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Abstract The objective of this study was to evaluate the
effect of yellow mealworm (ZTenebrio molitor L.) exuviae
(ME) given as a prebiotic in 20% of the diet fed to BALB/c
mice. Analysis of the ME revealed that it was mostly
composed of crude protein (52.94%), crude fiber (10.70%),
and moisture (10.54%). When ME was fed to mice for
8 weeks, the number of intestinal lactic acid bacteria
increased, reaching similar numbers (4.50 £+ 0.80 CFU/
mL) to those (4.70 = 0.80 CFU/mL) of the control group
not fed ME. Microbiome analysis showed that 8 weeks
feeding of ME promoted the growth of Bifidobacteriaceae
and Lactobacillaceae compared to the POS group, indi-
cating the positive effects of feeding 20% ME on the
intestinal microbiota of mice. These results suggest that
ME can be considered as a dietary prebiotics to improve
human gut microbial population, but further application
study to human is necessary.
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Introduction

About 1700 insects are consumed as food in the world
(Siemianowska et al., 2013). Many countries are still
consuming insects as important protein sources. However,
only a few people accept insects as foods because many
people in developed countries perceive insects as “dis-
gusting stuff”. Although many insects seem to be unac-
ceptable to consumers in the commercial market, the
nutritional value of insects is too important to be neglected.
Actually, insects are valuable sources of protein, fat,
mineral, and vitamins (Kim et al., 2014). Among the
valuable nutrients, common edible insects contain protein
contents of around 9-25%, similar to that of meat, which is
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15-22% (Y1 et al., 2013). Due to increase in the world
population, the demand for valuable protein sources is also
increasing. Only limited animal protein can be generated
because land for domestic animals is limited. For this
reason, many people try to cultivate edible insects. Some
edible insects are also reared in Korea. Only a few types of
insects are cultivated and consumed as pet feed in the
Korean commercial market, unlike in America and Africa.
Due to this global trend, the Korean government is trying
to support the edible insect market as part of the agricul-
tural economy. It seems that the attitude of Korean con-
sumers can be refined to accept edible insects. Then,
various products related to edible insects could be
developed.

The yellow mealworm (Tenebrio molitor L.), a pest of
flour and grain, is one of the main insects that can be used
as a food or feedstuff. Yellow mealworm larvae contain
high-quality protein and fat. Due to their nutritional value,
they are commonly used in food formulations (Ravzanaadii
et al., 2012). Depending on the lifecycle, insects can be
classified as either holometabolous or hemimetabolous
insects. The yellow mealworm is a holometabolous insect
that undergoes a true metamorphosis from egg or embryo
to larva to pupa to adult (Rumpold and Schluter, 2013).
During the metamorphosis of larvae into yellow mealworm
pupa, many exuviae (insect exoskeletons) are generated.
They are mainly composed of chitin (Kim et al., 2014;
Song et al., 2018) which is the second most abundant
biopolymer. Since chitin has a wide range of biological
activities, both the food and cosmetic industries use chitin
to improve their quality, as well as their shelf-life. More-
over, chitin is considered a source of dietary fiber which
provides a beneficial environment for bacteria in the gas-
trointestinal tract (Hamed et al., 2016; Ringg et al., 2012).
For this reason, chitin from yellow mealworm exuviae may
have potential as a prebiotic source. Thus, the objective of
this study was to evaluate the potential of mealworm
exuviae (ME) as a prebiotic by analyzing the gastroin-
testinal microbiota in BALB/c mice using next-generation
sequencing (NGS) after feeding it to mice.

Materials and methods
Mealworm exuviae preparation

All mealworms for ME production were cared at Gochang
Insect Farm (Gochang, Jeollabukdo, Korea) under the
guideline of RDA (2013), and ME was collected once a
week for 16 weeks and then stored at — 70 °C until used.
All MEs were roughly washed with double distilled water
(DDW) for 5 min (1:10,000 w/v), dried at 60 °C for 24 h

@ Springer

and then powdered for BALB/c animal model diet
manufacturing.

Chemical composition, fiber, and total caloric
analysis of ME

To analyze the chemical composition of ME, the moisture,
crude protein, crude ash, crude fat and crude fiber contents
of ME were measured according to the method of AOAC
(1995). The results are presented as percentages (%).

Animal model

Five-week-old BALB/c male mice (15-20 g) were pur-
chased from Samtako Co., Ltd. (Osan, Korea) and raised at
22 4+ 2 °C with 50 £ 5% of humidity. All mice were fed
an AIN-76A diet (Research Diets, Inc., New Brunswick,
NJ, USA) and sterilized water ad libitum for a week as an
adaptation period. The mice were then randomly divided
into three different groups (n = 20 per group), and four
mouse per group were housed in three different cage. All
mouse were freely accessed either AIN-74 (CON), the
positive control (POS), or the mealworm exuviae (MWE)
diet for 4 or 8 weeks. The nutritional compositions of the
diets are shown in Table 1. The control diet contained only
50 g/kg cellulose (Vitcel L 600, J. Retenmaier & Sohne,
Rosenberg, Germany) but the POS and mealworm exuviae
(MWE) diets had 200 g/kg cellulose or ME, respectively.
Two different sacrification time was used in each group (4
and 8 weeks, n = 10 each). Each mice was sacrificed via
CO, asphyxiation. The average mice weights for two dif-
ferent scarification were 22.14 £+ 0.75 g at 4 weeks
(p > 0.05) and 26.49 + 0.78 g at 8 weeks (p > 0.09),
respectively. The small intestines and ceca were collected
for microbial analysis. Only 7 cecum samples were used
for gut microbiota analysis, and each cecum sample was
selected based on average weight at final sacrification
week. To enumerate the bacteria, each small intestine was
mixed with peptone water for 2 min, then the total bacteria
(TBC), lactic acid bacteria (LAB), total coliforms (TCF),
and Escherichia coli (ECL) were counted. All cecum
samples were prepared for NGS analysis. The experimental
protocols in this study were approved by the Institutional
Animal Care and Use Committee (IACUC) for the care and
use of laboratory animals of the Berry & Biofood Research
Institute (BBRI-IACUC-17006).

Microbial enumeration

The small intestine samples mixed with peptone water
described previously were serially (tenfold) diluted and
1 mL of each diluent was plated onto 3 M™ Petrifilm™
(3MSt. Paul, MN, USA), followed by incubation at 30 or
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Table 1 Dietary composition Nutritional composition CON® POS MWE

g Kcal g Kcal g Kcal

Casein 200 800 200 800 200 800

Methionine 3 12 3 12 3 12

Corn starch 150 600 90 360 90 360

Sucrose 500 2000 290 1160 290 1160

Cellulose 50 0 200 0 200 (MWE) 0

Corn oil 50 450 170 1530 170 1530

Mineral 35 0 35 0 35 0

Vitamin 10 40 10 40 10 40

Choline bitartrate 2 0 2 0 2 0

Total 1000 3902 1000 3902 1000 3902

YCON = negative Control; POS = positive Control; mealworm exuviae = MWE

37 °C for 48 h. 3 M™ Petrifilm™ Aerobic Count Plates
were used for the TBC, LAB, TCF, and ECL counts. After
incubation, the typical colonies on each Petrifilm were
manually counted.

Gut microbiota analysis

Total DNA was extracted from the cecum samples using
the PowerSoil DNA Isolation Kit (Mo Bio Laboratories
Inc., Solana Beach, CA, USA). The amplification of partial
sequences of the 16S rRNA genes was performed based on
the 16S rRNA amplification protocol of the Earth Micro-
biome Project (Gilbert et al., 2010). For each sample, the
16S rRNA genes were amplified using the 515F/806R
primer set (including an adapter sequence) for amplifica-
tion of the V4 region (515F forward primer: 5'-TCG TCG
GCA GCG TCA GAT GTG TAT AAG AGA CAG GTG
CCA GCM GCC GCG GTA A-3'; 806R reverse primer: 5'-
GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG
ACA GGG ACT ACH VGG GTW TCT AAT-3'). To
attach dual indices and adapters to the amplified poly-
merase chain reaction (PCR) products, an index PCR was
performed using AmpONE™ o-Pfu DNA polymerase
(GeneAll, Seoul, Korea) and a Nextera® XT Index Kit v2
(Illumina, San Diego, CA, USA). After amplification, the
PCR products were purified using Expin™ PCR SV
(GeneAll). Sequencing of the partial bacterial 16S rRNA
genes was performed using the MiSeq Reagent Kit V3 (600
cycles) and MiSeq platform (Illumina).

Prior to the analysis of the 16S rRNA sequences, the
BCL files were converted into raw FASTQ files, including
readl, index and read2 sequences, using CASAVA-1.8.2.
After pre-processing (quality filtering and trimming steps
using the FASTX-Toolkit), the sequences were assigned to
operational taxonomic units (OTUs; 97% identity). Rep-
resentative sequences were selected using QIIME 1.7.0

software (Caporaso et al., 2010), followed by analyses of
the taxonomic composition, alpha diversity, and beta
diversity. Linear discriminant analysis (LDA) effect size
(LEfSe) was used to estimate the taxonomic abundance and
characterize differences between the groups (Segata et al.,
2011). A heat map of functional gene abundance was
generated using MultiExperiment Viewer (MEV) software
(ver. 4.8.1; http://www.tm4.org/).

Statistical analyses

All values are expressed as mean + standard deviation
(SD) for each group. The mean values were statistically
analyzed by analysis of variance (ANOVA) at p < 0.05
with Duncan’s multiple range test using SPSS (version
12.0, SPSS Inc, IBM Co., Armonk, NY, USA). The gut
microbiota relative abundance analyses were performed
using LEfSe based on the Kruskal-Wallis and Wilcoxon
tests and significance was defined as p < 0.05. The
threshold of the logarithmic LDA score was set as 3.0.
Statistical significance was assessed by one-way analysis of
variance followed by Duncan’s post hoc test. All statistical
analyses were performed using RStudio (RStudio Inc.,
Boston, MA, USA). Statistical significance was considered
at p < 0.05.

Results and discussion

Characteristics of mealworm exuviae (ME)

The approximate composition of ME cast off during
mealworm larva growth is shown in Table 2. The most
abundant compound in ME was crude protein (54.18%),

followed by crude fiber (26.48%), and moisture (9.26%).
Ravzanaadii et al. (2012) reported that ME was mainly
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composed of crude protein, moisture, crude fiber, crude fat,
and crude ash at percentages of 32.87, 13.02, 25.96, 3.59,
and 3.22%, respectively, indicating higher moisture and fat
contents than those found in the present study.

Total bacteria, total coliform, E. coli, and lactic acid
bacteria count

BALB/c mice small intestines were used for the TBC,
TCF, ECL, and LAB counts (Table 3). For 4 weeks feed-
ing, the highest TBC count (3.5 + 0.5 log CFU/mL) was
found in the POS group. However, no significant difference
in TBC was observed between the CON and POS groups.
A similar trend in the TCF and ECL counts was observed
between the CON and POS groups. Significantly reduced
numbers of TCF and ECL were found in BALB/c mice fed
20% ME diet for 4 weeks compared to the POS mice.
There was no significant difference in LAB numbers
between the groups. Prebiotics that are nondigestible in the
small intestine but are fermentable in the colon by
endogenous bacteria can stimulate only limited bacterial
species, including Lactobacilli and Bifidobacteria (Fig-
ueroa-Gonzalez et al., 2011; Quigley and Quera, 2006;
Schrezenmeir and de Vrese, 2001). Since chitin has pre-
biotic effects (Hamed et al., 2016; Ringg et al., 2012), the
chitin in ME (Song et al., 2018) seems to be able to pro-
mote the growth of LAB in BALB/c mice. As a result, the
TCF and ECL numbers decreased due to environmental
changes in the small intestine. In this study, both the POS
and MWE diets had higher corn oil contents than the CON
diet and feeding the ME supplement resulted in lower
numbers of TCF and ECL in the MWE mice compared to
those of the POS mice. Supplementation with 20% ME
reduced both the TCF and ECL numbers, which subse-
quently decreased the TBCs as a result.

For 8 weeks of feeding, mice in the CON groups had
higher numbers of TBC than the MWE mice, while a
significant difference was not found between the CON and
POS groups (Table 3). Unlike the 4 weeks feeding, no
difference in TCF and ECL numbers was found between
the CON, POS, and MWE groups fed for 8 weeks, prob-
ably due to the extended feeding period. Higher LAB
counts were observed when the CON and MWE diets were
fed to mice for 8 weeks compared to the POS group.
However, the number of LAB between the CON and
MWE-fed mice was not significantly different, indicating

Table 3 Total bacteria, total coliform, E. coli, and lactic acid bac-
teria composition of small intestines of BALB/c mice fed with 20%
mealworm exuviae for 4 and 8 weeks

(Log CFU/mL)

TBC! TCF ECL LAB

4 week feeding

CON*> 33408® 194+12® 19+12® 29409

POS 35+£05 22406 22406 29405

MWE 3.0+05" 13+13* 13+£13%> 31+07
8 week feeding

CON 41409 20412 20+ 12 47 +0.8°

POS 35+£09"  15+07 14408 3.4 £ 0.9°

MWE 314+07° 19+06 1.9 + 06 45 +0.8°

'TBC = total bacteria; TCF = total coliforms; ECL = E. coli;
LAB = lactic acid bacteria

2CON = negative control; POS = positive control; MWE = meal-
worm exuviae

*PValues followed by different letters are significantly different
(p < 0.05) according to Duncan’s multiple range test

that 20% ME mitigated the high corn oil content effect of
the mice diet and strongly influenced the population of
LAB in the small intestine of the MWE mice. Based on the
results for the two different feeding periods, the chitin of
ME, a prebiotic, influenced the BALB/c small intestine
over the 8 weeks feeding period. The environment in the
small intestine was modulated during the first 4 weeks
feeding period to reduce the TCF and ECL numbers and
provide conditions favorable to microorganisms, including
Lactobacilli species, by 8 weeks (Manning and Gibson,
2004). Therefore, high numbers of LAB (4.5 &+ 0.8 log
CFU/mL) were found in the small intestine of mice fed
MWE for 8 weeks compared mice fed ME for 4 weeks
(3.1 £ 0.7 log CFU/mL).

Analysis of gut microbiota

A total of 137,898 £ 22,591 bacteria in reading number
was acquired. Lower average bacterial numbers were pre-
sent when each experimental diet was supplied to mice for
8 weeks compared to 4 weeks (Fig. 1A). No significant
difference in diversity was observed among the groups
through Shannon-diversity plots from alpha-diversity

Table 2 General composition

. Moi* (%)
of mealworm exuviae

C.P. C. Ash

C. Fat C. Fib

MWE" 9.26 + 0.07

54.18 £ 0.17

4.21 £ 0.02 297 £ 0.04 2648 £ 0.14

“Moi = moisture; C.P = crude protein; C. Ash = crude ash; C. Fat = crude fat; C. Fib = crude fiber

"MWE = mealworm exuviae
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analysis (Fig. 1B). Since alpha-diversity indicates the
richness of the species diversity, these results indicate that
there was no difference in the diversity of the microbial
communities among the groups tested in this study. Unlike
alpha-diversity, beta-diversity showed different composi-
tional diversity of bacteria in the MWE samples of mice
fed 20% ME for 4 or 8 weeks (Fig. 1C). The plots showed
that all MWE samples were below 0.0 on the PC2 axis
compared to the other groups and were aligned parallel to
the PC1 axis. Moreover, the 8 weeks MWE samples
(MWES) were mostly over 0.0 on the PC1 axis, revealing
high dissimilarity in the gut microbial community of mice
fed ME for 4 or 8 weeks.

Figure 2A shows that the cecal microbiota were domi-
nated by Bacteroidetes (69.6 and 57.7%), Firmicutes (17.3
and 23.6%), and Proteobacteria (4.1 and 8.8%) in mice fed
ME for 4 or 8 weeks, respectively. The Bacteroidetes,
Firmicutes, and Proteobacteria phyla accounted for
90-91% of the entire phyla in this study, similar to the
results of de Oliveira et al. (2016) and Kim et al. (2017).

(A) Average bacterial numbers
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Fig. 1 The total number of bacteria counted for next-generation
sequencing (NGS) and alpha- and beta-diversity analysis depending
on the groups and feeding periods. (A) The total number of bacteria
counted for NGS. (B) Alpha-diversity analysis. (C) Beta-diversity
analysis

Unlike mice, Scott et al. (2013) reported that Bacteroidetes,
Firmicutes, and Actinobacteria were three major phyla
found in the human large intestine. The only difference was
Actinobacteria. This difference might be due to the dif-
ferent subject samples used for microbiome analyses.
Deferribacteres and others were minor abundant phyla in
the mice small intestines. The ratio of Firmicutes to Bac-
teriodetes is shown on Fig. 2B, and it seems to associate
with people with obesity (Lin et al., 2019; Wang et al,,
2019). Both Yatsunenko et al. (2012) and Ley et al. (2006)
reported that obese people had high Firmicutes to Bacte-
riodetes ratios, and the Firmicutes to Bacteriodtes ratio
seems to ameliorate glucose and fat metabolism (Lin et al.,
2019; Wang et al.,, 2019). The Bacteriodetes increased
when they lost weight. However, when ME was supplied to
mice for 4 to 8 weeks, the number of Firmicutes sharply
increased and the Firmicutes to Bacteroidetes ratio
increased about twofold in mice fed ME for 8 weeks
(Fig. 2B). The average ratio of Firmicutes to Bacteroidetes
is still under the average of POS ratio, which provide high
fat diet to mouse for 4 and 8 weeks.

The relative abundance of different families of bacteria
found after 4 and 8 weeks feeding periods is shown in
Fig. 3. Among 18 total bacterial families identified after
4 weeks of feeding, only 8 bacterial families remained
after an additional 4 weeks of feeding. They were Pepto-
coccaceae, Bdellovibrionaceae, Porphyromonadaceae,
Sutterellaceae, Veillonellaceae, Erysipelotrichaceae,
Prevotellaceae, and Verrucomicrobiaceae. Moreover, 10

(A) Phylum level
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POS4wk [—— |
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Fig. 2 The relative abundance of the major bacteria in BALB/c mice

small intestines distinguished by groups and feeding periods.
(A) Phylum level bacteria. (B) Firmicutes to Bacteroidetes ratio
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Fig. 3 Relative abundance of
major bacteria in BALB/c mice
small intestine distinguished by
groups and feeding periods.
(A) Family level bacteria in the
small intestine of BALB/c mice
fed an experimental diet for

4 weeks (B) Family level
bacteria in the small intestine of
BALB/c mice fed an
experimental diet for 8 weeks.
AIN4: CON4, MAIN4: POS4,
MIE4: MWEA4, AIN8: CONS,
MAINS: POSS8, MIES: MWES
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(A) Famlly Bacteria Relative Abundance: 4-wk feeding period

Desulfovibrionaceae
Bacillales_Incertae Sedis XI
Lachnospiraceae
Acidaminococcaceae
Pseudobacteriovoracaceae
Clostridiaceae 4
Paenibacillaceae 1
Chromatiaceae
Peptococcaceae 1
Corynebacteriaceae
Defluviitaleaceae
Bdellovibrionaceae
Porphyromonadaceae
Sutterellaceae
Veillonellaceae
Erysipelotrichaceae
Prevotellaceae
Verrucomicrobiaceae

(B) Family Bacteria Relative Abundance: 8-wk feeding periods

-0.1867768.

bacterial families diminished, while 10 new bacterial
families appeared after 20% ME chow diet was fed to mice
for 8 weeks. In mice fed 20% ME diet for 8 weeks, bac-
teria from the Bifidobacteriaceae and Lactobacillaceae
families were present. Many studies have insisted that diets
can strongly affect intestinal microbiota diversity and
composition (Ringg et al., 2012; Scott et al.,, 2013).
According to de Oliveira et al. (2016), microbes in the
human gut are normally influenced by the percentage of
calories from carbohydrates and lipids. Although calories
in this study were fixed at 3902 kcal, the changes in both
microbial diversity and composition were due to calories
from either carbohydrates or lipids. Both the POS and
MWE diets had higher contents of corn oil than the CON
diet and the major microbial differences between the CON
and both the POS and MWE diets seem to be due to the low
carbohydrate calories and high lipids in the POS and MWE
diets. In addition, another reason for the different microbial
content in the small intestine of the POS and MWE mice
might be the ME content in the mice diet. Specifically, the
chitin of ME has an acetamido group structure and the
acetamido groups at C2 of chitin are converted into amino
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Rhodospirillaceae
Clostridiales_Incertae Sedis XII
Leuconostocaceae
Nocardioidaceae
Erysipelotrichaceae
Prevotellaceae
Bifidobacteriaceae
Sutterellaceae
Anaeroplasmataceae
Bdellovibrionaceae
Porphyromonadaceae
Coriobacteriaceae
Lactobacillaceae
Veillonellaceae
Alteromonadales_incertae_sedis
Peptococcaceae 1
Streptococcaceae
Verrucomicrobiaceae

groups which are electrostatically charged (BeMiller, 2018;
Do et al., 2018). Such charges may change the intestinal
environmental conditions by binding substances, including
fatty acids and bile acids, which facilitates the growth of
both Bifidobacteriaceae and Lactobacillaceae (Aranaz
et al., 2009).

In conclusion, this study analyzed the composition of
mealworm exuviae which was mainly composed of protein,
moisture, and fat. Also, the present results showed that ME
feeding increased the LAB content in mice small intestines.
Moreover, feeding ME to mice for 8 weeks promoted the
growth of both Bifidobacteriaceae and Lactobacillaceae,
indicating that ME feeding could positively influence the
murine small intestine environment. Thus, this study sug-
gests the potential of ME as a prebiotic for human gut
health. However, further study is necessary to define how
ME provides environmental conditions that promote the
growth of both Bifidobacteriaceae and Lactobacillaceae in
the small intestine.
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