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Black soldier fly larvae treatment is an emerging technology for the conversion of biowaste into poten-
tially more sustainable and marketable high-value products, according to circular economy principles.
Unknown or variable performance for different biowastes is currently one challenge that prohibits the
global technology up-scaling. This study describes simulated midgut digestion for black soldier fly larvae
to estimate biowaste conversion performance. Before simulation, the unknown biowaste residence time
in the three midgut regions was determined on three diets varying in protein and non-fiber carbohydrate
content. For the static in vitromodel, diet residence times of 15 min, 45 min, and 90 min were used for the
anterior, middle, and posterior midgut region, respectively. The model was validated by comparing the
ranking of diets based on in vitro digestion products to the ranking found in in vivo feeding experiments.
Four artificial diets and five biowastes were digested using the model, and diet digestibility and super-
natant nutrient contents were determined. This approach was able to distinguish broadly the worst
and best performing rearing diets. However, for some of the diets, the performance estimated based
on in vitro results did not match with the results of the feeding experiments. Future studies should try
to establish a stronger correlation by considering fly larvae nutrient requirements, hemicellulose diges-
tion, and the diet/gut microbiota. In vitro digestion models could be a powerful tool for academia and
industry to increase conversion performance of biowastes with black soldier fly larvae.
� 2020 The Authors. Published by Elsevier Ltd. This is an open access article under theCCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Black soldier fly larvae (BSFL), Hermetia illucens L. (Diptera: Stra-
tiomyidae), treatment is an emerging technology for the conver-
sion of biowaste (Dortmans et al., 2017) into marketable high-
value products according to circular economy principles
(Bortolini et al., 2020; Cappellozza et al., 2019; Leong et al.,
2016; Setti et al., 2019; Vilcinskas, 2013; Wang and Shelomi,
2017). In addition to the recycling of nutrients into raw materials
for fertilizer, lubricant and biodiesel, pharmaceutical, and animal
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feed markets, BSFL treatment can have environmental benefits. For
example, depending on the operational conditions, BSFL conver-
sion can reduce emissions from biowaste treatment in comparison
to composting (Ermolaev et al., 2019; Mertenat et al., 2019; Pang
et al., 2020), and animal feed products can have a lower environ-
mental impacts than conventional feeds when produced with BSFL
(Smetana et al., 2019, 2016).

One current challenge for the replication and up-scaling of BSFL
biowaste treatment is the often unknown or variable treatment
performance (Gold et al. 2020, Gold et al. 2018a). Metrics that cor-
relate with treatment performance, similar to those determined for
other biowaste treatment technologies, such as the biomethane
potential for anaerobic digestion, and the carbon and nitrogen ratio
for composting, are lacking for BSFL treatment, but could provide
parameters for the reliable design and operation. Such metrics
could be delivered by in vitro digestion models widely applied in
research on humans (Brodkorb et al., 2019; Minekus et al., 2014)
and farmed animals (Boisen and Eggum, 1991; Cheli et al., 2012;
Fuller, 1991). Static in vitro digestion models are particularly pop-
ular and useful because of their simplicity, reproducibility, and low
cost while still providing results predicting in vivo digestion out-
comes (Bohn et al., 2018). They have been widely used to predict
the quality and digestibility of animal diets with the goal of opti-
mizing health and growth of farmed monogastric (e.g., poultry,
pigs) and ruminant (e.g., cows) animals (Boisen and Fernández,
1997; Noblet and Jaguelin-Peyraud, 2007; Tilley and Terry, 1963;
Van Soest, 1994). Simulation of digestion could have similar appli-
cations in BSFL treatment. Nutrient contents in products following
in vitro digestion could be used to predict in vivo performance (e.g.,
larval growth, waste reduction) (Kiers et al., 2000; McClements
et al., 2009; Oomen et al., 2002, 2003). Thereby, simulation of BSFL
digestion may enable direct and cost-effective comparison of bio-
wastes with different compositions (e.g., nutrient contents, micro-
bial loads, textures, moisture contents, and bulk densities).

BSFL digestion could be mimicked in the laboratory by exposing
diets to pH values, temperatures, enzyme activities, and residence
times similar to those found in the digestive tract of BSFL
(Brodkorb et al., 2019; Hur et al., 2011; McDonald et al., 2011;
Minekus et al., 2014). As the digestive tract of fly larvae presents
some similarities to that of humans (Bonelli et al., 2019; Gold
et al. 2018a; Jiang et al., 2015), a starting point for the development
of BSFL in vitro simulations could be the static human in vitro
digestion model, for which an international standard method was
recently proposed (Brodkorb et al., 2019). In addition, the knowl-
edge on the BSFL biology should be considered. The midgut is the
most important organ for digestion in insects (Caccia et al.,
2019). The midgut in BSFL is divided into three regions, i.e., ante-
rior midgut (AMG), middle midgut (MMG), and posterior midgut
(PMG), each with its own peculiar morphofunctional features
(Bonelli et al., 2019; Bruno et al., 2019). Therefore, the in vitro
digestion model should mimic this organization. Bonelli et al.
(2019) reported the pH values of the lumen in the different midgut
regions, and the activity of the enzymes involved in protein, carbo-
hydrate, and lipid digestion, with results being in line with fly lar-
vae digestion (Gold et al. 2018a). Even though this information is
crucial for developing a static in vitro digestion model, reliable
information regarding residence times of biowaste in the three
midgut regions is also indispensable and, thus far, is not available
for BSFL.

The aim of this research was to implement and validate a static
in vitro model of the BSFL midgut. Before in vitro digestions, diet
residence time was determined as a missing input parameter.
Digestion was simulated to assess whether nutrient contents in
in vitro digestion products could be indicative of in vivo feeding
experiment outcomes. Despite the simplicity of the model which
mimics only one digestion and does not consider temperature
dynamics, we hypothesized that in vitro diet digestibility and
supernatant nutrient contents correlate with in vivo waste reduc-
tion and larval weight. Thereby, an in vitro model could be a pow-
erful tool in academia and industry to increase the understanding
and performance of the BSFL treatment process.
2. Materials and methods

This research consisted of four parts: i) Determination of diet
residence times in the three midgut regions (section 2.1.); ii)
in vitro simulation of BSFL digestion using the midgut region resi-
dence time estimates (section 2.2.); iii) in vivo feeding experiments
(section 2.3.); and iv) comparison of in vitro and in vivo results (sec-
tion 2.4.).

2.1. Determination of diet midgut residence times and diet intake

2.1.1. Artificial diets
Residence times of diet in the three midgut regions was deter-

mined as a missing input parameter for a static in vitro model
mimicking BSFL digestion. Gut residence times have previously
been shown to vary for many organism with the diet nutrient con-
tent (Karasov et al., 2011). To receive a representative estimate for
in vitro simulation, midgut residence time was determined with
three artificial diets varying in nutrient contents. The diets were
similar to those previously used by Cammack and Tomberlin
(2017) and had the same lipid, vitamin, and mineral content, but
two different protein and three different NFC contents (Table 1,
Table S1). Contents were selected to reflect the range of protein
and NFC contents typical for BSFL substrates. The differences in
protein and NFC were balanced with cellulose, which was mostly
indigestible under the experimental conditions used in this study
(Gold et al. 2018b). Protein:NFC:Fibre contents in % dry mass
(DM) were 13:8:76, 13:47:37, and 7:47:42 in the artificial diets;
henceforth, these diets are referred to as P13NFC8, P13NFC47 and
P7NFC47, respectively. Based on preliminary experiments, the dry
artificial diets were mixed with different amounts of water to
account for different diet water adsorptions (Stana-Kleinschek
et al., 2002) to 70% (for P13NFC47 and P7NFC47) and 80% (for
P13NFC8) moisture content.

2.1.2. Dye
Residence times were determined by mixing the artificial diets

with the dye Blue 1 (Deshpande et al., 2014; Espinoza-Fuentes and
Terra, 1987; Kim et al., 2018; Rodrigues et al., 2015) and observing
the foremost dye position (i.e., interface between artificial diet
without blue dye and artificial diet with blue dye, see Fig. S1) over
time via larval dissection. Preliminary experiments with poultry
feed (UFA 625, UFA AG, Switzerland) confirmed that the effect of
Blue 1 on larval weight and waste reduction was not significant
(one-way ANOVA, p < 0.05).

2.1.3. Black soldier fly larvae (BSFL)
Larvae used in the experiments were from a BSFL research col-

ony at Eawag. Eggs were placed for 24 h on commercial poultry
feed (UFA 625, UFA AG, Switzerland). Afterwards, BSFL were fed
ad libitum with poultry feed for 13 to 14 days. In the entire study,
BSFL were separated from the diet/residue using sieves, washed
with deionized water, and briefly dried using paper towels. As diet
residence time can be expected to depend on organism life stage
(Chapman, 2013; Edgecomb et al., 1994), following separation, lar-
vae were used for determination of morphometric parameters. Lar-
val weight (n = 75, n = total number of larvae) was determined
with a precision balance (BM-65, Phoenix instrument, Germany).
The length of the midgut regions (n = 10) and cephalic capsule



Table 1
Mean nutrient composition of diets used in this study.

Protein NFC Lipids Fiber Organic matter P:NFC* ratio

% DM % DM % DM % DM % DM –
Artificial diets
P13NFC8 12.6 7.8 0.6 75.7 96.7 2:1
P13NFC47 12.6 46.8 0.6 36.7 96.7 1:4
P7NFC78 7.0 77.8 0.6 11.3 96.7 1:11
P7NFC47 7.0 46.7 0.6 42.4 96.7 1:7
Biowastes
Cow manure 11.1 (0.4) 1.8 (0.6) 4.4 58.4 (0.4) 80.7 (0.5) 7:1
Mill by-products 14.5 (0.3) 23.2 (0.2) 3.0 51.7 (0.9) 93.8 (1.3) 1:2
Canteen waste 32.2 (0.8) 7.5 (0.7) 34.9 36.2 (1.4) 93.0 (0.7) 4:1
Poultry slaughterhouse waste 37.3 (0.5) 0.3 (0.1) 42.9 20.8 (1.9) 94.0 (1.3) 152:1
Vegetable canteen waste 12.1 (0.1) 15.5 (0.9) 28.9 31.5 (1.8) 92.4 (0.5) 1:1

In parenthesis: standard deviation for samples where n � 3 and differences between analyses where n = 2.
Composition of artificial diets was calculated based on the proportion/composition of the artificial diet ingredients (see Table S1).
Composition of biowastes taken from Gold et al. (2020).

* P:NFC = protein to NFC.
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width (n = 10) were determined via a stereomicroscope (SZX10,
Olympus Corporation, Tokyo, Japan) and the corresponding image
analysis software (cellSens Dimensions, Version 1.18, Olympus
Corporation, Tokyo, Japan). The larval instar was determined using
the cephalic capsule measurement and the classification proposed
by Barros et al. (2018).
2.1.4. Feeding experiment
Since changing the diet from poultry feed to the artificial diets

may influence the midgut residence time, larvae were placed for
24 h on the artificial diets containing no dye following separation
from the poultry feed. The larvae were then separated from the
artificial diets and placed into new containers with the respective
artificial diets containing 0.05% (w/v) Blue 1. Three plastic contain-
ers (diameter: 7.1 cm, height: 11 cm) were prepared for each arti-
ficial diet containing 70 larvae (larval density: 1.8 larvae/cm2) and
50 g artificial diet (wet weight). Subsequently, after 10 (only exper-
iment two and three), 20, 40, 60, 90, 120, 150, and 180 min, 10 lar-
vae were randomly removed from each colored artificial diet using
tweezers. The larvae were separated from the diet/residue and
directly placed at �20 �C. The experiment was replicated in sin-
glets three times. All feeding experiments were performed without
light in a climate chamber (HPP 266, Memmert GmbH, Germany,
28 �C, 70% relative humidity).
2.1.5. Visual determination of the foremost dye position
The foremost position of the dye (see Fig. S1) in the midgut was

determined with a stereomicroscope (SZX10, Olympus Corpora-
tion, Tokyo, Japan) following dissection of the larvae. Directly
before dissection, the larvae were removed from the freezer and
kept on ice. For each diet, time point, and experiment, ten larvae
were analyzed. The entire gut was removed from the frozen larvae,
placed in phosphate buffered saline, and the fat body and trachea
surrounding the gut were removed. To define the position of the
dye along the midgut, the different regions of this organ (AMG,
MMG, and PMG) were identified (see Fig. S1). To increase the res-
olution of diet residence time determination, PMG, which is the
longest region of the midgut, was further subdivided into PMG1
and PMG2. This classification of the midgut into different regions
followed the morphofunctional midgut characterization by
Bonelli et al. (2019). Larvae that did not eat, or for which no clear
allocation in the above mentioned regions was evident, were
excluded from the analysis. These larvae accounted for 12.6% of
total larvae dissected.
2.1.6. Modelling of diet midgut residence time distributions
The data on the foremost dye position in the midgut were used

to model the midgut residence time distributions. The observation
t; jð Þ from the dissection of individual BSFL provides the informa-
tion that the diet has reached the jth region at time t. The residence
time in the ith gut region, i ¼ 1 � � �4; is represented by the random
variable Xi with probability distribution pi :; hið Þ parametrized by hi.
Assuming the residence times are independent, the total time for
the diet to travel from the beginning until the end of the jth midgut
region is the sum of the corresponding residence times according
to Equation (1). It is possible that diet residence times in gut
regions are dependent on those of previous regions, but data of this
study was insufficient to estimate these conditional probabilities.

Tj ¼
Xj

i¼1

Xi ð1Þ

The probability distribution Tj; which is a random variable, was
derived numerically by the R package distr (Ruckdeschel and Kohl,
2014) to construct the following survival functions:

Prob at time t that the diet has not yet passed region jð Þ
¼ Prob t < Tj

� � ¼ Sj t; hð Þ ð2Þ
where h contains the (unknown) parameters of all the underlying
residence time distributions. From equation (2), the likelihood func-
tion for a single observation t; jð Þ can be expressed as:

Prob ðt; jÞjhð Þ ¼ Prob Tj�1 < t � Tjjh
� � ¼ S1 t; hð Þ j ¼ 1

Sj t; hð Þ � Sj�1 t; hð Þ else
1� S3 t; hð Þ j ¼ 4

8><
>:

ð3Þ
Finally, the likelihood function for all observations

t; jð Þ1; � � � ; t; jð ÞN
� �

is given by:

L hð Þ ¼
YN
n¼1

Prob ðt; jÞnjh
� � ð4Þ

This enables the estimation of the parameters h by maximizing
the likelihood function numerically using the R package maxLik by
Henningsen and Toomet (2011). Of all tested distribution families
for the residence times pi �; hð Þ, the Gamma distributions were
selected as they led to the highest log likelihood (Gamma:
�511.4, Lognormal: �514.7, Weibull: �513.1).

As no observation of the time at which the diet left PMG2 was
available, the residence time in this region was estimated by scal-
ing the residence time of PMG1 based on the mean region lengths:
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X4 ¼ lPMG2

lPMG1
X3 ð5Þ

where the mean length of PMG2 (1.6 cm) is denoted by lPMG2 and
the mean length of PMG1 by lPMG1 (2.8 cm).

2.1.7. Determination of diet intake
Diet intake is the amount of diet ingested by the larvae at differ-

ent time points and can be estimated by measuring the absorbance
of the dye in BSFL gut samples at 628 nm (Kim et al., 2018;
Rodrigues et al., 2015). At the time points 20, 90, and 180 min,
for each artificial diet and experiment, five midguts from randomly
selected larvae were placed in separate 1.5 mL tubes containing
300 mL phosphate buffered saline and two metal beads (diameter:
3 mm; Uiker AG, Switzerland). Tissues were homogenized by mix-
ing the tubes on a vortex for 30 s. Following homogenization, tubes
were centrifuged at 20,000 � g for 10 min at 4 �C, and the super-
natant was stored at �20 �C until spectrometric analysis.

Following thawing, the absorbance was measured in triplicate
with 300 mL of each gut homogenate at 628 nm and 750 nm using
a spectrometer (Genesys 10S, Thermo Fisher, Scientific, Waltham
MA, USA). The mean absorbance at 750 nm was subtracted from
the mean absorbance at 628 nm to eliminate the absorbance offset
induced by other constituents in the sample (Wetzel and Likens,
2000). This net absorbance was converted into mg of wet and
dry diet intake using a calibration curve. The calibration curve
was produced by linear regression from absorbance values mea-
sured in triplicate for the three artificial diets containing the same
amount of water as in the feeding experiments and 0.0001, 0.0002,
0.0004, and 0.0008% (w/v) Blue 1 (see Fig. S2). The protein and NFC
intake were calculated by multiplying the diet intake with the pro-
tein and NFC content of the respective artificial diet (Table 1) and
the caloric intake was estimated according to Gold et al. (2020).
It should be noted that determining diet and nutrient intake with
this approach assumed that the entire diet was ingested by BSFL.

2.1.8. Statistical analysis
Analysis of variance (ANOVA) followed by pairwise Tukey post-

hoc comparisons were conducted to test i) the effect of the exper-
imental repetition on the larval morphometric parameters (i.e.,
cephalic capsule width, wet larval weight, length of midgut
regions, and total midgut length), ii) the effect of the artificial diet
nutrient composition on diet, energy, protein, and NFC intake. The
homogeneity of variance and normality between the different
groups of comparison were assessed graphically (see Fig. S3 to
S5). A p-value < 0.05 was chosen to denote significance. Two data
points, identified as outliers, were removed from the diet intake
data before statistical analyses using the Median Absolute Devia-
tion (MAD) method and a threshold of three MADs (Leys et al.,
2013). The analysis was conducted using R version 3.6.2 (R Core
Team, 2017).

2.2. In vitro digestions

2.2.1. Diets
In vitro digestions were performed using the same artificial

diets used for determination of diet midgut residence times. To val-
idate the midgut simulations with different diet contents, addi-
tionally, an artificial diet with 7:78:11% DM protein:NFC:fibre,
referred to as P7NFC78, and five biowastes previously used in
in vivo feeding experiments were used (Gold et al., 2020) (Table 1,
Table S1).

2.2.2. Digestion protocol
The in vitro simulations of BSFL midgut digestion were based on

the INFOGEST 2.0 method developed to mimic human gastroin-
testinal food digestion (Brodkorb et al., 2019). This method was
adapted considering the available information for BSFL digestion
(i.e., pH and enzymes: Bonelli et al. (2019), temperature:
Bloukounon-Goubalan et al. (2019), Table 2) and the diet residence
times estimates. In addition, bile salts and pepsin were not consid-
ered as they are not present in insects or not yet studied in BSFL
(Behmer and Nes, 2003). Gastric lipase was also not considered
despite its presence in the BSFL AMG and PMG (Bonelli et al.,
2019). Simulated digestion fluid amounts were changed as no
information is available on the digestion fluids of BSFL, and use
of the same fluid volume as in the human digestion model would
increase the costs of enzymes and compromise the determination
of supernatant nutrients. In comparison to the doubling of the sim-
ulated digestion fluids with each gut region starting from a ratio of
1:1 (w diet/w fluid) in the INFOGEST 2.0 method, 1 mL of simulated
digestion fluid was added in this research per midgut region.

The in vitro digestions were carried out with chemicals of ana-
lytical grade in duplicate on artificial diets and in triplicate on bio-
wastes with the conditions summarized in Table 2. For each
digestion, approximately 1 g of diet was placed into a 50 mL falcon
tube and digested in a water bath (Corio C, Julabo AG, Germany) at
37 �C, within the range of typical substrate temperatures in BSFL
treatment (33–45 �C, Bloukounon-Goubalan et al. (2019)). The arti-
ficial diets were mixed with deionized water to 80% moisture con-
tent, and biowastes were used as received (see Gold et al., 2020 for
details). The pHs in the three midgut regions were adjusted with
2 M HCl and 0.1–6 M NaOH (Slimtrode, Metrohm AG, Switzerland).
The enzymes used were a-amylase from human saliva (EC 3.2.1.1),
trypsin from porcine pancreas (EC 3.4.21.4), and a-chymotrypsin
from bovine pancreas (EC 3.4.21.1) (Brodkorb et al., 2019). Further
details regarding enzyme activity and the in vitro digestion proto-
col are included in the Supplementary Material.

Following digestion in the PMG, 6 M HCl was added to stop
enzyme activity. The digestion fluids were centrifuged at
14,000 � g for 45 min at 4 �C. The supernatants were immediately
frozen with liquid nitrogen and stored at �20 �C until further anal-
yses. The pellets were dried in a laboratory oven at 80 �C for 24 h.

2.2.3. Digestion products
A typical approach for evaluating in vitro digestion model out-

comes is determination of nutrients in digestion products (Kiers
et al., 2000; McClements et al., 2009; Oomen et al., 2002, 2003).
We determined diet digestibility, and supernatant maltose, glu-
cose, total organic carbon (TOC), total nitrogen (TN) and amino
acids. These parameters were selected as estimates of NFC (i.e.,
maltose and glucose), protein (i.e., total nitrogen and amino acids)
and organic matter (i.e., total organic carbon). NFC, protein and
organic matter have previously been shown to be important for
BSFL development (Barragán-Fonseca et al. 2018b, Barragán-
Fonseca et al. 2018a; Beniers and Graham 2019; Gold et al.,
2020; Lalander et al. 2019).

Maltose and glucose were determined as D-glucose using a
commercial enzymatic kit (Megazyme, Total Starch Assay K-
TSTA). The supernatant was mixed with 4.5 mL of 100 mM sodium
acetate buffer (pH 4.5) and 0.1 mL amyloglucosidase (3,300 U/mL)
and incubated at 50 �C for 30 min. D-glucose was quantified at
510 nm against a standard, following incubation with 3.0 mL
GOPOD reagent at 50 �C for 20 min. The TN and TOC were deter-
mined with the 680 �C combustion catalytic oxidation method
according to the manufacturer’s instructions (TOC-L Analyzer, Shi-
madzu Corporation, Japan). Amino acids (except for tryptophan)
were analyzed in the pool of the supernatants from the in vitro
digestion replicates for each biowaste with a Waters AccQ-Tag
Ultra Derivatization Kit and Waters UPLC system with an Acquity
UPLC Binary Solvent Manager and Sample Manager, based on the
manufacturer instructions and previous research (see detailed pro-



Table 2
In vitro digestion conditions used in this study.

Digestion fluid1 Enzyme concentration2 pH2 CaCl21 MiliQ water Residence
time3

Type Volume

- – mL U/mL2 – mL (0.3 M) mL min
AMG Salivary 0.8 6.4 (amylase) 6 5 Top up to total fluid volume

addition of 1 mL per midgut region
15

MMG Gastric 0.8 – 2 0.8 45
PMG Intestinal 0.35 4 (amylase), 9.5 (trypsin),

53 (chymotrypsin)
8.5 4 90

1 Brodkorb et al. (2019).
2 Bonelli et al. (2019).
3 Results of this study (see Section 3.1, Table 4).
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tocol in the Supplementary Material). The TN and TOC results of
in vitro digestion samples without diet were used to correct TN
and TOC results for nitrogen and organic carbon included in the
digestion fluids and enzymes. Maltose and glucose, TOC, and TN
concentrations were normalized (g/L� g DM) based on the amount
of diet digested using equation (6):

Supernatant sugar; TN; TOC ¼
supernatant sugar; TN; TOC

g
L

� �
diet inputdry mass ðg DMÞ

ð6Þ
The diet digestibility (as % DM) was calculated analogous to

in vivo waste reduction (Gold et al., 2020) using equation (7) based
on the dry mass of the pellet following centrifugation:

Diet digestibility ¼ 1� pelletdry mass ðg DMÞ
diet inputdry mass ðg DMÞ

 !
� 100 ð7Þ
2.3. In vivo feeding experiments

In vivo feeding experiments were executed with the same arti-
ficial diets and biowastes used in in vitro digestions. Waste reduc-
tion and larval weight was calculated as described in Gold et al.
(2020). For each artificial diet, 2–3 replicates with 40 BSFL with
an initial weight of 5.4 mg DM were placed in plastic containers
(5.5 cm diameter, 7.2 cm height) and fed every three days at a feed-
ing rate of 30 mg DM/(larva � day) for a total of six days. Experi-
ments were replicated three times. Feeding experiment results
with biowastes were taken from Gold et al. (2020). For each bio-
waste, 4–5 replicates with 80 BSFL with an initial weight of
3.8 mg DM were placed in plastic containers (7.5 cm diameter,
11 cm height) and fed every three days at a feeding rate of
27 mg DM/(larva � day) for a total of nine days. Experiments were
conducted once. All experiments were conducted without light in a
climate chamber (HPP 266, Memmert GmbH, Germany, 28 �C, 70%
relative humidity).

2.4. Comparison of in vivo and in vitro results

Results from in vitro digestions and in vivo feeding experiments
were compared to assess whether the in vitro model can be indica-
tive of feeding experiment results. Since in vivo feeding experiment
designs typically vary between studies (Bosch et al., 2020) and sta-
tic in vitro models are oversimplified (Bohn et al., 2018), we
regarded a ranking method to be more meaningful than compar-
ison of absolute results. For example, absolute diet digestibility
can be expected to be much lower than waste reduction consider-
ing it is calculated following one digestion, whereas waste reduc-
tion is calculated following several digestions.

Ordinal ranking (e.g., 1, 2, 3) was applied separately to artificial
diets and biowastes as per the mean results of the in vitro digestion
products and in vivo performance metrics, considering the range of
results for each parameter. Fractional ranking (e.g., 1, 2–3, 4) was
applied when the mean value (±standard deviation for n > 2, ± dif-
ferences between repetition for n = 2) overlapped among diets.
Lower ranks were given to diets with higher in vitro digestion prod-
ucts and higher in vivo performance metrics.

The ranking of diets based on in vitro diet digestibility was com-
pared to in vivo waste reduction. A mean rank of the three in vitro
supernatant nutrient parameters was calculated and compared to
in vivo larval weight. The in vitro model was deemed indicative
of in vivo feeding experiments results if diets received the same
rank. Comparison between in vitro digestion products and in vivo
feeding experiment metrics is justified considering that diet
digestibility and waste reduction are calculated in a similar way
(Gold et al., 2020, Equation (7)), and that previous studies con-
cluded that diet NFC, protein and organic matter can increase lar-
val weight (Barragán-Fonseca et al. 2018b, Barragán-Fonseca et al.
2018a; Beniers and Graham 2019; Gold et al., 2020; Lalander et al.
2019).

3. Results and discussion

3.1. Diet midgut residence times

The present study determined, for the first time, diet midgut
residence times and diet intake using artificial diets varying in pro-
tein and NFC content. Cephalic capsule width measurements iden-
tified BSFL used for residence time determination as late fifth
instar/beginning sixth instar in all experiments (Table 3). Despite
significant differences in wet larval weight between experiments,
the length of the different midgut regions and total midgut length
was not significantly different between experiments (Table 3).
Therefore, to increase the quality of the residence time estimations,
results of the foremost position of the dye in the midgut for the
three experiments were pooled for modeling the midgut residence
time distributions.

The probability density functions of the foremost colored artifi-
cial diet position over time in the three midgut regions are shown
in Fig. 1. The shape of the distributions demonstrates considerable
variability in residence times between larvae grown on the same
diet. This has also been previously reported for drone fly larvae
(Eristalis tenax) (Waterhouse, 1954) and could be attributed to dif-
ferences between larvae during development (e.g., due to differ-
ences in nutrient provision in previous life stages), physiological
condition (e.g., molting), and the corresponding individual nutri-
tional demand (Chapman, 2013; Edgecomb et al., 1994), or length
of midgut regions and total midgut length (see standard deviation
of midgut region lengths between larvae in Table 3).

As static in vitro models do not consider residence time distri-
butions, descriptive statistics (i.e., mean, median, mode) of the
probability density functions were calculated and are included in
Table S2. In order to neither under- nor overestimate the diet res-



Table 3
Mean morphometric parameters of BSFL used for determining diet midgut residence times.

Unit n* Experiment 1 Experiment 2 Experiment 3

Cephalic capsule width mm 10 1.03 (0.08) 1.00 (0.06) 1.05 (0.07)
Larval weight mg 75 219 (28) 177 (36) 186 (31)
AMG length cm 10 2.5 (0.2) 2.5 (0.2) 2.5 (0.2)
MMG length cm 10 1.5 (0.2) 1.5 (0.2) 1.7 (0.2)
PMG length cm 10 4.2 (0.8) 4.2 (0.4) 4.6 (0.5)
Midgut length cm 10 8.2 (1.1) 8.2 (0.6) 8.8 (0.7)

In parenthesis: standard deviation; AMG: Anterior midgut; MMG: Middle midgut; PMG: Posterior midgut.
* n = number of larvae used per morphometric parameter.

Fig. 1. Probability density functions of the BSFL midgut residence time for the three artificial diets. AMG: Anterior midgut, MMG: Middle midgut, PMG: Posterior midgut. See
Table 4 for the medians of probability density functions.
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idence timewhenmodelling the BSFLmidgut, themedian (Table 4),
which is more robust to outliers than the mean, was selected as the
Table 4
Median of probability density functions of the BSFL midgut residence time distributions
probability density functions and Table S2 for more descriptive statistics.

Diets n* AMG MMG

P13NFC8 233 14 37
P13NFC47 218 17 46
P7NFC47 176 41 32

AMG: Anterior midgut; MMG: Middle midgut; PMG: Posterior midgut; n: number of lar
* n = total number of larvae dissected per diet..
most meaningful parameter. In the following text, the median res-
idence time is presented together with the mean ± standard devi-
(min) with three artificial diets varying in protein and NFC content. See Fig. 1 for

PMG 1 PMG 2 Total

62 36 154
77 44 191
65 37 195

vae.
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ation in parenthesis. As the distributions do not always follow a
bell-shaped curve, residence time estimates depended on the
descriptive statistic used. However, the overall trends in diet resi-
dence times between midgut regions and artificial diets presented
in the following section also hold true for the other descriptive
statistics. The diet residence time estimates are considered to be
more reliable for AMG to PMG1 as they were based on the foremost
dye position, whereas the PMG2 residence time was interpolated
based on midgut length. Therefore, in the following presentation
of PMG diet residence time results, PMG1 and PMG2 are given sep-
arately; the residence time estimate for PMG2 is supported by the
collected experimental data.

Despite the variability between larvae, the results of this study
demonstrate that diet residence time in the different midgut
regions of BSFL is influenced by the protein and NFC content in
the diet. As the NFC content correlates negatively with the cellu-
lose and caloric content in the diet (Table 1), these parameters
are also likely decisive for the diet residence time in BSFL. In addi-
tion, the diet intake in BSFL was measured to propose explanations
for the observed residence times between diets. Diet intake and
midgut residence time are likely connected; the more diet is
ingested, the faster the gut content is pushed forward, reducing
the diet midgut residence time (Karasov et al., 2011).

For the three artificial diets, the overall midgut residence time
was 154 min (156 ± 31 min) for P13NFC8, 191 min
(197 ± 38 min) for P13NFC47, and 195 min (202 ± 64 min) for
P7NFC47. These results indicate that residence times in the BSFL
midgut were shorter than those in the guts of other dipteran lar-
vae, although this difference could also be due to different diets
across studies. In fruit fly larvae (Drosophila melanogaster), which
are much smaller, the diet takes approximately 30 min to reach
the PMG. Mumcuoglu et al. (2001) and Waterhouse (1954)
reported total gut residence times of 60–90 min for green bottle
fly larvae (Lucilia sericata) and 85–120 min for drone fly larvae.
Considering the midgut length, this corresponds to a passage rate
of 50–75 mm/h for drone fly larvae in comparison to 29–36 mm/
h for BSFL (AMG to PMG2).

Except for the diet lower in protein content, the residence time
was shortest in the AMG and the longest in the PMG (Table 4,
Fig. 1). Diets also had the longest residence time in the PMG of
housefly larvae (Musca domestica) (Espinoza-Fuentes and Terra,
1987) and different species of blow fly larvae (Waterhouse,
1954). The high digestive capability (i.e., high enzymatic activity
and diet residence time) and the morphological features of the
fly larvae PMG suggests that this midgut region plays a fundamen-
tal role in the decomposition of nutrients to monomers and in their
absorption (Bonelli et al., 2019; Gold et al. 2018a). In addition, as
the growth of bacteria is time-dependent, the higher diet residence
time may be a contributor to the bacterial count in the PMG, which
is higher than that in the AMG and MMG (Bruno et al., 2019).

Diet AMG residence times decreased with the diet protein con-
tent. As illustrated in Fig. 1, P7NFC47 had an AMG residence time of
41 min (46 ± 26 min) in comparison to 14 (16 ± 11 min) and 17 min
(23 ± 2 0 min) for P13NFC8 and P13NFC47, respectively. As BSFL are
unable to select their nutritional environment, the increase in the
AMG residence time could be a post-ingestive mechanism to bal-
ance nutrient intake. Following ingestion, insects and their associ-
ated microbiota may balance nutrient decomposition and
absorption. For example, locusts (Locusta migratoria) regulate
macronutrient digestion and absorption, among others, through
the amount of enzymes secreted into the gut, secreting fewer
enzymes for nutrients in excess and more enzymes for nutrients
in deficit (Clissold et al. 2010; Zanotto et al., 1993). Similar mech-
anisms were found in the common fruit fly by Miguel-Aliaga et al.
(2018). In BSFL, Bonelli (Marco Bonelli, personal communication,
University of Milan, 2020) observed protease activity in the AMG
for low-protein diets while proteases were almost absent in this
region in larvae reared on diets with excess protein. In addition
to adjusting enzyme activities, prolonging the AMG diet residence
time could be an additional post-ingestive mechanism of BSFL to
improve protein digestion. As shown in Fig. 2, protein ingestion
was lowest for P7NFC47. Thus, as nutrient extraction efficiency is
positively correlated with diet residence time (Karasov et al.,
2011), BSFL could have increased access to free amino acids (which
are indispensable for fly larval development) by increasing AMG
diet residence time (Colombani et al., 2003; Danielsen et al.,
2013; de Carvalho and Mirth, 2017; Lalander et al., 2019). This
hypothesis could be tested in future research by measuring both
midgut lumen enzyme activities and residence times between
diets varying in protein content.

Diet NFC, and thereby cellulose and energy content, also
appeared to have a significant influence on both diet ingestion
and overall midgut residence time. For the diets higher in protein
(P13NFC8 and P13NFC47), MMG and PMG diet residence times
increased with the diet NFC content and decreased with the diet
cellulose content. MMG and PMG residence times were 46 and
77 min for P13NFC47 in comparison to 37 and 62 min for P13NFC8,
respectively. As shown in Fig. 2, this decrease in MMG and PMG
residence time meant that larvae ingested significantly more of
the P13NFC8 diet than the other two diets. Lowering of the diet
midgut residence time could be an indication of compensatory
feeding in BSFL due to nutrient restrictions (i.e. low digestible
nutrient and caloric content). Compensatory feeding has been
reported for several other Dipteran species (Carvalho et al., 2005;
Gelperin and Dethier, 1967; Simpson et al., 1989) and indicates
that BSFL increase their diet intake and thereby lower the diet res-
idence time to compensate for the low caloric content of P13NFC8.
However, as shown in Fig. 2, despite the increased diet ingestion,
larvae ingested significantly less digestible energy by feeding on
P13NFC8 than of the other two diets that are higher in NFC.

In summary, our results demonstrate that total and midgut
region residence time in BSFL is influenced by the diet nutrient
content. This influence is often neglected in in vitro models of
humans and farmed animals. Depending on the diet nutrient con-
tent, in vitro models may over- or under-estimate in vivo perfor-
mance based on the soluble nutrients in the supernatant. For
example, as enzyme activity is the amount of substrate (e.g.,
starch) catalyzed per minute, the supernatant nutrient content as
measured in this study (see Section 3.2) is proportional to the res-
idence time when substrates are available in excess and no inhibi-
tors are present. However, not mimicking the influence of diet
nutrients, and other parameters such as sex, instar, body size,
and age, which have all been shown to influence diet residence
time, is also one of the strengths of the model as it allows for
cost-effective implementation. Diet residence times of 15 min in
the AMG, 45 min in the MMG, and 90 min in the PMG were used
in subsequent in vitro simulations of the BSFL midgut.

3.2. In vitro simulation of midgut digestion

The residence time estimates were used to mimic the BSFL mid-
gut in vitro for the first time. As validation of the in vitro digestion
model, the study assessed whether ranking of the diets based on
in vitro digestion products is similar to the ranking of diets based
on waste reduction and larval weight recorded in in vivo feeding
experiments.

Based on the in vitro simulations, P7NFC78 and P13NFC47, and
canteen and slaughterhouse wastes were expected to have the
highest waste reduction and larval weight in in vivo feeding exper-
iments. Diet digestibility (Table 5) and supernatant nutrient con-
tent (Table 6) were highest for these diets, likely due to their
highly digestible nutrient content (i.e., protein, NFC, and lipids,



Fig. 2. Mean diet (mg DM) (A), energy (cal) (B), protein (mg DM) (C), and NFC (mg DM) (D) ingested by BSFL in 180 min on the three artificial diets. Means, standard
deviations, and results per larvae are displayed for all three experiments. Results with no shared letter are significantly different from each other.

Table 5
Mean digestibility of diets in in vitro simulations of the BSFL midgut and waste reduction in in vivo feeding experiments. The asterisks indicate diets for which the ranking based
on in vitro results deviated from the ranking of the diets based on in vivo feeding experiments.

in vitro in vivo
Diet digestibility Waste reduction

% DM Rank % DM Rank
Artificial diets
P13NFC8 15.0 (4.6) 4 31.7 (1.8) 4
P13NFC47 30.0 (2.8) 2 48.9 (3.9) 1–2
P7NFC78* 37.2 (2.5) 1 41.0 (1.4) 3
P7NFC47* 26.5 3 47.0 (3.4) 1–2
Biowastes
Cow manure 11.4 (10.6) 4–5 12.7 (0.9) 5
Mill by-products* 19.0 (3.6) 4–5 56.4 (1.2) 1–2
Canteen waste 45.0 (14.6) 1–3 37.9 (3.8) 3
Poultry slaughterhouse waste* 36.9 (1.4) 1–3 30.7 (4.7) 4
Vegetable canteen waste 49.9 (5.6) 1–3 58.4 (1.4) 1–2

In parenthesis: standard deviation for samples where n � 3 and differences between analyses where n = 2.
In vivo results for biowastes were taken from Gold et al. (2020).
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see Table 1). Accordingly, P7NFC47 and P13NFC8, which are lower in
protein and/or NFC, and cow manure and mill by-products, which
are richer in fiber and/or have lower organic matter content,
received a higher ranking, indicating that a lower in vivo waste
reduction and larval weight can be expected. The correlation
between in vitro digestion product results and the diet nutrient
composition indicates that the in vitro model could also comple-
ment and/or replace conventional diet gross nutrient composition
analyses (see parameters in Table 1) frequently completed for BSFL
diets.

Comparison of the ranking based on in vitro results and the
ranking based on the in vivo performance shows that in vitro sim-
ulations can predict in vivo outcomes. The approach was able to
broadly distinguish between the best and the worst performing



Table 6
Mean supernatant nutrient content following in vitro simulation of the BSFL midgut and larval weight and bioconversion rate results of in vivo feeding experiments. The asterisks
indicate diets for which the ranking based on in vitro results deviated from the ranking of the diets based on in vivo feeding experiments.

in vitro in vivo
Glucose & Maltose Total nitrogen Amino acids Total organic carbon Supernatant nutrients Larval weight

g/(L � g DM) Rank g/(L � g DM) Rank g/L Rank g/(L � g DM) Rank Mean Rank mg DM Rank
Artificial diets
P13NFC8 0.6 (0.1) 4 3.3 (0.7) 1–2 – – 17.5 (2.6) 4 3/3–4 21.0 (2.1) 4
P13NFC47 3.8 (0.6) 2–3 3.7 (0.6) 1–2 – – 30.9 (3.6) 1–2 2/1–2 47.5 (2.5) 1
P7NFC78* 6.8 (0.2) 1 2.7 (0.2) 3 – – 38.6 (1.8) 1–2 2/1–2 32.7 (2.2) 3
P7NFC47* 3.6 (0.5) 2–3 1.8 (0.3) 4 – – 23.8 (0.9) 3 3/3–4 41.5 (0.2) 2
Biowastes
Cow manure 0 (0) 4–5 1.7 (0.3) – 0.5 (0.1) 5 10.7 (1.0) 5 5/5 14.3 (0.4) 5
Mill by-products 1.7 (0.3) 2–3 3.5 (0.1) – 1.8 (0.1) 3–4 24.6 (0.5) 4 3/3–4 41.7 (0.9) 3
Canteen waste 1.5 (0.3) 2–3 9.1 (2.2) – 5.5 (0.7) 2 47.7 (7.2) 1–3 2/1–2 44.2 (5.9 2
Poultry slaughterhouse waste 0 (0) 4–5 12.4 (0.7) – 9.9 (2.8) 1 44.4 (2.4) 1–3 3/3–4 39.4 (0.7) 4
Vegetable canteen waste 3.6 (0.3) 1 3.3 (0.1) – 1.9 (0.3) 3–4 49.3 (0.3) 1–3 2/1–2 59.1 (2.6) 1

In parenthesis: standard deviation for samples where n � 3 and differences between analyses where n = 2.
In vivo results for biowastes were taken from Gold et al. (2020)
See Section 2.4 for the applied ranking procedure.
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diets (Tables 5 and 6). For example, P13NFC8 and P7NFC47, and veg-
etable canteen waste and cow manure received the same ranking
based on in vitro simulations and in vivo feeding experiments. This
confirms that the ranking of biowastes based on results of diges-
tion products from in vitro digestion could be a valuable tool for
screening of different biowastes based on BSFL treatment
performance.

3.3. Simulation limitations

Despite these promising results, several differences between
the in vitro and in vivo ranking (Tables 5 and 6) highlighted the lim-
itations of the laboratory-based simulation, digestion product
analyses, and/or the applied ranking procedure. In particular, the
ranking based on in vitro digestion products was i) unable to pre-
dict the differences in in vivo performance between vegetable can-
teen waste, canteen waste, and poultry slaughterhouse waste; ii)
overestimated the in vivo performance of P7NFC78 and poultry
slaughterhouse waste; and iii) under-estimated the in vivo perfor-
mance of mill by–products.

These discrepancies are to be expected as static in vitro diges-
tion models are oversimplified and do not include all complex
and dynamic digestion processes (Bohn et al., 2018). For example,
dynamic changes in temperature during BSFL treatment
(Bloukounon-Goubalan et al., 2019), multiple digestions of the diet
by BSFL, differences in properties of enzymes in the midgut lumen
and commercial enzymes, dynamic changes in enzyme activities in
relation to the nutritional environment (Benkel and Hickey, 1986;
Clissold et al., 2010), external digestion (Sakaguchi and Suzuki,
2013), and lipases, lysozymes, and chitinases (Bonelli et al., 2019;
Terra and Ferreira, 2012) in the fly larvae midgut were not consid-
ered in this study. An additional explanation for the mismatch
between the in vitro and in vivo ranking could be false assumptions
regarding the effect of supernatant nutrients on larval weight. The
current study did not estimate nutrient bioavailability and/or
bioactivity to BSFL (McClements et al., 2009), but instead assumed
that all nutrients released from the diet during in vitro simulation
are absorbed by the larvae into the hemolymph, metabolized, and
contribute to larval growth (Oomen et al., 2002, 2003). In addition,
the procedure of this study assumed that all nutrients measured in
the supernatant have the same linear effect on larval weight. This
might be an oversimplification as previous work on BSFL and com-
mon fruit fly larvae indicate that protein can be more important
than NFC in determining larval weight and development time
(Danielsen et al., 2013; de Carvalho and Mirth, 2017; Lalander
et al., 2019). In addition, insufficiency or excess of nutrients or poor
nutrient ratios (e.g., protein to NFC) affect larval development
(Barragán-Fonseca et al. 2018b; Gold et al., 2020).

The lack of detailed knowledge on BSFL biology currently limits
mimicking all these processes in an in vitro model. This would also
be impractical considering the costs involved (e.g., enzyme costs).
However, based on this validation of the simulated midgut, future
studies should assess whether a stronger correlation can be estab-
lished between in vitro and in vivo results by considering the nutri-
ent requirements of BSFL. Fly larvae adjust their diet intake and
digestion based on their nutritional environment and nutritional
needs (see Section 3.1). For example, fly larvae control diet intake
based on protein, and over- or under-consuming other nutrients
such as sugars (de Carvalho and Mirth, 2017). In addition, digestion
of excess nutrients, such as sugars, can result in metabolic costs,
decreasing larval weight and increasing development time
(Matzkin et al., 2011; Musselman et al., 2011). This mechanism
could explain the overestimation of the in vivo performance based
on in vitro results for P7NFC78 and slaughterhouse waste. These
diets are unbalanced in terms of nutrient content and nutrient
ratios (Table 1), compared to nutritionally balanced diets for BSFL
(e.g., protein to NFC ratios of 2:1 – 1:4, NFC content < 40%)
(Barragán-Fonseca et al. 2018b; Gold et al., 2020). P7NFC78 was
high in NFC, while the slaughterhouse waste was high in protein.
An additional explanation for their lower performance in vivo than
in vitro could be suboptimal diet palatability (Cohen, 2005). In con-
trast to all other diets, the slaughterhouse and canteen wastes
were more digestible in vitro than in vivo, supporting the hypothe-
sis that BSFL do not digest all of these nutrients in vivo, owing to
adjustments in diet intake and digestion that are, in turn, governed
by poor nutrient contents and/or ratios or suboptimal diet
palatability.

Further research could also consider simulating the midgut
microbiota. In BSFL treatment, microbes in the biowaste and/or
midgut are able to use diet constituents as nutrient sources and
thereby likely contribute to waste reduction. Microbes produce
digestible biomass and metabolites (e.g., short chain fatty acids)
for BSFL that can contribute to larval growth (Douglas, 2010,
2009; Lam et al., 2009; Romero et al., 2006; Wong et al., 2014).
Microbial-mediated processes can be especially valuable on nutri-
ent poor diets and/or on diets that are constituted by nutrients that
are indigestible by BSFL, such as hemicelluloses (Storelli et al.,
2011; Zhao et al., 2017). Similar to intestinal digestion in humans,
microbial enzymes (e.g., b-glucanases, xylanases, and pectinases)
(Terra and Ferreira, 2012) in the biowaste and/or the midgut may
bring about partial digestion of hemicelluloses in BSFL treatment
(Bruno et al., 2019; De Smet et al., 2018; Gold et al., 2020,
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2018a; Jeon et al., 2011; Lee et al., 2014; Rehman et al., 2017). This
was not considered in this study and could explain why mill by-
products, which are mainly plant cell walls consisting of hemicel-
luloses (such as xylans or b–glucans) (Merali et al., 2015), had a
lower performance in the in vitro simulation than in in vivo feeding
experiments (Tables 5 and 6). As an initial step of microbial simu-
lation in the BSFL midgut, PMG could serve as the primary area of
focus, owing to the longest diet residence time (Section 3.1) and
the highest bacterial load (Bruno et al., 2019) in this region. Micro-
bial fermentation could be considered by the addition of enzymes,
specific microbes isolated from the PMG, or the entire PMG content
(Wahlgren et al., 2019).

4. Conclusions

The present study is the first to evaluate in vitro simulation of
the BSFL midgut. Despite not completely mimicking the complex-
ity of the BSFL digestive system, such as differences in midgut res-
idence times with diet nutrient content, in vitro simulations were
able to predict the outcomes of in vivo feeding experiments. Digest-
ing diets in an in vitro model and subsequent analyses of the
formed digestion products indicated in vivo BSFL waste reduction
and larval weight, and diet nutrient composition. For several diets,
the performance estimated based on in vitro results did not match
with the results in the feeding experiments. More reliable esti-
mates of in vivo feeding experiment outcomes could presumably
be provided by considering the nutrient requirements of BSFL,
hemicellulose digestion, and the diet and gut microbiota. However,
the main advantages of in vitro simulations are their simplicity and
low cost. Thus, the benefits of simulations resulting in more accu-
rate mimicking of digestive processes needs to be balanced with
the added resources required for their implementation (e.g., labo-
ratory equipment, consumables, labor).
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