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Introduction
Over the past decade, following the rise in global aware-

ness of the potential of edible insects, their nutritional prop-
erties have been studied, though still in infancy compared to 
established feed and food sources. The nutritional composition 
among more than 2,000 insect species recorded to be utilized 
for animal feed or direct human consumption differs widely 
in nutritional content, though sharing that protein is a signifi-
cant component (van Huis et  al., 2021). Protein and amino 
acid (AA) content and composition differ between species, de-
velopmental stages (pupae, larva, and adult) (Jonas-Levi and 
Martinez, 2017); location and season of the collection; the 
processing of samples, etc (Churchward-Venne et  al., 2017; 
Janssen et al., 2019).

Following the great diversity of edible insects, the AA pro-
file of insects shows equal variability hence, it also challenges 
establishing a clear picture of the protein quality. Overall, in-
sects are considered a valuable source of alternative protein for 
feed and food, with the potential for sustainable mass produc-
tion. To fully release these potentials, insect protein needs to be 
characterized for quality to ensure the best future applications.

This review aims to provide an overview of suitable methods 
to evaluate protein quality and, secondly, provide a concise re-
view of the available information on insect protein quality.

Protein quality
Protein quality refers to the ability of dietary protein 

sources to supply IAAs to meet the requirements of the target 
organism, in either feed or food (Fact box 1). Hence, commonly 
used principles of expressing protein quality are based on the 
ability of a protein source to supply sufficient IAA for a specific 
target group. Over a century, different methods have been de-
veloped to quantify and classify protein quality. The methods 
build on two principles, either as evaluation of the contents and 
digestibility of IAA or measured as the physiological impact, 
such as the growth of the target organism. For humans, IAA 
requirements are defined for different age groups. Except for 
breast milk for infants, no single dietary protein fully matches 
the requirements (FAO, 2013).

Assessment of the digestibility of the protein sources is used 
as an indicator to which extent the AA can be hydrolyzed by 
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Implications

• Protein quality refers to the ability of dietary protein 
sources to supply indispensable amino acids (IAA) to 
meet the requirements of the target organism in either 
feed or food. Methods for quantifying protein quality 
are based on measures for either digestibility or growth.

• For insect protein quality, the evidence is growing 
though still a limited number of studies are conducted. 
Applying appropriate methods is critical to ensure the 
best future applications of insect protein for animal 
feed and direct human consumption.

• For evaluating the protein quality of insects for humans 
using DIAAS method, the generalized nitrogen-to-
protein conversion factor of 6.25 is the recommended 
standard for quantifying crude protein. This factor results 
in an underestimation of protein quality due to the na-
ture of the chitin non-protein nitrogen in insects. Thus, the 
evaluation should consider IAA instead of crude protein.

• Tenebrio molitor (Yellow mealworm) and Hermetia 
illucens (Black soldier fly) are the most studied species. 
Across studies, T. molitor has the highest crude protein 
digestibility, while the effect on animal growth per-
formance is similar. Both insect species are suitable to 
be used in animal feed.

• The few studies investigating edible insect protein qual-
ity for humans indicate that among the species relevant 
for insect farming, cricket species may have slightly bet-
ter protein quality than mealworm species, though in-
conclusive till more data is available. 

gastrointestinal enzymes and be available for absorption in a 
target organism. (Stein et al., 2007). Evaluation of protein di-
gestibility can be carried out either in-vivo or in-vitro. For the 
in-vivo digestibility methods, the point of sampling for digesta, 
i.e., either at the ileum or after the passage of the total gastro-
intestinal tract in the feces, has a significant impact on the pro-
tein quality measurements (Stein et al., 2007).

Total tract digestibility – also termed as “apparent total 
tract digestibility” (ATTD) – is the simplest and longest-
standing method of measuring fecal nitrogen (N) recovery 
relative to intake, assuming AAs are absorbed throughout the 
digestive tract (Stein et al., 2007). However, in the large intes-
tine of monogastric animals and humans, no significant AA 
absorption takes place, and N may be absorbed as ammonia 
and excreted in the urine (van der Wielen et al., 2017). Also, 
the microbiota in the large intestine catabolizes and synthesizes 
AA, making fecal digestibility not truly represent the protein 
source (Hendriks et al., 2012). To adjust for this, ATTD can 
be corrected for endogenous losses using an N-free diet but re-
main to account for N or AAs absorbed in the large intestine. 

Ileal digestibility has been developed and standardized 
by the swine and poultry industries for feed formulation and 
adapted to improve human protein quality measures. The ap-
parent ileal digestibility (AID) – overcomes the limitations of 
ATTD, but the measure is more complicated by requiring sur-
gically fitted T-cannula to tap ileal digesta (Stein et al., 2007). 
Also, the ileal digesta is not exclusively of dietary origin, and 
basal and diet-specific endogenous AA losses add some noise to 
this method. The “true ileal digestibility” (TID) method over-
comes these limitations by adding protein-free or well-defined 
AA diets, along with tracers or markers, to follow the transition 
in the tract. The TID is also called “standardized ileal digest-
ibility” (SID) when no diet-specific endogenous AA losses exist. 
TID is considered the most accurate estimation of digestibility. 
However, it can also overestimate bioavailability for some diets, 
for example, due to the Maillard reaction (Jensen et al., 2019) 
between AAs and carbohydrates, not affecting the digestibility, 
but reducing the bioavailability of AAs.

Laboratory-based in-vitro digestibility methods that mimic 
digestive processes using proteolytic enzymes are widely used 
as a simple, less costly alternative to in-vivo digestibility (Egger 
et  al., 2017). Although in-vitro digestion methods are being 
further developed into dynamic models of digestion (Egger 
et al., 2017), these methods can only partially mimic the actual 
gastrointestinal peristalsis conditions. Several insect species 
evaluated in in-vitro systems have been reviewed by Rodríguez-
Rodríguez et al. (2022). This review concluded that there ap-
peared to be great differences in in-vitro digestibility between 
insect species, but also found methodological issues calling for 
standardized in vitro protocols to secure comparable results be-
tween studies.

Protein quality based on in-vivo method
With few exceptions of human studies, in-vivo methods are 

carried out in animals assessing the protein quality in relation 
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gastrointestinal enzymes and be available for absorption in a 
target organism. (Stein et al., 2007). Evaluation of protein di-
gestibility can be carried out either in-vivo or in-vitro. For the 
in-vivo digestibility methods, the point of sampling for digesta, 
i.e., either at the ileum or after the passage of the total gastro-
intestinal tract in the feces, has a significant impact on the pro-
tein quality measurements (Stein et al., 2007).

Total tract digestibility – also termed as “apparent total 
tract digestibility” (ATTD) – is the simplest and longest-
standing method of measuring fecal nitrogen (N) recovery 
relative to intake, assuming AAs are absorbed throughout the 
digestive tract (Stein et al., 2007). However, in the large intes-
tine of monogastric animals and humans, no significant AA 
absorption takes place, and N may be absorbed as ammonia 
and excreted in the urine (van der Wielen et al., 2017). Also, 
the microbiota in the large intestine catabolizes and synthesizes 
AA, making fecal digestibility not truly represent the protein 
source (Hendriks et al., 2012). To adjust for this, ATTD can 
be corrected for endogenous losses using an N-free diet but re-
main to account for N or AAs absorbed in the large intestine. 

Ileal digestibility has been developed and standardized 
by the swine and poultry industries for feed formulation and 
adapted to improve human protein quality measures. The ap-
parent ileal digestibility (AID) – overcomes the limitations of 
ATTD, but the measure is more complicated by requiring sur-
gically fitted T-cannula to tap ileal digesta (Stein et al., 2007). 
Also, the ileal digesta is not exclusively of dietary origin, and 
basal and diet-specific endogenous AA losses add some noise to 
this method. The “true ileal digestibility” (TID) method over-
comes these limitations by adding protein-free or well-defined 
AA diets, along with tracers or markers, to follow the transition 
in the tract. The TID is also called “standardized ileal digest-
ibility” (SID) when no diet-specific endogenous AA losses exist. 
TID is considered the most accurate estimation of digestibility. 
However, it can also overestimate bioavailability for some diets, 
for example, due to the Maillard reaction (Jensen et al., 2019) 
between AAs and carbohydrates, not affecting the digestibility, 
but reducing the bioavailability of AAs.

Laboratory-based in-vitro digestibility methods that mimic 
digestive processes using proteolytic enzymes are widely used 
as a simple, less costly alternative to in-vivo digestibility (Egger 
et  al., 2017). Although in-vitro digestion methods are being 
further developed into dynamic models of digestion (Egger 
et al., 2017), these methods can only partially mimic the actual 
gastrointestinal peristalsis conditions. Several insect species 
evaluated in in-vitro systems have been reviewed by Rodríguez-
Rodríguez et al. (2022). This review concluded that there ap-
peared to be great differences in in-vitro digestibility between 
insect species, but also found methodological issues calling for 
standardized in vitro protocols to secure comparable results be-
tween studies.

Protein quality based on in-vivo method
With few exceptions of human studies, in-vivo methods are 

carried out in animals assessing the protein quality in relation 

to animal nutritional requirements or used as an animal model 
for protein quality in relation to human requirements. The 
different in-vivo methods and their principles are based on ei-
ther assessing growth or IAA digestibility or absorbed IAA 
(Osborne et  al., 1919; FAO/WHO/UNU, 1991; WHO/FAO/
UNU, 2007; FAO, 2013; Devi et al., 2018), as shown in Table 1.

Protein quality based on growth
Several methods are based on the assessment of  the growth 

of  animals, determined for feeding a diet containing a test 
protein and compared to a reference protein. The “protein 
efficiency ratio” (PER) and “NPR” (NPR) are widely used 
growth-based methods for protein quality evaluation. The 
PER in growing rats developed by Osborne et al. (1919) was 
the first method adopted for assessing the protein quality of 
human food. The PER method calculates the efficiency of 
dietary crude protein (CP) for body weight gain with casein 
as a reference protein. The PER ranks protein sources against 
a single reference, but this ranking is not proportional. The 
NPR is a modification of  PER by adjusting for the weight loss 
of  rats in the control group that is given a protein-free diet. 
The weight loss of  the rat fed protein free diet is considered 
to be equivalent to the protein needed for maintenance. Both 
PER and NPR use rats and the need of  Sulphur amino acids 
in rats is higher than in humans, and the outcomes thus can 
overestimate the protein quality for humans (Deglaire and 
Moughan, 2012).

Protein quality based on digestibility
The digestibility measures reflect a protein’s enzymatic 

breakdown and adequacy to supply IAA by sampling either 
ileal digesta or feces from animals or humans. As outlined, 
ileal digesta is preferred over fecal digesta. For protein evalu-
ation for food, humans are preferred, and as animal models, 
pigs are superior to rats because their digestibility and metab-
olism are more like humans (FAO, 2014). Only a few human 
studies have determined the ileal digestibility due to the tech-
nical, economic, and ethical barriers of invasive methods for 
ileal sampling. Consequently, most in-vivo data come from 
animal models.

The common methods for evaluating protein quality using 
animal models are: “biological value” (BV), “net protein util-
ization” (NPU), “protein digestibility-corrected AA score” 
(PDCAAS), and the “digestible indispensable AA score” 
(DIAAS) method. The BV, NPU, and PDCAAS use the fecal 
digestibility of CP in a rat model FAO/WHO/UNU (1991), 
whereas DIAAS uses ileal AA digestibility in a pig model 
(FAO, 2014).

The BV measures the proportion of absorbed N retained in 
the body and indicates how well the body utilizes CP, though 
not accounting for the digestion and the interaction with other 
foods. The NPU and BV are similar, except that NPU is cal-
culated from ingested N and hence considers digestibility and 
is a better estimate for protein quality than BV (Hoffman and 
Falvo, 2004).
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The PDCAAS method was the first to be adopted that 
used an indirect measure of  IAA bioavailability as apparent 
total tract CP digestibility (FAO/WHO/UNU, 1991) and 
was recommended as an alternative to the PER method. 
The PDCAAS is calculated by multiplying AA concentra-
tions with ATTD of  CP, providing the AA scores using the 
IAA requirements of  a reference population. The lowest 
AA score is considered the first-limiting AA, defining the 
PDCAAS. Total tract CP digestibility can overestimate AA 
bioavailability of  protein from ingredients with poor ileal 
digestibility and does not consider differences in digest-
ibility among individual AA. Also, PDCAAS values higher 
than 100% are truncated to 100, implying that AAs supplied 
above requirements do not have additional physiological 
value. The truncation arbitrarily underestimates the protein 
quality of  food sources with high protein values, such as 
meat and milk.

The DIAAS was developed to overcome the methodo-
logical limitations of  PDCAAS. The DIAAS method is based 
on the cannulated sampling of  ileal digesta and assesses di-
gested AAs at the point of  physiological absorption. The 
DIAAS relies on calculating a score for each IAA based on 
the AA content and the concentration of  each digestible IAA 
and expresses the proportion of  the reference patterns for the 
age groups for which the IAA has been set. The IAA with 
the lowest score relative to the reference pattern for the spe-
cific age is the first limiting IAA defining the DIAAS value 
(FAO, 2013). Compared with PDCAAS, there is no trunca-
tion for DIAAS values, and some protein ingredients can have 
values greater than 100. The FAO (2013) has recommended 
the DIAAS method, but the lack of  ileal digestibility coeffi-
cients published in the literature has limited the widespread 
use of  DIAAS. For the evaluation of  insect protein quality 
using DIAAS, Malla et  al. (2022) is currently the only pub-
lished study. Though DIAAS is recommended for evaluating 
food’s protein quality, PER, NPR, BV, NPU, and PDCAAS 
are still used until a sufficient database of  ileal digestibility, 
and DIAAS values are available. Furthermore, DIAAS can 
also be determined by using dual stable isotope tracer method 
(FAO, 2014; Shivakumar et al., 2019).

Protein quality based on isotopic methods
More recently, the dual-isotope tracer method has been de-

veloped to determine true ileal IAA digestibility in humans 
(Devi et al., 2018). For this method, an intrinsically isotope-
labeled test protein must be produced by growing the source, 
either plants or animals, on labeled substrates; the labeled pro-
tein is fed along with a different isotope-labeled “standard” 
protein of known digestibility. Then, the postprandial ratio of 
the differently labeled AA in the blood allows for determining 
the proper digestion and absorption of the test protein. This 
method measures AA bioavailability beyond intestinal digest-
ibility. The method requires developing an intrinsic isotope la-
beled food, is expensive, and cannot be routinely conducted on 
all food ingredients.

Protein quality evaluation of insects
The different methods for assessing protein quality have 

been applied to insects in various studies, providing results 
that are to some extent comparable, but also represent different 
principles of evaluating protein quality (Longvah et al., 2011; 
Yang et al., 2014; Oibiokpa et al., 2018; Poelaert et al., 2018; 
Jensen et al., 2019; Hermans et al.,2021; Malla et al., 2022). In 
the following, we review the pool of published in-vivo studies. 
The overview of the studies reviewed on protein digestibility 
and quality measures by insect species across methods applied 
is shown in Table 2.

Protein quality of insects in pig and 
poultry diets

Growing research has been conducted on the effects of insect 
protein on the growth performance and nutrient digestibility of 
pigs and poultry (Table 3). For digestibility, we have reviewed 
in-vivo studies reporting CP, N, and AAs (Table 3), excluding 
in-vitro studies due to the limitations. Cho et al. (2020) reported 
that dietary supplementation of Tenebrio molitor (Yellow meal-
worm) larvae hydrolysate in diets of growing pigs had higher 
digestibility (AID and SID) of CP and some IAAs compared 
to fermented poultry by-product and hydrolyzed fish soluble. 
The AID tended to be higher in hydrolyzed than defatted 
T.  molitor diet, likely explained by the low molecular pep-
tides that are more easily absorbed. Another study also found 
that dried T. molitor larvae had better digestibility of CP and 
IAAs than fish, meat, or poultry meal (Yoo et al., 2019). The 
inclusion level of about 10% insect protein improved the di-
gestibility of CP and AAs. Regardless of processing, T. molitor 
larvae protein’s digestibility seems good.

Tan et  al. (2020) compared two insects, Hermetia illucens 
(black soldier fly) and Musca domestica (housefly), and found 
lower SID of most IAAs in H. illucens, except for methionine 
and cysteine. In our study, Malla et al. (2022) also found the 
SID of CP of five species ranging from 61.6 for H. illucens to 
77.8 for Alphitobius diaperinus (lesser mealworm). Both Tan 
et al. (2020) and Malla et al. (2022) indicated that the insects 
with higher CP and AAs content had higher digestibility of 
CP and AA. Different concentrations of chitin may also in-
fluence AA digestibility. Chitin contents were not analyzed in 
these studies, and the role of chitin in ileal digestibility remains 
understood but will likely reduce the SID of AA.

For growth performance as the measure of protein quality, 
studies in weaned piglets fed different insect species compared 
to different control diets as shown in Table 3 (Ji et al., 2016; 
Spranghers et al., 2018; Ao and Kim, 2019; Biasato et al., 2019; 
Cho et  al., 2022). Some studies had low inclusion of insects 
in the feed. One study found an increasing T.  molitor by up 
to 6% at the expense of soybean meal and soy oil, improved 
growth performance, explained by increasing feed intake due 
to improved flavor and palatability with increasing T. molitor 
level (Jin et al., 2016). The difference in growth performance 
between studies can be attributed to combinations of insect 
species, substituted ingredients, other feed protein sources, and 
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insects’ inclusion levels. Standardized studies are needed to 
understand the value of insects in animal feed fully.

Different insect species assessed in weaned piglets show het-
erogeneous results in protein and AA digestibility across the 
studies (Table 3). As for growth performance, the difference in 
species, in replacement of other protein sources, and different 
insect inclusion levels limit the comparison among studies. 
Moreover, the precise characterization of the tested insect 
sample remains to be standardized, such as for the same growth 
stage, chitin content, etc., which may affect the digestibility. 
Also, some animals – as well as some human populations – may 
degrade chitin, as indicated by the identification of gene expres-
sion of chitinase in young pigs (Kawasaki et al., 2021).

Both broilers and laying hens fed with insect-based diets had 
reduced CP digestibility compared to soybeans (Bovera et al., 
2016, 2018; Cutrignelli et  al., 2018). Bovera et  al. (2018) re-
ported that CP digestibility reduced linearly with increasing 
levels of insect meal in laying hens. Cutrignelli et  al. (2018) 
also observed that laying hens fed 17% defatted H.  illucens 
had lower AID of CP than hens fed diets containing soybeans. 
Similar to pig studies, in broilers, the H.  illucens had lower 
ATTD than the T. molitor. However, van der Heide et al. (2021) 
reported higher N retention for H. illucens compared to meal-
worms owing to their high content of Sulphur amino acids and 
lysine and high intake of N.

Protein quality of insects in human diets
The quality of insect protein in human diets must be con-

sidered in view of the method on which the evaluation is based. 
The studies available on determining the protein quality of in-
sects for humans are outlined in Table 4. Oibiokpa et al. (2018) 
used a rat model for determining the protein quality of four 
species (Macrotermes nigeriensis, Gryllus assimilis, Melanoplus 
foedus, Cirina forda) reporting PER, NPR, NPU, BV, and 
PDCAAS. Gryllus assimilis (field cricket) had the highest protein 
quality among the four species, as reflected in the various protein 
quality indices. The protein quality of two species, T. molitor and 
Acheta domesticus (house cricket) was determined by Poelaert 
et  al. (2018), and Jensen et  al. (2019) assessed T.  molitor and 
A.  diaperinus also using the rat model. The PDCAAS values 
reported by Poelaert et  al. (2018) and Jensen et  al. (2019) are 
higher than the DIAAS values reported by Malla et al. (2022) 
for T. molitor, A. diaperinus, A. domesticus, conforming that the 
PDCAAS values likely to overestimate the protein quality.

Additionally, PDCAAS of pre-pupae and pupae of 
Holotrichia parallela (Chafer beetle) (Yang et al., 2014) was re-
ported based on in-vitro digestibility of these insects. For the 
calculation of PDCAAS, static in-vitro measures were used 
as a surrogate for in-vivo total tract digestibility, which, how-
ever, lacks validation for generated digestibility coefficients 
for PDCAAS. True fecal total tract N digestibility for ileal 
digestibility of protein and free AA is currently the validated 
in-vitro method used for PDCAAS. The recent in-vitro method 
has been validated (Egger et al., 2017). However, this method 
is yet to be used to determine insects’ protein quality based 
on DIAAS.
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For studies in humans, Hermans et al. (2021) compare the 
impacts of ingesting A.  diaperinus and milk-derived protein 
on protein and aa metabolism and muscle protein synthesis 
rates in young men. For this, they used intrinsically 13C-labelled 
AA (phenylalanine and leucine) in A.  diaperinus or milk-
derived protein. During the five h postprandial period, there 
were no differences in the amount of A. diaperinus and milk 
protein–derived AA released into the circulation and muscle 
protein synthesis between groups receiving A. diaperinus and 
milk protein-derived phenylalanine. Further studies are needed 
to confirm this indication that insects can provide protein of 
similar quality to milk for human consumption.

Protein quality of insects in relation to nitrogen-
protein (NP) conversion factor

The standard measure for CP content in feed and food is 
based on total N and the NP conversion factor of 6.25. This 
standardized measure was recommended for calculating 
DIAAS as described in the FAO protocol (FAO, 2013). While 
it is well described that the true NP conversion factor varies 
with the variation in the AA composition, for insects, the con-
version is influenced by the chitin exoskeleton, a polymer of 
N-acetyl-glucosamine. This non-protein N contributed from 
chitin will overestimate the protein content when applying the 
standard NP conversion factor. Several studies have suggested 
modified NP conversion for insects, adjusting for the chitin-N 
(Janssen et al., 2017; Boulos et al., 2020). Boulos et al. (2020) 
established insect-specific NPs in three insect species and sug-
gested 5.33 as a standard NP for insects. For the protein quality 
methods for which the quantification of AAs is already a de-
mand, such as the DIAAS method, total AAs is considered 
to be a more relevant measure for total protein to overcome 
the overestimation of the protein content, hence underestima-
tion of protein quality using NP of 6.25 (Malla et al., 2022). 
When using an insect-specific NP of 5.33 instead of 6.25, the 
DIAAS listed in Table 4 proportionally increased by 17%; for 
example, T. molitor scored 75 compared to 64, A. domesticus 
would score to be 103 rather than 89, and Gryllodes sigillatus 
scored 107 from 92. The intention of applying standardized as-
sessment methods of protein quality, including a standardized 
NP factor, is to establish comparable measures across protein 
sources. However, for insects, the nature of the non-protein N 
contributed from the chitin exoskeleton should be considered 
in the application of methods for true quality evaluation.

Conclusion
To establish insects in the food systems as a protein source 

for animal feed and for direct human consumption, systematic, 
and comparable assessment of the protein quality is necessary. 
There are several methods for determining protein digestibility 
and quality to meet the requirements of animals and humans. 
These methods have advantages and limitations. From a scien-
tific perspective, ileal digestibility measures expressed as TID 
and SID for animals, and DIAAS for humans, are considered 

the most accurate representation of protein quality. However, 
other methods could be sufficient to rank insects against other 
sources, such as growth studies for the quality of animal feed. 
Hence, the context under which the method will be utilized and 
available resources determine the choice.

The protein quality of insects must be considered in view of 
the applied methods. Also, the generalized NP of 6.25 for calcu-
lating CP needs reconsideration, accounting for non-protein N 
of, especially chitin. Across animal studies, T. molitor has higher 
protein digestibility and supports well animal growth perform-
ance and hence, is suitable to be used in animal feed. Across 
studies evaluating the protein quality of insects for human con-
sumption, different species of cricket (A. domesticus, G. assimilis, 
and G. sigillatus) tend to have slightly better protein quality com-
pared to mealworm species (T. molitor and A. diaperinus), though 
needs more data to conclude, and these species are all candidates 
as good alternative protein sources for human consumption.
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