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Abstract

The aims of this study were to evaluate the
correlation between in vitro crude protein
digestibility coefficients of insect meals from
Tenebrio molitor (TI) and Hermetia illucens
(HI) and their chemical composition traits as
well as to develop regression equations able to
estimate the in vitro crude protein digestibility
(CPd) from proximate analysis of insect meals.
Twelve samples of insect meals (6 from TM lar-
vae, TM 1-6 and 6 from HI larvae, HI 1-6) were
obtained from different producers and
analysed for chemical composition and in vitro
crude protein digestibility by a two-step enzy-
matic method (digestion with pepsin and
trypsin-enriched pancreatin). For both insect
meal samples, CPd was negatively correlated to
ADF and chitin contents, while just for HI there
was a positive correlation (P<0.01) between
CP percentage of the samples and CPd. For
both insect meals the former variable chosen
in the stepwise analysis was the chitin,
explaining the 79.45% of CPd variability for
Tenebrio molitor samples and the 98.30% for
Hermetia illucens. In the second step, the
amount of protein linked to ADF was added in
the model for T. molitor and CP for H. illucens
samples. The coefficients chitin is the main
constituent of insect body able to affect the
crude protein digestibility of Tenebrio molitor
and Hermetia illucens larvae meals estimated
by an in vitro enzymatic method. 

Introduction

The demand of high value protein sources
for feeds formulation, such as fishmeal and
extracted soybean meal are growing as human
population and food demand (FAO, 2013). As a
consequence, prices for these raw protein
sources have increased ever more in the
recent years pushing new research into the
development of alternative protein sources
especially for aquaculture and poultry.
Currently, insects are being considered as a
new protein source for animal feed
(Premalatha et al., 2011). Insects provide food
at low environmental cost, contributing posi-
tively to livelihoods, and play a fundamental
role in nature (Van Huis et al., 2013). They
have a high feed conversion efficiency, the
possibility to be reared on organic side-
streams and to reduce environmental contam-
ination, adding value to waste (Veldkamp et
al., 2012). Moreover, insects do not compete
with humans and other farmed animals for
nutrients and are particularly suitable for poul-
try and fish nutrition as a part of their natural
diet. 

The insect nutritive properties are not well
known (Sánchez-Muros et al., 2014) due to the
only recent interest in the use of insects as an
alternative protein source. Previous studies on
the chemical composition of insects have
focused on human nutrition (Banjo et al.,
2006), and most of them demonstrate a good
composition (Ramos-Elorduy et al., 1982).
Nevertheless, the utilisation of insects in ani-
mal feeding has been less studied; insects
exhibit great development potential for devel-
opment as a standard ingredient in animal
feeding (Sánchez-Muros et al., 2014).  Many
species of insects have been considered for
their possible use in feeds for livestock and
some studies have been carried out on poultry
(Ravindran and Blair, 1993; Wang et al., 2005;
Ojewola et al., 2005; Oyegoke et al., 2006), fish
(Gasco et al., 2014a and b) and other species
(St-Hilaire et al., 2007; Ng et al., 2001). 

Among the different insect species, yellow
mealworms (Tenebrio molitor L.) and black
soldier flies (Hermetia illucens) seems to be
very interesting (Schiavone et al., 2014;
Bovera et al., 2015). T. molitor is a pest of flour,
grain and food store and has a world-wide dis-
tribution (Ramos-Elorduy et al., 2002). Larval
and pupal stages of T. molitor are rich in pro-
tein and easy to breed and feed (Ghaly et al.,
2009). In addition, it grows well on organic
waste (Khusro et al., 2012). The black soldier
fly is an extremely resistant species and can be
reared on organic wastes by converting them

into a protein-rich and fat-rich biomass suit-
able for various purposes, including animal
feeding, biodiesel and chitin production
(Diener et al., 2011; Van Huis et al., 2013). 

The main objectives of this study were to
evaluate the correlation between in vitro crude
protein digestibility coefficients of insect
meals from Tenebrio molitor and Hermetia
illucens and their chemical composition char-
acteristics as well as to develop regression
equations able to estimate the in vitro crude
protein digestibility from proximate analysis of
insect meals.

Materials and methods

Twelve samples of insect meals (six from
Tenebrio molitor larvae, TM 1 6 and six from
Hermetia illucens larvae, HI 1-6) were
obtained from three different producers
(Gaobeidian Shannon Biology CO., Ltd.,
Shannong, China: one sample of T. molitor;
Kreca, The Netherlands: three samples of T.
molitor from different batches; Enviroflight
LCC, OH, USA: two samples of T. molitor and
four of H. illucens from different batches; lab-
oratory of Entomology, Wageningen University,
The Netherlands: two samples of H. illucens
from different batches). The samples were
analysed according to AOAC (2004) using the
following methods: dry matter (DM, method
number 943.01), Ash (method number
924.05), crude protein (CP, method number
954.01), ether extract (EE, method number
920.39), neutral detergent fibre (NDF, method
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number 2002.04) and acid detergent fibre
(ADF, method number 973.18). The amount of
protein linked to acid detergent fibre (ADIP)
was also determined (AOAC, 2004). The
amount of ADF was used to estimate the chitin
content of insect meals. According to Bernard
and Allen (1997), chitin can be estimated by
determining the acid detergent fibre fraction
corrected for ash content. However, Finke
(2007) showed that amino acids represent
from 14.2 to 68.8% of the ADF residue by
weight, suggesting that the ADF represents
both protein and chitin with protein. Starting
from these assumption, we estimated the
amount of chitin in insect meal as follows:
chitin (%) = ash free ADF (%) - ADIP (%).

An in vitro assay was performed to simulate
the digestion of insect meals protein through
the stomach and the small intestine of a sin-
gle-stomached animal. The in vitro assay was
a two-steps method developed to maximize the
hydrolysis of the animal protein peptide bonds
with minimal enzyme usage (Qiao, 2001; Qiao
et al., 2004). All the insect meal samples were
ground to pass a 1-mm screen (Brabender
Wiley mill, Brabender OHG Duisburg,
Germany) and accurately weighed (about 0.5
g/sample, five replication per each sample) in
150 ml glass jars, without preliminary defat-
ting. All the enzymes were from porcine origin
and obtained from Sigma-Aldrich (S. Louis,
MO,  USA). In the first step, fresh pepsin
(Enzyme Commission number 3.4.23.1, 250
U/mg solid) solution was prepared (10 mg/mL)
in pH 4 citrate buffer solution (0.1µM) to avoid
pepsin precipitation that occurs in pH 2 citrate

buffer solution. An aliquot of the fresh pepsin
solution was immediately transferred into
each 150 mL jar to make desired concentra-
tions of pepsin solution (0.25% of pepsin relat-
ed to protein content of the sample). The final
volume in each test jar (20 mL) was obtained
using a pH 2 citrate buffer. Jars were incubat-
ed at 38°C for 24 h under continuous stirring.

In the step 2, fresh trypsin (Enzyme
Commission number 3.4.21.4, 1000 BAAE
units/mg solid) -enriched pancreatin (Enzyme
Commission number 232.468.9, 8 x USP speci-
fications) was prepared (trypsin 2 mg/mL, pan-
creatin 10 mg/mL, ratio 1:5) in pH 8.0 phos-
phate buffer solutions (0.1 mol/L). An amount
of 30 ml of phosphate buffer solution was
added to each jar and, after adjusting the pH at
7 by adding 0.1M NaOH, the trypsin + pancre-
atin solution was inoculated (7.5% enzyme
protein relative to substrate protein, final sub-
strate concentration 5 mg/mL). Then, the
digestion was continued for 96 h more under
continuous stirring. All buffers contained
0.06% (wt/v) sodium azide to prevent microbial
growth.

The length of these incubation times corre-
spond to the time needed to loose over 95% of
the enzymes activity in order to maximize
their efficacy, thus allowing for minimal
enzyme usage. To correct the results for a pos-
sible amount of nitrogen in the reagent used
in the trial, three tubes were incubated with-
out substrates (blanks) and followed the same
digestion process than the other samples. At
the end of digestion, samples were filtered
(Whatmann, 401) and the residual material

were submitted to CP analysis according to
AOAC (2004). The calculation of in vitro
digestibility coefficients has been obtained
from: 

CPd = [CPs - (CPr - CPb)]/CPs x 100

where: 
CPd is crude protein digestibility; 
CPs is the crude protein content of samples; 
CPr is the crude protein content of residual
material after digestion; 
CPb is the average crude protein content of
blanks.

The differences between the average values
of chemical composition and crude protein
digestibility of the T. molitor and H. illucens
were analysed by t-test. The coefficients of cor-
relation between the crude protein digestibili-
ty and the parameters of chemical composition
were estimated using a PROC CORR procedure
(SAS, 2000). Prediction equations of CPd from
chemical analysis of insect meal samples were
developed by a multiple stepwise regression
analysis, using the REG procedure of SAS
(2000). Only linear models were tested and it
was assumed that there was no interaction
among variables. 

Results 

Table 1 reports the chemical characteristics
of the twelve insect meals tested, the in vitro
coefficient of protein digestibility, as well as

                                                                                  In vitro CP digestibility of insect meals

Table 1. Chemical characteristics and in vitro crude protein digestibility of the 12 insect meal samples.

                                        DM                          Ash                          CP                               EE                       NDF                     ADF                   ADIP                   Chitin                   CPd

%

TM1                               96.0                          3.60                         52.2                             28.4                       11.7                      7.95                    2.80                      5.15                     66.3
TM2                               95.8                          3.67                         51.8                             29.8                       11.6                      7.52                    2.72                      4.80                     66.7
TM3                               99.0                          6.36                         59.0                             16.6                       48.7                      10.9                    4.19                      6.73                     65.5
TM4                               99.2                          6.49                         58.8                             17.1                       52.5                      11.4                    5.10                      6.34                     66.2
TM5                               98.2                          3.51                         57.6                             28.9                       18.9                      10.3                    3.96                      6.37                     65.8
TM6                               99.0                          3.74                         57.4                             28.9                       19.4                      10.5                    3.30                      5.15                     66.2
HI1                                 95.1                          9.88                         52.0                             11.3                       25.8                      8.41                    3.06                      4.75                     67.1
HI2                                 94.8                          9.96                         51.8                             11.3                       34.4                      8.80                    3.65                      4.50                     67.3
HI3                                 98.8                          6.43                         58.8                             12.9                       5.99                      4.89                    1.96                      2.93                     67.6
HI4                                 98.9                          6.52                         58.4                             11.6                       6.03                      4.69                    1.83                      2.86                     68.7
HI5                                 95.9                          4.72                         49.9                             29.0                       18.3                      8.30                    3.32                      4.98                     66.8
HI6                                 95.9                          4.64                         50.5                             28.4                       19.2                      8.53                    3.03                      5.50                     66.0
TM                                 97.9                         4.56b                        56.1                             24.9                       27.1                     9.77a                   3.68a                    5.75a                    66.1b

HI                                   96.6                         7.02a                        53.6                             17.4                       18.3                     7.27b                   2.98b                    4.25b                    67.3a

P value                         0.106                        0.028                       0.254                           0.119                     0.339                   0.035                  0.036                   0.012                   0.022

TM 1-6: Tenebrio molitor samples from 1 to 6; HI 1-6: Hermetia illucens samples from 1 to 6; DM, dry matter; CP, crude protein; EE, ether extract; NDF, neutral detergent fibre; ADF, acid detergent fibre;
ADIP, protein linked to ADF; CPd, crude protein digestibility. a,bP<0.05.
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the average content for TM and HI meals for all
the presented criteria. The dry matter content
showed a low variability ranging from 94.8 to
99.2%. More variability had the CP content, as
the percentage ranged from 49.9 of Hermetia
illucens sample 5 to 59.0 of Tenebrio molitor
sample 3. A wide variation showed the NDF
percentage ranging from 5.99 and 52.55,
respectively of HI3 and TM4. Also ether extract
(from 11.3 HI1 to 29.8% of TM2), and ADF
(from 4.69 of HI4 to 11.4  of TM4) showed vari-
ables values among the different samples. The
average values of Ash were higher (P<0.05) in
the samples of HI, while the ADF content was
higher (P<0.05) in TM samples and the crude
protein digestibility was the highest in the
samples of H. illucens. Samples of T. molitor
showed higher (P<0.05) values of ADIP and
chitin than H. illucens. 

Table 2 shows the correlation coefficients
between the measured chemical characteris-
tics and the in vitro protein digestibility coeffi-
cients of the insect meal samples from
Tenebrio molitor. Crude protein digestibility
was negatively correlated (P<0.05) to ADF and
chitin contents. The percentage of Ash was
correlated negatively (P<0.01) to ether extract
and positively to NDF (P<0.01) and ADIP
(P<0.05). The percentage of crude protein had
a positive correlation to ADF (P<0.01) and
ADIP (P<0.05), while the ether extract was
negatively correlated to NDF (P<0.01) and
ADIP (P<0.05). NDF was positively correlated
to ADIP (P<0.01) and ADF had a positive cor-
relation (P<0.05) to ADIP and chitin.

Table 3 reports the correlation coefficients
between the chemical constituents and the in
vitro protein digestibility of H. illucens meal

samples. The CPd was correlated positively to
CP percentage and negatively (P<0.01) to both
ADF and chitin. The amount of protein was
negatively correlated to ADF (P<0.01), ADIP
(P<0.01) and chitin (P<0.01). NDF was posi-
tively correlated to ADF (P<0.05); ADF had a
positive correlation (P<0.01) to ADIP and
chitin and ADIP was positively (P<0.05) corre-
lated to chitin.

The regression equations to predict CP
digestibility from chemical characteristics of
insect meals samples were presented in Tables
4 and 5, respectively for T. molitor and H. illu-
cens. For both meals the former variable cho-
sen in the stepwise analysis was the chitin,
explaining the 79.45% of CP variability for
Tenebrio molitor samples and the 98.30% for
Hermetia illucens. In the second step, nADF
was added in the model for T. molitor and this
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Table 2. Correlation coefficients between  crude protein digestibility and the different traits of chemical composition of Tenebrio moli-
tor larvae meal samples.

CPd                                   -                                 -0.429                      0.190                   -0.459            -0.137                    0.017              -0.747                 0.036                     -0.891
                                    (0.396)                          (0.719)                   (0.360)                (0.796)         (0.975)                (0.035)           (0.951)              (0.017)
DM                                   -                                      -                           0.617                    0.582            -0.622                    0.544               0.586                  0.684                      0.657
                                                                           (0.192)                   (0.195)                (0.187)         (0.090)                (0.103)           (0.137)              (0.157)
Ash                                   -                                      -                               -                        0.649             -0.993                    0.981               0.687                  0.599                     -0.009
                                                                           (0.162)                 (<0.001)              (0.005)         (0.137)                (0.214)           (0.099)
CP                                     -                                      -                               -                            -                -0.667                    0.777               0.989                  0.859                      0.633
                                                                                                           (0.148)                (0.069)        (<0.001)               (0.028)           (0.178)
EE                                     -                                      -                               -                            -                     -                        -0.979             -0.687                 -0.902                     0.004
                                                                                                           (0.001)                (0.132)         (0.014)                (0.999)
NDF                                  -                                      -                               -                            -                     -                            -                   0.705                  0.935                      0.174
                                                                                                                                        (0.053)         (0.006)                (0.741)
ADF                                  -                                      -                               -                            -                     -                            -                       -                      0.853                      0.841
                                                                                                                                        (0.031)         (0.033)
ADIP                                 -                                      -                               -                            -                     -                            -                       -                          -                         -0.442
                                                                                                                                                              (0.381)

DM, dry matter; CP, crude protein; EE, ether extract; NDF, neutral detergent fibre; ADF, acid detergent fibre; ADIP, protein linked to ADF; CPd, crude protein digestibility. P values are indicated in brackets. 

Table 3. Correlation coefficients   between  crude protein digestibility and the different traits of chemical composition of Hermetia illu-
cens larvae meal samples.

CPd                                   -                                  0.799                       0.157                    0.941            -0.699                   -0.625              0.901                 -0.791                    -0.992
                                    (0.057)                          (0.766)                   (0.005)                (0.103)         (0.184)                (0.001)           (0.061)              (0.001)
DM                                   -                                      -                          -0.418                   0.602            -0.221                   -0.752             -0.677                 -0.661                     0.657
                                                                           (0.410)                   (0.114)                (0.674)         (0.093)                (0.121)           (0.138)              (0.131)
Ash                                   -                                      -                               -                        0.009             -0.793                    0.604               0.220                  0.280                     -0.078
                                                                           (0.987)                   (0.059)                (0.204)         (0.675)                (0.551)           (0.973)
CP                                     -                                      -                               -                            -                -0.614                   -0.756             -0.966                 -0.922                    -0.973
                                                                                                           (0.195)                (0.082)         (0.002)                (0.009)           (0.001)
EE                                     -                                      -                               -                            -                     -                        -0.016              0.416                  0.343                      0.655
                                                                                                           (0.976)                (0.414)         (0.501)                (0.158)
NDF                                  -                                      -                               -                            -                     -                            -                   0.888                  0.923                      0.688
                                                                                                                                        (0.018)         (0.009)                (0.131)
ADF                                  -                                      -                               -                            -                     -                            -                       -                      0.966                      0.941
                                                                                                                                        (0.002)         (0.005)
ADIP                                 -                                      -                               -                            -                     -                            -                       -                          -                          0.846
                                                                                                                                                              (0.034)

DM, dry matter; CP, crude protein; EE, ether extract; NDF, neutral detergent fibre; ADF, acid detergent fibre; ADIP, protein linked to ADF; CPd, crude protein digestibility. P values are indicated in brackets.
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decreased the RSD by 47.8%. For H. illucens
samples the second step of analysis included
the CP in the model and the RSD was
decreased up to 1.17. No further variables for
both T. molitor and H. illucens were added in
the model.

Discussion

The results of chemical composition analy-
sis were in line with the data available in liter-
ature and recently reviewed by Sanchez-Muros
et al. (2014). The dry matter content is higher
than that reported in literature as the samples
were provided to our laboratories as dehydrat-
ed meals. It is not easy to found data in litera-
ture on the amount of chitin in insects, howev-
er our results agree with Finke et al. (2012)
who estimated an amount of chitin equal to
5.41% on dry matter basis in H. illucens larve.
However, we have to consider that our calculat-
ed values could underestimate the true
amount of chitin in the different insect meals
as also chitin contains in their structure an
amount of nitrogen.  The differences in chem-
ical constituents into the same insect species
could be tied to the diet fed to insect along the
production period. Unfortunately, we had not
clear information from the producers about the
details of insect production, however, it is
known that the amount of chemical con-
stituents of insect can change according to
source of feeding (Makkar et al., 2014).
Published studies showed that whole insects
contain variable but significant amounts of
fibre as measured by CF, ADF and NDF (Finke,
1984, 2002; Pennino et al., 1991; Barker et al.,
1998). In plants, ADF is composed typically of
cellulose and lignins whereas NDF is com-
posed of cellulose, lignin, and hemicelluloses
(Van Soest and Robertson, 1977). Although
insects contain significant amounts of both
ADF and NDF, the components that make up
these fractions are unknown (Finke, 2007).
Various authors have suggested that the fibre
in insects is represented by chitin because
chitin [(linear polymer of b-(1-4) N-acetyl-D-
glucosamine units)] is structurally similar to
cellulose [(linear polymer of b-(1-4)-D-glu-
copyranose units)] and because the ADF frac-
tion has been shown to contain nitrogen
(Finke, 1984, 2002; Barker et al., 1998). As ADF
is part of NDF, the amount of protein linked to
ADF were included both in the CP and NDF: for
this reason the sum of ash + CP + EE + NDF
was in several cases higher than 130/100 g. 

The values of in vitro protein digestibility
coefficients found in our trial were in line with

the findings of other authors. Sanchez-Muros
et al. (2014) reported that the protein
digestibility of proteins among insect species
varies from 45.0 to 66.9% and this values,
lower than that reported for the most of veg-
etable protein sources used in animal nutri-
tion, have to be ascribed to chitin that inter-
feres with the digestive use of proteins
(Longvah et al., 2011). This suggests that the
estimation of chitin content is very important
when insect meals were used in animal nutri-
tion. In this regard, Finke (2007) reported that
the fibre content of insects measured as ADF
consists mainly of chitin with significant
amount of associated cuticular proteins
(Merzendorfer, 2014). Chitin is not degraded
and absorbed in the small intestine
(Vidanarachchi et al., 2010) and thus can
affect the protein digestibility (Schiavone et
al., 2014; Bovera et al., 2015). This is in agree-
ment with our results which indicate chitin as
the main factor affecting the in vitro protein
digestibility of both insect meals. In our trial,
crude protein digestibility is not correlated to
ADIP for both insect species. This aspect is not
easy to explain and  suggests a possible effect
of other protein fractions in affecting crude
protein digestibility of insect meals. However,
further investigation need to clarify this point.

As showed in our trial NDF is not correlated
to protein digestibility, suggesting that this
analysis is not adequate to estimate the chitin
content in insect meals. This is in accordance

with Finke (2002 and 2007) who suggested
that ADF is the better way to estimate chitin of
insects.  For H. illucens samples also a positive
correlation between CP level an CPd was
found, indicating that, as the amount of crude
protein in the samples increases, also the
crude protein digestibility increases and this
can be tied to the negative correlation between
crude protein and ADF or ADIP. From our
results it seems that when CP level of HI sam-
ples increases, the amounts of ADF and of
nitrogen linked to ADF decrease and this can
affect the digestibility of crude protein. On the
contrary, for TM samples a positive correlation
was found between CP and ADF or ADIP: in
this case the increase of CP level of body insect
is tied to an increase of cuticular structures
but this increase was unable to make a signif-
icant correlation between CP level and CPd.
This differences can be attributed to insect
species. As confirmation of our considerations,
the chitin was the first independent variable
included in the model estimated by the STEP-
WISE procedure to predict the in vitro crude
protein digestibility from chemical composi-
tion of both insect meals, even if its efficacy on
CPd estimation was stronger in H. illucens
samples. However, for both insect meal sam-
ples the chitin is the most important criteria
affecting body insect CP digestibility. Due to
different relationship among CP, ADF and
ADIP, the second variable included in the
model was ADIP for T. molitor and CP percent-
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Table 4. Regression of the crude protein digestibility on the variables of chemical char-
acteristics variables of Tenebrio molitor larvae meal samples.

                                     Variables                                                 R2                     RSD

Intercept                       Chitin                                                  ADIP                                                             

68.195                           -0.3325                                                     -                     0.7945                            12.06
(0.4903)                      (0.0845)                                                    
72.425                           -0.2672                                                0.0845                0.9213                             6.29
(0.4959)                      (0.0674)                                            (0.0385)                    

ADIP, protein linked to ADF; RSD, residual standard deviation. The standard error values of the regression coefficients are indicated
in brackets. 

Table 5. Regression of the crude protein digestibility on the variables of chemical char-
acteristics variables of Hermetia illucens larvae meal samples.

                                     Variables                                                R2                     RSD

Intercept                       Chitin                                                   CP                                                               

71.57                              -0.9705                                                    -                     0.9830                             2.50
(0.2804)                        (0.064)                                                    
80.09                               -1.412                                               -0.1243               0.9940                             1.17
(3.62)                            (0.191)                                             (0.0529)                    

CP, crude protein; RSD, residual standard deviation. The standard error values of the regression coefficients are indicated in brackets. 
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age for H. illucens samples.

Conclusions

Our results indicated that the crude protein
digestibility of Tenebrio molitor and Hermetia
illucens larvae meals, estimated by a described
in vitro enzymatic methods indicated was
mainly affected by the chitin content. A nega-
tive and significant correlation was also
detected with ADF, but in the final equation,
next to the chitin, ADIP or CP were chosen,
respectively for T. molitor and H. illucens sam-
ples to give an accurate estimation of crude
protein in vitro digestibility from chemical
composition on insect meals. Further investi-
gation is needed to assess the estimation
equations parameters tied to insect species.
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