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a b s t r a c t

Insects are considered as a sustainable protein source for future pet foods. Here we aimed to
evaluate the protein quality of larvae of the black soldier fly (Hermetia illucens, BSF), housefly
(Musca domestica, HF) and yellow mealworm (Tenebrio molitor, YMW) and to evaluate the
fermentation characteristics of their indigestible fractions. Clean freeze-dried larvae were
subjected to in vitro simulated canine gastric and small intestinal digestion. Undigested
insect residues, shrimp chitin and fructooligosaccharides (positive control, FOS) were incu-
bated for 48 h with inoculum with fresh feces from three dogs simulating large intestinal
fermentation. The AA profiles differed among the larvae with proteins from BSF and YMW
larvae containing more Val and less Met and Lys than HF larvae. The in vitro N digestibility
of the HF (93.3%) and YMW (92.5%) was higher than BSF larvae (87.7%). The BSF larvae also
had lower in vitro digestibility values for essential AA (92.4%) and non-essential AA (90.5%)
compared to the larvae of the HF (96.6 and 96.5%) and YMW (96.9 and 95.3%). Gas produc-
tion for FOS increased rapidly during the first 6 h. Low and similar amounts of gas were
found for HF larvae and chitin whereas gas production slowly increased over 30 h and was
slightly higher at 48 h for BSF than for chitin. Gas production for YMW increased consid-
erably between 6 and 20 h. At 48 h, gas produced for undigested residues was comparable
to shrimp chitin and lower than FOS (P < 0.001). Incubation with insect residues resulted in
more N-acetylglucosamine than with shrimp chitin (P < 0.05), suggesting higher microbial
degradation of insect chitin. Fecal microbiota from one dog appeared to be better able to fer-
ment the undigested residue of YMW as gas production increased considerably between 6
and 20 h of incubation and was higher than for the microbiota from the other two dogs. The
associated metabolite profile indicated that acetate, propionate and butyrate were the main
fermentation products. Furthermore, formate was produced in relatively high amounts. It
is concluded that the protein quality, based on the amino acid profile and digestibility, of
selected insect larvae was high with the undigested insect fractions being at least partly
fermented by the dog fecal microbiota. As the microbiota from one dog was better capable
of fermenting the undigested residue of YMW larvae, it is of interest to further study the

selective growth of intestinal microbiota in dogs fed insect-based food.

© 2016 Elsevier B.V. All rights reserved.

Abbreviations: AA, amino acid; BSF, black soldier fly; BW, body weight; CP, crude protein; DM, dry matter; FOS, fructooligosaccharide; HF, housefly;
NMR, nuclear magnetic resonance; OM, organic matter; VFA, volatile fatty acid.
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. Introduction

The combination of a growing human population, increasing standard of living and urbanization in developing countries
uels global demand of and competition for protein sources for consumption by humans and animals (Aiking, 2011; Boland
t al., 2013). The pet food industry is tightly interlinked with the human food industry and livestock and fish production
ystems and, as such, also competes for the resources (Swanson et al., 2013). With over 140 million dogs and 160 million cats
iving in households in Europe and the USA (FEDIAF, 2012; Pet Food Institute, 2014) and growing populations particularly in
sia and Latin America, the availability of high quality and sustainable protein sources for pet food production is increasing in

mportance. Consequently, the search for and development of additional protein sources for human foods and animal feeds
s intensifying (Aiking, 2011; Boland et al., 2013). Insects have been proposed as a high quality alternative protein source
or both humans and animals (Rumpold and Schlüter, 2013; Van Huis et al., 2013) and can be reared on various sources of
rganic waste, which contributes to their sustainability (Van Huis et al., 2013).

Among insects, larvae of the black soldier fly (Hermetia illucens (L.), Diptera: Stratiomyidae BSF), housefly (Musca domestica
L.), Diptera: Muscidae; HF) and mealworm (Tenebrio molitor (L.), Coleoptera: Tenebrionidae; MW)  can be reared on various
ources of organic waste contributing to their sustainability as feed ingredients for pig and poultry (Veldkamp and Bosch,
015) and fish (Barroso et al., 2014). Also application of insects in pet foods is gaining attention (Bosch et al., 2014; McCusker
t al., 2014). Few data are, however, available regarding the nutritional quality of insects as alternative protein sources for
arious animal species (Veldkamp and Bosch, 2015). The protein quality of these alternative sources is mainly dependent
n the amino acid (AA) composition as well as AA bioavailability. The AA composition of larvae of the BSF, HF and MW has
een described (Bosch et al., 2014; Makkar et al., 2014; McCusker et al., 2014), but information regarding AA bioavailability

n various animal species is highly limited. Three studies evaluated the AA bioavailability of dehydrated HF larvae in turkey
hickens (Zuidhof et al., 2003) and broiler chickens (Hwangbo et al., 2009; Pieterse and Pretorius, 2013) using the apparent
ecal digestibility approach. These estimates of AA bioavailability have, however, limited accuracy due to large intestinal or
ecal microbial AA metabolism (Hendriks et al., 2012). Recently, De Marco et al. (2015) reported an average apparent ileal
A digestibility of 85% for a MW larvae meal and 66% for a BSF larvae meal in 5-week old broiler chickens.

Apart from the pre-cecal digestible components, the non-digestible components of insects are important for pet food
pplications. Dogs have a relatively simple large intestine, but potential fermentation of non-digested components affect
icrobial activity and composition, host intestinal and general health and fecal attributes like consistency and odor. The

uticle of insects contains chitin, a linear polymer of �-(1–4) N-acetyl-d-glucosamine units, which is embedded in a matrix
ith proteins (Andersen et al., 1995a). The proteins and sclerotization largely determine the mechanical properties of the

uticle and may  vary between body regions of, and among insects (Andersen et al., 1995a). For BSF and MW larvae, the
mount of chitin was estimated to be 5.4 and 2.8% of dry matter (DM) (Finke, 2013). Chitin may  be degraded using intestinal
hitinases, which are found in humans, mice (Boot et al., 2005) and several bat species (Strobel et al., 2013). Although
ogs originate from wolves that have diets low in invertebrates (Bosch et al., 2015), their genome also contains chitinase
rotein-coding genes (Bussink et al., 2007) and chitinolytic activity has been found in extracts of the gastric mucosa of dogs
Cornelius et al., 1975) suggesting gene expression and secretion of chitinase. Degradation of chitin from squid pen in the
astrointestinal tract of dogs, however, was low (Okamoto et al., 2001), indicating a low digestive efficiency of chitinase
or this specific source. In addition, microbial chitinolytic activity in the dogs was low, which may  categorize chitin a non-
ermentable fiber. Given the role of fermentable and non-fermentable dietary fibers in intestinal microbial activity and
ealth (Fahey et al., 2004), it is of interest to study the potential fermentation characteristics of indigestible parts of insects
ontaining chitin.

The objectives of this study were to evaluate the bioavailability of AA in BSF, HF and MW larvae and to study the fer-
entation characteristics of the indigestible fractions of BSF, HF and MW larvae by the canine large intestinal microbiota.

n vitro methods were applied to simulate the dog’s digestive processes in the stomach and small intestine (Hervera et al.,
007) and in the large intestine (Bosch et al., 2013). As potential microbial metabolites derived from these substrates are not
xtensively described in literature, non-targeted and comprehensive 1H nuclear magnetic resonance (NMR) spectroscopy
as applied to detect a variety of different fermentation metabolites (Jacobs et al., 2008).

. Materials and methods

.1. Substrates

Live BSF larvae (Koppert B.V., Berkel en Rodenrijs, the Netherlands) and YMW  larvae (Kreca, Ermelo, the Netherlands)
ere washed with demineralized water on a metal filter screen (1.25 mm),  dried with a towel and stored frozen (−20 ◦C).

ive HF larvae (Jagran B.V., Hillegom, the Netherlands) were distributed in buckets forming thin layers (∼1 cm)  and frozen

−20 ◦C). Once frozen, larvae were sieved (1.25 mm screen) to remove the growing substrate and excreta. All frozen insects
ere freeze-dried to a constant weight after which remnants of the growing substrate and excreta were manually removed.

leaned insects were ground using an ultra-centrifugal mill at 10,000 rpm without a sieve (ZM100, Retch BV, Ochten, The
etherlands). Substrates were stored at −20 ◦C until further analyses. Control substrates were chitin from shrimp shells
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(Sigma-Aldrich, Saint Louis, MO,  US) and fructooligosaccharides (Raftifeed IPS, Orafti, Tienen, Belgium; positive control,
FOS).

2.2. In vitro digestion

Substrates were digested according to an up-scaled Boisen two-step in vitro method (Boisen and Fernández, 1997)
with modifications in order to simulate canine digestive physiology characteristics (Hervera et al., 2007) and to collect the
undigested residue (Jha et al., 2011). Amount of substrate incubated was standardized to 10 g air-dry material. Substrates
were incubated in beakers with a phosphate buffer solution (250 ml,  0.1 M,  pH 6.0) and a HCl solution (100 ml,  0.2 M).  The
pH was adjusted to 2.0 with 1 M HCl or 10 M NaOH. Fresh pepsin solution (10 ml,  25 g/l, porcine pepsin 2000 FIP U/g, Merck
7190) and chloramphenicol solution (0.005 g/ml ethanol) were added. Each beaker was covered with a glaze and placed in
a heating chamber at 39 ◦C under constant magnetic stirring. Fresh pancreatin solution was prepared by mixing 140 g of
pancreatin (Porcine pancreas grade VI, SigmaP-1750) in 140 ml  phosphate buffer (0.2 M,  pH 6.8) under continuous magnetic
stirring for 15 min. Non-solubilized material was removed by centrifugation (10 min  at 3000 rpm/min, 20 ◦C). After 2 h of
incubation, 90 ml  phosphate buffer (0.2 M,  pH 6.8) and 50 ml  of 0.6 M NaOH were added to the solution. The pH was adjusted
to 6.8 with 1 M HCl or 10 M NaOH and 10 ml  of the supernatant of the pancreatin solution was  added. The hydrolysis was
continued for 4 h under the same conditions. After hydrolysis, the undigested residues were collected by filtration of the
slurries on a nylon gauze (pore size 37 �m,  permeability 24%, Kabel Zaandam B.V., Zaandam, the Netherlands), washed twice
with 99.5% acetone and 95% ethanol to remove lipids and free sugars. Residues were allowed to dry overnight and transferred
to pre-weighed plastic containers. Containers with residues were oven-dried to a constant weight (70 ◦C, 18 h) and weighed
again. The number of replicates differed per insect type and was 6 for BSF, 4 for HF and 12 for YMW  larvae. The intra-assay
coefficient of variation of the digestion procedure for DM digestibility was 1.4% for BSF and 0.4% for HF and YMW  larvae. The
dried residues were pooled per insect species and mildly crushed to a fine powder with a mortar and pestle.

2.3. In vitro fermentation

All experimental procedures were approved by Wageningen University. Fresh feces were collected from three privately-
owned retriever-type dogs: one intact male (9 mo,  31 kg body weigh (BW); dog 1), one intact female (12 yr, 31 kg BW;  dog
2), one castrated male (11 yr, 40 kg BW;  dog 3). Dogs were fed a nutritionally complete canned diet (Pedigree pate with beef,
Masterfoods GMBH, Verden, Germany) with a gross composition (g/kg as is basis) of 185 DM,  70 crude protein (CP), 55 crude
fat, 5 crude fiber, and 23 crude ash (values provided by the manufacturer). Dogs were fed approximately 460 kJ of energy/kg
of BW0.75 per day in two equal portions for at least 2 wk  prior to feces collection. Feces were collected directly after voiding
in sterilized plastic bottles prefilled with CO2. After placing the feces into the bottle, a second 500 ml  bottle containing CO2
was poured into the bottle to ensure anaerobic conditions. The bottle with feces was  closed and transported within 5 min
to the laboratory where the feces were manually homogenized, weighed and diluted 1/9 (w/v) in a 39 ◦C anaerobic sterile
physiological saline solution (9 g/l NaCl). The diluted mixture was  homogenized for 60 s using a hand-blender and filtered
through nylon gauze (pore size 40 �m,  permeability 30%; PA 40/30, Nybolt, Switzerland). All procedures were carried out
under a constant stream of CO2. The filtrate was mixed with a pre-warmed N-containing medium (Williams et al., 2005) in a
5/84 (vol/vol) and flushed for 5 min  with CO2. For each dog, two batches of incubation bottles were prepared, i.e. one for 6 h of
incubation and one for 48 h of incubation. All incubations were done in simplo. The medium/inoculum mixture (44.5 ml)  was
dispensed into each bottle containing 0.25 g of substrate. For each dog and incubation time, one blank bottle containing only
44.5 ml  of the inoculum was incubated. Inoculated bottles were immediately attached to fully automated gas production
measurement equipment (Cone et al., 1996). At t = 0, a sample (1 ml)  was taken from each of the three medium/inoculum
mixtures and frozen at −80 ◦C. After 6 h of incubation, the first batch of bottles were detached from the gas measurement
equipment and 1 ml  of fermentation liquid was sampled and frozen at −80 ◦C pending further analyses of fermentation
product concentrations. The same sampling procedure was  performed after 48 h of incubation.

2.4. Chemical analyses

Dry matter content of substrates was determined by drying to a constant weight at 103 ◦C (ISO, 1999b) and crude ash by
combusting at 550 ◦C (ISO, 2002). Nitrogen content of substrates and residues was  determined using the Kjeldahl method
(ISO, 2005). Substrates were analyzed for crude fat according to the Berntrop method (ISO, 1999a), total starch according to
an enzymatic procedure (ISO, 2004) and sugar as described by Van Vuuren et al. (1993) without a segmented flow analyzer.
Amino acids were analyzed as described by Hendriks et al. (1996) and Van Rooijen et al. (2014). Phenylalanine and histidine
of substrates were not reported, as the peak areas in the chromatograms for these AA appeared to be overlapping with likely
glucosamine or galactosamine.
2.5. 1NMR  spectroscopy

For measurement of metabolites, in vitro fermentation liquid samples collected and stored at −20 ◦C were thawed and
centrifuged at 14,000 rpm for 5 min  at 5 ◦C. The supernatant was collected, equilibrated to room temperature and diluted
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Table  1
Chemical composition (in g/kg of dry matter) of freeze-dried and ground black soldier fly larvae (BSF), housefly larvae (HF) and yellow mealworm larvae
(YMW).

Parameter Insect larvae

BSF HF YMW

Dry matter, g/kg 966 963 987
Nitrogen 82 93 88
Crude fat 216 208 342
Crude ash 80 93 41

Essential AA
Arginine 20.5 26.8 25.3
Isoleucine 20.4 21.8 23.5
Leucine 31.4 35.4 38.8
Lysine 28.4 40.4 29.5
Methionine 6.9 11.1 6.6
Threonine 18.7 24.4 21.3
Valine 28.7 28.7 33.3

Nonessential AA
Alanine 32.4 33.7 40.2
Aspartic acid 40.7 53.8 42.8
Cysteine 4.7 6.5 4.8
Glutamic acid 53.7 83.4 57.2
Glycine 25.3 25.1 27.5
Serine 19.2 24.0 22.9
Tyrosine 30.2 29.7 38.1
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AA-N/total N , % 65.0 71.6 69.0

a The partial contribution of proteins to total N in insects (i.e. chitin also contains N) was calculated using the molar N per molar AA. For aspartic acid
nd  glutamic acid 1.5 mol  N per mol  AA was used.

:1 in phosphate buffer (75 mM,  pH 7.4) containing 1 mM maleic acid as internal standard. Subsequently, a 200 �l sam-
le was transferred to 3 mm NMR  tubes (Bruker Match System, Germany), and measured at 300 K in an Avance III NMR
pectrometer with a 600 MHz/54 mm UltraShielded Plus magnet equipped with a CryoPlatform cryogenic cooling system, a
CU-05 cooling unit, an ATM automatic tuning and matching unit as described previously (Haenen et al., 2013). Assignment
f metabolite resonances was performed by comparing with published literature, the Human Metabolome Database online

ibrary (http://hmdb.ca/), and internal standards. Two dimensional homo- and heteronuclear NMR  measurements were also
erformed in order to support the assignments. The NMR  spectra were baseline corrected, aligned and calibrated to the

nternal standard. The integrals of the metabolites identified in the samples were converted into concentrations using the
ntensity of the internal standard as well as using calibration curves of volatile fatty acid (VFA) molecules under identical
onditions as the fermentation liquid measurements. Integrals of interesting metabolites were carefully selected in order to
void overlap of resonances. The assigned resonances were checked with the help of 2D NMR  spectra.

.6. Calculations and statistical analyses

Organic matter (OM) was calculated as DM—crude ash content and CP as N × 6.25. As proteins contribute partially to the
nalyzed total N in insects, i.e. chitin also contains N, the percentage N from all analyzed AA of total N was  calculated using
he molar N per molar AA. For aspartic acid and glutamic acid, 1.5 mol  N per mol  AA was  used. In vitro DM,  OM,  N and AA
igestibility coefficient values for the insect substrates was  calculated as the amount of residue collected (in g DM)  × content

n residue (in percentage of DM)  divided by the amount of substrate incubated (in g DM)  × content in substrate (in percentage
f DM). Amounts of gas and metabolites produced from substrates were expressed on a per g OM basis.

Differences between substrates for gas produced after 48 h and fermentation metabolites at 6 h and at 48 h of incubation
ere tested for significance using a 1-way ANOVA by the GLM procedure (SAS 9.2, SAS Institute, Cary, NC, USA). The statistical
odel included substrate as a fixed effect. In case of a significant effect of substrate, differences between substrates were

nalyzed using Tukey–Kramer’s multiple comparison procedure in the LSMEANS statement in SAS. The level of significance
as set at P < 0.05.

. Results

.1. Composition
Chemical composition of insect larvae is provided in Table 1. The HF larvae were slightly higher in CP than BSF and
MW  larvae. BSF and HF larvae were lower in crude fat and higher in crude ash than YMW  larvae. In general, the HF larvae
nd YMW  larvae contained on a DM basis, more essential and non-essential AA than BSF larvae. Also the AA-N/total N
ercentage was higher for the larvae from the HF and YMW  than for BSF larvae. The HF larvae were in particular rich in

http://hmdb.ca/
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Table 2
In vitro digestibility coefficients of freeze-dried and ground black soldier fly larvae (BSF), housefly larvae (HF) and yellow mealworm larvae (YMW).

Parameter Insect larvae

BSF HF YMW

Dry matter 0.814 0.886 0.923
Organic mattera 0.824 0.901 0.922
Nitrogen 0.877 0.933 0.925

Essential AA
Arginine 0.935 0.975 0.979
Isoleucine 0.917 0.961 0.956
Leucine 0.916 0.963 0.965
Lysine 0.932 0.971 0.977
Methionine 0.936 0.967 1.000
Threonine 0.921 0.959 0.966
Valine 0.911 0.964 0.940

Nonessential AA
Alanine 0.910 0.969 0.957
Aspartic acid 0.929 0.972 0.973
Cysteine 0.869 0.943 0.947
Glutamic acid 0.926 0.975 0.974
Glycine 0.866 0.959 0.911
Serine 0.907 0.965 0.946
Tyrosine 0.931 0.974 0.961

a Organic matter of original substrate and undigested residue calculated as dry matter − crude ash.

Table 3
Chemical composition (in g/kg of dry matter) of undigested residues of freeze-dried and ground black soldier fly larvae (ur-BSF), housefly larvae (ur-HF)
and  yellow mealworm larvae (ur-YMW).

Parameter Insect larvae

ur-BSF ur-HF ur-YMW

Dry matter, g/kg 935 939 950
Nitrogen 54 55 85
Crude ash 137 159 28

Essential AA
Arginine 7.2 5.9 6.8
Isoleucine 9.1 7.5 13.7
Leucine 14.1 11.4 17.9
Lysine 10.3 10.1 8.9
Methionine 2.4 3.2 0.0
Threonine 8.0 8.8 9.6
Valine 13.7 9.0 26.5

Nonessential AA
Alanine 15.7 9.2 22.8
Aspartic acid 15.6 13.3 15.3
Cysteine 3.3 3.2 3.4
Glutamic acid 21.4 17.9 19.4
Glycine 18.2 8.9 32.2
Serine 9.6 7.4 16.3
Tyrosine 11.2 6.7 19.7
AA-N/total Na, % 43.5 32.7 35.7
a The partial contribution of proteins to total N in insects (i.e. chitin also contains N) was  calculated using the molar N per molar AA. For aspartic acid
and  glutamic acid 1.5 mol  N per mol  AA was used.

lysine, methionine, threonine, aspartic acid, cysteine, glutamic acid and serine whereas YMW  larvae contained relatively
large amounts of isoleucine, leucine, valine, alanine, glycine, serine and tyrosine.

3.2. In vitro digestibility

In vitro DM and OM digestibility values of YMW  larvae were higher than that of HF and BSF larvae and BSF larvae showed
the lowest N digestibility values (Table 2). On average, the in vitro AA digestibility of BSF, HF and YMW  larvae was  respectively

3.8, 3.3 and 3.6% higher than N digestibility. In particular in BSF and YMW  larvae, cysteine and glycine showed lower in vitro
digestibility values than for the other AA. The undigested residues collected after in vitro digestion were lower in N for BSF
and HF larvae than the original substrates whereas for the YMW  larvae the N content of the residue was approximately
similar (Table 3). Furthermore, the AA-N/total N percentage of the residues was  lower than the original substrates with
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he residue of BSF larvae having a higher value than the larvae of HF and YMW.  The undigested residues of YMW  larvae
ontained less crude ash than the residues of BSF and HF larvae.

.3. In vitro fermentability

The DM and OM contents of FOS (i.e. positive control) were respectively 96.5% and 100% of DM and for chitin the contents
ere respectively 92.9% and 99.7% of DM (results not shown). Gas production from FOS increased rapidly from 0 to approx-

mately 6 h, slightly increased again from 12 to 18 h of incubation and remained stable until the end of incubation (i.e. 48 h)
Fig. 1A). For the undigested residues of the BSF, HF and YMW  larvae, gas production increased during approximately the
rst 3 h of incubation. For chitin and ur-HF larvae, no additional gas was thereafter produced whereas for the ur-BSF larvae

he gas produced slightly increased until approximately 30 h of incubation and that for the ur-YMW increased considerably
etween 6 and 20 h of incubation. At 48 h, the amounts of gas produced from the undigested residues of the BSF, HF and YMW

arvae were not different from incubation with chitin (P > 0.05) and lower than FOS (P < 0.001). Chitin and the undigested
esidue of HF larvae resulted in the lowest amount of gas and incubation with the undigested residues of BSF larvae resulted
n slightly higher values. Gas production from the undigested residue of YMW  larvae increased between 6 and 20 h and was
t 48 h of incubation numerically higher than the undigested residues of BSF and HF larvae. This difference in gas production
inetics appeared to be the result of one of the three fecal donors. The inocula from dogs 1 and 2 gave low amounts of gas but

ncubation with fecal inoculum from dog 3 resulted in considerable amounts of gas (Fig. 1B). Incubation of blanks resulted in
ow amounts of gas ranging from 0.0 to 2.9 ml  after 48 h of incubation (results not shown), which was similar to the absolute
mounts of gas produced (i.e. not expressed on a per g OM basis) from chitin and the ur-HF larvae.

Eleven components were identified in the fermentation liquids (Table 4). At 6 h of incubation with FOS, the main metabo-
ites in fermentation liquids were acetate, propionate, butyrate and ethanol, which were all present in larger amounts
P < 0.001) than for the undigested insect residues and chitin (Table 5). Lactate concentration at 6 h of incubation was
umerically higher for FOS than for other substrates, which was  mainly due to the considerably high concentration for
og 3 (5.06 mmol/g OM,  result not shown). Formate concentration was higher for incubation with FOS compared to chitin
P = 0.045) whereas ethanol and propanol concentrations were higher for incubation with FOS than with all other substrates

P < 0.001). Incubation with the ur-BSF larvae resulted in higher succinate concentration than for FOS (P = 0.049). Further-

ore, higher phenylalanine concentrations after 6 h of incubation with ur-BSF, ur-HF and ur-YMW larvae compared to FOS
P = 0.004, P = 0.004 and P = 0.020, respectively). For succinate, valerate and N-acetylglucosamine no differences (P > 0.05)
ere observed between the substrates. At 48 h of incubation, concentrations of acetate, propionate and butyrate further
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Table 4
1H NMR  chemical shifts and concentration ranges (mmol/l) of identified compounds measured in fermentation liquids.

Compound Chemical shift and assignment Concentration range

Acetate 1.90 (singlet) 2.12–41.02
Propionate 1.05 (triplet) 1.02–31.89
Butyrate 1.54 (multiplet) 0.23–7.76
Propanol 3.55 (triplet) 0.00–0.67
Lactate 1.32 (doublet) 0.00–27.36
Ethanol 1.17 (triplet) 0.00–4.61
Formate 8.44 (singlet) 0.10–1.55
Succinate 2.44 (singlet) 0.00–0.04
Phenylalanine 7.30 (multiplet) 0.03–0.63
Valerate 0.84 (triplet) (tentative) 0.00–0.63
N-acetylglucosamine 2.06 (singlet) 0.06–0.68

Table 5
Mean amount of compounds in fermentation liquids (mmol/g organic matter incubated) for undigested residues of black soldier fly larvae (ur-BSF), housefly
larvae (ur-HF), yellow mealworm larvae (ur-YMW), chitin, and from fructooligosaccharides (FOS) at 6 and 48 h of incubation with fecal inoculum from
dogs  (n = 3).

Compound Substrate Pooled SEM P-value

ur-BSF ur-HF ur-YMW Chitin FOS

6 h incubation
Acetate 1.591a 1.482a 1.254a 1.179a 5.442b 0.149 <0.001
Propionate 0.890a 0.944a 0.787a 0.696a 3.846b 0.278 <0.001
Butyrate 0.271a 0.294a 0.221a 0.149a 0.507b 0.033 <0.001
Propanol 0.004a 0.005a 0.002a 0.002a 0.089b 0.010 <0.001
Lactate  0.031 0.004 0.004 0.001 2.023 0.678 0.213
Ethanol 0.273a 0.262a 0.233a 0.178a 0.778b 0.027 <0.001
Formate 0.032ab 0.040ab 0.032ab 0.028a 0.075b 0.010 0.040
Succinate 0.002 0.002 0.002 0.002 0.000 0.000 0.053
Phenylalanine 0.100a 0.102a 0.084a 0.071ab 0.026b 0.011 0.003
Valerate 0.037 0.041 0.049 0.040 0.020 0.021 0.894
N-acetylglucosamine 0.062 0.077 0.069 0.057 0.037 0.020 0.700

48  h incubation
Acetate 3.453a 2.934a 3.349a 1.347a 6.902b 0.664 0.002
Propionate 1.885a 1.403ab 1.236ab 0.734b 5.632c 0.145 <0.001
Butyrate 0.511 0.315 0.627 0.102 0.755 0.222 0.317
Propanol 0.002a 0.003a 0.002a 0.002a 0.095b 0.007 <0.001
Lactate  0.001 0.006 0.015 0.001 0.004 0.006 0.486
Ethanol 0.042a 0.057a 0.066a 0.153ab 0.438b 0.064 0.007
Formate 0.080 0.065 0.127 0.028 0.024 0.046 0.521
Succinate 0.001 0.001 0.002 0.005 0.000 0.001 0.167
Phenylalanine 0.117ab 0.123a 0.097ab 0.074bc 0.031c 0.010 <0.001

a a ab bc c
Valerate 0.133 0.122 0.100 0.062 0.043 0.009 <0.001
N-acetylglucosamine 0.138a 0.137a 0.124a 0.091b 0.047c 0.007 <0.001

Mean values with different superscript letters within a row were significantly (P < 0.05) different.

increased for all substrates. Production of acetate and propionate from FOS was  higher than from other substrates but
substrates did not differ in butyrate concentrations. Incubation with ur-BSF resulted in more propionate than with chitin
(P = 0.002). Valerate concentrations were also higher at 48 h of incubation and were higher for the undigested residues of
the larvae substrates than for FOS (P < 0.010). Lactate concentrations for incubation with FOS at the end of incubation were
low and not different from other substrates. Similarly, lower ethanol concentrations were noted for all substrates compared
to 6 h of incubation, with higher concentrations for incubation with FOS relative to the ur-BSF, ur-HF and ur-YMW larvae
(P = 0.009, P = 0.012 and P = 0.014, respectively). Propanol concentrations were higher for incubation with FOS than with all
other substrates (P < 0.001). Substrates did not differ in succinate and formate concentrations. Concentrations of pheny-
lalanine were higher for undigested residues of the insect larvae substrates than for FOS (P < 0.001). Incubation with the
undigested residues of the insect larvae substrates resulted in more N-acetylglucosamine than for incubation with chitin
(P < 0.05) and with FOS (P < 0.001). For dog 3, the main microbial metabolites from ur-YMW at 48 h of incubation were
acetate (5.95 mmol/g OM), propionate (1.57 mmol/g OM)  and butyrate (1.51 mmol/g OM)  (results not shown). In addition,
the concentration of formate increased from 0.09 mmol/l before incubation to 0.47 mmol/l at 48 h of incubation.
4. Discussion

This study evaluated aspects of nutritional quality of BSF, HF and YMW  larvae, which are potential sustainable alternative
protein sources for pet foods. The composition of the insect larvae varies among studies (reviewed by Makkar et al., 2014).
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he BSF larvae used here were slightly higher in CP and lower in crude ash than in other studies (Makkar et al., 2014;
cCusker et al., 2014) although a slightly higher CP content was found in a previous study (Bosch et al., 2014). The lower

rude ash content of BSF larvae might be related to a lower amount of calcium carbonate covering the integument (Johannsen,
922) and to a low ash content of the growing substrate present in the gut at harvest as observed in other insect species
Finke and Oonincx, 2013). The AA composition of the HF and YMW  larvae was within the ranges reported in the scientific
iterature (Makkar et al., 2014). The AA profile of BSF larvae was very close to the profile (CP basis) reported in Bosch et al.
2014), although the valine contents were lower in the present study (5.6 vs. 6.3% of CP). The valine contents of BSF and
MW larvae were higher compared to the reference data for conventional protein sources like meat and bone meal (4.4%,

 = 1230), fish meal (5.0%, n = 10,409) and soybean meal (4.8%, n = 1198) (Sauvant et al., 2004). Furthermore, compared to
hese conventional sources, studied insects contained relatively high amounts of histidine and tyrosine and low amounts
f arginine. In foods for adult dogs that are based on soybean or rendered meat meals, methionine is generally the first

imiting AA (NRC, 2006). Proteins from BSF and YMW larvae contained similar amounts of methionine as those in meat and
one meal and soybean meal but lower amounts than fish meal. Intermediate amounts of methionine were found for the
F larvae. The protein of HF larvae contained less lysine than fish meal (7.5%) but more than BSF larvae, YMW  larvae, meat
nd bone meal (5.0%) and soybean meal (6.1%).

The protein quality of ingredients depends not only on the amounts of AA, but also on their AA bioavailability, for which
imited data are currently available for insects. Bioavailability of AA was assessed using an in vitro method simulating
igestive processes in the stomach and small intestine (Hervera et al., 2007). The method has been applied in several studies
valuating OM and N digestibility of single ingredients and complete pet foods. Similar in vitro OM and N digestibility values
or BSF and YMW  larvae were found in a previous study (84.3 and 89.7% for BSF and 91.5 and 91.3% for YMW,  respectively)
Bosch et al., 2014). Although these insects were minimally processed and not heat-treated like proteins in commercial pet
oods, the in vitro N digestibility values are high and in the range of values found for 54 commercial dog and cat foods
84.7–99.7%) using similar laboratory procedures (Van Zelst et al., 2015). The higher in vitro AA digestibility values for YMW
ompared to BSF larvae were in line with apparent ileal digestibility findings in broiler chickens of De Marco et al. (2015),
lthough the values in the present study were greater (96 vs. 85% and 91 vs. 66%, respectively). These differences can in part
e explained by the different insect processing procedures and assays used. The considerably low AA digestibility value for
he BSF larvae in the latter study was related to values for isoleucine (45%), lysine (46%), methionine (42%) and tyrosine (43%),
lthough it remained unclear what caused these low values. The high AA content in combination with the high in vitro AA
igestibility values found in the present study indicate that minimally processed insect larvae have a high protein quality,
hich is an important characteristic. For application of insect protein meals in pet foods, it is of interest to use processing

echniques that minimally impact the bioavailability of the AA but also sanitize the insects in particular when these are
roduced from organic waste streams.

The fraction from the food that is not digested and absorbed in the small intestine, is potentially substrate for the micro-
iota in the large intestine. Based on the chemical characterization of the undigested residues collected after in vitro digestion,
hese fractions contain at least N-containing compounds and minerals. Part of the N in the residues would originate from
rotein but also from chitin, a linear polymer of �-(1–4) N-acetylglucosamine units, which is embedded in a matrix with
roteins of the cuticle (Andersen et al., 1995a). The proteins and sclerotisation largely determine the mechanical properties
f the cuticle and may  vary between body regions of insects and vary among insects (Andersen et al., 1995a). Chitin may
e degraded using intestinal chitinases, which are found in humans and mice (Boot et al., 2005). Although dogs originate
rom wolves that have diets low in invertebrates (Bosch et al., 2015), their genome also contains chitinase protein-coding
enes (Bussink et al., 2007) and chitinolytic activity has been found in extracts of the gastric mucosa of dogs (Cornelius et al.,
975) suggesting gene expression and secretion of chitinase. Degradation of chitin from squid pen in the gastrointestinal
ract of dogs, however, was low (Okamoto et al., 2001), indicating a low digestive efficiency of chitinase for this specific
ource. In addition, microbial chitinolytic activity in the dogs was  low, which may  make chitin a non-fermentable fiber.
he BSF and YMW  larvae contain approximately 5.4 and 2.8% chitin of DM (Finke, 2013). When applying the fractions of

 from chitin of total N for these larvae from that study and assuming a 0% digestibility of chitin (Okamoto et al., 2001),
he in vitro digestibility of chitin-corrected N would be 92.7% for BSF larvae and 95.6% for YMW  larvae. These estimates are
n close agreement with the average AA digestibility values of respectively 91.5 and 96.1% in the present study. Based on
he N content of the BSF and MW larvae and their residues and on the chitin content of the larvae (Finke, 2013), the chitin
ontent in the residue would approximately be respectively 32.9 and 51.5% of DM and protein (chitin-corrected N × 6.25)
9.9 and 31.7% of DM. Resistance to proteolysis of these proteins was  likely, in part, related to disulphide linkages between
wo cysteine molecules. This is substantiated by the lower in vitro digestibility of cysteine of the insect larvae than that
or the other AA. Cuticular proteins of the integument, however, tend to be low in cysteine (Andersen et al., 1995a; Willis,
010), suggesting that cysteine is likely part of other structural components of insects such as the peritrophic matrix. This
on-cellular semipermeable membrane lines the gut of most insects (Tellam et al., 1999). It is mainly composed of class

II and IV peritrophins, which are proteins rich in cysteine that show proteinase resistance and contribute to structure of
he matrix by covalently cross-linking to other peritrophins and constituents such as chitin or proteoglycans (Tellam et al.,

999). The lower in vitro glycine digestibility for BSF and MW larvae was  likely related to cuticle proteins (Andersen et al.,
995a). In particular the epicuticle consists of a tightly cross-linked network of proteins and lipids suggested to be resistant
o degradation (Andersen, 1979). The proteins in the hard and stiff cuticle of MW larvae are, next to glycine, richer in alanine,
yrosine, valine and proline compared to the soft larval cuticles of dipteran species (Andersen et al., 1995b). The latter is in
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line with the high amounts of alanine, tyrosine and valine in the undigested residues of YMW  larvae relative to the residues
of BSF and HF larvae with soft cuticles. The structural and elastic protein in insects named resilin is also rich in glycine, but
is likely not a substrate for the large intestinal microbiota as it is suggested to be well digestible (Weis-Fogh, 1960).

The in vitro fermentation of the undigested insect residues resulted in, relative to the positive control FOS, little gas
production and metabolite formation. The amount of gas produced was  in line with the values for FOS in two previous
studies in the same laboratory (Bosch et al., 2008, 2013). The production of acetate and butyrate from FOS was close to
that observed in Bosch et al. (2008) after 72 h of incubation but propionate production was  higher in the present study.
Such differences in metabolite production may  be related to variation in the composition of microbial communities among
donors as affected by genetics (Hand et al., 2013) or diet (Sunvold et al., 1995). The difference between FOS and residues
of the insect larvae was larger for the amount of gas produced than for the amount of the main fermentation metabolite
acetate. The amount of gas produced originates from direct gas production during substrate fermentation but also from
CO2 released from the carbonate buffer (indirect gas production) when VFA are produced. In case AA are fermented, NH3
is produced that binds H+ ions and as such prevents the release of CO2 from the buffer (Cone and Van Gelder, 1999). The
fermentability of undigested residues of insects can therefore be better derived by the formed metabolites. The fermentation
of AA like proline and hydroxyproline in structural proteins yields acetate, butyrate, and to a lesser extent, propionate but
also fatty acids like valerate (Macfarlane and Macfarlane, 2003). The amounts of VFA formed from the undigested residues of
insects were less than from FOS but in the range of VFA from poultry meat meal after 72 h of incubation (Bosch et al., 2013)
indicating that the insect residues were relatively well fermentable. The intermediate fermentation metabolites lactate,
ethanol and formate (Macfarlane and Macfarlane, 2003) were in particularly found after 6 h of incubation with FOS. Fucose
was likely present in FOS, as indicated by its fermentation product propanol (Louis et al., 2007). Little information is available
regarding the fermentation of chitin. Microbial degradation of marine chitin yields acetate, NH3 and fructose-6-phosphate
(Keyhani and Roseman, 1999). Fructose-6-phosphate is further catabolized to pyruvate, which can be further degraded to
acetate, propionate, butyrate and gasses (Macfarlane and Macfarlane, 2003). Crab shell chitin incubated with isolated fecal
microbes from pigs, horses and takins yielded in particular propionate and butyrate (Šimůnek et al., 2001), although no
amounts were presented. The levels of fermentation products found for chitin from shrimp shells were in line with those for
the blanks (results not shown), indicating that this chitin source appeared to be non-fermentable by fecal microbiota from
dogs. The levels of N-acetylglucosamine were, however, higher in the undigested residues of the insect larvae than that of
chitin after 48 h of incubation, suggesting at least some microbial hydrolysis of chitin. The higher valerate concentrations
from some insect residues than from shrimp chitin might also reflect microbial catabolism of chitin, although valerate may
also originate from microbial amino acid catabolism (Macfarlane and Macfarlane, 2003). To what extent chitin from these
insects is fermentable remains unclear as chitin was  not quantified. The fermentation of the indigestible fraction of YMW
larvae was different for dog 3. After a lag time of approximately 6 h gas production increased and after 48 h substantial
amounts of VFA were found indicating considerable higher microbial utilization of the undigested residue of this substrate
than for the other two dogs. The lag time indicates that first selective growth of microbes was  required before substantial
fermentation occurred, which was observed for gum arabic using dog microbiota (Bosch et al., 2008) and alginate using pig
microbiota (Jonathan et al., 2012). Although the N-acetylglucosamine concentration in the fermentation liquid for this dog
was similar to that in the other two dogs (data not shown), a higher utilization capacity of YMW-chitin might explain the
differences between the three dogs. In particular, high amounts of formate were formed. In humans, formate is formed by
Bifidobacterium breve when carbohydrate is limited (Macfarlane and Macfarlane, 2003). Furthermore, formate has a pungent
odor, has antibiotic activity against yeasts and some bacterial species and is readily absorbed and metabolized (Partanen and
Mroz, 1999). Based on these findings, it is of interest to further study the selective growth of intestinal microbiota in a larger
population of dogs fed a diet including insect as a protein source. Overall, these data suggest that the intestinal microbiota
from the dogs can utilize the undigested AA from BSF, HF and YMW  larvae. The chitin of YMW  may  be utilized by the canine
microbiota and warrants further study.

5. Conclusions

The protein quality of BSF, HF and YMW  larvae was  high with larvae containing large amounts of bioavailable protein
and essential AA. The AA profiles differed among these insects with proteins from BSF and YMW  larvae containing more
valine and less methionine and lysine than HF larvae. The high bioavailability of the AA should be ensured when insects
are processed to protein meals and incorporated in pet foods. The proteins in undigested fractions of the insect larvae were
fermented by the canine fecal microbiota and the fermentability of chitin of insects require further study. The microbiota
from one dog was better capable of fermenting the undigested residue of YMW  larvae. It is, therefore, of interest to further
study the selective growth of intestinal microbiota in a larger population of dogs fed a diet including insect as protein source.
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