybean oil, while the other three experimental diets 
(AA-, AB-, BB-) were based on different combinations of 
partially defatted BSFL meal and fat from two origins (A, B) 
that varied in rearing, harvesting and processing of the BSFL 
material (Table 1). Larvae material A was produced at an 
industrial scale, where the BSFL grew on wheat bran and 
wheat distillery solubles (InnovaFeed, Paris, France). Larvae 
material B came from a small-scale experimental facility 
(FiBL, Frick, Switzerland) to simulate the potential and chal
lenges of BSFL production within a smallholder farming 
context. For this purpose, the BSFL were grown on 
a substrate based on side streams and pre-consumer waste 
(400 g fruit and vegetable raw waste, and 300 g brewer’s 
grains, 300 g pasta production waste/kg). Further details of 
the production process and the differences between the two 
BSFL origins are given in Heuel et al. (2021a). The control 
diet SS contained a typical amount of soybean-based feeds 
(250 g soybean cake and 30 soybean oil/kg) and was designed 
to meet the breeder’s requirements (Hubbard 2019) for 
Hubbard S757. These were at least 31.2 g N (195 g crude 
protein), 10.2 g Lys, 3.4 g Cys and 4.6 g Met per kg of dietary 
DM. Different from SS, the negative control diet SS- was 
formulated to induce a deficiency in Lys and Met (+Cys) that 
was similar to the three BSFL-based diets.

Table 1. Ingredient composition (g/kg DM) of the 5 different experimental 
diets.

Diet1 SS SS- AA- AB- BB-

Soybean cake 250 200 − − −
Soybean oil 20 20 − − −
Defatted larvae meal A − − 200 200 −
Defatted larvae meal B − − − − 200
Larvae fat A − − 20 − −
Larvae fat B − − − 20 −
Wheat 280 330 280 280 280
Maize 180 210 200 200 200
Broken rice 89 92 120 120 120
Wheat bran 100 100 100 100 100
Maize gluten meal 33 − − − 25
Oat hulls − − 39 39 29
Calcium carbonate 22 22 15 15 20
Sodium bicarbonate 2.5 2.5 2.5 2.5 3.5
Sodium chloride 2.0 2.0 2.0 2.0 1.0
Vitamin and trace elements premix2 5.0 5.0 5.0 5.0 5.0
Vitamin B2 supplement3 1.5 1.5 1.5 1.5 1.5
Celite4 15 15 15 15 15

1SS = control; soybean cake + soybean oil; SS- = negative control; soybean cake 
+ soybean oil; AA- = larvae meal A + larvae fat A; AB- = larvae meal A + larvae 
fat B; BB- = larvae meal B rich in larvae fat B. 

2Contains per kg: ZnO, 6.0 g; FeSO4, 8.3 g; CuSO4 5H2O, 8.3 g; MnO2, 6.0 g; 
MnSO4, 5.6 g; Ca(IO3)2, 0.16 g; Na2SeO3, 20 mg; inactivated selenium yeast, 
20 mg; vitamin B1, 360 mg; vitamin B6, 700 mg; vitamin B12, 3.6 mg; vitamin 
K3, 700 mg; vitamin E, 8.0 g; vitamin D3, 400,000 IE; vitamin A, 2,000,000 IE; 
niacin, 7.5 g; folic acid, 0.19 g; biotin, 40 mg; panthotenic acid, 2.0 g. 

3Contains per kg: vitamin B2, 1.33 g. 
4No. 545, acid-washed diatomaceous earth (Schneider Dämmtechnik, 

Winterthur, Switzerland).
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All components, except for the BSFL meal and fat, the 
soybean oil and the maize gluten, were of certified organic 
origin. As the organic regulations demand (Bio Suisse 2020), 
no synthetic amino acids were supplemented. Celite was 
added as an indigestible marker to determine apparent 
digestibility and metabolisability. The feed components 
were mixed in a single-shaft feed mixer (100 kg volume, 
Gericke, Zurich, Switzerland). Afterwards, the respective 
proportions of soybean oil or liquefied BSFL fat (by heating 
up to 25°C) were added and the material was mixed again for 
15 min. This material was pressed into crumbly pellets of 
3 mm diameter using a pelleting machine (model RP18, 
Ecokraft, Deggendorf, Germany).

Measurements and sampling

The BW was measured once per week and at the end of the 
fattening period. Feed and water intake were measured daily 
per pen (n = 8 observations per diet for the statistical analy
sis). The excreta were collected in a tray installed below the 
mesh floor. Over 6 d in week 4, the excreta were removed 
daily per pen, weighed, frozen and combined into one com
posite sample per pen per week. Subsequently, these samples 
were frozen at −20°C and lyophilised for 48 h. Samples of the 
soybean-based feeds and BSFL materials were taken at the 
beginning of the feed mixing process, and diet samples were 
taken after the pelleting process. All feed items and excreta 
were milled to 0.5 mm (feed) or 0.75 mm (excreta) (centri
fugal mill, model ZM1, Retsch, Haan, Germany).

Finally, both birds per pen fasted for 24 h, and were 
slaughtered by stunning with a blow to the head followed 
by exsanguination. One bird per pen was plucked, and its 
organs were removed (n = 8 per diet). The carcases were 
weighed and the colour of the skin on top of the breast was 
measured at three defined points with a chromameter 
(Minolta, Ramsey, NJ, USA) using the L*a*b* colour space. 
Subsequently, the carcases were covered with a humid cloth 
and stored overnight at approximately 4°C. The breast mus
cles were removed and weighed, and the right breast muscle 
was vacuum-sealed and frozen at −20°C. The left breast 
muscle’s colour was measured in the same way as skin 
colour, and pH was measured with a pH-metre (testo 205, 
Testo Ltd., Alton, Hampshire, UK). Afterwards, the left 
breast muscle was homogenised with a Moulinette type 
DP-800 (Ecully, France). Two portions were vacuum sealed 
and frozen at −20°C for further analyses.

The second bird per pen (n = 8/diet; n = 7 in group SS) 
was subjected to whole-body analysis. The exuding blood 
was collected, weighed, and frozen at −20°C. The propor
tion of feathers to the total body was calculated by the 
difference in carcase weight before and after plucking. 
Feather samples were taken from all feather types, frozen 
at −20°C, thawed and cut to 1 to 2 mm length with 
a scissor. The carcases were frozen at −20°C overnight 
and cut to strips of approximately 2 × 5 cm using 
a band saw (type SCF-16, 213 119, Bosshart, Amriswil, 
Switzerland). These strips were homogenised in a meat 
grinder (type HR, No. 4330–9050, Rouviere Slicing, 
Eclépens, Switzerland). During homogenisation, the birds’ 
frozen blood was added to obtain a homogeneous mass of 
meat and blood. Homogenates were lyophilised for 48 h 
and ground to 0.75 mm with the same mill as specified 
above. The six 1-day-old chicks were also homogenised in 

the meat grinder (including feathers). To generate suffi
cient mass, the materials from three chicks each were 
pooled.

Laboratory analyses

All analyses were run in duplicate. Feed items were analysed 
for proximate composition, gross energy (GE), chitin, P, Ca, 
Mg, Cl and Na, as well as amino acids by standard proce
dures (AOAC International 1997) and methods described in 
detail in Heuel et al. (2021a). DM and total ash contents were 
assessed using an automatic thermogravimetric device 
(model TGA-701; Leco, St. Joseph, MI; AOAC Official 
Method 942.05). Nitrogen (N) was analysed with a C/ 
N-Analyser (model TruMacCrude CN, Leco, St. Joseph, 
MI; AOAC Official Method 968.06). Data were not presented 
as crude protein due to uncertainties in conversion factors 
for insect and feather proteins. The feed items’ colour char
acteristics were determined with L*a*b* photometry as 
described for skin and meat. Excreta, feathers and whole- 
body homogenates were analysed for DM, N and GE using 
the same methods as for the feed samples.

The FA composition of the feed items were determined by 
applying Method 2.301 of the International Union of Pure and 
Applied Chemistry (IUPAC 1991) as Heuel et al. (2021b) 
described in detail. An accelerated solvent extractor (model 
ASE 200, Dionex Corp., Sunnyvale, CA, USA) and a Hewlett- 
Packard gas chromatograph (model HP 6890, Wilmington, PA, 
USA) equipped with an FID detector, and a CP7421 column 
(200 m × 0.25 mm × 0.25 μm, Varian, Darmstadt, Germany) 
were used. Sunflower oil was used to calculate the response 
factor.

In the homogenised breast muscle samples (n = 8/diet), 
moisture, N, intramuscular fat (IMF), cholesterol and FA 
composition were determined. For moisture, N, and FA, the 
same methods as for feed analyses were used, except that the 
response factor for FA determination was calculated using 
pork fat. For IMF, the breast meat samples were first hydro
lysed using 4 M HCl (BAG 1999). Cholesterol was measured 
in hydrolysed samples by gas chromatography with an Ultra1 
column (25 m × 0.32 mm, 0.52 μm film thickness, Agilent, 
Palo Alto, CA, USA) and quantified by an internal standard 
(α-5-cholestane, Sigma-Aldrich, Darmstadt, Deutschland) 
(method 440.1 of the Swiss Food Book).

Thawing and cooking loss were determined in the 
right breast muscles (n = 8/diet). The muscle was cooked 
in a sealed bag to 75°C core temperature in a water bath 
(WB 22 Pump, Gerber Instruments, Effretikon, 
Switzerland) and cooled for 10 min under cold running 
water. The cooked meat was cut into 10 × 10 mm cube- 
shaped strips (10 per breast) using a double knife in the 
direction of the fibres in order to measure the maximal 
shear force with a Volodkevich device mounted on 
a texture analyser (model ProLine table-top machine 
Z005, Zwick Roell, Ulm, Germany). In this method, two 
wedge-shaped rods were pressed into the strips of meat 
until they separated.

Calculations and statistical analysis

The difference in whole-body contents of broilers and 
1-day old chicks was used to calculate body retention of 
N and energy from week 1 to week 9. Coefficients of the 
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metabolisability of N and GE (Joule) were calculated as 
Vukić Vranješ, Pfirter, and Wenk (1994) outlined. For 
statistical data analysis, animal individual data measured 
per day, weekly, or in duplicate were combined to one 
value per bird. Data were subjected to ANOVA using 
the linear mixed effect model (procedure MIXED) of 
SAS (version 9.4, SAS Institute, Cary, NC, USA), 
reading

Yij = μ + Di + εij

where Yi is the individual observation of the respective 
variable, μ is the overall mean, D is the effect of the diet, 
and ε is the error term. Diet was considered as fixed 
effect and pen, and individual broilers were treated as 
experimental units. The visual control of normal distribu
tion and homogeneity of variance were performed. 
Comparisons among Least Square means were performed 
using the Tukey-Kramer option, considering P < 0.05 as 
significant, with the trend set at P < 0.10.

Results

Composition of the larvae materials and the complete 
diets

The analysed N content of the BSFL meal A was highest 
among the main protein sources, followed by BSFL meal 
B and the soybean cake (Table 2). The experimental diets 
SS-, AA-, AB- and BB- contained between 29 and 32 g N/kg 
DM and SS 34 g N/kg DM. Larvae meal A had the highest 
Met content, while BSFL meal B and the soybean cake were 
similar in Met content. The soybean cake had a Cys + Met 
content like that of BSFL meal A and exceeding that of meal 
B. The Lys content of the soybean cake was about 6 g/kg DM 
higher than in BSFL meal B, but 2 g/kg DM lower than in 
BSFL meal A. In relation to the breeder’s recommendations, 
Lys was fully covered in diet SS, whereas Met and the sum of 
Cys + Met were below the requirements by 23% and 9%, 
respectively. All other diets contained less of these amino 
acids than recommended. Lys was particularly deficient in 
diet BB-, and Cys + Met was least deficient in diet AA-. The 

Table 2. Analysed chemical composition of the soybean cake, the two larvae meals and the five experimental diets used (g/kg DM unless stated otherwise).

Soybean  
cake

BSFL meala Dietb

Item A B SS SS- AA- AB- BB-

DM in original substance 885 952 937 887 880 885 894 885
Organic matter 868 867 884 808 806 810 820 815
Nitrogen 78.2 96.7 79.9 34.1 28.6 32.3 32.4 31.3
Amino acids
Lysine 30.29 32.07 23.62 10.32 8.21 8.53 9.03 7.53
Methionine 6.89 9.52 7.90 3.52 2.78 3.27 3.40 3.45
Cysteine + methionine 14.02 13.69 11.06 7.27 5.87 5.74 5.89 6.01
Contents determined (% reduction from the recommendations)c

Lysine 1.2 −19.5 −16.4 −11.5 −26.1
Methionine −23.4 −39.5 −28.9 −26.2 −24.9
Cysteine + methionine −9.10 −26.6 −28.2 −26.4 −24.9

Ether extract 83.2 133 299 56.9 55.8 59.5 57.3 75.7
Chitin n.a.d 74.4 69.5 −e − 19.9 17.6 16.6
Phosphorus 7.80 12.11 6.75 6.65 5.68 6.22 6.60 5.76
Calcium 3.16 16.43 9.54 13.9 12.4 11.9 11.5 11.1
Magnesium 0.68 0.62 0.55 0.79 0.68 0.68 0.67 0.68
Chloride n.a. 3.40 4.13 1.57 1.69 2.24 2.23 1.68
Sodium n.a. 1.30 1.42 1.46 1.47 1.68 1.67 1.79
Amino acids (g/kg total amino acids)

Alanine 43.8 74.4 81.9 50.8 47.9 65.6 66.3 69.2
Arginine 53.7 52.1 49.6 65.6 68.7 56.9 56.6 53.7
Asparagine/aspartic acid 114.9 101.1 96.5 93.4 92.1 86.9 88.8 81.8
Cysteine 14.8 7.9 7.5 17.9 18.9 14.6 14.2 14.9
Glutamine/glutamic acid 186.7 119.3 117.3 206.9 210.4 170.0 167.1 180.5
Glycine 43.8 60.1 61.8 42.9 45.9 54.9 55.1 51.4
Histidine 26.8 32.9 29.9 26.0 26.9 30.4 30.6 27.9
Isoleucine 47.8 48.9 49.9 44.0 43.1 44.1 43.3 42.5
Leucine 77.4 73.5 74.4 87.4 79.8 78.9 77.3 85.7
Lysine 63.1 60.6 55.7 49.3 50.3 50.2 51.2 44.0
Methionine 14.4 18.0 18.6 16.8 17.1 19.2 19.3 20.2
Phenylalanine 52.0 44.7 44.0 51.6 49.7 46.6 47.1 47.6
Proline 51.8 61.1 67.6 65.5 67.0 69.8 67.5 74.9
Serine 49.4 44.9 45.7 47.6 47.4 44.3 45.1 46.0
Threonine 39.3 43.1 43.9 36.6 36.3 38.4 39.9 38.9
Tryptophan 13.9 17.3 17.1 12.7 14.0 15.8 16.5 14.4
Tyrosine 34.8 71.9 68.5 34.9 33.9 50.9 52.3 46.7
Valine 50.6 68.1 69.9 50.1 50.7 62.4 61.9 59.9

Gross energy (Mcal/kg DM) 5.04 5.37 6.07 4.40 4.30 4.44 4.42 4.51
Colour of the feeds

Lightness (L*) 70.3 42.9 30.4 68.6 67.2 53.3 54.1 53.5
Redness (a*) 2.27 5.37 6.31 3.01 3.03 4.15 4.05 4.03
Yellowness (b*) 27.8 17.7 9.0 17.3 17.0 9.13 9.28 8.91

aLarvae meal A was produced on wheat bran and wheat distillery solubles; larvae meal B was produced on fruit and vegetable raw wastes (with seasonal 
variations), brewer’s grains, and pasta production wastes. 

bSS = control; soybean cake + soybean oil; SS- = negative control; soybean cake + soybean oil; AA- = larvae meal A + larvae fat A; AB- = larvae meal A + larvae fat 
B; BB- = larvae meal B rich in larvae fat B. 

cRecommendations taken from the breeder’s guidelines (Hubbard 2019). 
dNot analysed. 
eNot detected/not calculated.
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content of EE was similar across diets, except for BB- (+20 g/ 
kg compared to the other diets). Contents of chitin were 
quite similar between the two BSFL meals. The BSFL meals 
were darker (lower L* value) and redder than the soybean 
cake, while the yellowness was more pronounced in the 
soybean cake. The differences in lightness and redness were 
less pronounced in the complete diets, but the soybean-based 
diets were noticeably more yellow than the BSFL-based diets.

The proportion of SFA in both BSFL fats was about four 
times higher compared to the proportion in the soybean oil, 
with LAU accounting for the largest share here, followed by 
PAM, MYR and stearic acid (18:0, STA) (Table 3). The 
proportion of the n-6 FA mainly represented by linoleic 
acid (18:2 n-6, LA) in the soybean oil was 3- and 6-times 
higher than in the BSFL fats A and B, respectively, with 53% 
of total FAME. Still, the n-6/n-3 FA ratio in soybean oil was 
comparable to that in BSFL fat B, but twice as high in BSFL 
fat A. The complete diets reflected the FA profiles of these 
main lipid sources. Specifically, there were almost 30 times 
higher LAU proportions in the lipids of the BSFL-based diets 
than of the soybean-based diets. Similarly, MYR and PAM 
(only Fat B) proportions were higher in the lipids of the 

larvae-based diets. The n-6/n-3 FA ratio in the final BSFL- 
based diets was comparable between each other, although the 
ratio in BSFL fat A was twice as high as in fat B.

Performance and metabolisability

All groups started the experimental feeding period on day 
15 with a similar average BW of about 210 g (Table 4). 
After 63 d, SS, AA- and AB- birds were heavier 
(P < 0.001) than the SS- and BB- birds. These differences 
were also reflected on the ADG (Figure 1), which varied in 
average from 19.9 (BB-) to 27.5 g/day (AA-). 
Concomitantly, the broilers with the poorest ADG con
sumed the least amount of feed (P < 0.05) (Table 4). Thus, 
the birds of the BB- and SS- groups ate, on average, about 
17% less than the birds of the other groups. The feed 
conversion ratio was affected by the diet (P = 0.003) and 
was more favourable with SS than with SS- and BB- by 
−0.4 to 0.5 g ADFI/g ADG, with AA- and AB- being 
intermediate. The SS birds consumed the most Lys, fol
lowed by the AB- and AA- birds. The SS- and BB- birds 
consumed significantly less Lys compared to the other 

Table 3. Analysed fatty acid composition (% of total fatty acid methyl esters) of the main energy source and the experimental diets.

Soybean BSFL fat1 Diet2

Item Oil A B SS SS- AA- AB- BB-

C10:0 − 0.98 0.86 0.07 − 0.67 0.62 0.64
C12:0 − 42.1 39.7 0.10 0.09 28.2 26.6 29.6
C14:0 0.08 8.42 9.19 0.11 0.11 5.88 5.85 6.52
iso-C14:0 − − − − − 0.06 0.06 0.04
C15:0 0.03 0.17 0.21 0.04 0.04 0.16 0.17 0.17
C16:0 11.0 12.3 16.9 12.5 12.9 13.7 14.9 15.8
iso-C16:0 − 0.32 0.41 − − 0.25 0.27 0.31
C17:0 0.09 0.17 0.16 0.10 0.10 0.19 0.18 0.14
C18:0 3.89 1.95 3.21 3.58 3.57 2.02 2.34 2.58
C20:0 0.38 0.10 0.10 0.39 0.40 0.17 0.18 0.16
C21:0 − − − 0.05 0.05 − − −
C22:0 0.45 0.03 0.02 0.36 0.38 0.09 0.09 0.08
C24:0 0.15 0.01 − 0.20 0.21 0.09 0.09 0.08
C12:1 − 0.02 0.02 − − 0.03 0.03 0.03
C14:1 − 0.15 0.24 − − 0.12 0.14 0.16
C15:1 − − − 0.03 0.06 0.06 0.06 0.03
C16:1 0.09 0.06 0.08 0.03 0.02 − − −
C16:1 n-7 − 1.98 2.55 0.12 0.12 1.55 1.67 1.79
C17:1 0.05 0.08 0.11 0.06 − − − −
C22:1 − − − 0.02 0.02 0.03 0.03 0.03
C22:2 0.05 − − 0.06 0.04 0.02 0.02 0.02
9-C18:1 21.0 13.3 15.6 22.2 22.7 16.1 17.1 17.2
11-C18:1 1.45 0.42 0.39 1.21 1.23 0.58 0.59 0.46
t10-C18:1 − 0.05 0.13 − − 0.04 0.04 0.06
t11-C18:1 − 0.05 0.11 − 0.02 0.03 0.05 0.08
C18:2 n-6 52.6 14.6 7.73 52.5 51.9 26.6 25.6 21.4
9/t11-C18:2 − 0.79 0.42 − − 0.60 0.50 0.28
9/11-C18:2 − 0.35 0.05 − − − − −
t9/t 11C18:2 − 0.08 0.05 − − 0.18 0.09 0.03
C18:3 n-3 8.23 1.19 1.03 5.79 5.51 1.85 1.87 1.62
C18:3 n-6 − 0.01 0.03 − 0.03 − − −
C20:1 n-9 0.23 0.12 0.08 0.30 0.32 0.26 0.25 0.19
C20:1 n-7 0.03 0.06 − − − − − −
C20:2 n-6 0.06 − − 0.04 0.02 0.07 0.07 0.03
C20:4 n-6 − 0.02 0.22 − − − 0.06 0.15
C20:5 n-3 − 0.02 0.09 0.02 − − − −
C24:1 n-9 − − − 0.02 − − − −
Σ Saturated FA 16.1 66.5 70.7 17.6 17.9 51.7 51.6 56.2
Σ Monounsaturated FA 22.9 16.5 19.7 24.1 24.6 18.9 20.1 20.2
Σ Polyunsaturated FA 60.9 17.0 9.65 58.4 57.5 29.4 28.3 23.6
Σ n-3 FA 8.23 1.21 1.15 5.81 5.51 1.86 1.88 1.63
Σ n-6 FA 52.7 14.6 7.97 52.5 51.9 26.7 25.8 21.6
n-6:n-3 FA ratio 6.40 12.1 6.96 9.03 9.42 14.4 13.7 13.3

−, not detected 
1Larvae fat A was produced on wheat bran and wheat distillery solubles; larvae fat B was produced on fruit and vegetable raw wastes (with seasonal variations), 

brewer’s grains, and pasta production wastes. 
2SS = control; soybean cake + soybean oil; SS- = negative control; soybean cake + soybean oil; AA- = larvae meal A + larvae fat A; AB- = larvae meal A + larvae fat 

B; BB- = larvae meal B rich in larvae fat B.
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groups (P < 0.001). The SS, AA- and AB- birds consumed 
more Met than the SS- and BB- birds (P < 0.001), with 
a span of 156 mg/day (SS-) to 231 mg/d (AB-). Cysteine 
intake was also highest with SS, followed by an equal 
intake in AA- and AB-, and the intake in BB- was lower 
by 100 mg/day compared to SS; the intake of SS- was 
intermediate (P < 0.001). The average daily water intake 
with diet BB- was lower (P < 0.001) by up to 40 ml/day 
than with diets SS, AA- and AB-. The SS- birds also drank 
less (P < 0.001) than the SS birds (−26 ml/day).

Diet AB- had the lowest, and diet SS the highest 
N metabolisability (P < 0.001). The dietary differences in 
energy metabolisability were less pronounced but still 

present (P < 0.001). It was lower (P < 0.05) with AB- 
compared to the soybean-based diets and BB-. The mea
sured ME content was higher (P < 0.001) in group BB- than 
in all other groups that were comparable. The whole-body 
composition of the broilers did not differ significantly 
among diets. From week 1 to week 9, with feeding the 
experimental diets from week 3 through 9, SS, AA- and 
AB- birds retained more N than those fed BB-, with group 
SS- being intermediate (P < 0.001). The same order was true 
for body energy retention. In both variables, AA- birds had 
the highest retention, N retention was lowest with BB- (28% 
lower than AA-) and energy retention was lowest with SS- 
(32% lower than AA-).

Table 4. Effect of the five experimental diets on performance1 (n = 8 pens per treatment with two broilers each except for BW and ADG, where individual data are 
based on n = 16 per diet (n = 15 in case of SS)) and body retention (n = 8 per diet; n = 7 in case of SS).

Diet2 SS SS- AA- AB- BB- SEM P-value

BW (g)
Day 1 37 37 37 38 37 0.6 0.499
After 2 weeks 213 211 212 212 211 4.3 0.996
After 9 weeks 1558a 1219b 1575a 1520a 1197b 51.8 <0.001

ADG (g/day and head) 27.1a 20.4b 27.5a 26.4a 19.9b 0.99 <0.001
Intake

Total diet (g/d and head) 71.6a 63.7b 77.5a 76.0a 60.5b 1.71 <0.001
Lysine (mg/d and head) 646a 460b 585a 614a 403b 20.1 <0.001
Methionine (mg/d and head) 220a 156b 224a 231a 185b 7.4 <0.001
Cysteine (mg/d and head) 235a 173b 170b 170b 137c 6.5 <0.001

Feed efficiency (g/g ADG) 2.69b 3.18a 2.84ab 2.91ab 3.07a 0.091 0.003
ADWI3 (ml/day and head) 148a 122bc 131ab 131ab 108c 5.1 <0.001
Metabolisability (%)4

Nitrogen 63.3a 60.6ab 58.1bc 55.6c 58.2bc 0.75 <0.001
Energy 77.5a 77.5a 76.7ab 75.5b 78.1a 0.39 <0.001

Whole-body composition (per kg BW)
Nitrogen (g) 32.0 33.7 31.8 32.7 30.0 1.84 0.642
Energy (Mcal) 2.07 2.28 2.47 2.41 2.33 0.111 0.119

Body retention (week 1 through week 9)
Nitrogen (g) 46.8ab 38.8bc 49.1a 48.7ab 35.3c 2.64 <0.001
Energy (Mcal) 2.95abc 2.54c 3.71a 3.48ab 2.63bc 0.213 0.001

a-cValues in the same row with different superscript are significantly different (P < 0.05). 
1All data except BW and metabolisability refer to the feeding period from week 3 through week 9. 
2SS = control; soybean cake + soybean oil; SS- = negative control; soybean cake + soybean oil; AA- = larvae meal A + larvae fat A; AB- = larvae meal A + larvae fat 

B; BB- = larvae meal B rich in larvae fat B. 
3Average daily water intake. 
4Calculated as outlined by Vukić Vranješ, Pfirter, and Wenk (1994) for indicator techniques and measured in week 4.

Figure 1. Weight development of the five dietary treatment groups (means ± SD) (SS = control; soybean cake + soybean oil; SS- = negative control; soybean cake 
+ soybean oil; AA- = larvae meal A + larvae fat A; AB- = larvae meal A + larvae fat B; BB- = larvae meal B rich in larvae fat B) during experimental week 3 to 9 
(n = 16, except n = 15 for group SS).
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Carcase and meat quality

Consistent with the BW at slaughter, carcase weights were 
higher (P < 0.05) with diets SS, AA- and AB- compared to 
diets SS- and BB- (Table 5). The different treatments did not 
influence the dressing percentage. Breast meat yield (g/bird) 
was higher (P < 0.05) with SS, AA- and AB- than with SS- 
and BB-, but there was a different order in the breast meat 
proportion of carcase which was higher (P < 0.05) with SS 
compared to all other diets. There were no diet effects on skin 
lightness, but on its yellow colouration, as b* was most 
pronounced with BB- (diet effect, P < 0.05). Consistent 
with this, diet BB- resulted in the strongest yellow meat 
colouration compared to the other diets (P < 0.05). There 
were no differences in lightness and redness of the meat and 
no diet effects on the breast meat’s pH. The cooking loss of 
the breast meat of BB- (17.2%) was greater (P = 0.033) than 
that of the SS meat (14.3%), with all other groups falling in 
between. Thaw loss tended (P = 0.053) to be higher with BB- 
than with AA- and SS. Shear force was lower (P = 0.046) with 
SS- than with BB- and was intermediate in all other groups. 
The proximate composition of the meat remained unaffected 
by the diets. The cholesterol content of the meat differed 
among the diets (P = 0.033), but the multiple comparisons 
among means did not reveal individual group differences.

Fatty acid composition of the intramuscular fat

The greatest diet-mediated variations (P < 0.001) were 
observed in the intramuscular fat’s composition in the pro
portions of LAU, MYR, 14:1, PAM, 16:1, oleic acid 
(C18:1 n-9, OLA), LA, conjugated linoleic acid (9/t11-C18 
:2, CLA), ALA and arachidonic acid (C20:4 n-6, ADA) 
(Table 6). The proportions of SFA were higher in groups 
AA-, AB- and BB- compared with SS and SS-, being highest 
(P < 0.001) in group BB-, where SFA were dominated by 

PAM, STA and MYR. The LAU proportions were up to 80 
times higher (P < 0.001) when feeding the larvae-based diets 
compared with those of SS and SS-. The breast muscle lipids 
of groups AA- and AB- contained more (P < 0.05) MUFA 
than those of SS, with groups SS- and BB- ranging in 
between. The MUFA were dominated by OLA and 16:1. 
The PUFA proportions were higher in the IMF of groups 
SS and SS- compared with that of broilers that were fed 
BSFL-based diets (P < 0.001). Feeding SS and SS- resulted 
in greater (P < 0.001) proportions of n-6 and n-3 FA, domi
nated by LA, ADA and ALA, than the BSFL-based diets. The 
BB- birds had comparatively high ADA levels. Accordingly, 
n-6/n-3 FA ratio was lower with SS and SS- compared with 
the BSFL-based diets (P < 0.001). Diet AA- resulted in the 
highest (P < 0.05) n-6/n-3 FA ratio.

Discussion

Comparative response of broilers to BSFL-based diets 
deficient in limiting amino acids

Lysine and Met are considered the most limiting amino acids 
in broiler diets. Excessive intake of N to cover Lys and Met 
requirements or an imbalance in the amino acid profile can 
lead to abundant N excretion, which is harmful to the envir
onment (Kim et al. 2006). Therefore, an appropriate supply 
with limiting amino acids is of high importance. In organic 
broiler diets, this may be difficult as the use of synthetic 
amino acids is prohibited. This explains the wide-spread 
use of the favourably composed soybean protein in this 
production system. When opposing dietary contents and 
theoretical requirements of Lys and Met, there was a clear 
deficiency in the BSFL-based diets (AA-, AB- and BB-) and 
in the corresponding soybean-based diet (SS-), as intended. 
Contrary to the calculated composition and different from 
Lys, Met and the sum of Met + Cys were below the breeder’s 

Table 5. Effect of the five experimental diets on the characteristics of carcases and breast meat (n = 8/diet).

Diet1 SS SS- AA- AB- BB- SEM P-value

Carcase
BW at slaughter (g) 1609a 1245b 1572a 1573a 1171b 78.8 <0.001
Carcase weight (g) 1104a 841b 1075a 1079a 784b 55.0 <0.001
Dressing percentage2 68.6 67.4 68.3 68.8 66.9 0.56 0.124
Breast meat

g/bird 222a 143b 190a 191a 138b 10.3 <0.001
g/kg carcase 203a 170b 176b 178b 177b 5.1 <0.001

Skin colour4

L* 63.2 65.6 63.9 64.1 62.4 1.23 0.458
a* −0.36 0.63 −0.03 −0.48 −0.72 0.389 0.152
b* 4.88ab 2.41b 3.46b 2.43b 7.94a 0.978 0.001

Meat
Colour3

L* 59.8 61.0 58.6 59.8 62.7 1.33 0.264
a* 0.25 1.46 1.45 0.75 0.72 0.458 0.295
b* 8.15b 6.82bc 6.07 cd 5.04d 10.57a 0.429 <0.001

pH (24 h p.m.) 5.61 5.62 5.64 5.61 5.57 0.032 0.598
Thaw loss (%) 5.22 6.28 5.02 5.72 7.25 0.558 0.053
Cooking loss (%) 14.3b 15.9ab 14.4ab 15.3ab 17.2a 0.69 0.033
Maximal shear force (N)4 12.8ab 12.1b 12.9ab 13.1ab 15.2a 0.75 0.064
Proximate composition (g/kg meat)

Moisture 723 734 740 724 736 8.3 0.514
Nitrogen 37.9 36.7 35.3 37.9 35.2 1.14 0.289
Fat 5.27 8.75 8.63 9.50 8.37 1.131 0.101
Cholesterol 0.33 0.36 0.33 0.33 0.37 0.113 0.033

a-dValues in the same row with different superscript are significantly different (P < 0.05). 
1SS = control; soybean cake + soybean oil; SS- = negative control; soybean cake + soybean oil; AA- = larvae meal A + larvae fat A; AB- = larvae meal A + larvae fat 

B; BB- = larvae meal B rich in larvae fat B. 
2Dressing percentage = carcase weight in % of BW at slaughter. 
3L* is defined as the brightness from black (0) to white (100), a* as the green (-) to red (+) axis, and b* as the blue (-) to yellow (+) axis. 
4As determined by the Volodkevich device.
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recommendations (Hubbard 2019), even in the positive soy
bean-based control diet (SS). The final BW of the SS birds 
was below the expected final BW of about 2.5 kg that the 
breeder communicated. However, the ADG of group SS 
exactly complied with the maximum of 27.5 g/day within 
63 d of fattening prescribed for organic broiler production in 
Switzerland (Bio Suisse 2020), which also applies in other 
European countries, such as France (Ministère de l`agricul
ture et de l`alimentation 2020). This limited the BW at 
slaughter to about 1.6 kg.

Growth performance revealed differences among diets. 
Broilers on the two diets containing BSFL meal A (AA- and 
AB-) exhibited growth superior to those with BSFL meal 
B (BB-) and soybeans (SS-), and even approached the control 
birds’ performances. Changes in body N and energy reten
tion over the 9 weeks of growth both largely corresponded to 
that expected from the birds’ normal growth development. 
Despite using a slow-growing broiler type, N contents of the 
whole bodies were comparable to those of conventional 
broilers of around 2.8 to 3.5% of the BW (Yu et al. 1990; 
Aletor et al. 2000).

Several factors might explain the superiority of diets AA- 
and AB- over BB- and SS-. On a closer look, despite similar 
ADG, AA- and AB- birds had a numerically higher ADFI, 
a less favourable feed conversion ratio and exhibited a lower 

breast meat proportion than SS birds. It remains unclear how 
the latter was compensated by a greater N deposition some
where else in the body, as overall body N retention did not 
differ accordingly. The extra ADFI of the AA- and AB- birds 
compared to the SS birds ensured a similar Lys and Met supply 
as with SS, whereas this compensatory measure was not taking 
place with SS- and BB-. Also, the concomitant increase in body 
N and energy retention points to an effect of intake rather than 
of only a particularly high protein value of BSFL meal A. An 
explanation for the lack of response in BB- could be a slightly 
lower palatability compared to a soybean-based diet, as found 
in laying hens (Heuel et al. 2021a), whereas diets containing 
BSFL meal A were similar or even slightly superior in palat
ability to a diet like SS. For diet BB-, an adverse effect of the 
particularly high fat content on ADFI, and thus energy con
centration (Alqazzaz et al. 2019), could not be excluded, but 
this does not explain the low ADFI with diet SS-.

Another explanation for the different growth responses to 
the diets could be a difference in nutrient and energy utilisa
tion. However, the differences in N and energy metabolisa
bility were not fully consistent with the growth results. Given 
the lower growth rate of SS- and BB- birds, an equally lower 
metabolisability would have been expected, but this was not 
the case. Also, in laying hens, integrating the same batches of 
BSFL materials into the diets did not lead to a lower 

Table 6. Effect of the five experimental diets on the fatty acid composition of the intramuscular fat (% of total FAME; n = 8/diet).

Diet1 SS SS- AA- AB- BB- SEM P-value

C10:0 0.03c 0.02c 0.11a 0.08b 0.09ab 0.005 <0.001
C12:0 0.09c 0.12c 7.37a 6.09b 6.96a 0.199 <0.001
C14:0 0.35c 0.35c 2.92b 2.72b 3.25a 0.079 <0.001
C15:0 0.22 0.19 0.19 0.20 0.24 0.014 0.044
C16:0 19.2bc 18.7c 20.3b 21.6a 20.3b 0.30 <0.001
iso-C16:0 0.29b 0.43a 0.43a 0.39a 0.42a 0.022 <0.001
C17:0 0.20 0.19 0.20 0.19 0.20 0.010 0.579
C18:0 10.20a 9.14ab 7.87c 8.27bc 9.25ab 0.306 <0.001
C20:0 0.10a 0.09ab 0.08b 0.08b 0.08b 0.004 0.001
C14:1 0.03b 0.04b 0.28a 0.27b 0.22a 0.019 <0.001
C16:1 1.27d 1.58 cd 2.95ab 3.11a 2.17bc 0.194 <0.001
C17:1 0.05c 0.06c 0.10a 0.10ab 0.09b 0.004 <0.001
C20:1 0.04a 0.05a 0.05a 0.05a 0.03b 0.004 <0.001
C22:1 0.04 0.03 0.03 0.03 0.04 0.004 0.729
9-C18:1 23.3c 25.5abc 27.0ab 27.3a 24.4bc 0.68 <0.001
11-C18:1 1.75c 1.91bc 2.14a 2.17a 2.11ab 0.05 <0.001
13-C18:1 0.04b 0.04b 0.09a 0.08a 0.07a 0.005 <0.001
t9-C18:1 0.10ab 0.09b 0.12ab 0.14a 0.09ab 0.011 0.010
t10-C18:1 0.03a 0.01b 0.01b 0.03ab 0.04a 0.005 <0.001
t11-C18:1 0.05 0.05 0.04 0.04 0.05 0.006 0.146
t12-C18:1 0.04ab 0.04ab 0.04ab 0.06a 0.04b 0.005 0.020
C18:2 n-6 29.9a 29.2a 18.9b 18.0b 18.4b 0.52 <0.001
9/t11-C18:2 0.004d 0.004d 0.290a 0.229b 0.145c 0.005 <0.001
C18:3 n-3 2.14a 2.00a 0.83b 0.76b 0.69b 0.038 <0.001
C18:3 n-6 0.14a 0.14a 0.11b 0.12ab 0.11ab 0.007 0.007
C20:1 n-9 0.29bc 0.28c 0.32a 0.32ab 0.27c 0.007 <0.001
C20:2 n-6 0.40a 0.36a 0.13b 0.11b 0.19ab 0.053 <0.001
C20:3 n-3 0.08a 0.06ab 0.04c 0.04c 0.05bc 0.004 <0.001
C20:3 n-6 0.51 0.58 0.53 0.53 0.49 0.031 0.392
C20:4 n-6 6.09a 5.85ab 4.33b 4.44b 6.26a 0.397 0.002
C20:5 n-3 0.12 0.12 0.10 0.11 0.11 0.007 0.255
C22:4 n-6 0.92ab 0.80b 0.88ab 0.91ab 1.10a 0.063 0.027
C22:5 n-3 0.98a 1.12a 0.52b 0.56b 0.95a 0.067 <0.001
C22:5 n-6 0.17ab 0.16b 0.16b 0.20ab 0.23a 0.017 0.011
C22:6 n-3 0.86a 0.64abc 0.40c 0.54bc 0.72ab 0.060 <0.001
Σ Saturated FA 30.5c 29.2d 39.5b 39.8ab 40.8a 0.32 <0.001
Σ Monunsaturated FA 27.8c 29.7bc 33.3ab 33.8a 29.7bc 0.98 <0.001
Σ Polyunsaturated FA 42.3a 41.1a 27.3b 26.5b 29.5b 0.93 <0.001
Σ n-3 FA 4.18a 3.94a 1.90c 2.01c 2.53b 0.106 <0.001
Σ n-6 FA 37.3a 37.1a 25.1b 24.3b 26.8b 0.95 <0.001
n-6:n-3 FA ratio 8.93d 9.44d 13.19a 12.14b 10.67c 0.227 <0.001

−, not detected 
a-dValues in the same row with different superscript are significantly different (P < 0.05). 
1SS = control; soybean cake + soybean oil; SS- = negative control; soybean cake + soybean oil; AA- = larvae meal A + larvae fat A; AB- = larvae meal A + larvae fat 

B; BB- = larvae meal B rich in larvae fat B.
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metabolisability compared to a soybean-based diet (Heuel 
et al. 2021a). As with the present study’s broilers, the propor
tionate differences in N and energy metabolisability were less 
pronounced than in ADG, and the differences in ADFI seem 
to have been the overriding factor to the diet’s nutrient and 
energy concentrations. Still, the latter would affect metaboli
sability. In this respect, chitin, which has frequently been 
considered to be widely undigestible and may be found in 
BSFL at levels up to 87 g/kg DM, may negatively affect even 
the total diet digestibility of nutrients, especially that of 
protein and lipids (Kroeckel et al. 2012). A newer study 
(Tabata et al. 2017), however, demonstrated that poultry 
possess an acidic chitinase in the gut that may degrade chitin. 
Accordingly, the difference in metabolisability between 
BSFL-based diets and SS- was not very pronounced. Still, it 
might explain the numerically lower N and energy metaboli
sability found in the diets with BSFL meal A compared to 
B since A had a higher chitin content. A deficiency of limit
ing amino acids can also affect the utilisation of nutrients, 
especially that of dietary protein (Kim et al. 2006). In our 
case, the greatest total deficiency of limiting amino acids was 
calculated for diet SS- which, however, did not result in the 
lowest metabolisability.

Influence of BSFL-based diets on carcase and meat 
quality

Carcase weight was rather low, especially when compared to 
other studies with slow-growing broilers where carcase 
weights were about 1.5 kg (Leiber et al. 2017). However, in 
that study, broilers were fattened for up to 82 d, a period 
which might have had the same results in the present study. 
Dressing percentage complied with the target range of up to 
68%, a range that is also close to that of conventionally reared 
broilers (Schiavone et al. 2019). The breast meat yield in our 
study was lower compared to other studies on the perfor
mance of broilers fed a BSFL meal or fat. However, in these 
studies the birds were either fattened longer (Leiber et al.  
2017) or were growing types (Schiavone et al. 2019; de Souza 
Vilela et al. 2021). Nevertheless, an influence of the Met 
deficit cannot be excluded here in all groups.

Important carcase quality traits, such as carcase weight, 
dressing percentage, or breast meat yield, were not generally 
impaired by replacing the soybean cake with BSFL. 
Consistent with growth performance, birds on the BSFL- 
based diets AA- and AB- were even quite competitive to 
SS, though not fully reaching the same breast meat propor
tion as SS, as discussed earlier. Even the numerically lower 
breast meat yield of about 30 g per bird compared to SS could 
be relevant in terms of the profitability of poultry produc
tion. Under the same condition of a deficit in limiting amino 
acids, AA- and AB- birds were superior to SS- by more than 
50 g breast meat per bird. In other studies, there were also 
only limited effects on carcase quality when replacing other 
protein sources partly or fully with BSFL meal. For example, 
Leiber et al. (2017) did not record adverse effects on the 
weight of the main meat cuts in organic broilers when the 
soybean material was partially replaced by BSFL in combina
tion with alfalfa or pea and compared to a soybean-based 
control diet. Also, in fast-growing broilers, an increasing 
proportion of BSFL (50 to 150/200 g/kg), as a partial 

replacement for soybeans in the diet, had no negative effect 
on carcase quality (Schiavone et al. 2019; de Souza Vilela 
et al. 2021).

Yellowness of skin and meat may have an influence on 
consumer acceptance. This influence is mostly negative, but 
in some countries or regions, the meat and skin having an 
intense colour may lead to an increase in demand (Kennedy 
et al. 2005; Wideman et al. 2016). In the present study, the 
skin and meat of the birds fed diet BB- had a more intense 
yellow colouration. This is probably due to BSFL meal B and 
the corresponding rearing substrate of the BSFL (predomi
nantly vegetables, fruits and stuffed pasta), but not of the fat 
B, as otherwise also AB- birds would have exhibited this 
yellow colouration. The skin’s and breast meat’s colour are 
determined by pigments, especially xanthophylls, that accu
mulate in the epidermis and the muscle. Depending on the 
content of pigments in the diet, the colour changes in skin 
and meat are variable (Pérez-Vendrell et al. 2001). One feed 
rich in xanthophylls is maize (Brown et al. 2008), known to 
cause yellow colouration of the skin and meat. However, 
since diet BB- had the same maize proportion as diets AA- 
and AB-, and as SS- even included slightly more maize, 
a maize effect could be excluded. The results of Schiavone 
et al. (2019) demonstrated that yellowing is not a general 
property of BSFL meal as, in their study, increasing the BSFL 
meal proportion resulted in a decreasing yellowness of the 
meat. By contrast, Cullere at al. (2019) found a numerically 
higher yellow colouration of leg meat when soybean oil was 
partially or completely replaced by BSFL fat in broilers’ diets. 
These publications did not describe the exact rearing method 
of the BSFL used as feeds. The extent of increase in yellow
ness when fed BB-, though significant, was hardly perceptible 
to the naked eye and only in direct comparison. However, if 
BSFL substrates which are even richer in pigments are used, 
a limitation of BSFL meal in broiler diets (or vice versa, its 
promotional use) may be required.

The high cooking loss of the meat from group BB-, in 
comparison with the other groups, was associated with an 
elevated shear force (an indicator of a lower meat tender
ness). There is a known association between these two 
traits (Toscas et al. 1999). Both point towards an adverse 
influence of BSFL meal B on meat quality, since such 
values did not occur in any other group. However, causal 
relationships of this effect that are driven by only one of 
the BSFL meal types remain elusive. Reasons associated 
with high cooking loss (comparatively high PUFA content, 
low pH, deviating procedure in the freezing process) can 
be excluded (Mir et al. 2017). Also, an effect of the slower 
meat retention in the body can be excluded because there 
was no corresponding response with diet SS-. Compared to 
previously published values for cooking loss of meat from 
the broilers that were fed BSFL, the results shown in the 
present study are on the lower end. Leiber et al. (2017) 
observed a similar level of cooking loss in diets based on 
BSFL plus alfalfa or peas, whereas de Souza Vilela et al. 
(2021) found cooking loss as high as 30% when 20% full- 
fat BSFL was added to the diet of 42-day-old broilers. In 
both studies, no BSFL effects were reported; however, none 
of the available studies has ever investigated differently 
produced BSFL in a single setup with intentionally induced 
amino acid deficiency in the diet.

658 M. HEUEL ET AL.



Feeding BSFL had no effect on meat gross nutrient com
position and cholesterol content. The latter varied between 
0.33 and 0.37 g/kg meat, with values being lower than the 
0.55 g cholesterol/kg that Dalle Zotte and Szendrő (2011) 
reported for chicken meat. Previous studies with conven
tional broilers (Kim et al. 2020), quails (Cullere et al. 2018) 
and turkeys (Sypniewski et al. 2020) fed BSFL meal or fat 
agree with our results and could not find increased levels of 
neither cholesterol concentrations in the meat nor in the 
blood serum.

Differences in the fatty acid profile of the intramuscular 
fat

One characteristic of the BSFL fat is its high content of 
medium-chain FAs, especially LAU and MYR (Heuel 
et al. 2021b). Different from the low transfer from feed 
to egg reported in laying hens (Heuel et al. 2021b), the 
present results demonstrated that the IMF of broilers 
who were fed BSFL-based diets was clearly richer in 
LAU and MYR, and, depending on the origin of the 
BSFL, higher in MUFA and lower in PUFA compared 
to IMF of the meat from broilers on soybean-based 
diets. Similarly, Kim et al. (2020), supplementing 
a soybean-based broiler diet with BSFL fat replacing 
maize oil, found a significant increase in proportions 
of SFA, including LAU, MYR, PAM and MUFA, and 
a lower PUFA proportion in the abdominal fat of the 
birds. Cullere et al. (2019) showed that replacing half or 
all soybean oil in the broilers’ diet with BSFL fat 
increases the proportion of SFA (mainly caused by 
increased LAU and MYR proportions), while it reduces 
the proportion of PUFA.

It therefore seems that different from the patterns 
observed for egg lipid formation, the FA retention in 
broiler bodies largely matched the FA intake. The FA 
profiles of the IMF seem sufficiently indicative of a more 
intense body deposition of the main medium-chain FA 
compared with their retention in the egg. Accordingly, 
in the broilers’ metabolism their relative utilisation for 
other metabolic pathways, particularly energy utilisation, 
is comparatively limited. The medium-chain FA are 
considered dietetically undesirable, because especially 
LAU and MYR are known for their hypercholesterole
mic properties (Ulbricht and Southgate 1991). The SFA, 
including these FA, generally have a lower susceptibility 
to FA oxidation compared to MUFA and PUFA, which 
increase the shelf life of the meat (Woods and Feron  
2009). Additionally, LAU has also been shown to have 
an antimicrobial effect on intestinal bacteria in broilers 
and thus may still have some health benefits (Zeitz et al.  
2015). In the present study, PUFA proportions in the 
IMF went down with the BSFL-based diets compared to 
the soybean-based diets, and the n-6/n-3 FA ratio was 
unfavourably increased (Young 2009) (less so with BSFL 
fat B). Cullere et al. (2019) also reported an increase in 
the n-6/n-3 FA ratio in the meat with the use of BSFL 
fat. An improvement would be possible, in this respect, 
when using material from BSFL reared on substrates 
containing components like fish offal or seaweed (St- 
Hilaire et al. 2007; Liland et al. 2017).

In conclusion, the results of the present study showed 
that soybean-based feeds can be exchanged with BSFL meals 
and fats in the broilers’ diet as there was no significant loss 
in performance, even in organic-type diets where no syn
thetic amino acids may be supplemented. This suggests that 
it is possible to fully profit from the environmental advan
tages of BSFL over soybean without causing problems by 
higher N losses and a lower N utilisation in these slow- 
growing birds. Despite a clearly calculated deficiency of 
limiting amino acids in the experimental diets, one of the 
BSFL sources showed a certain compensation potential and 
led to a better performance than when fed a soybean-based 
diet that was similarly deficient in amino acids. The birds 
almost reached the same performance of those on 
a soybean-based diet that was not as deficient in amino 
acid supply. This was mainly the result of 
a compensatorily higher feed intake rather than of 
a higher content of metabolically available, limiting amino 
acids. The results confirm hypothesis 1 for one of the BSFL 
batches (A), but not for the other (B). It shows that the 
quality of the BSFL meal, especially its palatability, plays 
a crucial role. Superiority of BSFL to soybeans also applied 
to the carcase (only one of the materials) and meat quality 
(mostly for both materials), confirming hypothesis 2. 
Attention must be paid to the level of pigments present in 
BSFL material as this may lead to yellow skin and meat of 
the broilers and could influence the carcases’ retailing qual
ity. Disproving hypothesis 3, feeding BSFL, which is rich in 
LAU and MYR, resulted in a non-negligible increase in 
these FA in broiler meat lipids, although their original, 
extreme levels in BSFL materials were not reached. This 
must be considered in terms of meat quality for human 
nutrition. Completely replacing soybean-based feeds in the 
diets of organic broilers with high-quality BSFL can be 
recommended, but it would be advantageous to use specific 
larval substrates, thereby causing the larvae to depose more 
of the favourable FA and to feed high-LAU BSFL to laying 
hens.
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