
lable at ScienceDirect

Food Microbiology 62 (2017) 15e22
Contents lists avai
Food Microbiology

journal homepage: www.elsevier .com/locate/ fm
The microbiota of marketed processed edible insects as revealed by
high-throughput sequencing

Cristiana Garofalo, Andrea Osimani*, Vesna Milanovi�c, Manuela Taccari,
Federica Cardinali, Lucia Aquilanti, Paola Riolo, Sara Ruschioni, Nunzio Isidoro,
Francesca Clementi
Dipartimento di Scienze Agrarie, Alimentari ed Ambientali, Universit�a Politecnica delle Marche, via Brecce Bianche, 60131 Ancona, Italy
a r t i c l e i n f o

Article history:
Received 4 February 2016
Received in revised form
15 September 2016
Accepted 15 September 2016
Available online 16 September 2016

Keywords:
Microbial community
Next-generation sequencing
Entomophagy
Acheta domesticus
Locusta migratoria
Tenebrio molitor
* Corresponding author.
E-mail address: a.osimani@univpm.it (A. Osimani)

http://dx.doi.org/10.1016/j.fm.2016.09.012
0740-0020/© 2016 Elsevier Ltd. All rights reserved.
a b s t r a c t

Entomophagy has been linked to nutritional, economic, social and ecological benefits. However, scientific
studies on the potential safety risks in eating edible insects need to be carried out for legislators, markets
and consumers. In this context, the microbiota of edible insects deserves to be deeply investigated.

The aim of this study was to elucidate the microbial species occurring in some processed marketed
edible insects, namely powdered small crickets, whole dried small crickets (Acheta domesticus), whole
dried locusts (Locusta migratoria), and whole dried mealworm larvae (Tenebrio molitor), through culture-
dependent (classical microbiological analyses) and -independent methods (pyrosequencing). A great
bacterial diversity and variation among insects was seen. Relatively low counts of total mesophilic aer-
obes, Enterobacteriaceae, lactic acid bacteria, Clostridium perfringens spores, yeasts and moulds in all of
the studied insect batches were found. Furthermore, the presence of several gut-associated bacteria,
some of which may act as opportunistic pathogens in humans, were found through pyrosequencing.
Food spoilage bacteria were also identified, as well as Spiroplasma spp. in mealworm larvae, which has
been found to be related to neurodegenerative diseases in animals and humans. Although viable path-
ogens such as Salmonella spp. and Listeria monocytogenes were not detected, the presence of Listeria spp.,
Staphylococcus spp., Clostridium spp. and Bacillus spp. (with low abundance) was also found through
pyrosequencing. The results of this study contribute to the elucidation of the microbiota associated with
edible insects and encourage further studies aimed to evaluate the influence of rearing and processing
conditions on that microbiota.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The worldwide intake of animal proteins has increased over the
past few decades and is presumed to continue increasing through
2050 (van der Spiegel et al., 2013; van Huis et al., 2013; Makkar
et al., 2014). However, meeting this demand by increasing the
production of traditional livestock, such as swine and cattle, will
exacerbate those sectors’ known detrimental effects on the envi-
ronment including high carbon emissions and increased use of land
and water (Klunder et al., 2012; Makkar et al., 2014).

The need to replace livestock-derived proteins has driven the
European feed and food markets toward innovative protein
.

sources, among which are insects (van der Spiegel et al., 2013). It is
estimated that insects constitute part of the traditional diets of at
least 2 billion people, mainly in Asia, Africa and America. Currently,
the industrial production of edible insects is well established in
Thailand and other Asian countries. However, in most Western
industrialized countries, consumer acceptance of edible insects
remains limited by disgust and by the association of eating insects
with primitive behavior (van Huis et al., 2013; Verbeke, 2015).
Nevertheless, in Europe, especially in the Netherlands, the rearing
of insects for human consumption is gradually becoming a reality
(ANSES Opinion, 2014). Indeed, among the potential benefits of
insect consumption (also called entomophagy), one may highlight
that the majority of insects are rich in high-quality proteins, good
lipids, vitamins, minerals (such as calcium, iron and zinc) and fiber
due to the presence of chitin (Belluco et al., 2013; Rumpold and
Schlüter, 2013; van Huis et al., 2013). Thanks to these nutritional
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benefits, increased entomophagy may also be a solution for un-
dernourishment in developing countries, which is mainly linked to
food poor in protein and/or energy (Klunder et al., 2012). Alongside
the nutritional benefits, economic, social and ecological benefits
have also been linked to entomophagy (Belluco et al., 2013; van
Huis et al., 2013). Indeed, in comparison with traditional live-
stock, farmed insects multiply faster, are very efficient at converting
feed into protein, require little space for breeding and cause less
emissions of greenhouse gases and ammonia (Klunder et al., 2012;
van Huis et al., 2013).

Although edible insects have always been a part of human diets,
not all insects are safe to eat depending on taxonomy as well as
rearing and processing procedures (Rumpold and Schlüter, 2013;
van Huis et al., 2013). The main potential safety risks linked with
insect consumption comprise a range of chemical and biological
hazards including pesticides, heavy metals, steroids, benzoqui-
nones, allergens, mycotoxins, bacterial toxins, parasites and mi-
croorganisms (van der Spiegel et al., 2013; Belluco et al., 2015;
Milanovi�c et al., 2016). The microbial agents that can potentially
be transmitted via consumption of insects are mainly associated
with the intrinsic flora of insects (intestinal tract and other
anatomical compartments) or related to extrinsic sources, such as
the environment and the rearing conditions (substrates and feed),
handling, processing and preservation (ANSES Opinion, 2014). Until
recently, European legislation has largely been silent concerning
the use and the safety of edible insects for feed and food production
(van der Spiegel et al., 2013; van Huis et al., 2013). Recently, the
European Union introduced a new Regulation about the so-called
novel foods, namely Regulation (EU), 2015/2283 of the European
Parliament and of the Council of 25 November 2015 on novel foods,
amending Regulation (EU) No 1169/2011 of the European Parlia-
ment and of the Council and repealing Regulation (EC) No 258/97 of
the European Parliament and of the Council and Commission
Regulation (EC) No 1852/2001, that shall apply from 1 January 2018.
This legislative act requests the reviewing, clarification and
updating of the categories of food which constitute novel foods,
including insects or their parts. Hence, in-depth studies on speci-
fied candidate insects aimed to define their safety for possible mass
production are becoming even more important (van der Spiegel
et al., 2013; ANSES Opinion, 2014).

Therefore, in this context the need emerges for an accurate and
reliable identification of the microbiota of edible insects to evaluate
the possible presence of pathogens, spoilage agents and beneficial
microbes. To the author's knowledge, only a few papers to date
have dealt with the microbiological aspects of fresh and processed
edible insects, and most of them have relied solely on culture-
dependent analyses and microbial identification by phenotypical
methods (Mpuchane et al., 2000; Simpanya et al., 2000; Amadi
et al., 2005; Banjo et al., 2006; Agabou and Alloui, 2010; Ali et al.,
2010; Braide et al., 2011; Klunder et al., 2012; Opara et al., 2012;
Hern�andez-Flores et al., 2015; Stoops et al., 2016).

Efficient and in-depth evaluation of the biodiversity in food is
currently obtained by using high-throughput sequencing (HTS)
approaches based on analyses of DNA or RNA directly extracted
from the food matrices under study. Several next-generation high-
throughput sequencing (NGS) techniques have been applied for the
culture-independent study of food microbiota (Ercolini, 2013). To
the author's knowledge, only one previous study exists on the an-
alyses of the bacterial community of fresh grasshoppers and
mealworm larvae samples for human consumption by pyrose-
quencing (Stoops et al., 2016).

Based on these premises, the aim of this study was to identify
the microbial species occurring in samples of processed marketed
edible insects, namely powdered small crickets, dried whole small
crickets (Acheta domesticus), dried whole locusts (Locusta migra-
toria), and dried whole mealworm larvae (Tenebrio molitor),
through classical microbiological analyses coupled with
pyrosequencing.

2. Material and methods

2.1. Edible insect sampling

The edible insects, already marketed in the European Union,
were purchased from a company located in the Netherlands. The
following processed samples (boiled and dried, hence ready to be
consumed) were analyzed: powdered small crickets, whole small
crickets (Acheta domesticus), whole locusts (Locusta migratoria), and
whole mealworm larvae (Tenebrio molitor) (Fig. 1). All of the sam-
ples were shipped in plastic bag packages weighing 500 g, by in-
ternational express transport and stored at ambient temperature
until analysis. For classical microbiological analyses, two batches of
each insect sample under study were investigated: one batch was
bought in March 2015 (batch 1) and one in July 2015 (batch 2)
(Table 1). In analogy with Stoops et al. (2016), one batch (batch 1) of
each edible insect was also subjected to pyrosequencing analyses.

No information is available on the rearing and hygiene condi-
tions of processing, transport and storage applied to these edible
insects before marketing.

2.2. Microbiological analyses

Twenty-five grams of each sample was aseptically crushed with
mortar, diluted in 225 mL of sterile peptone water (bacteriological
peptone 1 g L�1, Oxoid, Basingstoke, UK) and homogenized in a
Stomacher 400 Circulator apparatus (VWR International PBI, Milan,
Italy). Ten-fold dilutions of homogenate were prepared in the same
diluent and aliquots (1 mL) were inoculated by inclusion spreading
on specific solid media for the enumeration of Enterobacteriaceae,
counted in accordance with the ISO 21528e2:2004 standard
method, and total mesophilic aerobes counted in Standard Plate
Count (PCA) agar (Oxoid), with aerobic incubation at 32 �C for 48 h
(Osimani et al., 2011). Aliquots (0.1 mL) of ten-fold dilutions of
homogenate were inoculated by surface spreading on specific solid
media for the enumeration of: lactic acid bacteria (LAB) on De Man
Rogosa Sharpe (MRS) agar (Oxoid) incubated at 37 �C for 72 h under
anaerobic conditions using the AnaeroGen 2.5 System (Oxoid)
(Aquilanti et al., 2012). Yeasts andmoulds on Dichloran Rose Bengal
Chloramphenicol (DRBC) agar (Difco, Sparks, MD, USA) with aero-
bic incubation at 25 �C for 5 days (Garofalo et al., 2015). For
counting Clostridium perfringens spores,homogenates were treated
in a water bath at 80 �C for 10 min and cooled in iced water. Ali-
quots (0.1 mL) of each dilution were spread on Tryptone Sulfite
Neomycin (TSN) agar and incubated at 37 �C for 24 h under
anaerobic conditions using the AnaeroGen 2.5 System (Oxoid).

The presence of Listeria monocytogenes and Salmonella spp. was
assessed in accordance with the AFNOR BIO 12/11-03/04 and
AFNOR BIO 12/16-09/05 standard methods, respectively.

All microbiological analyses were performed in duplicate. The
results of the microbial counts were expressed as means of log
colony-forming units (cfu) per gram of sample ± standard
deviations.

2.3. DNA extraction from edible insect samples

The microbial DNAwas extracted directly from the edible insect



Fig. 1. Edible insect samples subjected to microbiological analysis and pyrosequencing: a) powdered crickets; b) dried small crickets; c) dried locusts; d) dried mealworm larvae.
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samples using a PowerFood™ Microbial DNA Isolation Kit (Mo Bio
Laboratories, Carlsbad, USA). In detail, 1 mL of each insect ho-
mogenate (dilution 10�1) was centrifuged to produce a pellet that
was processed according to the kit manufacturer's instructions. The
DNA quantity and purity were assessed by optical readings at 260,
280 and 234 nm, using a UVeVis Shimadzu UV-1800 spectropho-
tometer (Shimadzu Corporation, Kyoto, Japan).
Table 1
Microbial counts (log cfu g�1) of dried small crickets, powdered crickets, dried locusts, a

Microbiological parameter Small crickets Powdered crickets

Batch 1 Batch 2 Batch 1 Ba

Enterobacteriaceae <2.00 <2.00 <2.00 <2
Total mesophilic aerobes 4.01 ± 0.05 4.50 ± 0.11 4.80 ± 0.06 3.9
Lactic acid bacteria 4.10 ± 0.10 4.51 ± 0.05 <2.00 <2
Clostridium perfringens spores <2.00 <2.00 <2.00 <2
Yeasts 4.52 ± 0.22 5.10 ± 0.20 <2.00 <2
Moulds <2.00 <2.00 2.92 ± 0.01 3.1
Salmonella spp. Absent in 25 g Absent in 25 g Absent in 25 g Ab
Listeria monocytogenes Absent in 25 g Absent in 25 g Absent in 25 g Ab

Means ± standard deviations of duplicate independent experiments are shown.
Cfu: colony-forming units.
2.4. Analysis of bacterial diversity by 16S rRNA gene
pyrosequencing

The DNA extracted as described above was used to study the
bacterial diversity by 16S rRNA amplicon pyrosequencing. In detail,
the V1-V3 region of the 16S rRNA gene was analyzed using the
primers and conditions previously described (Garofalo et al., 2015).
After agarose gel electrophoresis, all PCR products were purified,
nd dried mealworm larvae.

Locusts Mealworm larvae

tch 2 Batch 1 Batch 2 Batch 1 Batch 2

.00 <2.00 <2.00 <2.00 <2.00
1 ± 0.20 2.43 ± 0.12 2.01 ± 0.80 <2.00 <2.00
.00 2.11 ± 0.05 2.00 ± 0.01 <2.00 <2.00
.00 <2.00 <2.00 <2.00 <2.00
.00 <2.00 <2.00 <2.00 <2.00
0 ± 0.02 2.01 ± 0.11 2.10 ± 0.20 2.21 ± 0.20 2.30 ± 0.20
sent in 25 g Absent in 25 g Absent in 25 g Absent in 25 g Absent in 25 g
sent in 25 g Absent in 25 g Absent in 25 g Absent in 25 g Absent in 25 g
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quantified and processed as described by Garofalo et al. (2015). The
bioinformatics and data analysis were performed as reported by
Garofalo et al. (2015).

3. Results

3.1. Microbiological analysis

The results of the microbiological analysis of powdered small
crickets, dried small crickets, dried locusts, and dried mealworm
larvae are reported in Table 1. Enterobacteriaceae and Clostridium
perfringens spores counts were <2.00 log cfu g�1 for all samples.
Regarding total mesophilic aerobes, the highest counts were re-
ported for powdered crickets (4.80 ± 0.06 log cfu g�1 in batch 1),
whereas the lowest values (<2.00 log cfu g�1) were recorded in
both the batches of mealworm larvae. Counts of LAB were the
highest for small crickets (4.51 ± 0.05 and 4.10 ± 0.10 log cfu g�1 in
batches 2 and 1, respectively). Powdered crickets and mealworm
larvae showed the lowest values (<2.00 log cfu g�1 in all of the
batches), whereas locusts showed intermediate values ranging
from 2.11 ± 0.05 to 2.00 ± 0.01 log cfu g�1.

Yeast counts were the highest for small crickets (5.10 ± 0.20 and
4.52 ± 0.22 log cfu g�1 in batches 2 and 1, respectively) with respect
to the other insect samples, which showed counts < 2.00 log cfu
g�1. Mould counts were the highest for powdered crickets
(3.10 ± 0.02 and 2.92 ± 0.01 log cfu g�1 in batches 2 and 1,
respectively) followed by mealworm larvae, locusts and small
crickets, these latter with the lowest counts (<2.00 log cfu g�1).

In small crickets, total mesophilic aerobes, LAB, and yeast counts
were the highest in the samples taken in July (batch 2). Similarly,
mould counts were the highest in July for powdered crickets, lo-
custs and mealworm larvae.

Themicrobiological analyses of L. monocytogenes and Salmonella
spp. revealed that these pathogenic bacteria were absent in 25 g of
each insect sample analyzed.

3.2. Analysis of bacterial diversity by 16S rRNA gene
pyrosequencing

A total of 15,537 reads passed the filters applied in the QIIME
split_library.py script, with an average value of 3884 and an average
length of 486 bp. The rarefaction analysis and the estimated sample
coverage (Table 2) indicated that satisfactory coverage for all of the
samples (ESC� 99%) was achieved. Additionally, the richness of the
samples varied from a minimum of 37 to a maximum of 157 OTUs.
As shown in Fig. 2, small crickets and powdered crickets were
dominated by three bacterial phyla ascribed to Proteobacteria
(42.6% and 28.4% of all sequences, respectively), Firmicutes (34%
and 54%, respectively), and Bacteroidetes (22.2% and 12.1%,
respectively). Furthermore, Actinobacteria (0.3% and 3.3%, respec-
tively), Tenericutes (0.7% and 1.6%, respectively) and Deferri-
bacteres (0.2% only in small crickets) were also detected, although
with low relative abundance. In contrast, locusts were almost
completely dominated by Firmicutes (94.7%), while the remaining
bacteria consisted of Proteobacteria (5.2%) and Actinobacteria
(0.1%). In mealworm larvae, the bacterial population mainly
Table 2
Number of sequences analyzed, observed diversity and estimated sample coverage
(Good's coverage) for 16S rRNA amplicons analyzed.

Sample Reads OTUs Good's coverage Chao1 Shannon index

Small crickets 3190 157.0 99.00 178.13 5.66
Powdered crickets 3418 175.0 99.09 194.77 5.72
Locusts 4379 37.0 99.83 39.33 1.41
Mealworm larvae 4550 45.0 99.86 47.14 2.82
belonged to Tenericutes (44.2%), Proteobacteria (39.22%), and Fir-
micutes (13.09%), whereas Fusobacteria (3.3%), Bacteroidetes
(0.13%) and Actinobacteria (0.06%) were found only with low
abundance.

Focusing in within each phylum, the great bacterial diversity
and variation among the samples under study was even more
evident (Fig. 3). Among the dominant OTUs, Enterobacteriaceae
occurred in all samples, although this clade was more abundant in
mealworm larvae (26.2% Enterobacter spp. and 11.4% of other spe-
cies belonging to Enterobacteriaceae) and small crickets (33.0%
Enterobacteriaceae) than in powdered crickets (17.5% Enterobac-
teriaceae) and locusts (4.6% Enterobacteriaceae). Small crickets and
powdered crickets were also characterized by the presence of
Pseudomonadaceae (6.3% and 9.3%, respectively), Ruminococcaceae
(13.4% and 18.1%, respectively), Lachnospiraceae (10.9% and 4.1%,
respectively), Bacteroides (10.4% and 3.7%, respectively) and Clos-
tridium spp. (2.3 and 4.8%, respectively). Furthermore, in small
crickets, Rikenellaceae (4.9%) and Dysgonomonas spp. (2.9%) were
detected, while in powdered crickets, Lactococcus garviae (14.0%),
Enterococcus haemoperoxidus (4.8%), Enterococcus spp. (4.3%),
Corynebacterium variabile (3.0%) and Parabacteroides spp. (2.9%)
also occurred.

In addition to Enterobacteriaceae, locusts and dried mealworm
larvae were found to be dominated by other bacterial groups. In
detail, Weissella spp. was abundant (81.0%) in the locusts sample,
and the remaining of the locusts microbiota mainly included other
LAB such as Pediococcus acidilactici (7.8%) and Enterococcus spp.
(2.7%). In the mealworm larvae, 44.1% of the bacterial population
consisted of Spiroplasma spp. followed by Enterococcus spp. (5.4%),
Fusobacterium spp. (3.4%) and Enterococcus faecalis (2.0%).

Several sub-dominant OTUs (below 2%) (Fig. 3, Table S1) were
also found. Among these, Listeria spp. (in powdered crickets and
mealworm larvae), Staphylococcus spp. (in all of the samples) and
spore-forming bacteria such as Clostridium spp. and Bacillus spp. (in
all of the edible insect samples but locusts) were detected.

4. Discussion

Currently, approximately 2000 species of insects are consumed
worldwide, themost commonly consumed of which are Orthoptera
(crickets, locusts and katydids), Hymenoptera (bees, wasps and
ants), Coleoptera (weevils and longhorn beetles), caterpillars and
Lepidoptera (butterflies and moths), termites and waterbugs
(ANSES Opinion, 2014). They can be consumed at different stages of
development such as eggs, larvae, pupae, or adults and can be
included in the diet as a main dish, snack or ingredient for prepared
dishes (Verkerk et al., 2007). Living and processed edible insects
can be regarded as potential reservoirs and/or vectors of physical,
chemical and biological agents, which may affect the health of
humans and animals when consumed either directly or indirectly
via livestock feed (ANSES Opinion, 2014).

In the present study, the microbial community of different
marketed edible insects sold in powdered (crickets) or dried whole
(mealworm larvae, adult crickets and locusts) form has been
investigated by classical microbiological analysis coupled with
pyrosequencing. Pyrosequencing is presently considered the most
efficient culture-independent method for profiling microbial
communities. Indeed, this technique allows thousands to billions of
DNA fragments to be sequenced in a single run, and thanks to high-
resolution optics, pyrosequencing is also very sensitive to low-
abundance OTUs, thus leading to the detection of rare taxa.
Therefore, an exhaustive and consistent investigation of the mi-
crobial diversity of a food ecosystem can be obtained (Dolci et al.,
2015). Moreover, counting of total mesophilic aerobes, Enterobac-
teriaceae, Clostridium perfringens spores, LAB, yeasts and moulds



Fig. 2. Relative abundance (%) of phyla present in edible insect samples.

Fig. 3. Relative abundance (%) of the bacterial community in edible insect samples. The OTUs with relative abundance below 2% are grouped together in “sub-dominant OTUs”.
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used as hygiene and quality indicators was performed. The occur-
rence of Salmonella spp. and L. monocytogenes was also assessed.
Indeed, pyrosequencing would not have been informative
regarding the viability and load of these microorganisms because it
was performed on DNA directly extracted from the edible insects
under study and therefore derived either from live or uncultivable
cells (i.e., cells in the Viable But Not Culturable state, dead and/or
stressed/injured cells or cells unable to multiply on solid media due
to unsuitable cultivation media). On the contrary, culture-
dependent analyses would have limited the knowledge of the
food microbiota under study, as > 99% of naturally occurring mi-
croorganisms are not cultivated using standard techniques (Cocolin
et al., 2013).

Microbial contamination rates were generally higher in small
crickets than in the other studied samples, while mealworm larvae
showed the lowest microbial loads, which were <2.00 log cfu g�1
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for all microbial groups considered, but moulds. Small numerical
differences were found among the microbial counts of the two
batches of insects analyzed, although higher counts were seen for
small crickets in the July sample. A shortage of data on the micro-
bial load of edible insects is available in the scientific literature for
the insect species analyzed in this study (Ali et al., 2010; Klunder
et al., 2012; Stoops et al., 2016). It is worth noting that the dried
whole insects under study were not subjected to pulverization
before homogenization, indeed only a rough crushing was per-
formed, hence the results of the counts may not completely reflect
the entire gut microbiota of these insect samples. However, for all
samples, the counts of all microbial groups considered were
generally lower than those reported in the literature for fresh edible
insects (Ali et al., 2010; Klunder et al., 2012; Stoops et al., 2016) thus
indicating the importance of processing as heating as boiling and/
or drying and/or frying in order to reduce the bacterial load as
previously demonstrated and recommended by Klunder et al.
(2012). Concerning yeasts, major contamination was found for
small crickets, approximately 4.86 log cfu g�1 (mean of the two
batches under study), whereas moulds were the highest in
powdered crickets. Fungi are considered to be the main agents of
food spoilage worldwide, and their possible sources are soils or
leaves used by insects for feed (Simpanya et al., 2000).

Concerning the occurrence of viable cells of pathogenic bacteria,
namely L. monocytogenes and Salmonella spp. in the samples under
study, it is notable that despite their absence in all of the samples,
pyrosequencing analyses revealed that powdered crickets and
mealworm larvae contained a low abundance (below 2%) of Listeria
spp., which was not possible to identify at the species level.
Although no Salmonella spp. were identified by pyrosequencing,
this pathogen could be included within Enterobacteriaceae, which
were found at high abundance in small crickets and at lower
abundance in powdered crickets, mealworm larvae and locusts.
Enterobacteriaceae are Gram-negative, glucose-fermenting,
oxidase-negative, and catalase-positive. Many of these bacteria are
associated with human and animal feces. Consequently, these
bacteria are frequently used to assess enteric contamination in
foods and are considered as indicators of insufficient or unhygienic
processing or inappropriate handling or storage conditions for the
main livestock species (Barco et al., 2014). Furthermore, some
species other than the Salmonella spp. within the Enterobacteri-
aceae family are also known as pathogens/opportunistic pathogens
(Stoops et al., 2016). The ubiquity of Enterobacteriaceae in the
studied samples may be ascribed to various reasons. Indeed,
Enterobacteriaceae may originate from i) insect intestinal tracts, as
the insects were not degutted; ii) rearing environment and condi-
tions (the insects may act as vectors or intermediate hosts of bac-
teria); or iii) from unhygienic handling, processing and storage, as
they were all processed through boiling and drying, and the small
crickets were also ground into powder. Among Enterobacteriaceae,
fecal and total coliforms were also previously detected in four
different commercial species of insects (Zoophobas morio, Tenebrio
molitor, Galleria mellonella and Acheta domesticus) (Giaccone, 2005)
as well as in fresh grasshoppers together with Escherichia coli and
Salmonella spp. (Ali et al., 2010). E. coli and Klebsiella aerogeneswere
also phenotypically identified from processed larvae of a lepidop-
teran, Bunaea alcinoe, and from fresh larvae (palm grubs) of Rhyn-
chophorus phoenicis (African palm weevil) (Braide et al., 2011;
Opara et al., 2012).

In the present study, other dominant OTUs were identified. In
detail, small crickets and powdered crickets showed a similar
bacterial pattern dominated by Firmicutes, Proteobacteria and
Bacteroidetes. These phyla include the gut-associated bacteria of
several insect species capable of many interactions with their hosts
(Colman et al., 2012; Engel and Moran, 2013; Stoops et al., 2016).
Within these phyla, small crickets and powdered crickets were
found to be characterized by the presence of Pseudomonadaceae,
Ruminococcaceae, Lachnospiraceae, Bacteroides spp. and Clostridium
spp. The family Pseudomonadaceae includes strictly aerobic Gram-
negative bacteria that are commonly found in soil or water and
are pathogenic for insects and are well-known spoilage agents of
different foods such as meat, cheeses and vegetables (Stellato et al.,
2015; Stoops et al., 2016). Pseudomonads were also recently iden-
tified in edible fresh grasshoppers and mealworm larvae samples
marketed in Belgium (Stoops et al., 2016). Ruminococcaceae, Lach-
nospiraceae and Bacteroides spp. are bacteria that are typical of the
human and insect gut. In particular, the genera Bacteroides is the
most represented within the human colonic microbiota (Shah et al.,
2009; Engel and Moran, 2013; Cammarota et al., 2015). Bacteroides
spp., together with Parabacteroides spp. (identified in powdered
crickets) and Fusobacterium spp. (identified in mealworm larvae)
are anaerobic Gram-negative bacilli that, in addition to the intes-
tinal habitat, may also colonize the human oral cavity, the upper
respiratory tract and the female genital tract (Shah et al., 2009;
Boente et al., 2010; Cammarota et al., 2015). Species of the above-
mentioned genera may act as symbiotic bacteria, with beneficial
effects on the host metabolism and immune system, or as oppor-
tunistic pathogens causing human infections. They also represent
an important medical challenge, as they have often developed
resistance to the antibiotics commonly used in clinical practice
(Shah et al., 2009; Boente et al., 2010). The bacterial population of
small crickets also included Rikenellaceae and Dysgonomonas spp.
In detail, members of the Rikenellaceae family were identified from
a wide range of intestinal environments, such as goat rumen,
termite gut, murine cecum and human colon, thus suggesting this
bacterial group's extensive adaptation and positive impact on
various intestinal ecosystems (Graf et al., 2006). The genus Dysgo-
nomonas is represented by facultative anaerobes known as oppor-
tunistic human pathogens and frequently found in the gut of
insects, such as larvae of Rhynchophorus ferrugineus, house flies and
in Drosophila populations from different locations and diets
(Tagliavia et al., 2014).

In powdered crickets, C. variabile and several LAB ascribed to Lc.
garviae, E. haemoperoxidus, and Enterococcus spp. were found. The
genus Corynebacterium belongs to the group of actinobacteria,
which are located on the cuticles of insects and are considered
mutualistic bacteriawith a “healthcare” role for the hosts due to the
production of antibiotics and to the metabolic versatility that may
also have a role in insect nutrient utilization (Kaltenpoth, 2009).
Specifically, the species C. variabile has been recently found within
the cultivable bacterial community of the edible larvae of Comadia
redtenbacheri Hammerschmidt (Hern�andez-Flores et al., 2015),
although this species is typically associated with smear-ripened
cheeses in which it plays a positive role during ripening
(Schr€oder et al., 2011). Among LAB, Lc. garviae has been previously
found to be associated with the digestive tract of the predatory
ground beetle Poecilus chalcites (Lehman et al., 2009). Lc. garviae is a
Gram-positive coccus, originally ascribed to the Streptococcus
genus, and is considered as the main pathogen in aquaculture and
sporadically in humans causing endocarditis, liver abscesses,
spondylitis and osteomyelitis (Chao et al., 2013). The genus
Enterococcus comprises species that are highly adapted to different
habitats, including the digestive tract of humans, animals and in-
sects, plants, soil, water and fermented foods. Among these species,
E. haemoperoxidus has been recovered from water, while E. faecalis
and Enterococcus faecium are the main known species leading to
human infections. This latter effect is even more worrying due to
the increasing prevalence of antibiotic-resistant enterococci since
the 1970s and the possible involvement of insects as vectors/res-
ervoirs of antibiotic-resistant enterococci in hospitals. E. faecalis
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and E. faecium are also added in the preparation of fermented foods
(cheeses, vegetables and sausages) to improve the flavor and
overall quality of the products, although they have also been found
to be associated with spoilage in cured meat products (Lebreton
et al., 2014).

The locusts microbiota was found to be almost exclusively
dominated by members of the Firmicutes; in particular, among the
four major OTUs, three belonged to the LAB (Weissella spp., which
was the most abundant OTU, Enterococcus spp. and Pd. acidilactici)
and one to the Enterobacteriaceae. Species of Weissella occur in
different environments such as skin, saliva, feces, and human and
animal milk, as well as in several fermented foods (Garofalo et al.,
2011; De Vuyst et al., 2014; Fusco et al., 2015; Osimani et al.,
2015). Some species in this genus have probiotic potential; others
have industrial application in the food sector thanks to their ability
to produce exopolysaccharides (Weissella cibaria and Weissella
confusa); yet others have been involved in human infections as
opportunistic pathogens (Fusco et al., 2015). Weissella para-
mesenteroides and the novel species Weissella diestrammenae were
recently isolated from insects and in particular from the gut
microbiome of the European corn borer (Ostrinia nubilalis) and the
camel cricket (Diestrammena coreana), respectively (Belda et al.,
2011; Oh et al., 2013). Concerning Pd. acidilactici, to the author's
knowledge this is the first report on the presence of this species in
insects, although the Pediococcus genus was already detected in the
gut microbiota of the tobacco hornworm (Manduca sexta) (van der
Hoeven et al., 2008). Interestingly, a bacterial pattern very similar to
that found for dried locusts was found in fresh grasshoppers
analyzed by Stoops et al. (2016) who reported that LAB (Weissella
spp., Lactococcus spp., Enterococcus spp.) and Enterobacteriaceae
represented 88.5% of the bacterial sequences obtained. From this
evidence, it is possible to speculate that taxonomy and/or the
similar diet habits (locusts are also grass-feeders) give rise to a
selective pressure of this specific microbiota. However, further
study is necessary to confirm this hypothesis. Furthermore, ac-
cording to Stoops et al. (2016), LAB and Enterobacteriaceaemay also
act to spoil edible insects during storage.

Concerning the bacterial community of mealworm larvae, it is
notable that besides Proteobacteria and Firmicutes, the dominant
phyla was Tenericutes, specifically represented by Spiroplasma spp.
as the main OTU detected, followed by Enterobacter spp., Entero-
bacteriaceae, Fusobacterium spp. and E. faecalis. Spiroplasma spp. are
small helical mycoplasmas that primarily live in plants and ar-
thropods such as honeybees, wasps, beetles, flies, mosquitoes,
butterflies, leafhoppers and leaf bugs (Henning et al., 2006; Zheng
and Chen, 2014). Recently, Spiroplasma spp. have been isolated from
field crickets (Gryllus bimaculatus), which are the main species of
insect mass-reared in Taiwan (Nai et al., 2014). Some species of
Spiroplasma are commensals, but others are pathogenic in insects
(e.g., Spiroplasma apis and Spiroplasma melliferum in honey bees),
plants (e.g., Spiroplasma citri and Spiroplasma kunkelii) and verte-
brates. Indeed, Spiroplasma spp. was seen in crustaceans with
tremor disease, and it was found to be associated with neurode-
generative diseases such as scrapie or transmissible spongiform
encephalopathy (TSE) in humans and animals (Henning et al.,
2006; Bastian et al., 2012; Nai et al., 2014; Zheng and Chen,
2014). Spiroplasma spp. are also able to form biofilms and are
difficult to cultivate due to the peculiar growth requirements of the
different species characterized by different biological features
(Bastian et al., 2012). This latter aspect underlines the usefulness of
culture-independent methods for the investigation of food micro-
biota, and in particular those of the edible insects.

Furthermore, in the present study, the genera Clostridium, Ba-
cillus, and Staphylococcus, which can contain pathogenic species,
were found not in all samples and only at low abundance.
Overall, the variations of the bacterial communities among the
insects under study may be structured by i) insect diet, as the
availability of specific substances may cause the selection of
different species; ii) taxonomy, which is linked to pH values and the
redox potential of the intestine compartments; and iii) rearing
environment (Belda et al., 2011; Colman et al., 2012; Engel and
Moran, 2013; Stoops et al., 2016). Furthermore, the processing,
handling, transport and storage conditions may also have influ-
enced the insects’ microbial contamination, as already reported for
the edible larvae of Comadia redtenbacheri Hammerschmidt
(Hern�andez-Flores et al., 2015).

Finally, this study further demonstrates the usefulness of the
combination of culture-dependent and -independent approaches
for investigating the microbiota of such peculiar foods, as previ-
ously elucidated for more conventional food matrices (Garofalo
et al., 2008, 2015; Greppi et al., 2015; Mariotti et al., 2014;
Osimani et al., 2015; Zannini et al., 2009).

5. Conclusion

In this study, knowledge of the composition of microbiota
occurring in powdered cricket, whole dried small crickets, whole
dried locusts and whole dried mealworm larvae was obtained
thanks to the combination of culture-dependent and -independent
approaches. Great variety in the microbiota among the insects was
seen. Despite the relatively low microbial counts in insect batches
under study, the presence of several gut-associated bacteria, some
of which may act as opportunistic pathogens for humans, was
identified through pyrosequencing. Food spoilage bacteria were
also found, as well as Spiroplasma spp. in mealworm larvae, which
has been found to be related to neurodegenerative diseases in an-
imals and humans. Although viable pathogens such as Salmonella
spp. and L. monocytogenes were not detected, the presence of Lis-
teria spp., Staphylococcus spp., Clostridium spp. and Bacillus spp.
(with low abundance) was also found. These results must be
considered within the context of the low number of edible insect
samples analyzed. Therefore further studies are needed to improve
our knowledge of microbiota thriving in insects with potential uses
for food and feed production. More studies concerning the influ-
ence of the rearing conditions and processing on the edible insect-
associated microbiota are also necessary.

Acknowledgements

The authors wish to thank Dr. Francesca De Filippis of the
Dipartimento di Agraria, Universit�a degli Studi di Napoli Federico II,
Italy, for her valuable assistance in pyrosequencing analyses.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.fm.2016.09.012.

References

Agabou, A., Alloui, N., 2010. Importance of Alphitobius diaperinus (Panzer) as a
reservoir for pathogenic bacteria in algerian broiler houses. Vet. World 3 (2),
71e73.

Ali, A., Mohamadou, B.A., Saidou, C., Aoudou, Y., Tchiegang, C., 2010. Physico-
chemical properties and safety of grasshoppers, important contributors to food
security in the far North Region of Cameroon. Res. J. Anim. Sci. 4 (5), 108e111.

Amadi, E.N., Ogbalu, O.K., Barimalaa, I.S., Pius, M., 2005. Microbiology and nutri-
tional composition of an edible larva (Bunea alcinoe Stoll) of the Niger delta.
J. Food Saf. 25 (3), 193e197.

ANSES Opinion Request No 2014-SA-0153, 2014. OPINION of the French Agency for
Food, Environmental and Occupational Health & Safety on “the Use of Insects as
Food and Feed and the Review of Scientific Knowledge on the Health Risks
Related to the Consumption of Insects.

http://dx.doi.org/10.1016/j.fm.2016.09.012
http://dx.doi.org/10.1016/j.fm.2016.09.012
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref1
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref1
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref1
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref1
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref2
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref2
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref2
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref2
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref3
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref3
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref3
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref3
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref4
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref4
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref4
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref4
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref4


C. Garofalo et al. / Food Microbiology 62 (2017) 15e2222
Aquilanti, L., Kahraman, O., Zannini, E., Osimani, A., Silvestri, G., Ciarrocchi, F.,
Garofalo, C., Tekin, E., Clementi, F., 2012. Response of lactic acid bacteria to milk
fortification with dietary zinc salts. Int. Dairy J. 25 (1), 52e59.

Banjo, A.D., Lawal, O.A., Adeyemi, A.J., 2006. The microbial fauna associated with the
larvae of Oryctes Monocerus. J. Appl. Sci. Res. 2 (11), 837e843.

Barco, L., Belluco, S., Roccato, A., Ricci, A., 2014. Escherichia coli and Enterobac-
teriaceae Counts on Poultry Carcasses Along Slaughter Processing line, Factors
Influencing the Counts and rElantionship between Visual Faecal Contamination
of Carcasses and Counts: a review, 107. EFSA Supporting Publication, 2014:EN-
636.

Bastian, F.O., Elzer, P.H., Wu, X., 2012. Spiroplasma spp. biofilm formation is
instrumental for their role in the pathogenesis of plant, insect and animal
diseases. Exp. Mol. Pathol. 93 (1), 116e128.

Belda, E., Pedrola, L., Peret�o, J., Martínez-Blanch, J.F., Montagud, A., Navarro, E.,
Urchueguía, J., Ram�on, D., Moya, A., Porcar, M., 2011. Microbial diversity in the
midguts of field and lab-reared populations of the European corn borer Ostrinia
nubilalis. PLoS One 6 (6), e21751.

Belluco, S., Losasso, C., Maggioletti, M., Alonzi, C.C., Ricci, A., Paoletti, M.G., 2015.
Edible insects: a food security solution or a food safety concern? Anim. Front. 5
(2), 25e30.

Belluco, S., Losasso, C., Maggioletti, M., Alonzi, C.C., Paoletti, M.G., Ricci, A., 2013.
Edible insects in a food safety and nutritional perspective: a critical review.
Compr. Rev. Food Sci. F. 12 (3), 296e313.

Boente, R.F., Ferreira, L.Q., Falc~ao, L.S., Miranda, K.R., Guimar~aes, P.L., Santos-Filho, J.,
Vieira, J.M., Barroso, D.E., Emond, J.P., Ferreira, E.O., Paula, G.R., Domingues, R.M.,
2010. Detection of resistance genes and susceptibility patterns in Bacteroides
and Parabacteroides strains. Anaerobe 16 (3), 190e194.

Braide, W., Oranusi, S., Udegbunam, L.I., Oguoma, O., Akobondu, C.,
Nwaoguikpe, R.N., 2011. Microbiological quality of an edible caterpillar of an
emperor moth, Bunaea alcinoe. J. Ecol. Nat. Environ. 3 (5), 176e180.

Cammarota, G., Ianiro, G., Cianci, R., Bibb�o, S., Gasbarrini, A., Curr�o, D., 2015. The
involvement of gut microbiota in inflammatory bowel disease pathogenesis:
potential for therapy. Pharmacol. Ther. 149, 191e212.

Chao, C.T., Lai, C.F., Huang, J.W., 2013. Lactococcus garviae peritoneal dialysis peri-
tonitis. Perit. Dial. Int. 33 (1), 100e108.

Cocolin, L., Alessandria, V., Dolci, P., Gorra, R., Rantsiou, K., 2013. Culture indepen-
dent methods to assess the diversity and dynamics of microbiota during food
fermentation. Int. J. Food Microbiol. 167 (1), 29e43.

Colman, D.R., Toolson, E.C., Takacs-Vesbach, C.D., 2012. Do diet and taxonomy in-
fluence insect gut bacterial communities? Mol. Ecol. 21 (20), 5124e5137.

De Vuyst, L., Van Kerrebroeck, S., Harth, H., Huys, G., Daniel, H.-M., Wecks, S., 2014.
Microbial ecology of sourdough fermentations: diverse or uniform? Food
Microbiol. 37, 11e29.

Dolci, P., Alessandria, V., Rantsiou, K., Cocolin, L., 2015. Advanced methods for the
identification, enumeration, and characterization of microorganisms in fer-
mented foods. In: Holzapfel, Wilhelm (Ed.), Advances in Fermented Foods and
Beverages: Improving Quality, Technologies and Health Benefits. Woodhead
Publishing Series in Food Science, Technology and Nutrition. Elsevier, 2015.

Engel, P., Moran, N.A., 2013. The gut microbiota of insects e diversity in structure
and function. FEMS Microbiol. Rev. 37, 699e735.

Ercolini, D., 2013. High-throughput sequencing and metagenomics: moving forward
in the culture-independent analysis of food microbial ecology. Appl. Environ.
Microbiol. 79 (10), 3148e3155.

Fusco, V., Quero, G.M., Cho, G.S., Kabisch, J., Meske, D., Neve, H., Bockelmann, W.,
Franz, C.M., 2015. The genus Weissella: taxonomy, ecology and biotechnological
potential. Front. Microbiol. 6, 1e22.

Garofalo, C., Aquilanti, L., Clementi, F., 2011. The biodiversity of the microbiota of
traditional italian sourdoughs. In: Almeida, M.T. (Ed.), Wheat: Genetics, Crops
and Food Production. Nova Science Publishers, Inc., New York, pp. 366e392.

Garofalo, C., Osimani, A., Milanovi�c, V., Aquilanti, L., De Filippis, F., Stellato, G., Di
Mauro, S., Turchetti, B., Buzzini, P., Ercolini, D., Clementi, F., 2015. Bacteria and
yeast microbiota in milk kefir grains from different Italian regions. Food
Microbiol. 49, 123e133.

Garofalo, C., Silvestri, G., Aquilanti, L., Clementi, F., 2008. PCR-DGGE analysis of lactic
acid bacteria and yeast dynamics during the production processes of three
varieties of Panettone. J. Appl. Microbiol. 105 (1), 243e254.

Giaccone, V., 2005. Hygiene and health features of Minilivestock. In: Paoletti, M.G.
(Ed.), Ecological Implications of Minilivestock: Potential of Insects, Rodents,
Frogs and Snails. Enfield, N.H.: Science Publisher, pp. 579e598.

Graf, J., Kikuchi, Y., Rio, R.V.M., 2006. Leeches and their microbiota: naturally simple
symbiosis models. Trends Microbiol. 14 (8), 365e371.

Greppi, A., Ferrocino, I., La Storia, A., Rantsiou, K., Ercolini, D., Cocolin, L., 2015.
Monitoring of the microbiota of fermented sausages by culture independent
rRNA-based approaches. Int. J. Food Microbiol. 212, 67e75.

Henning, K., Greiner-Fischer, S., Hotzel, H., Ebsen, M., Theegarten, D., 2006. Isolation
of spiroplasma sp. from an ixodes tick. Int. J. Med. Microbiol. 296 (S1), 157e161.

Hern�andez-Flores, L., Llanderal-C�azares, C., Guzm�an-Franco, A.W., Aranda-
Ocampo, S., 2015. Bacteria present in Comadia redtenbacheri larvae (Lepidop-
tera: cossidae). J. Med. Entomol. 52 (5), 1150e1158.

Kaltenpoth, M., 2009. Actinobacteria as mutualists: general healthcare for insects?
Trends Microbiol. 17 (12), 529e535.

Klunder, H.C., Wolkers-Rooijackers, J., Korpela, J.M., Nout, M.J.R., 2012. Microbio-
logical aspects of processing and storage of edible insects. Food control.. 26 (2),
628e631.

Lebreton, F., Willems, R.J.L., Gilmore, M.S., 2014. In: Gilmore, Michael S.,
Clewell, Don B., Ike, Yasuyoshi, Shankar, Nathan (Eds.), Enterococcus Diversity,
Origins in Nature, and Gut Colonization, in Enterococci: from Commensals to
Leading Causes of Drug Resistant Infection. Massachusetts Eye and Ear In-
firmary, Boston, pp. 3e44.

Lehman, R.M., Lundgren, J.G., Petzke, L.M., 2009. Bacterial communities associated
with the digestive tract of the predatory ground beetle, Poecilus chalcites, and
their modification by laboratory rearing and antibiotic treatment. Microb. Ecol.
57 (2), 349e358.

Makkar, H.P.S., Tran, G., Heuz�e, V., Ankers, P., 2014. State-of-the-art on use of insects
as animal feed. Anim. Feed Sci. Tech. 197, 1e33.

Mariotti, M., Garofalo, C., Aquilanti, L., Osimani, A., Fongaro, L., Tavoletti, S.,
Hager, A.-S., Clementi, F., 2014. Barley flour exploitation in sourdough bread-
making: a technological, nutritional and sensory evaluation. LWT - Food Sci.
Tech. 59, 973e980.

Milanovi�c, V., Osimani, A., Pasquini, M., Aquilanti, L., Garofalo, C., Taccari, M.,
Cardinali, F., Riolo, P., Clementi, F., 2016. Getting insight into the prevalence of
antibiotic resistance genes in specimens of marketed edible insects. Int. J. Food
Microbiol. 227, 22e28.

Mpuchane, S., Gashe, B.A., Allotey, J., Siame, B., Teferra, G., Ditlhogo, M., 2000.
Quality deterioration of phane, the edile caterpillar of an emperor moth
Imbrasia belina. Food control.. 11 (6), 453e458.

Nai, Y.S., Su, P.Y., Hsu, Y.H., Chiang, C.H., Kim, J.S., Chen, Y.W., Wang, C.H., 2014.
A new spiroplasma isolate from the field cricket (Gryllus bimaculatus) in Taiwan.
J. Invertebr. Pathol. 120, 4e8.

Oh, S.J., Shin, N.R., Hyun, D.W., Kim, P.S., Kim, J.Y., Kim, M.S., Yun, J.H., Bae, J.W., 2013.
Weissella diestrammenae sp. nov., isolated from the gut of a camel cricket
(Diestrammena coreana). Int. J. Syst. Evol. Microbiol. 63 (8), 2951e2956.

Opara, M.N., Sanyigha, F.T., Ogbuewu, I.P., Okoli, I.C., 2012. Studies on the production
trend and quality characteristics of palm grubs in the tropical rainforest zone of
Nigeria. Int. J. Agric. Technol. 8 (3), 851e860.

Osimani, A., Babini, V., Aquilanti, L., Tavoletti, S., Clementi, F., 2011. An eight-year
report on the implementation of HACCP in a university canteen: impact on
the microbiological quality of meals. Int. J. Environ. Health Res. 21 (2), 120e132.

Osimani, A., Garofalo, C., Aquilanti, L., Milanovi�c, V., Clementi, F., 2015. Unpas-
teurised commercial boza as a source of microbial diversity. Int. J. Food
Microbiol. 194, 62e70.

Regulation (EU), 2015. On novel foods, amending regulation (EU) No 1169/2011 of
the european parliament and of the Council and repealing regulation (EC) No
258/97 of the european parliament and of the Council and commission regu-
lation (EC) No 1852/2001. Off. J. Euro. Union. L 327/1, Available on line. http://
eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri¼CELEX:
32015R2283&from¼EN.

Rumpold, B.A., Schlüter, O.K., 2013. Nutritional composition and safety aspects of
edible insects. Mol. Nutr. Food Res. 57 (5), 802e823.

Schr€oder, J., Maus, I., Trost, E., Tauch, A., 2011. Complete genome sequence of
Corynebacterium variabile DSM 44702 isolated from the surface of smear-
ripened cheeses and insights into cheese ripening and flavor generation. BMC
Genomics 12 (545), 1e23.

Shah, H.N., Olsen, I., Bernard, K., Finegold, S.M., Gharbia, S., Gupta, R.S., 2009. Ap-
proaches to the study of the systematics of anaerobic, Gram-negative, non-
sporeforming rods: current status and perspectives. Anaerobe 15 (5), 179e194.

Simpanya, M.F., Allotey, J., Mpuchane, S., 2000. A mycological investigation of
phane, and edible caterpillar of an emperor moth, Imbrasia belina. J. Food Prot.
63 (1), 137e140.

Stellato, G., De Filippis, F., La Storia, A., Ercolini, D., 2015. Coexistence of lactic acid
bacteria and potential spoilage microbiota in a dairy processing environment.
Appl. Environ. Microbiol. 81 (22), 7893e7904.

Stoops, J., Crauwels, S., Waud, M., Claes, J., Lievens, B., Van Campenhout, L., 2016.
Microbial community assessment of mealworm larvae (Tenebrio molitor) and
grasshoppers (Locusta migratoria migratorioides) sold for human consumption.
Food Microbiol. 53, 122e127.

Tagliavia, M., Messina, E., Manachini, B., Cappello, S., Quatrini, P., 2014. The gut
microbiota of larvae of Rhynchophorus ferrugineus Oliver (Coleoptera: Curcu-
lionidae). BMC Microbiol. 14 (136), 1e11.

van der Hoeven, R., Betrabet, G., Forst, S., 2008. Characterization of the gut bacterial
community in Manduca sexta and effect of antibiotics on bacterial diversity and
nematode reproduction. FEMS Microbiol. Lett. 286 (2), 249e256.

van der Spiegel, M., Noordam, M.Y., van der Fels-Klerx, H.J., 2013. Safety of novel
protein sources (insects, microalgae, seaweed, duckweed, and rapeseed) and
legislative aspects for their application in food and feed production. Compr. Rev.
Food Sci. F. 12 (6), 662e678.

van Huis, A., Van Itterbeeck, J., Klunder, H., Mertens, E., Halloran, A., Vantomme, P.,
2013. Edible Insects: Future Prospects for Food and Feed Security. Food and
Agriculture Organization of the United Nations, Rome. FAO Forestry Paper, FAO,
187 pp.

Verbeke, W., 2015. Profiling consumers who are ready to adopt insects as a meat
substitute in a Western society. Food Qual. Prefer 39, 147e155.

Verkerk, M.C., Tramper, J., Van Trijp, J.C.M., Martens, D.E., 2007. Insect cells for
human food. Biotechnol. Adv. 25, 198e202.

Zannini, E., Garofalo, C., Aquilanti, L., Santarelli, S., Silvestri, G., Clementi, F., 2009.
Microbiological and technological characterization of sourdoughs destined for
bread-making with barley flour. Food Microbiol. 26, 744e753.

Zheng, H.Q., Chen, Y.P., 2014. Detection of Spiroplasma melliferum in honey bee
colonies in the US. J. Invertebr. Pathol. 119, 47e49.

http://refhub.elsevier.com/S0740-0020(16)30086-7/sref5
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref5
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref5
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref5
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref6
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref6
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref6
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref7
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref7
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref7
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref7
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref7
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref8
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref8
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref8
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref8
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref9
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref9
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref9
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref9
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref9
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref9
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref10
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref10
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref10
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref10
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref11
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref11
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref11
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref11
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref12
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref12
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref12
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref12
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref12
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref12
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref12
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref13
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref13
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref13
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref13
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref14
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref14
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref14
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref14
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref14
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref14
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref15
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref15
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref15
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref16
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref16
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref16
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref16
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref17
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref17
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref17
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref18
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref18
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref18
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref18
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref19
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref19
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref19
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref19
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref19
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref20
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref20
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref20
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref20
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref21
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref21
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref21
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref21
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref22
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref22
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref22
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref22
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref23
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref23
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref23
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref23
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref24
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref24
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref24
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref24
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref24
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref24
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref25
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref25
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref25
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref25
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref26
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref26
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref26
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref26
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref27
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref27
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref27
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref28
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref28
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref28
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref28
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref29
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref29
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref29
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref30
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref30
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref30
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref30
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref30
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref30
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref30
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref31
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref31
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref31
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref32
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref32
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref32
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref32
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref33
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref33
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref33
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref33
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref33
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref33
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref34
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref34
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref34
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref34
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref34
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref35
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref35
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref35
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref35
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref36
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref36
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref36
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref36
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref36
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref37
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref37
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref37
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref37
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref37
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref37
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref38
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref38
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref38
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref38
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref39
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref39
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref39
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref39
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref39
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref40
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref40
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref40
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref40
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref41
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref41
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref41
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref41
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref42
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref42
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref42
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref42
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref43
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref43
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref43
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref43
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref43
http://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32015R2283&amp;from=EN
http://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32015R2283&amp;from=EN
http://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32015R2283&amp;from=EN
http://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32015R2283&amp;from=EN
http://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32015R2283&amp;from=EN
http://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32015R2283&amp;from=EN
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref45
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref45
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref45
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref46
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref46
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref46
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref46
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref46
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref46
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref47
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref47
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref47
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref47
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref48
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref48
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref48
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref48
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref49
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref49
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref49
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref49
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref50
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref50
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref50
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref50
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref50
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref51
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref51
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref51
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref51
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref52
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref52
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref52
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref52
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref53
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref53
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref53
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref53
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref53
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref54
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref54
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref54
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref54
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref55
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref55
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref55
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref56
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref56
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref56
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref57
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref57
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref57
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref57
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref58
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref58
http://refhub.elsevier.com/S0740-0020(16)30086-7/sref58

	The microbiota of marketed processed edible insects as revealed by high-throughput sequencing
	1. Introduction
	2. Material and methods
	2.1. Edible insect sampling
	2.2. Microbiological analyses
	2.3. DNA extraction from edible insect samples
	2.4. Analysis of bacterial diversity by 16S rRNA gene pyrosequencing

	3. Results
	3.1. Microbiological analysis
	3.2. Analysis of bacterial diversity by 16S rRNA gene pyrosequencing

	4. Discussion
	5. Conclusion
	Acknowledgements
	Appendix A. Supplementary data
	References


