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The effect of insect or microalga alternative
protein feeds on broiler meat quality
Brianne A Altmann,* Ruth Wigger, Marco Ciulu and Daniel Mörlein

Abstract

BACKGROUND: In order to combat environmental and food security concerns associated with the increasing demand for soy-
meal related to increasing meat consumption, this study determines the chicken meat quality derived when soymeal is
substituted for either partially de-fatted Hermetia illucens larval meal or spirulina (Arthrospira platensis) in broiler diets. Phys-
icochemical parameters, sensory traits, and fatty acid composition of the meat are investigated, as well as an experiment to
evaluate the impact of highly oxygenated atmosphere versus vacuum-bag packaging on shelf life was conducted.

RESULTS: Hermetia illucens did not compromise quality; meat was slightly more yellow (higher b*), had a slightly decreased pH,
and was less adhesive during chewing compared to the soy-fed control. Furthermore, Hermetia illucens resulted in higher sat-
urated fatty acids proportions in thigh meat. Spirulina resulted in redder (higher a*) and more yellow (higher b*) meat with a
slightly increased umami and chicken flavour. Spirulina-fed chicken meat had higher lipid oxidation levels compared to the
control after being packaged in a highly oxygenated atmosphere; although, differences between the spirulina-fed and control
fatty acid composition in thigh meat were minor.

CONCLUSION: Both alternative protein feeds show potential to replace soymeal in broiler diets; however, they do result inmod-
erately altered products.
© 2020 The Authors. Journal of The Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of
Chemical Industry.

Supporting information may be found in the online version of this article.
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INTRODUCTION
Increasing population and incomes have driven up demand for
animal-based proteins, leading to an increased need for animal
feed.1 For poultry, incorporating a high quality protein source in
feed is important to ensure efficient production.2 Conventionally,
soybean meal is used as the main protein source in poultry pro-
duction; however, environmental3–6 and food security7 concerns
associated with the production of soybeans in South America
have driven European research and policy to focus on alternative
protein sources.8 Two promising protein sources that could be
produced in Europe include Hermetia illucens (HI) larvae, also
known as black soldier fly, and the microalga spirulina
(SP) (Arthrospira platensis).
HI larvae are relatively simple to reproduce and rear.9,10 HI can

be raised on various substrates, such as municipal organic11 and
vegetable12 waste, animal waste,13,14 and even faecal waste15

enabling a more sustainable16 and advantageous production
compared to other insects, such as crickets which have a lower
feed efficiency rate.17 In addition, they are considered a non-pest
species and therefore the environmental risk of production is min-
imal.18 Finally, when considering the viability of feeding insect
meal to chickens, it should be kept in mind that chicken naturally
eat insect larvae9,19 and in some regions larvae have been

traditionally cultivated as a poultry protein source.20 HI has an
amino acid composition suitable for animal feed along with high
levels (between 20 and 30 g kg−1) of essential amino acids lysine,
valine, and arginine; the larvae contain approximately 40% crude
protein in dry matter.12 However, currently in the European Union
(EU) insect feed must be produced on regulated feedstuffs as a
substrate, coming into direct competition with poultry produc-
tion, and insect feed is only allowed in aquaculture production;21

although permission for use in poultry production is expected in
the near future. The current legal limitations mean that HI will
likely remain more expensive than the current standard protein
feed used in broiler production, soybean meal. Yet improvements
in animal performance parameters could compensate for the
additional cost of feed inputs.22

SP can be produced independent of arable land in bioreactors
or open pond systems.23 Currently, SP is produced to replace
expensive fishmeal and fish oil supplies needed in aquaculture

* Correspondence to: BA Altmann, Department of Animal Sciences, University of
Göttingen, 37075 Göttingen, Germany. E-mail: brianne.altmann@agr.uni-
goettingen.de

Department of Animal Sciences, University of Göttingen, Goettingen, Germany

© 2020 The Authors. Journal of The Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

4292

https://orcid.org/0000-0003-2417-2053
mailto:brianne.altmann@agr.uni-goettingen.de
mailto:brianne.altmann@agr.uni-goettingen.de
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjsfa.10473&domain=pdf&date_stamp=2020-06-05


markets; however, improvements are still required tomake it cost-
effective as a feed ingredient at a large scale in aquaculture, and
therefore in poultry production as well.24 Bioreactors remain diffi-
cult to up-scale in production24 and unfortunately to date SP pro-
duction continues to have a larger environmental impact
compared to arable crops.25 Accordingly, much research is being
invested into improving production efficiency. Examples are the
integration of biogas effluent26 or swine waste water27 as nutrient
sources and coupling production facilities to biogas reactors in
order to utilize otherwise lost thermal energy.23 The search to
improve SP production is driven by its high protein content, over
60% protein in dry matter (DM),28–30 as well as it being a source of
essential fatty acids, such as linoleic acid, γ-linolenic acid, and ara-
chidonic acid.28,31

The two protein sources were evaluated from a meat produc-
tion perspective, monitoring parameters relevant from an indus-
try and consumer perspective. This study investigates the effect
of the inclusion of either a partially defatted HI larval meal or SP
in the diets for broiler chickens on: (i) carcass traits, meat physico-
chemical and sensory quality; (ii) the shelf-life of meat under dif-
ferent packaging conditions.

MATERIALS AND METHODS
Birds and diets
Ross-308 broiler chicks were divided amongst three experimental
groups; the broilers were raised on amino acid supplemented
diets where 75% (starter diets) and 50% (grower diets) of the soy-
meal was substituted by either partially defatted HI larval meal or
SP, or where no soymeal was substituted (C). One-day old broiler
chicks were housed until slaughter (35 days of age) at the Division
Animal Nutrition Physiology, University of Göttingen, Germany,
on wood shavings in seven floor pens (seven chicks per pen at
study-start; stocking density 5.8 birds m-2) per treatment group.
Birds were fed ad libitum with continuous access to water.32 Ani-
mals were held in accordance with article 4 of Germany's Animal
Welfare Regulation33 and the study was approved
(#33.9-42502-04-15/2027) by the Ethics Committee of the Lower
Saxony Federal Office for Consumer Protection and Food Safety
(LAVES), Germany.
The defatted HI meal was produced in Germany; whereas the SP

was sourced from Myanmar. The HI meal contained 55 g kg−1

moisture, 141 g kg−1 lipids, and 605 g kg−1 crude protein in
DM.32 A conversion factor of 6.25 was applied to calculate crude
protein content from nitrogen content. Since the time of this
experiment, more accurate conversion factors have been vali-
dated for HI. A more appropriate conversion factor would be
4.76 and should be applied in future studies.34 The SP composi-
tion included 34 g kg−1 moisture, 43 g kg−1 lipids, and 588 g kg−1

crude protein in DM.32 The diets were aimed to be balanced
according to the ideal amino acid ratio35 and overall metaboliz-
able energy.36 This study is an extension of already published
research and the diet composition in Table 1 was previously pub-
lished as experiment 2 in Neumann et al.32

Dietary phosphorus (P) and calcium (Ca) contents were ana-
lysed according to standardized procedures for the chemical anal-
ysis of feedstuffs.37 Fatty acid composition of diets was
determined with freeze-dried milled (1 mm) feed samples using
the procedure by Palmquist and Jenkins38 with some modifica-
tions. In brief, 3 mL of 3 mol L-1 methanolic hydrochloric acid
(HCl) was added to 0.5 g of feed and the mixture was incubated
for 120 min at 60 °C in a water bath prior to being centrifuged

at 4000 × g and 10 °C for 5 min. Next, 1 mL of the supernatant
was removed to a test tube and 1 mL of hexane was added. The
sample was gently mixed and 0.2 mL of the upper phase was used
for the gas chromatography flame ionization detector (GC-FID)
analysis of fatty acid methyl esters (FAME). The gas chromato-
graph (TRACE™ 1310) was equipped with an autosampler
(AS1310) and FID; equipment was sourced from Thermo Fischer
Scientific (Waltham, MA, USA). A Supelcowax™-10 (30 m
× 0.32 mm × 0.25 μm; Sigma-Aldrich Chemie GmbH, Munich,
Germany) capillary column was employed for the separation.
Oven temperature was held at 160 °C for 1 min, increased until
220 °C (heating rate: 10 °C min−1), maintained at 220 °C for
3 min, increased again until 250 °C (heating rate: 10 °C min−1),
and as a last step was held at 250 °C for 3 min. Each sample was
injected adopting a 1:50 split ratio, at 250 °C, using hydrogen as
the carrier gas with a flow rate of 1.2 mL min−1. The FID operated
at 260 °C with an air flow of 350 mL min−1, hydrogen flow of
35 mL min−1, and makeup gas flow of 40 mL min−1. Fatty acids
were identified using the Supelco® 37 Component FAME Mix
(Sigma-Aldrich, Munich, Germany) and relative areas were ana-
lysed using the Chromeleon Chromatography Data System
(Version 7.2 SR9; Thermo Fischer Scientific). All the analyses were
performed in duplicate.

Sample collection
All surviving broilers were pooled according to treatment group
(HI n = 45; SP n = 43; C n = 44) and slaughtered at 35 days of
age at the University of Göttingen poultry slaughterhouse, which
is regulated by article 4 of the EU's (EG) NR. 853/2004.39 The birds
were weighed, electrically stunned, slaughtered by decapitation,
scalded (60 °C), defeathered, and gutted. Immediately following
slaughter, the carcasses were weighed and dissected, where the
breasts (Pectoralis major) and legs (thigh including drumstick)
were skinned and cooled to 4 °C (5 h) until further analysis. The
material was divided per treatment group as follows: the first
28 broilers' breasts were assigned for physicochemical analysis
and the remaining eight broilers' breasts were assigned for sen-
sory evaluation. Additional carcasses (HI n = 9; SP n = 7; C n = 8)
were allocated for sensory panel training. Samples were stored
at −18 °C for 2 months prior to sensory analysis.
The effect of highly oxygenated modified atmosphere packag-

ing (HiOxMAP) compared to vacuum-sealed polyamide/polyeth-
ylene bags (VAC) was tested by equalling subdividing 36 birds'
legs per treatment group amongst three packaging times (3, 7,
and 14 days) where the right leg was VAC and the left leg was
HiOxMAP packaged. The HiOxMAP packaging consisted of poly-
propylene (PP) plastic trays lined with a moisture absorbent pad
and heat-sealed using oriented polyethylene terephthalate
(OPET)/PP film (< 3 cm3 m−2/24 h/bar oxygen (O2) transmission
rate; < 12 cm3 m−2/24 h/bar carbon dioxide (CO2) transmission
rate), trapping a 80% O2/20% CO2 modified atmosphere. All leg
samples were stored without illumination at 4 °C. The experimen-
tal unit used in analysis of meat quality was the individual bird.

Physicochemical analysis
Meat pH was recorded at 20 min and at 24 h post mortem using a
portable pH meter (Knick Portamess 911, Berlin, Germany)
equipped with a glass electrode and metal thermometer probe
inserted 1 cm into the superior portion of the left breast muscle.
Meat composition, including protein, moisture, and fat content
were estimated using the left chicken breast trimmed of extra
fat using a FOSS FoodScan™ analyser according to Anderson.40
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Conventional drip loss was monitored at 2 °C according to Honi-
kel41 using the right breast muscle hung in a polyvinyl chloride
(PVC) container with a lid. The muscle was removed once at
24 h to measure lean colour development with a portable spec-
trophotometer (model: CM 600d, Konica Minolta, Tokyo, Japan).
The average across three colour measurements was used in fur-
ther statistical analysis. After 72 h post mortem the muscles were
weighed and drip loss was expressed as a percentage of the initial
sample weight.
Further, the breast was used to determine cooking loss and

shear force. Trimmed of exterior fat, the breast was cooked sous
vide at 77 °C for 60 min in a hot water bath (incubation/deacti-
vation bath, Gesellschaft für Labortechnik mbH (GFL), Burgwe-
del, Germany) to reach a core temperature of approximately
75 °C. Samples were cooled to room temperature outside the
vacuum bag and cooking loss was expressed as the percentage
of the initial weight. Afterwards, samples were stored over-
night at 4 °C until shear force was measured using the razor
blade method according to Xiong et al.42 The method entailed
the following modifications: a TA.XTplus Texture Analyser
(Stable Micro Systems, Godalming, UK) was set to penetrate
15 mm and samples were cut three times. The average over
the three measurements per sample was used in further

statistical analysis. Shear force was recorded as the highest
peak in Newtons (N).
Thigh lean colour was measured on the lateral side of the thigh

prior to and immediately after opening a stored package with a
portable spectrophotometer (model: CM 600d, Konica Minolta).
As with the breast muscle, the average across three colour mea-
surements was used in further statistical analysis. Legs were
weighed prior to packaging and after storage; storage loss was
expressed as a percentage of the initial weight.
The 2-thiobarbituric acid reactive substances (TBARS) method

from Bruna et al.43 was adjusted and applied to assess lipid oxida-
tive stability of packaged thighmeat. First, 5 mL of 20% trichloroa-
cetic acid (TCA) were pipetted to a 0.5 g sample; 250 μL of
0.19 mol L-1 butylated hydroxytoluene (BHT) was added. The mix-
ture was homogenized with an Ultra-Turrax (T18 basic, IKA®-
Werke GmbH & Co. KG, Staufen, Germany) and centrifuged at
3000 × g and 6 °C for 6 min. Then the contents were filtered
and 2000 μL of filtrate was pipetted together with 2000 μL
0.02 mol L-1 2-thiobarbituric acid (TBA), shaken with a vortex
mixer and incubated for 30 min at 100 °C in a water bath. After
cooling for 5 min on ice, the samples were remixed, rested for
5 min at room temperature and divided into three cuvettes. The
absorbance was measured using a spectrophotometer (Libra

Table 1. Starter and grower diet composition and analysed nutrient content as previously reported by Neumann et al., experiment 232

Starter diets 75% replacement Grower diets 50% replacement

Diets C HI SP C HI SP

Ingredients (g kg−1 as-fed)
Wheat 326.7 390.3 392.5 360.2 396.5 398.8
Corn 163.4 195.1 196.2 180.1 198.3 199.4
Soymeal 390 97.5 97.5 330.0 165.0 165.0
Hermetia meal — 217.1 — — 122.5 —

Spirulina meal — — 221.0 — — 124.7
Soybean oil 78.5 58 52 91.0 80.0 76.0
Premixa 10.0 10.0 10.0 10.0 10.0 10.0
DCP 40 11.0 8.0 11.0 10.0 8.0 9.0
CaCO3 11.0 11.0 9.0 8.0 8.0 7.0
NaCl 3.0 1.0 0.8 2.5 1.5 1.0
Wheat starch — — — 3.0 3.0 3.0
L-Lysine HCl 2.5 4.2 5.8 1.8 2.8 3.6
DL-Methionine 3.6 4.2 3.5 2.6 2.9 2.5
L-Threonine 0.3 0.1 — 0.1 0.03 —

L-Arginine — 3.5 0.2 — 1.5 —

L-Histidine — — 0.6 — — —

L-Valine — — — 0.7 — —

Analysed crude nutrients (g kg−1 DM)
Phosphorus (P) 6.24 6.61 6.35 5.80 6.11 6.27
Calcium (Ca) 4.90 5.39 5.07 4.57 4.71 4.85
Crude protein 247.8 268.6c 262.2 236.9 224.4c 254.9
Ether extract 102.2 111.0 85.2 117.1 120.6 114.5
AMEN (MJ kg−1 DM)b 14.4 15.3 15.3 15.0 15.5 15.5

a Added per kilogram of final diet: 2.1 g calcium, 0.8 g sodium, 5000 IU vitamin A, 1000 IU vitamin D3, 30 mg vitamin E, 2.6 mg vitamin B1, 4.8 mg
vitamin B2, 3.2 mg vitamin B6, 20 μg vitamin B12, 3 mg vitamin K3, 50 mg nicotinic acid, 10mg calcium pantothenate, 0.9mg folic acid, 100 μg biotin,
1000 mg choline chloride, 50 mg Fe as iron(II) sulphate, monohydrate, 15 mg Cu as copper(II) sulphate, pentahydrate, 120 mg Mn as manganese(II)
oxide, 70 mg Zn as zinc oxide, 1.4 mg I as calcium iodate, hexahydrate, 0.28 mg Se as sodium selenite, 0.55 mg Co as alkaline cobalt(II) carbonate,
monohydrate and 100 mg butylhydroxytoluol.
b N corrected apparent metabolizable energy, calculated according to WPSA.36
c Conversion factor of 6.25 applied; crude protein is likely reduced based on a validated reduced conversion factor of 4.76 for Hermetia illucens
larvae.34
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S22, BiochromGmbH, Berlin, Germany) at 532 nm andmalonalde-
hyde (MDA) concentration was expressed as μg g−1 of meat.

Descriptive sensory profiling
Sensory evaluation was conducted in the University of Göttingen
Sensory Laboratory, which fulfils requirements set out by ISO
858944 and was approved by the Veterinary and Consumer Pro-
tection Agency for the Municipality and City of Göttingen. A
trained panel of 12 assessors, selected according to ISO
8586-1,45 carried out descriptive sensory profiling of the three
chicken breast products: SP-fed, HI-fed, soy (C)-fed. Assessors
where first exposed to the products during a training period of
four 2 h sessions, where a list of attributes was collectively defined
by the assessors. In total, 22 attributes were defined to be evalu-
ated according to Siekmann et al.;46 the trained panel defined
three additional attributes: umami taste, fattiness; malleability
(Supporting Information Table S2). Sensory evaluation was con-
ducted using a 10 cm unmarked line-scale and data were elec-
tronically recorded by EyeQuestion survey software (Logic8 BV,
Elst, The Netherlands). Products were evaluated eight times across
four sessions in a complete block design. The assessors evaluated
samples in a sequential monadic manner using two randomly
allocated set orders per day, i.e. six assessors received the same
sample order. All assessors evaluated only one sample per bird.
The samples were cooked sous vide according to the cooking loss
procedure and were cut into approximately 1 cm2 cubes. Each
sample consisted of two warm cubes on a warmed plate that
was assigned a randomly allotted three-digit code.

Fatty acid composition in thigh meat
Ten of the leg samples per dietary treatment group were homog-
enized without adipose fat for the determination of fatty acid
composition in thighmeat. The samples were prepared according
to Du et al.47 and the fatty acid profile was determined using GC
(TRACE™ 1310) equipped with an autosampler (TriPlus RSH™)
and FID sourced from Thermo Fischer Scientific. The FID was
heated to 260 °C with an air flow of 400 mL min−1, hydrogen
(H2) flow of 40 mL min−1 and a makeup gas flow of 30 mL min−1.

A TG-WaxMS capillary column (30 m × 0.32 mm × 0.25 μm;
Thermo Fischer Scientific), was injected with 1 μL of sample with
an injector temperature of 260 °C, a 1:50 split, and using helium
as the carrier gas at a rate of 1.2 mL min−1. The oven temperature
was held at 160 °C for 1 min, increased by 20 °C min−1 to 200 °C,
maintained for 5 min, and then increased by 10 °C min−1 to 230 °
C (maintained for 5.5 min). The column was baked out at 30 °
C min−1 until 250 °C for 3 min after every run. Fatty acids were
identified and analysed as stated in the Birds and diets section.

Statistical analyses
One-way analysis of variance (ANOVA) was conducted to compare
breast parameters and thigh fatty acid relative area means. Gen-
eral linear regression models were used to analyse all other leg
parameter means between dietary treatments and packaging
types over time; here, package system was a within-subject vari-
able, and dietary treatment and storage time, with their interac-
tion effect, were between-subject variables. A mixed model was
applied to sensory data, where dietary treatment was the fixed
effect and bird and assessor were input as random variables. Var-
iance analyses were conducted using SPSS software (Version 24.0,
IBM Corporation, Armonk, NY, USA) and statistical significance
was determined with P < 0.05. Furthermore, principal component
analysis (PCA) was used to analyse fatty acid data, as often these
data are likely to be inter-correlated.48 The data were standard-
ized and the PCA was computed using R (version 3.3.1, R Founda-
tion for Statistical Computing, Vienna, Austria) with the
FactoMineR package.49 Animal is the experimental unit of analysis
used in this study.

RESULTS
Physicochemical parameters
Overall, the dietary treatment HI affected live and carcass weight,
with HI-fed broilers being the heaviest and resulting in heavier
carcasses (Table 2). SP resulted in redder (higher a*) meat than
the other two dietary treatment groups. Both alternative feeds
also resulted in marginally higher b* values (more yellow),

Table 2. Chicken breast meat physicochemical parameter means ± standard deviations across dietary protein treatments: soy (control group; C)-
fed, Hermetia illucens (HI) larval meal-fed and spirulina (SP)-fed

Parameter C (n = 28) HI (n = 28) SP (n = 28)

Live weight (kg)a 2.28 ± 0.41b 2.48 ± 0.29a 2.26 ± 0.36b

Carcass weight (kg)a 1.73 ± 0.34b 1.89 ± 0.24a 1.70 ± 0.30b

pH20 min 6.79 ± 0.12a 6.65 ± 0.17b 6.71 ± 0.13ab

pH24 h 5.96 ± 0.15a 5.84 ± 0.12b 5.99 ± 0.10a

L* 57.0 ± 2.6 57.9 ± 1.8 57.4 ± 2.7
a* 1.79 ± 1.35b 1.95 ± 1.15b 3.81 ± 1.18a

b* 13.1 ± 1.4b 14.5 ± 1.0a 15.1 ± 1.5a

Moistureb (g kg−1) 754.0 ± 12.9 758.0 ± 10.6 749.5 ± 10.7
Proteinb (g kg−1) 215.4 ± 11.2 209.6 ± 9.4 216.3 ± 10.0
Intramuscular fatb (g kg−1) 27.0 ± 5.0 29.5 ± 4.1 27.0 ± 4.8
Drip loss (%) 1.88 ± 0.76 1.86 ± 0.54 1.86 ± 1.01
Cooking loss (%) 24.56 ± 2.76 27.27 ± 6.05 25.89 ± 2.83
Shear force (N) 10.60 ± 2.04 9.88 ± 1.62 10.22 ± 2.27

a C (n = 44); HI (n = 45); SP (n = 43).
b n = 14 per treatment group.
c n = 27.
Different lowercase superscript letters indicate statistical differences between feed groups (P < 0.05).
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compared to the control. Water-holding capacity parameters,
i.e. drip loss and cooking loss, as well as shear force remained
unaffected by dietary treatment.

Packaging trial with chicken thigh and attached drumstick
Lightness (L*) values were minimally different between the dif-
ferent packaging systems according to dietary treatment
(Fig. 1(a)). However, lipid oxidation (TBARS) levels were drasti-
cally different between the dietary treatments in HiOxMAP
compared to relatively similar values in VAC (Fig. 1(b)). SP-fed
samples had elevated TBARS values in HiOxMAP. Redness (a*)
colour development over time was also affected by dietary
treatment (Fig. 2). Yellowness (b*) was influenced by a combi-
nation of factors (interaction effect): packaging, storage time,
and dietary treatment (Table 3). Overall SP-fed samples were
the reddest throughout the entire storage period, and the con-
trol and HI-fed samples behaved similarly until the control
sample redness values decreased more rapidly than those of
the HI-fed samples between day 7 and day 14 (Fig. 2).
In both packaging systems, L* values increased over time; how-

ever, values increasemore intensively in VAC between 3 and 7 days,
and then decreased by day 14; whereas HiOxMAP samples main-
tained stable L* values between 7 and 14 days of storage (Fig. 3
(a)). Redness values were considerably higher in HiOxMAP packages
across the entire storage time. Although both packaging systems
values climaxed at 7 days, the differences in values between storage
times are more intense, i.e. steeper slopes, in HiOxMAP (Fig. 3(b)). In
addition, TBARS values peaked at 7 days for HiOxMAP packages and
then decreased by 14 days; whereas VAC packaging lead to a rather
steady and incremental increase in TBARS over the entire period
(Fig. 3(c)). Finally, storage losses increased over time for both pack-
aging systems, where HiOxMAP packaged samples had cumula-
tively higher losses until day 14 (Fig. 3(d)).

Sensory profiling
Dietary treatment affected the chicken breast sensory profile
(Table 4). Chicken breast produced with SP scored higher in terms
of umami and chicken flavour. It also had a reduced off-odour
(barn odour). In addition, chicken breast produced with HI was
less adhesive during chewing.

Fatty acid in thigh meat
HI protein feed has a significant impact on the proportion of sat-
urated fatty acids (SFAs) found in the intramuscular fat of the

chicken thighs. This increased proportion is mostly due to the
increased amounts of lauric acid (C12:0) and myristic acid
(C14:0), which are 100 and 10 times larger, respectively, than the
thigh meat of SP-fed and control broilers (Table 5). Opposite the
HI samples, SP and control thigh meat is characterized by a high
proportion of polyunsaturated fatty acids (PUFAs); the control
group has the highest levels of PUFAs. The superior proportions
of PUFAs in the SP-fed and control samples, compared to the HI
group, are largely due to an increased share of linoleic acid
(C18:2 n-6).
Figure 4 highlights the characterization of each treatment

group based on their respective fatty acid composition. The score
plot illustrates that the HI samples are unequivocally unique
based on fatty acid composition; whereas there is overlap
between the SP and control samples. The correlation loading plot
illustrates which fatty acids correspond to which treatment group.
Here it is clear that SFA content, specifically lauric acid (C12:0) and
myristic acid (C14:0) are highly correlated with the HI treatment,
and a high PUFA content is negatively correlated to HI feeding.
Finally, the correlation loading plot depicts the unimportance
played by numerous fatty acids in thigh meat intramuscular fat
characterization; C20:0, C22:0, C20:3 n-6; C18:3 n-6, C22:1 n-9 are
all dark in colour illustrating that their weak correlation with prin-
cipal components 1 and 2.

Figure 1. Estimatedmarginal means with standard error bars for L* values (a) and TBARS (b) of leg meat samples from chickens fed Hermetia illucens (HI),
spirulina (SP) or a soy-based control (C) protein source feed packaged in highly oxygenated modified atmosphere packaging (HiOxMAP) compared to
vacuum-sealed bags (VAC). Different letters discern significant differences between means.

Figure 2. Estimated marginal means with standard error bars for the red-
ness (a*) development of leg meat samples from chickens fed Hermetia
illucens (HI), spirulina (SP) or a soy-based control (C) feed stored up to
14 days. Different letters discern significant differences between means.
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Table 3. Estimated marginal means of b* (yellowness) values for leg pieces, originating from soy (control group; C)-fed, Hermetia illucens (HI) larval
meal-fed, or spirulina (SP)-fed broilers, stored in vacuum-sealed bags (VAC) or highly oxygenatedmodified atmosphere packaging (HiOxMAP) for 3, 7,
or 14 days

Package
VAC (SE = 0.38) HiOxMAP (SE = 0.37)

Days C HI SP C HI SP

3 6.87Bb 7.12Cb 8.33Ba 10.07Bb 10.46Cb 11.77Ba

7 8.87Ab 10.56Aa 10.42Aa 12.32Ab 11.77Bb 14.64Aa

14 7.87Ac 9.67Bb 11.15Aa 10.29Bb 13.14Aa 13.81Aa

Standard error (SE).
The VAC and HiOxMAP samples are all significantly different within each dietary treatment.
Different uppercase superscript letters indicate differences within a column (storage time).
Different lowercase superscript letters indicate significant differences within a dietary treatment for a specific packaging system (row).

Figure 3. Estimatedmarginalmeanswith standard error bars of L* values (a), a* values (b), TBARS (c) and storage loss (d) of legmeat in highly oxygenated
modified atmosphere (HiOxMAP) or vacuum-sealed bag (VAC) packaging over 3, 7, and 14 days of storage. Different letters discern significant differences
between means.

Table 4. Estimated means and standard error (SE) for sensory attributes that are significantly different between dietary protein treatments: soy
(control group; C)-fed, Hermetia illucens (HI) larval meal-fed and spirulina (SP)-fed

Attribute C (n = 8) HI (n = 8) SP (n = 8) SE

Barn odour 14.9a 15.8a 11.1b 2.5
Umami 18.6b 18.7b 21.8a 3.9
Chicken flavour 56.0b 55.7b 59.1a 5.9
Adhesiveness 47.8a 43.5b 48.3a 6.7

Different lowercase superscript letters indicate statistical differences between feed groups (P < 0.05).
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DISCUSSION
In terms of live and carcass weights, HI-fed birds were superior
compared to the other two treatment groups. This finding is
not supported by Pieterse et al.,50 nor Onsongo et al.,51 who
both observed no differences in animal weights. One explana-
tion could be imperfectly balanced energy contents between
diets in this study. In a previous study, Altmann et al.52 also
reported increased weights for HI-fed broilers; as well as Oluo-
kun53 has also observed increased growth rates when feeding
HI diets in compared to full-fat soybean diets. The contradictory
findings could be due to unobserved differences in HI-meal
composition, such as differing mineral contents or estimated
crude protein contents. HI larvae contain chitin which biases
standard nitrogen-to-protein conversion rates (usually 6.25 for
organic matter). Janssen et al. have established a conversion rate
of 4.76 to be more suitable for estimating crude protein content
from measured nitrogen levels.34 In the case of this study, the

crude protein content of the HI grower diet is already, even with
a conversion rate of 6.25, below that of the other experimental
diets. Therefore, we can assume the crude protein content in
diet HI to be considerably lower; nonetheless, no negative
effects on neither weights nor other meat quality aspects were
observed. Future studies should focus on using a conversion
factor of 4.76 to verify the effects of HI on animal growth. HI lar-
vae can also contain high amounts of P17 and Ca,12,54 two
important minerals that need to be carefully balanced for effi-
cient poultry development. Our HI starter diets contained
slightly higher levels (increase of approximately 0.5 g kg−1) of
P and Ca, yet this too did not contribute to a loss in meat quality.
Further research should turn its focus towards HI meal compo-
sition, expanding on knowledge regarding amino acid compo-
sition12 and the nitrogen-to-protein conversion factor,34 in
order to best incorporate HI into poultry diets for efficient meat
production.

Table 5. Relative area (%) means ± standard deviation for identified fatty acids in thigh intramuscular fat according to dietary protein treatments:
soy (control group; C)-fed, Hermetia illucens (HI) larval meal-fed and spirulina (SP)-fed

C (n = 9)a HI (n = 10) SP (n = 9)

Saturated fatty acids (SFAs) 24.9 ± 0.5b 29.42 ± 0.7a 25.17 ± 1.1b

C10:0 ND 0.049 ± 0.007a ND
C12:0 0.019 ± 0.015b 3.143 ± 0.420a 0.033 ± 0.015b

C14:0 0.169 ± 0.061b 1.223 ± 0.136a 0.168 ± 0.057b

C15:0 0.059 ± 0.006 0.059 ± 0.007 0.063 ± 0.005
C16:0 13.3 ± 0.43b 15.0 ± 0.67a 14.9 ± 0.80a

C17:0 0.226 ± 0.025b 0.154 ± 0.018c 0.357 ± 0.032a

C18:0 9.81 ± 0.86a 8.49 ± 0.67b 8.60 ± 0.72b

C20:0 0.037 ± 0.044 0.031 ± 0.032 0.034 ± 0.029
C22:0 0.070 ± 0.063 0.040 ± 0.062 0.062 ± 0.060
C23:0 0.331 ± 0.635 0.672 ± 0.749 0.204 ± 0.610
C24:0 1.036 ± 0.164 0.883 ± 0.162 0.862 ± 0.132
Monounsaturated fatty acids (MUFAs) 21.6 ± 0.8b 24.4 ± 1.0a 23.6 ± 1.3a

C14:1 0.021 ± 0.016c 0.190 ± 0.036a 0.052 ± 0.011b

C15:1 0.014 ± 0.022b 0.042 ± 0.022a 0.017 ± 0.026b

C16:1 0.447 ± 0.204 0.275 ± 0.088 0.517 ± 0.488
C17:1 0.036 ± 0.022b 0.035 ± 0.020b 0.080 ± 0.011a

C18:1 n-9 20.7 ± 0.9b 23.5 ± 1.0a 22.6 ± 1.2a

C20:1 n-9 0.113 ± 0.032 0.106 ± 0.046 0.097 ± 0.024
C22:1 n-9 0.238 ± 0.124 0.260 ± 0.148 0.291 ± 0.160
Polyunsaturated fatty acids (PUFAs) 53.5 ± 1.1a 46.2 ± 1.3c 51.2 ± 1.8b

C18:2 n-6 39.0 ± 0.8a 33.7 ± 0.8c 37.4 ± 1.1b

C18:3 n-6 2.96 ± 0.32 3.15 ± 0.72 3.24 ± 1.04
C18:3 n-3 3.43 ± 0.31a 2.95 ± 0.12b 3.06 ± 0.39b

C20:2 n-6 0.542 ± 0.086 0.376 ± 0.331 0.466 ± 0.049
C20:3 n-6 0.097 ± 0.093 0.117 ± 0.052 0.134 ± 0.101
C20:4 n-6 6.55 ± 0.87a 5.24 ± 0.83b 6.14 ± 0.94ab

C20:3 n-3 0.057 ± 0.015 0.061 ± 0.026 0.039 ± 0.023
C20:5 n-3 0.169 ± 0.033a 0.145 ± 0.023ab 0.124 ± 0.028b

C22:2 n-6 0.046 ± 0.137 0.056 ± 0.167 0.008 ± 0.016
C22:6 n-3 0.716 ± 0.261a 0.379 ± 0.113b 0.571 ± 0.261ab

Sum n-6 49.2 ± 0.8a 42.7 ± 1.2c 47.4 ± 1.7b

Sum n-3 4.37 ± 0.37a 3.53 ± 0.07b 3.80 ± 0.47b

n-6/n-3 ratio 11.3 ± 1.0 12.1 ± 0.4 12.7 ± 1.9

a One sample removed from analysis due to extreme deviations in fatty acid profile and composition despite running multiple aliquots.
ND, not detected.
Different lowercase superscript letters indicate statistical differences between feed groups (P < 0.05).
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Dietary treatment played a relatively minor role in influencing
physicochemical parameters. The pH values, although signifi-
cantly different between the treatment groups, remained within
acceptable levels for fast-growing chicken meat.55 In this study,
chicken breast produced with HI had significantly lower pH values
after 24 h post mortem. This is in agreement with Cullere et al.,56

who reported lower ultimate pH levels for quails fed black soldier
flies. Despite lower pH values, no differences between treatment
groups were observed in water-holding capacity, as recorded
per drip loss and cooking loss.
Lean colour is one of the noticeable physicochemical differ-

ences between the treatment groups. Venkataraman et al.57 and
Toyomizu et al.58 have long since established that a high inclusion
of SP in poultry diets significantly influences the red and yellow
hues in poultry meat colour. This study confirms their results.
Therefore, further research should turn its focus on the implica-
tions concerning consumer acceptance of raw chicken breast col-
our. In addition, chicken breasts from HI-fed broilers exhibit
increased yellow (b*) hues; this has already been observed by Alt-
mann et al.52 in raw chicken breasts. In the cooked chicken breast
these differences were not discernable by a trained panel;52

whereas Secci et al.59 have determined increased b* values for
cooked Barbary partridge meat produced using HI feed.
Additionally, protein source affected lean colour values in HiOx-

MAP. To the best of our knowledge, Altmann et al.52 remains the
single study to investigate the effect of HI or SP dietary treatments
throughout an industrial packaging scenario; however, that study
used chicken breast instead of chicken thigh. Altmann et al.52 only
observed an interaction of dietary treatment with storage time for
ultimate pH (not recorded in the current study), and did not
observe an interaction between storage time and dietary treat-
ment for colour parameters. The statistical differences observed
in the current study remain minimal (L* values) to moderate
(TBARS) and are likely unobserved in Altmann et al.52 due to the
relatively small sample size. Additionally, the increased lipid oxi-
dation levels of SP samples in HiOxMAP may be of concern, as
samples could develop an oxidized flavour60 and values observed
in this study could be interpreted as above acceptable values

pertaining to ‘good meat quality.’61 Unexpectedly, this increased
level of lipid oxidation does not correspond with the fatty acid
composition results. The fatty acid composition in intramuscular
fat (IMF) of SP-fed broiler’s thigh meat has a lower PUFA content
than the control group. This goes to show that further research
is required in determining the biochemical pathways effecting
lipid oxidation in HiOxMAP packaging of poultry meat produced
with SP. Protein oxidation is another important aspect that should
be investigated in future studies; investigating protein quality and
oxidation can also assist in this regard.62 Moreover, it should be
noted that TBARS values aremethod-sensitive and cannot directly
be compared.63 The other reported effects associated with HiOx-
MAP have already been well documented and established
throughout the literature.62,64–67

In accordance with Pieterse et al.,50 we determined no drastic
differences in eating quality between the chicken breast pro-
duced with HI-fed and the control sample in eating quality when
stored frozen prior to sensory evaluation. The only distinguishable
difference found by our trained panel was a slightly less adhesive
texture during chewing. Cullere et al.68 also reported no sensory
differences for broiler quail fed HI. However, some research does
suggest that insect-fed meat products may have a more intensive
aroma and increased juiciness attributes.52,69

More interestingly, higher umami and chicken flavour values
were reported for SP-fed samples. Likely, these two attributes
are associated. Umami is usually linked to a meaty flavour70 and
SP’s profile includes a strong umami taste.71 Increased chicken fla-
vour and umami taste is likely favourable in chicken meat prod-
ucts. Limited research has investigated the consumer
acceptance of the eating quality resulting from SP as a feed in
poultry diets; yet, in red sea bream Mustafa et al.72 indicate that
taste is improved with just a 2% contribution of SP in the fish diet.
However, Nandeesha et al.73 report no discernable difference in
flavour. More profound studies need to incorporate sensory profil-
ing coupled with consumer sensory tests in order to better under-
stand the effects of SP protein feed on eating quality.
Finally, HI significantly affected the fatty acid composition in

chicken thigh meat. The high levels of C12:0 and C14:0 found in

Figure 4. Score plots (a) and loading plots (b) derived from principal component analysis of fatty acid composition data from thigh meat for Hermetia
illucens (HI), spirulina (SP) and control (C) dietary treatment groups. Variable contribution to the principal components is illustrated by arrow colour. Out-
liers excluded from analysis are identified in the score plot in grey.
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the feed (Table S1) are reflected in the fatty acid composition of
the thigh meat. Just as in Cullere et al.68 with quail broilers, Secci
et al.59 with Barbary partridge, and Schiavone et al.74 with broiler
chickens fed HI fat (not meal), C12:0 and C14:0 levels increased
in our study compared to a soy-based control group. In addition,
14:1 also characterized HI-fed samples; whereby Secci et al.59

found no differences in this fatty acid in the raw or cooked sam-
ples of Barbary partridge, yet Cullere et al.68 and Schiavone
et al.74 also reported increased C14:1 levels. Surprisingly, Pieterse
et al.50 did not report any significant differences in the fatty acid
composition of cooked chicken broiler meat produced with diets
containing HI.
Finally, although SP is often marketed as a good source of

PUFAs, the SP-fed chicken in our study did not produce thigh
meat with the highest PUFA content. In fact, the control samples
contained the highest proportions of PUFAs. Furthermore, the
control treatment had the largest proportion of omega-3 fatty
acids. SP is cited as high in γ-linolenic acid and other essential
omega fatty acids;28,30 however levels vary widely.31 On the other
hand, soy is known to have high levels of polyunsaturated fats,
such as linoleic and linolenic acids.75,76 In this regard soy is already
a reasonable feed component to ensure a high content of good
PUFAs. Therefore, the expectations of increasing PUFA content
in chicken meat by feeding SP should not be over-estimated.
Especially considering that the SP feed used in this study was high
in omega-6 fatty acids, not omega-3 fatty acids. Other feed ingre-
dients have been established to increase the omega-3 fatty acid
content in poultry.77 Particularly, Gatrell et al.78 were able to suc-
cessfully increase the PUFA content in chicken thigh, especially
the omega-3 fatty acids content, using microalgal biomass
derived from Nannochloropsis oceanica. SP has been shown to
influence the PUFA79 and overall fat content80 in animal products;
however, the next step should focus on increasing the omega-3
fatty acid proportion of themicroalga so that SP could play amore
relevant role in improving fatty acid composition of poultry
products.

CONCLUSIONS
Our experiment clearly portrays the resulting poultry meat quality
between a partially-defatted HI meal and SP-based diets, com-
pared to a soy-fed control. Results show that the alternative pro-
tein sources can be viably included in broiler chicken
production, as investigated from amulti-facetedmeat quality per-
spective. However, both alternative protein sources come with
their own challenges. HI-fed meat contains an increased propor-
tion of SFAs, which may increase quality parameters, such as
shelf-life, but are not positively perceived from a health point of
view. In the case of SP, special attention should be paid to the
intensive meat colour and increased lipid oxidation of products
in HiOxMAP when planning to bring these products to market.
All-in-all, no eating quality concerns were identified. HI-fed
chicken mirrored the control group, and SP feed makes it taste
all-the-more like chicken.
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