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English summary

Background: Insects have gained global recognition as a sustainable alternative to conventional protein
sources, with the potential to address global food and nutrition insecurity as well as reduce the ecological
footprint of animal production. While insects are part of traditional diets in many regions, the Western
world is still unwilling to consume insects in their diets, mainly due to acquired distaste and a lack of
information on their nutritional benefits. Studies demonstrating similar or higher digestibility and protein
quality of insects compared with conventional proteins can aid their acceptance as viable food sources.
Additionally, a great deal of interest has been placed on the biofunctional properties of insects owing to
their ability to improve gut health, leading to good growth performance without any negative impact on
animal health. These functional properties of insects can be valuable in animal production, particularly for
overcoming the challenges associated with weaned piglets. Therefore, the overall aim of this thesis is to

provide scientific evidence and add to the current knowledge on the suitability of insects as food and feed.

Methods: This thesis is based on two experimental studies and a review. Paper I reports the protein
quality of five insect species (LMW, lesser mealworm; YMW, yellow mealworm; HC, house crickets;
BC, banded crickets; and BSF, black soldier fly) based on the digestible indispensable amino acid score
(DIAAS) recommended by the Food and Agriculture Organisation (FAO). A 6x6 Latin square design
was used in this study. During the experiment, all six cannulated pigs were fed one of the six different
diets (one nitrogen -free and five insect-based diets) every experimental week for six weeks so that all
pigs received all diets by the end of the experiment; hence, each diet was assessed in six replicate pigs.
An indigestible marker was used to assess digestibility. Individual insect, diet, and ileal digesta samples
were collected to assess their chemical composition. Paper II aimed to evaluate the effects of three insect
(LMW, YMW, and BSF) based diets (partially replaced with soybean protein concentrate) on growth
performance, gut health, and immune response in weaned piglets compared with soybean protein
(control). A total of 96 piglets were randomly assigned to one of the four diets (24 piglets per diet) for 14
days. All the animals were euthanised at the end of the experiment. All insect species and diet samples
were collected to assess their chemical composition, blood for diamine oxidase and D-lactate
concentration, stomach digesta for pH, small intestine and colon digesta for pH, microbial and volatile
fatty acid analysis, and mucosal scraping of the small intestine for secretory IgA concentration. Paper I11
reviewed suitable methods for evaluating digestibility and protein quality, focusing on methods that have
reported on the protein quality of insects. Additionally, the literature reviewed was based on the protein
and AA digestibility of insects used in livestock feed (especially poultry and pigs) and their effect on

growth performance.

Results: In Paper I, sulphur AAs (methionine + cysteine) were the limiting AAs in mealworm and

cricket species for the age groups above six months old. For young children and those older than three



years, the DIAAS of both cricket species was higher than 75. Only one species of mealworm, LMW, had
a DIAAS > 75 for individuals older than three years. The study in Paper II found that insect-based diets
fed to weaned piglets did not affect growth performance significantly (P > 0.05), but were comparable to
soybean-based diets. There was no significant difference (P > 0.05) in gut health and immune parameters
between the diets. Only piglets fed the LMW and YMW diets had significantly (P < 0.05) lower diamine
oxidase (DAO) concentrations (321 and 309 ng/ml, respectively) than those fed the control diet (382

ng/ml).

Conclusion: Crickets and mealworm species are good protein sources for older children, adolescents, and
adults, with the cricket species having slightly better DIAAS than mealworms. While assessing the
protein quality of insects using DIAAS, the standard nitrogen-to-protein conversion of 6.25 needs
reconsideration as this conversion does not account for non-protein-nitrogen present in insects, thereby
underestimating the DIAAS of insects. Additionally, the non-protein-nitrogen content of insects has
challenged the direct comparison of insect protein quality with studies of other food sources. Sulphur AA

was the first limiting amino acid in all four species of crickets and mealworms.

The inclusion of mealworms or BSF supported the growth and overall health of weaned piglets. The
piglets fed insect-based diets and soybean-based diets performed equally in terms of growth performance
and all related gut health parameters. Reduced plasma DAO concentrations in piglets fed with mealworms

indicated protection of the intestinal mucosal barrier function.

Overall, these studies confirmed that insects are promising alternative protein sources for human food and
animal feed, although further research is required to document and understand the properties and qualities
of each of the relevant insect species. Their protein quality, comparable growth performance to that of
conventional feed, and positive impact on gut health parameters highlight their suitability as viable
alternatives. Additionally, mealworm-based diets contribute to improved gut health by protecting the
intestinal mucosal barrier in weaned piglets. These findings expand our knowledge and pave the way for a
more sustainable and innovative approach to food and feed production. A more comprehensive
understanding of the potential use of insects for food and feed requires further research, with careful

consideration of the methods applied.



Sammendrag (Danish summary)

Baggrund: Insekter har faet global anerkendelse som et baeredygtigt alternativ til konventionelle
proteinkilder med potentiale for at handtere global fedevareforsyning, bedre ernaring samt reducere den
miljemessige belastning fra dyreproduktion. Mens insekter er en del af den traditionelle kost 1 mange
regioner, er den vestlige verden stadig tevende overfor insekter i kosten, primeert pa grund af usikkerhed
og mangel pa information om deres erngeringsmaessige fordele. Studier der viser en tilsvarende eller
hgjere protein fordejelighed og kvalitet af insekter i forhold til konventionelle proteiner, kan hjelpe med
at ege insekternes accept som fadevare. Derudover er der stor interesse for insekters biofunktionelle
egenskaber pa grund af deres evne til at forbedre tarmens sundhed, hvilket forer til god vaekst og ferre
antibiotikakreevende behandlinger. Disse funktionelle egenskaber af insekter kan veere verdifulde
indenfor dyreproduktion, iser til at overvinde udfordringerne forbundet med fravennede pattegrise.
Derfor er det overordnede mal med denne athandling at levere videnskabelig evidens og bidrage til den

nuverende viden om insekters egnethed som fadevarer og foder.

Metode: Denne athandling er baseret pa to eksperimentelle studier og en litteraturgennemgang. Artikel I
rapporterer proteinkvaliteten af fem insektarter (LMW, lille melorm; YMW, almindelig melorm; HC,
husfarekylling; BC, stribet farekylling; og BSF, sort soldaterflue) baseret pd metoden fordejelig essentiel
aminosyre score (DIAAS), som anbefales af FAO. Dette studie blev udfert ved hjelp af et 6x6
romerkvadrat design. Under forsgget blev alle seks ileumfistulerede grise fodret med en af de seks
forskellige dizter (en kvaelstoffri dizet og fem insektbaserede dizter), i én uge, saledes at alle grise havde
modtaget alle dizter ved afslutningen af forsgget efter seks uger; dermed blev hver dizt evalueret pa seks
grise. En ufordejelig marker blev brugt til beregning af fordejelighed. Insekter, dister og tarmindhold
blev indsamlet for at analysere deres kemiske sammensatning. Studiet i Artikel II havde til formal at
evaluere effekten af tre insekt-baserede (LMW, YMW og BSF) dizter med delvist erstatning af
sojaprotein koncentrat pa vaekst, tarmsundhed og immunrespons hos fraveennede grise sammenlignet med
sojaprotein (kontrol). I alt blev 96 grise tilfeldigt fordelt til en af fire diseter (24 grise per dizet) i 14 dage.
Alle dyrene blev aflivet ved eksperimentets afslutning. Alle insektarter og dizeter blev indsamlet for at
vurdere deres kemiske sammensatning. Blodprever blev analyseret for diaminoxidase og D-laktat
koncentrationer, maveindhold for pH, tyndtarm og tyktarmindhold for pH og kortkedede fedtsyrer.
Afskrabninger af slimhinden fra tyndtarmen blev analyseret for IgA. Artikel 111 er baseret pa
litteraturgennemgang, der undersogte egnede metoder til at vurdere insekternes fordejelighed og protein
kvalitet. Derudover er litteratur gennemgaet for protein- og aminosyrefordejelighed af insekter, nar de

anvendes 1 foder (iser til fjerkrae og grise), og deres effekt pa vakst.

Resultater: I Artikel I var de svovlholdige aminosyrer (SAA, methionin + cystein) de begrensende
aminosyrer i melorm og farekylling til mennesker i aldersgruppen over seks maneder. For smébern og

dem over tre ar, var DIAAS for begge farekyllingearter hgjere end 75%. Kun en art af melorm, LMW,



havde en DIAAS > 75% for personer over tre ar. Studiet i Artikel II fandt, at insektbaserede dizter givet
til fraveennede grise ikke pavirkede vaeksten signifikant (P > 0,05), men var sammenlignelige med
sojaproteinbaserede dieter. Der var ingen signifikant forskel (P > 0,05) i tarmsundhed og immun
parametre mellem dizterne. Kun grisene, der fik LMW- og YMW-diaterne, havde signifikant (P < 0,05)
lavere koncentrationer af diaminoxidase (DAO) (hhv. 321 og 309 ng/ml) end dem, der fik kontroldiseten
(382 ng/ml).

Konklusioner: Féarekyllinger og melormearterne er gode proteinkilder til @ldre bern, unge og voksne,
hvor farekyllingearterne har lidt bedre kilde til aminosyrer end melorme. Nar man vurderer
proteinkvaliteten af insekter ved hjaelp af DIAAS, ber omregningsfaktoren pa 6,25 fra kvaelstof til
raprotein tages op til fornyet overvejelse, da denne omregning ikke tager hgjde for ikke-protein kvelstof i
insekter og derved undervurderer DIAAS for insekter. Derudover udfordrer ikke-protein kvalstof i
insekter den direkte sammenligning af insektproteinkvalitet med undersogelser af andre fodekilder der
kan indeholde et andet niveau af ikke-protein kvelstof. Svovlholdige aminosyrer var de forst

begrensende aminosyrer i alle fire arter af farekyllinger og melorme.

Inkludering af melorme eller sort soldaterflue understettede veekst og generel sundhed hos fraveennede
grise. De grise, der blev fodret med insekt-baseret foder og sojabennebaseret foder, klarede sig ligesa
godt med hensyn til vaekst og relaterede tarmsundhedsparametre. Reduceret DAO-koncentration i plasma

i smagrise fodret med melorme indikerede beskyttelse af tarmslimhindebarrierefunktionen.

Samlet set bekraeftede undersogelserne, at insekter er lovende alternative proteinkilder i fadevarer og
foder, selvom der er behov for yderligere forskning for at dokumentere og forsté egenskaberne og
kvaliteterne af hver af de relevante insektarter. Deres proteinkvalitet, sammenligningen af vakstpotentiale
med konventionelt foder og positive indvirkning pa tarmsundhedsparametre, fremhever insekternes
egnethed som realistiske alternativer. Derudover bidrager melorm-baserede dizter til forbedret
tarmsundhed ved at beskytte tarmslimhinden hos fravennede pattegrise. Disse resultater bidrager til at
udvide vores viden og baner vejen for en mere baeredygtig og innovativ tilgang til fedevare- og
foderproduktion. En mere omfattende forstéelse af potentialet ved at bruge insekter til fodevarer og foder

kraever yderligere forskning med ngje overvejelse af de anvendte evalueringsmetoder.
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