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Saprophagous ﬂy larvae interact with a rich community of bacteria in
decomposing organic matter. Larvae of some species, such as the black soldier ﬂy, can
process a wide range of organic residual streams into edible insect biomass and thus
produce protein as a sustainable component of livestock feed. The microbiological
safety of the insects and substrates remains a point of concern. Substrate-associated
bacteria can dominate the larval gut microbiota, but the larvae can also alter the bacterial community in the substrate. However, the relative importance of substrate type and
larval density in bacterial community dynamics is unknown. We investigated four larval
densities (0 [control], 50, 100, or 200 larvae per container [520 mL; diameter, 75 mm])
and three feed substrates (chicken feed, chicken manure, and camelina substrate [50%
chicken feed, 50% camelina oilseed press cake]) and sampled the bacterial communities
of the substrates and larvae at three time points over 15 days. Although feed substrate
was the strongest driver of microbiota composition over time, larval density signiﬁcantly
altered the relative abundances of several common bacterial genera, including potential
pathogens, in each substrate and in larvae fed chicken feed. Bacterial communities of
the larvae and substrate differed to a higher degree in chicken manure and camelina
than in chicken feed. This supports the substrate-dependent impact of black soldier ﬂy
larvae on bacteria both within the larvae and in the substrate. This study indicates that
substrate composition and larval density can alter bacterial community composition
and might be used to improve insect microbiological safety.

IMPORTANCE Black soldier ﬂy larvae can process organic side streams into nutritious
insect biomass, yielding a sustainable ingredient of animal feed. In processing such organic residues, the larvae impact the substrate and its microbiota. However, their role
relative to the feed substrate in shaping the bacterial community is unknown. This may
be important for the waste management industry to determine whether pathogens
can be controlled by manipulating the larval density and the timing of harvest. We
investigated how the type of feed substrate and the larval density (number of larvae
per container) interacted to inﬂuence bacterial community composition in the substrates and larvae over time. Substrate type was the strongest driver of bacterial community composition, and the magnitude of the impact of the larvae depended on the
substrate type and larval density. Thus, both substrate composition and larval density
may be used to improve the microbiological safety of the larvae as animal feed.
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he saprophagous larvae of the black soldier ﬂy (BSF), Hermetia illucens L. (Diptera:
Stratiomyidae), are promising agents in the management of organic waste and its
conversion into insect biomass for animal feed (1). The larvae can consume a wide
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range of organic side streams such as manure, sewage sludge, ﬁsh offal, kitchen waste,
fruits and vegetables, and brewery spent grains (2–4). The larval foraging period takes
15 to 21 days at 28°C (5, 6), and once fully grown, the larval body contains 39 to 63%
protein and 7 to 39% fat depending mainly on the feed substrate (1). The larval protein
is a valuable ingredient as feed for poultry, pigs, and ﬁsh and can be more sustainable
than soymeal or ﬁshmeal (7–11). In most bioconversion systems, the larvae interact
with a rich microbial community of bacteria (12), fungi (13), viruses (14), archaea (15),
and possibly protists (16). The bacterial community may be important for larval performance but can also contain potential pathogens for humans and livestock animals
(17, 18). Bacteria may aid in substrate digestion and provide essential nutrients to the
insect host but may also compete for nutrients (19, 20). For example, in previous experimental studies, the BSF larval growth rate increased when the feed substrate was inoculated with Bacillus subtilis or Arthrobacter sp. strain AK19 but decreased when inoculated with Biﬁdobacterium breve (21, 22).
The bacterial community composition of the larval gut is determined mainly by the
feed substrate (12, 23). The gut microbiota reﬂects a shrinking subset of substrate-associated bacteria as digestion progresses through the midgut (23). The larval gut poses a
strong selection pressure on ingested bacteria due to the production of a range of
lysozymes and antimicrobial peptides and steep pH gradients going from pH 6 to pH 2
to pH 8 in the anterior, middle, and posterior midguts, respectively (24, 25). The majority of ingested bacteria are thus digested, and only a subset survives and may reproduce in the gut (23). Despite diet-dependent differences in the bacterial community
composition of larvae, some bacterial taxa can be shared across larvae fed different
substrates (12, 15, 18) and may comprise a core microbiota of BSF (26).
Similar to some other saprophagous ﬂy species, BSF larvae impact substrate bacterial communities and physicochemical properties through digestion, immune defense,
and larval aggregation (27). The foraging of BSF larvae in an aggregation, or maggot
mass, changes the substrate pH to 8 to 9 regardless of the initial pH (28), decreases the
manure moisture content and the emission of microbial volatiles such as indole (29),
and reduces populations of Escherichia coli and Salmonella spp. (30). This impact of larvae on the substrate likely increases with larval age and size and is therefore time dependent (18).
Although BSF larvae can impact the substrate and its microbiota, their role relative
to the feed substrate in shaping the bacterial community composition remains to be
investigated. The effect of BSF larvae on their internal and substrate microbiota may
be important in the waste management industry, for instance, to determine whether
potential pathogens can be controlled by manipulating the larval density and the timing of harvest (17, 26). In this study, we aimed to elucidate the relative importance of
larval density and substrate type in structuring the bacterial community composition
in the substrate and larval gut. We tested four different larval densities (0 [control], 50,
100, or 200 larvae per container [520 mL; diameter, 75 mm]) on three feed substrates
(chicken feed, chicken manure, and camelina substrate [50% chicken feed, 50% camelina oilseed press cake]) and sampled the bacterial communities of the substrates and
larvae over time (Fig. 1).
RESULTS
Larval performance. Larvae performed differently on the three substrates, and individual larval weights decreased with higher larval densities in two substrates (Table 1).
Survival rates differed among substrates but not among larval densities (main effect of
substrate, P , 0.001; main effect of density, P = 0.296 [by generalized least-squares
{GLS} regression]). More larvae survived on the camelina substrate (88 to 92%) than on
the other two substrates (chicken feed, 60 to 66%; chicken manure, 69 to 84%). At day
15, in chicken manure and the camelina substrate, signiﬁcantly fewer larvae had developed into the prepupal stage (9 to 16% and 0 to 2%, respectively) than in chicken feed
(86 to 98%) (main effect of substrate, P , 0.001 [by GLS regression]). The larval density
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negatively affected individual larval weights in chicken manure and chicken feed (main
effect of substrate, P , 0.001; main effect of density, P , 0.001 [by generalized linear
model {GLM} regression]). In chicken manure, individual larval weights differed among
all larval densities (50 larvae per container, 70 mg dry matter, 100 larvae per container,
44 mg; 200 larvae per container, 25 mg), and in chicken feed, the larvae at the highest
density (200 per container, 55 mg) were smaller than those at the lowest density (50
per container, 81 mg).
Substrate pH and moisture content. The pH of the fresh feed substrates differed
(camelina, pH 5.4; chicken feed, pH 6.3; chicken manure, pH 7.7 [P = 0.002 by linear
mixed-model {LMM} regression]). The substrate pH on day 15 of the experiment also
showed differences among the substrates and an effect of larval density on the camelina substrate and chicken manure (main effect of substrate, P , 0.001; main effect of
density, P , 0.001; interaction of substrate  density, P , 0.001 [by LMM]) (Table 1).
The pH of chicken manure was 8.7 to 9.1, and the substrate pH at a larval density of 50
larvae per container was lower (pH 8.7) than that at 200 larvae per container (pH 9.1).
The chicken feed pH ranged from 7.2 to 8.5, and the camelina substrate pH ranged
from 5.2 to 8.4. In camelina, the pH was the lowest at larval densities of 50 and 100 larvae per container (pH 5.2 and 5.5, respectively), intermediate in substrates without larvae (pH 6.6), and highest in substrates with 200 larvae per container (pH 8.4). The substrate moisture content on day 15 did not differ among larval densities in chicken feed
(57 to 64%) or chicken manure (71 to 73%), but in camelina, it increased with larval
density (from 73% to 80%) (Table 1).
16S rRNA gene amplicon sequencing quality control. The bacterial community
composition was assessed by PCR ampliﬁcation and sequencing of the V5-V6 variable
region of the 16S rRNA gene. This resulted in 68 million reads (after the removal of mitochondrial and chloroplast DNAs). The day 0 substrate samples of camelina were
100% mitochondrial and chloroplast DNAs and therefore were excluded after this step.
No-template controls (NTCs) for PCR contained 3,433 to 11,485 reads, belonging to 28
genera (see Table S1 in the supplemental material), whereas the sequencing depth of
samples ranged from 8,154 to 493,735 reads. Seven samples contained fewer reads
than the highest sequencing depth of a no-template control; they all belonged to the
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FIG 1 Experimental treatments of the study. We tested the effect of larval density (0, 50, 100, and
200 larvae per container) on the substrate and larval microbiota in three feed substrates (chicken
feed, camelina, and chicken manure) (n = 4, i.e., 4 biological replicates [containers] per treatment
group [substrate  density combination]). Per container, the substrate microbiota was sampled on
days 0 (i.e., the start of the experiment), 5, 10, and 15, and larval microbiota were sampled on days 5,
10, and 15 (in treatments with larvae). Larval performance parameters and substrate samples for pH
and moisture content were collected upon the termination of the experiment on day 15.
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TABLE 1 Larval performance parameters and substrate properties on day 15a

Feed substrate
Chicken feed

Camelina

Chicken manure

Larval density
(no. of larvae)
0
50
100
200

Mean survival
rate (%) ± SE

Mean %
prepupae ± SE

Mean individual
larval wt (mg dry
matter) ± SE
81.3 6 5.6 D
72.8 6 5.0 CD
54.9 6 3.8 BC

Mean substrate
moisture content
(% fresh matter) ± SE
56.7 6 2.1 A
64.4 6 2.1 AB
62.3 6 2.1 A
61.0 6 2.1 A

Mean substrate
pH ± SE
7.20 6 0.30 CD
7.49 6 0.30 CD
8.05 6 0.30 DEF
8.22 6 0.30 DEF

65.9 6 7.5 ABC
66.5 6 7.5 ABC
60.4 6 7.5 AB

86.0 6 5.0 B
90.6 6 5.0 B
97.7 6 5.0 B

0
50
100
200

88.4 6 1.6 BC
91.8 6 1.6 C
92.4 6 1.6 C

2.0 6 1.4 A
1.3 6 1.4 A
0.0 6 1.4 A

66.6 6 4.6 CD
72.2 6 5.0 CD
61.7 6 4.3 CD

73.1 6 0.4 C
75.1 6 0.4 CD
76.9 6 0.4 D
80.2 6 0.4 E

6.55 6 0.28 BC
5.17 6 0.28 A
5.55 6 0.28 AB
8.44 6 0.28 DEF

0
50
100
200

82.3 6 4.7 ABC
69.2 6 4.7 A
84.2 6 4.7 ABC

8.5 6 5.3 A
9.1 6 5.3 A
15.8 6 5.3 A

70.4 6 4.8 CD
44.0 6 3.0 B
24.5 6 1.7 A

71.7 6 1.0 BC
72.7 6 1.0 BC
71.4 6 1.0 BC
73.1 6 1.0 BCD

8.79 6 0.09 EF
8.67 6 0.09 E
8.89 6 0.09 EF
9.07 6 0.09 F

are estimated marginal means 6 standard errors (SE) (n = 4). Within a column, means with no shared letters are signiﬁcantly different (a = 0.05 by Tukey contrasts).
Statistical testing was done using GLS (survival, prepupae, and moisture), gamma GLM (individual larval weight), and LMM (pH) regressions.

chicken feed substrate samples at day 0. Twenty-six amplicon sequence variants (ASVs)
were identiﬁed as contaminants and removed from the data set (Table S2), mainly concerning known laboratory contaminants (31). Further analyses were performed on relative abundance data at the genus level, where relative abundance is the number of
reads of a genus in a sample divided by the total number of reads in that sample. Read
abundances in positive controls, i.e., synthetic mock communities of known composition (two different controls, mock 3 and mock 4) (32), showed a high correlation with
the theoretical mock community composition (mock 3, Spearman correlation [r] = 0.78
to 0.87; mock 4, r = 0.68 to 0.77) and between technical replicates of different sequencing libraries (mock 3, r = 0.92 to 0.99; mock 4, r = 0.95 to 0.99). Read abundances in
technical replicates of DNA isolation of the substrate microbiota were highly correlated
(Spearman r = 0.73 to 0.94), with a few exceptions (r = 0.38, 0.47, and 0.60 for chicken
feed with 200 larvae per container on day 5, chicken feed without larvae on day 15,
and the camelina substrate without larvae on day 5, respectively), as were technical
replicates of PCR across sequencing libraries (Spearman r = 0.88 to 0.98).
Alpha diversity of substrate and larval microbiota. Alpha diversity was measured
using Faith’s phylogenetic diversity. The substrate microbiota (excluding day 0) of
chicken manure was more diverse than that of the other substrates (main effect of substrate, P , 0.001 [by LMM]) (Fig. 2). Over time, diversity did not change in the camelina
or chicken manure substrates, except for an increase in diversity in chicken manure
with 50 larvae per container. However, in chicken feed substrates, diversity increased
from days 5 to 15 (main effect of time, P , 0.001; interaction of substrate  time,
P , 0.001) (post hoc test results are reported in Fig. 2). Moreover, in chicken feed substrates with 100 or 200 larvae per container, diversity was higher than that in the substrate without larvae (main effect of density, P , 0.001; interaction of substrate  density, P = 0.004; interaction of density  time, P = 0.001). The larval and substrate
bacterial diversity differed only in chicken manure with 100 larvae per container on
day 10 (Fig. 2).
Patterns of Shannon diversity were comparable to those of Faith’s phylogenetic diversity, except for the diversity of the substrate microbiota in camelina, which decreased
over time in the presence of larvae, and for larval microbiota that were more diverse than
the substrate microbiota on day 15 in the camelina substrate with 100 larvae per container (Fig. S1).
Effects of feed substrate and larval density on substrate microbiota. The bacterial community composition of substrates differed among substrates and over time
(nonmetric multidimensional scaling [NMDS] of weighted UniFrac distances) (Fig. 3a),
with Firmicutes, Proteobacteria, Actinobacteria, and Bacteroidetes being the most
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predominant phyla (Fig. S2). The substrate  density  time model explained 75% of
the total microbiota variation (distance-based redundancy analysis [dbRDA]) (Table S3).
The main effect of substrate explained the majority of microbiota variation (38%), followed by the effects of time within each substrate (substrate  time, 11%) (permutational multivariate analysis of variance [PERMANOVA]) (Table S3). The microbiota of all
three substrates differed from each other. The chicken manure substrate microbiota
was most distinct from those of the other two substrates (P = 0.001 [by PERMANOVA
pairwise contrast]) (Fig. 3a). Substrates of chicken manure contained 12 abundant genera
that were virtually absent in the other substrates, including Petrimonas, Gallicola,
Koukoulia, Aerosphaera, and an unassigned genus of Clostridiales family XI (Fig. 4). Chicken
manure also virtually lacked eight genera that were abundant in the other substrates,
including Klebsiella, Weissella, Serratia, Pediococcus, and Lachnoclostridium_5 (Fig. 4).
Time explained most variation in the substrate microbiota in each substrate, followed by larval density (dbRDA and PERMANOVA) (Table S4). Within each substrate,
there were differences among larval densities in the substrate bacterial community
composition (Fig. 3b to d). The chicken feed microbiota were initially (day 0) rich in
Curtobacterium and Pantoea (not included in Fig. 4 because of selection thresholds)
but changed drastically to a dominance of the lactic acid-producing bacteria
Pediococcus, Lactobacillus, and Weissella 5 days later (Fig. 4). In chicken feed, the substrate microbiota with 200 larvae per container differed signiﬁcantly from those without or with 50 larvae per container on day 15 (Fig. 3b; Fig. S3a) (distance-based principal-response curves [dbPRCs] with post hoc Tukey contrasts). Relative to the control
without larvae on day 15, the camelina substrate microbiota with 50 or 100 larvae per
container differed from the substrate microbiota with 200 larvae per container (Fig. 3c;
Fig. S3b). In chicken manure, the substrate microbiota with 100 or 200 larvae per container started to differ on day 15 or 10, respectively, from the substrate microbiota
without or with 50 larvae (Fig. 3d; Fig. S3c). This indicated that the change in the
chicken manure substrate microbiota happened at a higher rate with higher larval
densities.
Substrates with lower larval densities had higher relative abundances of lactic acidproducing bacteria (Lactobacillus and Pediococcus) (dbPRC) (Fig. S3). Apart from these
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FIG 2 Faith’s phylogenetic diversity (estimated marginal means 6 SE) (n = 4) of the larval and
substrate microbiota over time, in chicken feed (top row), camelina (middle), and chicken manure
(bottom), separated by larval density. Within a diet (row of four panels), means of substrate microbiota
diversity with no shared letters are signiﬁcantly different (a = 0.05 by Tukey contrasts from LMM
regression on substrate samples, excluding day 0); means of larval microbiota diversity with an asterisk
are signiﬁcantly different from those of the corresponding substrate microbiota (a = 0.05 by Tukey
contrasts from LMM regression on substrate and larval samples, excluding samples of day 0 or 0 larvae
per container).
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Diet & Sample type
chicken feed, substrate
chicken feed, larvae
camelina, substrate
camelina, larvae
chicken manure, substrate
chicken manure, larvae

Timepoint (d)
0
5
10
15

b

d

FIG 3 Microbiota compositions of larvae and substrates (NMDS of weighted UniFrac distances). (a) All three feed substrates combined; (b) chicken
feed; (c) camelina; (d) chicken manure. Plots show microbiota variation along the 1st and 2nd NMDS axes. Panels a to d are separate NMDS
ordinations; i.e., in panels b to d, the NMDS is done only on samples of the respective feed substrates. Each row is one ordination split into four
panels for visibility, corresponding to the four larval densities (0, 50, 100, or 200 larvae per container). Colors in panel a represent chicken feed (black),
camelina (red), and chicken manure (blue). In panel a, individual replicates (containers) are plotted, with time points (days) displayed as a transparency
gradient (with day 0 being the most transparent and day 15 being nontransparent). In panels b to d, time points are labeled in the plot. Error bars in
panels b to d are means 6 standard deviations (SD) of axis scores (n = 4). Values for stress of NMDS solutions are 0.129 (a), 0.090 (b), 0.125 (c), and
0.133 (d).
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shared patterns, different genera were increased in relative abundance with larval density in each feed substrate (dbPRC) (Fig. S3): Providencia and Proteus in the camelina
substrate, Petrimonas and Corynebacterium_1 in chicken manure, and an unassigned
genus of Planococcaceae in chicken feed.
Effects of feed substrate and larval density on larval microbiota. Similar to what
was found for the substrate microbiota, the type of feed substrate and time were the
main drivers of the larval microbiota (Table S5). Larval density signiﬁcantly inﬂuenced
the internal microbiota in larvae fed chicken feed but not in larvae fed camelina or
chicken manure (Table S6 and Fig. S4 [post hoc test results are included in Fig. S4]). In
chicken feed, the larval microbiota signiﬁcantly differed between the density of 200 larvae per container and the lower larval densities: at 200 larvae per container, the larvae
had higher relative abundances of, e.g., Planococcaceae (unassigned genus), Bacillaceae
(uncultured), and Bacillus and lower relative abundances of, e.g., Lactobacillus, Proteus,
and Enterococcus (dbPRC) (Fig. S4).
The similarity between the larval and substrate microbiota depended on the feed
substrate (Fig. S5). The larval and substrate microbiota in chicken feed did not differ
signiﬁcantly (Fig. S5). Nonetheless, across larval densities, larvae tended to be more
associated with Providencia, whereas the substrates tended to be more associated with
Lactobacillus (dbPRC) (Fig. 4; Fig. S5).
In camelina, the microbiota of the larvae and substrates developed differently over
time (Fig. 3c). The larval and substrate microbiota differed in composition at a larval
density of 100 larvae per container on day 15, but they overlapped at the other densities (Fig. 3c). At 100 larvae per container, larvae were associated with Providencia and
Proteus, whereas the substrates were more associated with Lactobacillus (dbPRC) (Fig.
4; Fig. S5).
In chicken manure, the larval and substrate microbiota were clearly separated at all
densities (Fig. 3d). Across larval densities, larvae were more associated with Providencia,
an unassigned genus of Peptostreptococcaceae, Gallicola, Enterococcus, and Koukoulia,
whereas the substrates were more associated with Lactobacillus, Mobilitalea, Lysinibacillus,
Corynebacterium_1, and Petrimonas (dbPRC) (Fig. 4; Fig. S5).
Microbial growth on the substrate surface. On the surface of the feed substrates,
extensive growth of microbes was observed, the appearance of which differed
between chicken feed on the one hand and chicken manure and camelina on the
other hand. These surface layers were not investigated in a systematic way, and we did
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FIG 4 Heat map of the most abundant bacterial genera over time. Only genera with an overall maximum relative abundance of .0.1 and present
in .10% of the samples are displayed. Mean relative abundance (n = 4) is displayed by the color scale; black indicates a mean relative abundance of zero.
The plot is divided into panels for the feed substrate (chicken feed, camelina, or chicken manure), sample type (substrate or larvae), and larval density
(0, 50, 100, or 200 larvae per container) (top of the plot), with data separated per time point (in days) along the x axis within each panel.
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DISCUSSION
Black soldier ﬂy larvae are voracious consumers of decomposing organic matter,
and in their foraging, they interact with dense bacterial populations in the feed substrate that colonize the larval gut. This study presents the magnitude of the effects of
the larvae and feed substrate on the development of the internal and substrate microbiota over time. The bacterial community composition in the substrates was driven
mainly by the type of feed substrate and the density of BSF larvae. In addition, the larvae and substrates differed in their microbiota compositions, depending on the feed
substrate and larval density.
Feed substrate is the main driver of microbiota variation. The largest driver of
variation in the microbiota of both the larvae and substrates was the type of feed substrate. The chicken manure microbiota differed considerably from the microbiota of
chicken feed and the camelina substrate. These differences are likely related to nutrient
composition (5, 34, 35) and substrate origin (26). The camelina substrate shared many
bacterial genera with chicken feed, but these genera differed in relative abundances
between the two substrates. The overlap in genera is most likely the result of the camelina substrate containing 50% chicken feed. The differences in relative abundances
may be caused by nutrient composition and moisture content (34), crop-associated
bacteria (36), and isothiocyanates from the camelina press cake (37). Isothiocyanates
are derivatives of secondary plant compounds (glucosinolates) of crucifer crops, which
have antimicrobial effects (38).
Substrate-dependent impact of larval density on substrate microbiota. The larval
density signiﬁcantly altered the bacterial community composition in all three feed substrates. With increasing larval density, Lactobacillus decreased across substrates, whereas
different genera increased depending on the type of feed substrate. These changes
might be caused by larval foraging in maggot masses. Maggot mass foraging generally
increases the local peak temperature, aeration, and pH of the substrate and decreases its
moisture content (28, 29, 39–41). In addition, the maggot mass increases the decomposition rate (40) and alters microbial metabolism and the resultant volatile emissions (29).
We also found that BSF larvae affect bacterial alpha diversity differently depending on
the feed substrate, whereas larvae of the houseﬂy Musca domestica L. and the fruit ﬂy
Drosophila melanogaster (Meigen, 1830) decrease bacterial and yeast diversity, respectively (27, 42, 43). Houseﬂy larvae possibly decrease bacterial diversity in swine manure
by the rapid consumption of the substrate (42), and fruit ﬂy larvae may decrease yeast
diversity by encouraging the growth of only a few palatable yeast species (43).
BSF larval density inﬂuenced the relative abundances of potentially pathogenic bacteria over time. In camelina substrates and larvae, Providencia and Proteus increased in
relative abundance with larval density; Serratia and Acinetobacter, however, decreased
over time. Corynebacterium_1 increased with larval density in chicken manure substrates. Note, however, that (i) based only on 16S rRNA amplicons, we could not conﬁrm
if the identiﬁed sequences belonged to pathogenic strains and (ii) the observed patterns
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not investigate if these layers meet the deﬁnition of bioﬁlms (33). We photographed all
containers on day 6 for batch 1 and day 5 for batch 2 and a few containers also on later
days. In chicken feed, all containers had fungal overgrowth with sporulating structures
on top of the substrate on day 5/6. In only some containers (not systematically
recorded) did larvae manage to disintegrate this fungal layer over time. In camelina, on
day 5/6, the substrates had a layer with a slimy appearance, likely consisting of bacteria
and fungi. The bacterial community composition of this layer was variable and dominated by one or more of the following bacterial taxa: Acinetobacter, Serratia,
Comamonas, and/or Enterobacteriaceae (Fig. S6). Lactobacillus was less abundant in
these bioﬁlms than in the substrate beneath. Larvae disintegrated these bioﬁlms over
time, and they had disappeared on day 15 at the high larval densities (100 to 200 larvae). In chicken manure, the substrate surface also carried a top layer of slime-producing bacteria on day 5/6. By day 10, larvae had disintegrated this layer.

Applied and Environmental Microbiology

consider compositional data and can give insights into bacterial population sizes only if
supplemented with data on absolute abundance through quantitative PCR.
BSF larvae alter the bacterial community composition of substrates by introducing
gut-associated bacteria (40) and/or changing the population sizes of resident bacteria
in the substrate (30, 44, 45). Gut-associated bacteria can make up 66% of the substrate
microbiota after 2 days of larval feeding (starting with 5-day-old larvae), before gradually decreasing to 13% on the 10th day (40). In previous studies, larvae 10 to 15 days
old decreased Salmonella and E. coli populations (log10 CFU per gram) in contaminated
manure after three or more days of feeding, compared to a control without larvae (30,
44, 45). In our study, larvae signiﬁcantly altered the substrate microbiota on days 10 to
15. Administering the substrate at intervals, i.e., adding fresh substrate every few days,
instead of in bulk from the start as applied here might offset such an impact of larvae
on the substrate microbiota (e.g., see reference 23).
The impact of larvae on the bacterial community composition was different in each
substrate, possibly related to larval performance, foraging behavior, and substrate nutrient composition and concentration. The lower larval weight at a higher larval density
in chicken feed and chicken manure may indicate a food shortage, which can drastically impact the BSF larval gut microbiota (46) and might have effects on larval foraging behavior and the substrate microbiota as well. Substrate nutritional quality, moisture content, and initial pH inﬂuence larval performance (28, 39, 47, 48). Additionally,
the initial microbiota of the substrate may affect larval performance (26), and the substrate may alter the larval immune response and larval digestion (24, 49). This might
cause the substrate-dependent impact of larvae on substrate microbiota composition.
The low larval survival in chicken feed may have resulted from fungal overgrowth on
this substrate, which could cause high mortality among ﬁrst-instar larvae (50).
The resident microbiota of the three substrates may have been differentially altered
due to differences in larval development rates and associated foraging behaviors. Once
prepupae, larvae cease feeding (51, 52) and likely have a smaller impact on the substrate
and its microbiota than the penultimate larval instar. Larvae fed chicken manure or camelina developed signiﬁcantly more slowly than larvae fed chicken feed. Such differences in
larval development might be related to the initial nutrient composition of the feed substrate (2, 5, 6), which changes over time due to the accumulation of frass.
The high pH of all substrates on day 15 likely resulted from proteolysis and the
accumulation of ammonia (53). The lower pH of substrates with 50 or 100 larvae per
container in the camelina substrate might be related to the increase in Lactobacillus in
this substrate over time, as opposed to the other substrates. Furthermore, most larvae
in the camelina substrate initially foraged in the surface layer, in which we demonstrated high relative abundances of Acinetobacter, Serratia, and Comamonas, and
moved deeper into the substrate only after 5 to 7 days. This behavior was observed in
deeper substrate layers at higher larval densities, which might have increased substrate aeration and enhanced aerobic microbial metabolism (41). Consequently, lactic
acid fermentation could have diminished, and this resulted in a higher substrate pH
only at the highest larval density. The surface layers on top of the substrates were
avoided for substrate sampling because they likely contained a higher population density of bacteria and/or a different community composition than that of the underlying
substrate. The possible involvement of bioﬁlms and their effects could have inﬂuenced
the results in several ways, as discussed in Text S1 in the supplemental material.
Larval microbiota composition was determined by feed substrate and larval
density. The composition of the larval microbiota was determined primarily by the
feed substrate, as was found previously (12, 15, 23, 54), and, to a lesser extent, by larval
density. The larval density signiﬁcantly inﬂuenced the larval microbiota composition in
larvae fed chicken feed, with decreases in the relative abundances of the potentially
pathogenic bacteria Enterococcus, Proteus, Providencia, and Enterobacteriaceae (unassigned) and an increase in Bacillus (55). Although the larval and substrate microbiota
mostly developed in a similar way over time, their compositions differed signiﬁcantly
in chicken manure and the camelina substrate (the latter at 100 larvae per container,
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on day 15). This may be because the type of substrate inﬂuences the larval immune
response and digestive function (24, 25, 54, 56), resulting in substrate-dependent selection pressure of larvae on ingested and resident gut bacteria (23). Bonelli et al. (56)
showed that in response to different feed substrates, BSF larvae have different activities of digestive enzymes, morphologies of the midgut epithelia, and gene expression
related to digestion or absorption. In addition, Vogel et al. (24) found that the larval
immune response is stronger in BSF larvae fed substrates with a high bacterial load or
supplemented with protein or plant oils. Hence, chicken manure and the camelina substrate may have triggered a more complex and stronger larval immune response than
chicken feed since chicken manure has a high bacterial load and the camelina substrate is rich in protein (32% dry matter) and camelina seed oil (8% dry matter) (5).
Bacteria that survive the conditions of the larval gut may proliferate and become more
abundant in the larva than in the surrounding substrate. This might apply to
Providencia in larvae fed any of the three substrates, Proteus in larvae fed camelina,
and Gallicola and Enterococcus in larvae fed chicken manure. However, a higher relative
abundance could also represent a lower total absolute abundance of bacteria.
Providencia, Lactobacillus, and Enterococcus persisted in larvae across feed substrates
and time. Some studies identify the shared bacterial taxa across substrates as a core microbiota of BSF larvae that may confer beneﬁts to host functioning and survival (12, 15, 18,
54). Providencia may be transmitted vertically from adult females to eggs (57), and a strain
of this genus has been isolated from eggs of our BSF colony, along with a strain of
Lysinibacillus (S. J. J. Schreven, unpublished data). Several egg-associated bacteria, e.g.,
Enterococcus faecalis and Lysinibacillus boronitolerans, increase the BSF egg-hatching rate,
the larval growth rate, and/or adult female fecundity (22, 58–62). Although Providencia
and Enterococcus have been identiﬁed as core taxa of BSF larvae in other studies, there is
considerable variation in the identiﬁed core among studies (12, 18). For instance,
Dysgonomonas, Parabacteroides, Pseudomonas, and Morganella have been reported as
core taxa of BSF larvae, but in our study, Morganella was absent, and the other three were
rarely present (12, 18, 40, 63). This variability may be due to the rearing facility and host
genotype but may also be because the identiﬁed core in some studies could include the
microbiota of a nursery substrate (18, 64). In our study, we found different taxa enriched
in larvae depending on the substrate. The core microbiome of BSF larvae may be deﬁned
by critical functions (i.e., the functional core microbiome [65]) rather than speciﬁc taxa,
and BSF larvae may be able to select for those (24). Identiﬁcation of these critical gut
microbiome functions that complement host function may result in an understanding of
BSF microbial ecology that is more applicable to the edible-insect industry.
Conclusion. BSF larvae altered the bacterial community composition in all three
substrates. This effect was different in each substrate and also dependent on larval
densities. Although the impact of larval density was subordinate to the effects of the
feed substrate, larval density signiﬁcantly altered the relative abundances of some of
the most common bacterial genera, including potential pathogens, in each substrate
and in larvae fed chicken feed. Remarkably, the larval and substrate microbiota were
distinct in chicken manure and the camelina diet, whereas they overlapped in chicken
feed. These ﬁndings highlight the ﬂexible associations between bacteria and BSF larvae
and support the concept of substrate-dependent selection of bacteria by BSF larvae.
For the edible-insect industry, our study indicates that substrate composition and
larval density can alter microbial community composition and possibly improve insect
microbial safety.
MATERIALS AND METHODS
Insects. Insects originated from the black soldier ﬂy colony of the Laboratory of Entomology,
Wageningen University, The Netherlands. The colony was established with source material from the
United States around 2008 and has since been reared at 27°C 6 2°C with 70% 6 10% relative humidity
and a photoperiod of 14 h of light/10 h of darkness (L14:D10). The larvae were reared on chicken feed
(Kuikenopfokmeel 1; Kasper Faunafoods BV, The Netherlands). Eggs ,24 h old were collected in cardboard strips deployed in the adult cage and incubated under the same abiotic conditions, and neonate
larvae were transferred to treatment feed substrates within 24 h after hatching.
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Feed substrates. Three experimental substrates were used. Chicken feed was the same as the colony substrate; organic chicken manure free of antibiotics and pesticides was collected freshly from a
belt system of layer hens at Carus experimental farm (Wageningen University) and used in the experiment on the same day. The camelina substrate was a 1:1 mixture on a dry matter basis of chicken feedCamelina sativa press cake. The press cake was produced from mechanical pressing of seeds (produced
without the application of insecticides) from the 2015 harvest of the University of Warmia and Mazury in
Olsztyn, Poland. Substrates were prepared with 36.0 g dry matter of feed and 67.1% moisture (chicken
feed) or 78.6% moisture (camelina substrate, controlled for the higher water retention capacity than that
of chicken feed) or with 46.6 g dry matter of feed and 75.4% moisture (fresh chicken manure, with no
water added).
Experimental design. To determine the inﬂuence of larval density (0, 50, 100, or 200 neonate larvae
per container) on bacterial community dynamics in three different substrates (chicken feed, 50% camelina press cake, and chicken manure) over the course of 15 days, we used four replicates per treatment,
divided into two batches of two replicates each, started on consecutive days. The experiment was conducted in a climate chamber at 27°C 6 2°C with 70% 6 10% relative humidity and an L14:D10 photoperiod, from 15 June to 1 July 2017. Every day, the position of each container was randomly changed to
control for any abiotic gradient in the climate chamber. Containers were Superfos UniPak 5012 polypropylene transparent containers with a 520-mL volume, a bottom diameter of 75 mm, and a top diameter
of 95 mm (RPC Superfos, Taastrup, Denmark), with a mesh lid (mesh area of 60 mm in diameter; ;0.5mm mesh size). Containers were disinfected with 70% ethanol prior to use.
Performance parameters and substrate pH. On day 15, the experiment was terminated, and larvae
were harvested. Larvae were counted to determine the survival rate, rinsed with lukewarm tap water,
gently dried using paper tissues, weighed as fresh biomass yield (Ohaus Adventurer Pro AV313
[precision = 0.001 g]; Ohaus Corp. USA), and then frozen at 221°C. The proportion of prepupae was
determined using the degree of dark pigmentation of the cuticle. A subsample of 10 larvae from each
container was dried in a stove at 70°C until a stable weight was reached (Mettler-Toledo ML54/01), to
determine the dry matter content and dry larval biomass. Substrates were stored at 221°C, and subsamples of 2 to 7 g fresh matter (FM) were oven dried at 70°C until a stable weight was reached
(Mettler-Toledo ML54/01). The larval survival rate was calculated as the number of living larvae at the
time of harvest divided by the number of larvae on day 0, minus 9 (i.e., the number of larvae collected
for analysis, 3 larvae at three time points).
The substrate pH of samples on day 15 was measured in a suspension of approximately 1 g FM of
the harvested substrate (weighed at 0.0001 g precision) (Mettler Toledo ML54/01) in 10 mL MilliQ water
(Merck KGaA, Darmstadt, Germany). Within an hour, the pH was measured using a pH meter (ProLine
B210; ProSense BV, The Netherlands). After the experiment, the pH of the newly prepared substrates of
chicken feed and camelina press cake and of the fresh chicken manure batches (four batches, one per
replicate), of which reference material had been stored at 221°C, was measured in triplicate using the
same method.
DNA sample collection. For DNA isolation, substrate samples were collected on days 0, 5, 10, and
15; larval samples were collected on days 5, 10, and 15. On day 0, substrate samples were collected 1 h
after the distribution of the substrate into the containers and the addition of water to the substrate and
prior to the addition of larvae. Substrate samples were taken by removing the top layer (top 1 to 5 mm)
of the substrate and then taking a sample of the full depth of the substrate using a sterile plastic straw
(7-mm diameter). This sample was then placed into a 1.5-mL tube and mixed thoroughly for 30 s using a
small spatula. For each larval sample, three larvae were surface sterilized in petri dishes using the same
rinsing protocol as the one described previously by Schreven et al. (66): MilliQ water (30 s), 70% ethanol
(30 s), 1% Halamid-D (chloramine-T) (20 s), and two 10-s rinses in MilliQ water. The three larvae were
then placed into a 1.5-mL tube. The substrate and larval samples were snap-frozen in liquid nitrogen
and then stored at 280°C.
In addition, the top layer of some substrates on day 5 was sampled using a sterile spatula and scraping the top 1 to 5 mm of the substrate for composition analysis of bioﬁlms; the downstream processing
of these bioﬁlm samples was the same as that for the substrate samples.
Sample homogenization and DNA isolation. The methods for cell lysis, repeated bead beating,
and subsequent DNA extraction were adapted from the ones described previously by Salonen et al. (67)
and Van Lingen et al. (68), according to the same procedure as the one used by Schreven et al. (66).
Larval samples were homogenized in 300 m L buffer for stool transport and recovery (STAR; Roche) in
sterile 2.0-mL screw-cap tubes with 0.25 g of 0.1-mm zirconia beads and 3 glass beads (2.5 mm). Small
larvae were homogenized per pool of three larvae using a bead beater (Precellys 24; Bertin
Technologies, France) at room temperature at 5.5 m s21 three times for 1 min with 20-s intervals, incubated in a shaker for 15 min at 95°C at 300 rpm, and centrifuged for 5 min at 4°C at 16,100  g. Large larvae harvested on day 15 were homogenized individually, and prior to homogenization, these frozen larvae were cut with a disinfected spatula behind the mesothoracal segment and before the second-last
abdominal segment to facilitate tissue destruction. The supernatant was transferred to a new 2.0-mL
tube, and bead beating, incubation, and centrifugation were repeated with 200 m L of STAR buffer to
yield a total of approximately 500 m L of the supernatant. From this, 250 m L was transferred to a cartridge
of a customized DNA isolation kit (Maxwell 16 tissue LEV total RNA puriﬁcation kit, catalog no. XAS1220;
Promega Corporation, USA), and DNA was isolated and eluted in 30 m L nuclease-free water using the
Maxwell MDx robot (Promega Corporation, USA). The three supernatants of larvae from a single sample
(container) were pooled in the cartridge using 83 m L of each supernatant (total of 250 m L).
Substrate samples were homogenized in 700 m L STAR buffer (Roche) in sterile 2.0-mL screw-cap
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tubes with 0.5 g of 0.1-mm zirconia beads and ﬁve glass beads (2.5 mm). The samples (0.25 g) were then
homogenized in a bead beater at room temperature three times for 1 min at 5.5 m s21 with a waiting
step of 20 s in between, incubated in a shaker for 15 min at 95°C at 300 rpm, and centrifuged for 5 min
at 4°C at 16,100  g. The supernatant was transferred to a new 2.0-mL tube, and the steps were
repeated with 300 m L of STAR buffer to yield a total of approximately 1 mL of the supernatant. The DNA
isolation procedure was the same as the one described above for larval samples (250 m L of the supernatant per cartridge).
Microbiota proﬁling. The procedure described below is largely the same as the one described previously by Schreven et al. (66). DNA concentrations were measured with a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE, USA), and samples were diluted to 20 ng
DNA m L21 prior to PCR. The V5-V6 region of the 16S rRNA gene was ampliﬁed using barcoded primer
pair F784-1064R (32) according to the following PCR program: 98°C for 30 s and 25 cycles of 98°C for 10
s, 42°C for 10 s, 72°C for 10 s, and 72°C for 7 min. Per reaction, the following 50-m L mix was prepared:
36.5 m L of nuclease-free water, 10 m L of 5 Phusion HF buffer (Thermo Fisher Scientiﬁc, USA), 1 m L of
deoxynucleotide triphosphates (dNTPs) (10 mM), 0.5 m L of Phusion Hot Start II DNA polymerase (2 U m L21)
(Thermo Fisher Scientiﬁc, USA), 1 m L of barcoded primers (10 m M), and 1 m L of the DNA template. Samples
were ampliﬁed in duplicate. As positive controls, we used synthetic mock communities of known composition and comprising full-length 16S rRNA gene amplicons of bacterial phylotypes associated with the
human gut (32). No-template controls (NTCs) (1 m L nuclease-free water as the template) were included
in the PCR. The products were checked for yield and correct size by agarose gel electrophoresis, and
PCR ampliﬁcation was repeated for samples with no or a low yield with 5 m L of the DNA template. PCR
products were puriﬁed using the CleanPCR magnetic bead suspension (CleanNA, The Netherlands), a
1.8 volume of the PCR mix (duplicates combined), and two washes with 200 m L 70% ethanol and eluted
in 30 m L nuclease-free water. Puriﬁed DNA concentrations were measured using the Qubit doublestranded DNA (dsDNA) BR assay kit (Thermo Fisher Scientiﬁc, USA), and samples were pooled in equimolar
concentrations per library of 70 samples (randomly assigned to each library), concentrated using magnetic
beads, and reeluted in 20 m L nuclease-free water. The ﬁnal DNA concentration per library was measured
using the Qubit system, after which the libraries were sent to GATC Biotech AG (Constance, Germany)
(now part of Euroﬁns Genomics Germany GmbH) for 2 150-bp sequencing on an Illumina HiSeq4000
instrument.
Statistical analysis of larval performance and substrate properties. All analyses were performed
using R statistical software version 3.5.0 (69). Survival rates and percentages of prepupae were analyzed
using generalized least-squares (GLS) regression, and individual larval weights were analyzed using generalized linear model (GLM) regression, using the gls (nlme) (70) and glm functions, respectively. Prior
linear mixed-model (LMM) regression showed that a random term for batch (i.e., batch 1 or 2) was not
needed for any performance parameter, based on Akaike’s information criterion (AIC) (71, 72). In the GLS
regression, we selected a variance structure based on the AIC; a GLM with a gamma distribution was
used if residuals violated GLS assumptions. The full model (substrate  density) was used as a ﬁxed
term. Post hoc comparisons were based on estimated marginal means (EMM) with Tukey-adjusted P values (emmeans package) (73).
The initial substrate pH was compared between substrates using an LMM with a random intercept
for batch and an AIC-selected variance structure. The substrate moisture content on day 15 was analyzed in the same way as the larval performance parameters (GLS). The substrate pH on day 15 was analyzed with an LMM because a mixed model with a random term for batch ﬁtted best based on the AIC.
Post hoc comparisons for both the initial and ﬁnal substrate pH were based on EMM with Tukey-adjusted
P values.
Bioinformatics and statistical analysis of microbiota data. Raw amplicon sequence data were analyzed using the NG-Tax pipeline with default settings (32). In short, paired-end libraries were demultiplexed using read pairs with perfectly matching barcodes. ASVs were picked as follows: sequences were
ordered by abundance per sample, and reads were considered valid when their cumulative abundance
was $0.1%. Taxonomy was assigned using the SILVA database version 128 (74). ASVs are deﬁned as individual sequence variants rather than a cluster of sequence variants with a shared similarity above a
speciﬁed threshold such as operational taxonomic units. Data were analyzed using the phyloseq v1.24.2
(75) and microbiome v1.2.1 (76) packages. Chloroplast and mitochondrial 16S rRNA sequences were
removed prior to analysis.
Contaminant ASVs were identiﬁed based on visual inspection of correlation plots between the DNA
concentration and the relative abundance of each ASV, and these ASVs were removed from the data set
prior to further analysis. Data quality was assessed by comparing the composition of the sequenced positive controls to the known composition (32) using Spearman’s rank correlation. Reproducibility was
assessed by Spearman’s rank correlation of technical replicates (duplicate substrate samples within each
substrate of one container with 0 or 200 larvae per container on days 5 and 15, and PCR duplicates [one
substrate and two larval samples] across sequence libraries). Technical replicates with a Spearman correlation coefﬁcient (r) of $0.7 were considered reproducible.
In the alpha (within-sample) diversity and constrained beta (between-sample) diversity analyses, we
tested models separately on a data subset of substrates, including a density of 0 larvae per container,
and on a data subset of larvae and substrates excluding this density and day 0 samples. This was done
because parameter estimation and multivariate permutation tests required balanced data sets. This
requirement did not apply to the unconstrained beta diversity analysis (nonmetric multidimensional
scaling [NMDS]), so we included all data for that analysis. Data were not normalized to an equal
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sequencing depth because for data processed in NG-Tax, diversity does not depend on the sequencing
depth (77).
The alpha diversity of the microbiota at the genus level was calculated as Faith’s phylogenetic diversity and Shannon diversity, using the picante and microbiome packages, respectively (78, 79), and tested
for the signiﬁcance of treatment effects using an LMM with a variance structure after AIC-based model
selection.
Beta diversity at the genus level was visualized using NMDS (minimum of 100 iterations) (80), based
on weighted UniFrac distances (81). The relative importance of substrate, larval density, and time in
explaining microbiota composition was determined by distance-based redundancy analysis (dbRDA)
directly decomposing the weighted UniFrac distances (dbrda function of the vegan package v2.5-6) (82–
84). We compared the full model (substrate  density  time point) with a null model, and the signiﬁcance of the main effects and interaction terms was tested using permutational multivariate analysis
of variance (999 permutations) stratiﬁed for container identiﬁer to account for repeated measures
(anova.cca function of the vegan package) (85).
To assess the effect of larval density on the substrate microbiota within each substrate over time, we
performed weighted UniFrac distance-based principal-response curves (dbPRCs), with the control without larvae as a baseline (function prc in the vegan package) (84, 86). In addition, the PRC returns an output on indicator taxa by means of species weights, indicating an association with treatments along the
ﬁrst PRC axis. Within each time point, we tested the effect of larval density on substrate microbiota composition and pairwise compared the axis scores of the ﬁrst principal coordinate between larval densities
(analysis of variance with Tukey contrasts). The same analysis was done on the larval microbiota alone
(with a baseline at 50 larvae per container) to assess the effect of larval density on the internal microbiota, and within each feed substrate  density combination (with substrate as the baseline) to assess
the difference between the larval and substrate microbiota over time.
Data availability. The sequence data sets generated and analyzed during the current study have
been deposited in the European Nucleotide Archive (ENA) repository under the study accession number
PRJEB40667 (87). The metadata for the 16S rRNA samples, the data on larval performance and pH, and
the R script used for analyzing the data sets are available at the 4TU.ResearchData Repository (88).

ACKNOWLEDGMENTS
We thank the following people for providing the substrates used in this study: the
Carus research facility (Wageningen University) and Michał Krzyz_ aniak and Mariusz
Stolarski (University of Warmia and Mazury, Olsztyn, Poland). We thank Pieter Rouweler,
André Gidding, Frans van Aggelen, Leon Westerd, and Kimmy Reijngoudt for the
maintenance of the insect colony at the Laboratory of Entomology. We thank Ineke
Heikamp-de Jong, Steven Aalvink, Philippe Puylaert, and Merlijn van Gaal for their
assistance and expertise in molecular lab work at the Laboratory of Microbiology as well
as Prokopis Konstanti for tips and feedback in the lab and during data analysis and
interpretation. We thank Bart Nijsse for his support using the NG-Tax pipeline. We thank
Daan Mertens and Emmy Van Daele for their contributions to the statistical analysis.
Patrick Verbaarschot introduced G.Z. in the molecular lab at the Laboratory of
Entomology, and Dennis Oonincx provided useful discussions during the setup and
conducting of the experiment.
This study was conducted as part of the COSMOS project (Camelina & Crambe Oil
Crops as Sources for Medium-Chain Oils for Specialty Oleochemicals), which has
received funding from the European Union’s Horizon 2020 research and innovation
program under grant agreement no. 635405. G.D.A.H. was supported by the project
MASTER (Microbiome Applications for Sustainable Food Systems through Technologies
and Enterprise), funded by the European Union’s Horizon 2020 research and innovation
program under grant agreement no. 818368.
J.J.A.V.L. acquired funding for the study. S.J.J.S., H.D.V., G.Z., H.S., and J.J.A.V.L. were
involved in the experimental design. S.J.J.S. and G.Z. conducted the insect experiment,
sample collection, and data collection. S.J.J.S., G.Z., and H.D.V. processed samples for
DNA isolation and PCR. S.J.J.S. analyzed the data statistically with extensive help from
H.D.V. and G.D.A.H., and all authors were involved in the data interpretation. S.J.J.S.
wrote the ﬁrst version of the manuscript and processed the revisions from all authors.
All authors read and approved the ﬁnal manuscript.
May 2022 Volume 88 Issue 10

10.1128/aem.00084-22

13

Downloaded from https://journals.asm.org/journal/aem on 09 June 2022 by 137.224.252.11.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF ﬁle, 1.5 MB.

Black Soldier Fly Larva Effects on Microbiota

Applied and Environmental Microbiology

G.Z. carried out the research in the framework of the M.Sc. curriculum at Wageningen
University & Research; after completion of the research, he moved to the company BugsLife
s.r.l., which produces black soldier ﬂies.
The authors declare no conﬂict of interest.

1. Barragán-Fonseca KB, Dicke M, Van Loon JJA. 2017. Nutritional value of
the black soldier ﬂy (Hermetia illucens L.) and its suitability as animal
feed—a review. J Insects Food Feed 3:105–120. https://doi.org/10
.3920/JIFF2016.0055.
2. Nguyen TTX, Tomberlin JK, Vanlaerhoven S. 2013. Inﬂuence of resources
on Hermetia illucens (Diptera: Stratiomyidae) larval development. J Med
Entomol 50:898–906. https://doi.org/10.1603/me12260.
3. Chia SY, Tanga CM, Osuga IM, Cheseto X, Ekesi S, Dicke M, Van Loon JJA.
2020. Nutritional composition of black soldier ﬂy larvae feeding on agroindustrial by-products. Entomol Exp Appl 168:472–481. https://doi.org/10
.1111/eea.12940.
4. Lalander C, Diener S, Zurbrügg C, Vinnerås B. 2019. Effects of feedstock
on larval development and process efﬁciency in waste treatment with
black soldier ﬂy (Hermetia illucens). J Clean Prod 208:211–219. https://doi
.org/10.1016/j.jclepro.2018.10.017.
5. Schreven SJJ, Yener S, Van Valenberg HJF, Dicke M, Van Loon JJA. 2021.
Life on a piece of cake: performance and fatty acid proﬁles of black soldier
ﬂy larvae fed oilseed by-products. J Insects Food Feed 7:35–49. https://
doi.org/10.3920/JIFF2020.0004.
6. Oonincx DGAB, van Broekhoven S, van Huis A, van Loon JJA. 2015. Feed
conversion, survival and development, and composition of four insect
species on diets composed of food by-products. PLoS One 10:e0144601.
https://doi.org/10.1371/journal.pone.0144601.
7. Smetana S, Schmitt E, Mathys A. 2019. Sustainable use of Hermetia illucens
insect biomass for feed and food: attributional and consequential life
cycle assessment. Resour Conserv Recycl 144:285–296. https://doi.org/10
.1016/j.resconrec.2019.01.042.
8. Chia SY, Tanga CM, Osuga IM, Alaru AO, Mwangi DM, Githinji M, Subramanian
S, Fiaboe KKM, Ekesi S, van Loon JJA, Dicke M. 2019. Effect of dietary replacement of ﬁshmeal by insect meal on growth performance, blood proﬁles and
economics of growing pigs in Kenya. Animals (Basel) 9:705. https://doi.org/
10.3390/ani9100705.
9. Dörper A, Veldkamp T, Dicke M. 2021. Use of black soldier ﬂy and house
ﬂy in feed to promote sustainable poultry production. J Insects Food
Feed 7:761–780. https://doi.org/10.3920/jiff2020.0064.
10. Henry M, Gasco L, Piccolo G, Fountoulaki E. 2015. Review on the use of
insects in the diet of farmed ﬁsh: past and future. Anim Feed Sci Technol
203:1–22. https://doi.org/10.1016/j.anifeedsci.2015.03.001.
11. Gasco L, Biasato I, Dabbou S, Schiavone A, Gai F. 2019. Animals fed insect
-based diets: state-of-the-art on digestibility, performance and product
quality. Animals (Basel) 9:170. https://doi.org/10.3390/ani9040170.
12. Jeon H, Park S, Choi J, Jeong G, Lee SB, Choi Y, Lee SJ. 2011. The intestinal
bacterial community in the food waste-reducing larvae of Hermetia illucens. Curr Microbiol 62:1390–1399. https://doi.org/10.1007/s00284-011
-9874-8.
13. Boccazzi IV, Ottoboni M, Martin E, Comandatore F, Vallone L, Spranghers
T, Eeckhout M, Mereghetti V, Pinotti L, Epis S. 2017. A survey of the mycobiota associated with larvae of the black soldier ﬂy (Hermetia illucens)
reared for feed production. PLoS One 12:e0182533. https://doi.org/10
.1371/journal.pone.0182533.
14. Chen Y, Li X, Song J, Yang D, Liu W, Chen H, Wu B, Qian P. 2019. Isolation
and characterization of a novel temperate bacteriophage from gut-associated Escherichia within black soldier ﬂy larvae (Hermetia illucens L. [Diptera: Stratiomyidae]). Arch Virol 164:2277–2284. https://doi.org/10.1007/
s00705-019-04322-w.
15. Klammsteiner T, Walter A, Bogataj T, Heussler CD, Stres B, Steiner FM,
Schlick-Steiner BC, Arthofer W, Insam H. 2020. The core gut microbiome
of black soldier ﬂy (Hermetia illucens) larvae raised on low-bioburden
diets. Front Microbiol 11:993. https://doi.org/10.3389/fmicb.2020.00993.
16. Gurung K, Wertheim B, Falcao Salles J. 2019. The microbiome of pest
insects: it is not just bacteria. Entomol Exp Appl 167:156–170. https://doi
.org/10.1111/eea.12768.
17. EFSA. 2015. Risk proﬁle related to production and consumption of insects
as food and feed. EFSA J 13:4257. https://doi.org/10.2903/j.efsa.2015.4257.
May 2022 Volume 88 Issue 10

18. Wynants E, Frooninckx L, Crauwels S, Verreth C, De Smet J, Sandrock C,
Wohlfahrt J, Van Schelt J, Depraetere S, Lievens B, Van Miert S, Claes J,
Van Campenhout L. 2019. Assessing the microbiota of black soldier ﬂy larvae (Hermetia illucens) reared on organic waste streams on four different
locations at laboratory and large scale. Microb Ecol 77:913–930. https://
doi.org/10.1007/s00248-018-1286-x.
19. Engel P, Moran NA. 2013. The gut microbiota of insects: diversity in structure and function. FEMS Microbiol Rev 37:699–735. https://doi.org/10
.1111/1574-6976.12025.
20. Burkepile DE, Parker JD, Woodson CB, Mills HJ, Kubanek J, Sobecky PA,
Hay ME. 2006. Chemically mediated competition between microbes and
animals: microbes as consumers in food webs. Ecology 87:2821–2831.
https://doi.org/10.1890/0012-9658(2006)87[2821:cmcbma]2.0.co;2.
21. Kooienga EM, Baugher C, Currin M, Tomberlin JK, Jordan HR. 2020. Effects
of bacterial supplementation on black soldier ﬂy growth and development at benchtop and industrial scale. Front Microbiol 11:587979.
https://doi.org/10.3389/fmicb.2020.587979.
22. Yu G, Cheng P, Chen Y, Li Y, Yang Z, Chen Y, Tomberlin JK. 2011. Inoculating poultry manure with companion bacteria inﬂuences growth and development of black soldier ﬂy (Diptera: Stratiomyidae) larvae. Environ
Entomol 40:30–35. https://doi.org/10.1603/EN10126.
23. Bruno D, Bonelli M, De Filippis F, Di Lelio I, Tettamanti G, Casartelli M,
Ercolini D, Caccia S. 2019. The intestinal microbiota of Hermetia illucens
larvae is affected by diet and shows a diverse composition in the different
midgut regions. Appl Environ Microbiol 85:e01864-18. https://doi.org/10
.1128/AEM.01864-18.
24. Vogel H, Muller A, Heckel DG, Gutzeit H, Vilcinskas A. 2018. Nutritional immunology: diversiﬁcation and diet-dependent expression of antimicrobial peptides in the black soldier ﬂy Hermetia illucens. Dev Comp Immunol
78:141–148. https://doi.org/10.1016/j.dci.2017.09.008.
25. Bonelli M, Bruno D, Caccia S, Sgambetterra G, Cappellozza S, Jucker C,
Tettamanti G, Casartelli M. 2019. Structural and functional characterization of Hermetia illucens larval midgut. Front Physiol 10:204. https://doi
.org/10.3389/fphys.2019.00204.
26. De Smet J, Wynants E, Cos P, Van Campenhout L. 2018. Microbial community dynamics during rearing of black soldier ﬂy larvae (Hermetia illucens)
and impact on exploitation potential. Appl Environ Microbiol 84:e0272217. https://doi.org/10.1128/AEM.02722-17.
27. Gold M, Tomberlin JK, Diener S, Zurbrugg C, Mathys A. 2018. Decomposition of biowaste macronutrients, microbes, and chemicals in black soldier
ﬂy larval treatment: a review. Waste Manag 82:302–318. https://doi.org/
10.1016/j.wasman.2018.10.022.
28. Ma J, Lei Y, Ur Rehman K, Yu Z, Zhang J, Li W, Li Q, Tomberlin JK, Zheng L.
2018. Dynamic effects of initial pH of substrate on biological growth and
metamorphosis of black soldier ﬂy (Diptera: Stratiomyidae). Environ Entomol 47:159–165. https://doi.org/10.1093/ee/nvx186.
29. Beskin KV, Holcomb CD, Cammack JA, Crippen TL, Knap AH, Sweet ST,
Tomberlin JK. 2018. Larval digestion of different manure types by the
black soldier ﬂy (Diptera: Stratiomyidae) impacts associated volatile emissions. Waste Manag 74:213–220. https://doi.org/10.1016/j.wasman.2018
.01.019.
30. Erickson MC, Islam M, Sheppard C, Liao J, Doyle MP. 2004. Reduction of
Escherichia coli O157:H7 and Salmonella enterica serovar Enteritidis in
chicken manure by larvae of the black soldier ﬂy. J Food Prot 67:685–690.
https://doi.org/10.4315/0362-028x-67.4.685.
31. Salter SJ, Cox MJ, Turek EM, Calus ST, Cookson WO, Moffatt MF, Turner P,
Parkhill J, Loman NJ, Walker AW. 2014. Reagent and laboratory contamination can critically impact sequence-based microbiome analyses. BMC
Biol 12:87. https://doi.org/10.1186/s12915-014-0087-z.
32. Ramiro-Garcia J, Hermes GDA, Giatsis C, Sipkema D, Zoetendal EG,
Schaap PJ, Smidt H. 2016. NG-Tax, a highly accurate and validated pipeline for analysis of 16S rRNA amplicons from complex biomes. F1000Res
5:1791. https://doi.org/10.12688/f1000research.9227.2.
10.1128/aem.00084-22

14

Downloaded from https://journals.asm.org/journal/aem on 09 June 2022 by 137.224.252.11.

REFERENCES

33. Myckatyn TM, Cohen J, Chole RA. 2016. Clariﬁcation of the deﬁnition of a
“bioﬁlm.” Plast Reconstr Surg 137:237e–238e. https://doi.org/10.1097/
PRS.0000000000001911.
34. Cammack JA, Zheng L, Jordan HR, Tomberlin JK. 2018. Impact of diet
nutrition and moisture on the bacterial community associated with Hermetia illucens (L.). J Insects Food Feed 4(Suppl 1):S33.
35. Martin JH, Jr, Loehr RC, Pilbeam TE. 1983. Animal manures as feedstuffs:
nutrient characteristics. Agric Waste 6:131–166. https://doi.org/10.1016/
0141-4607(83)90083-5.
36. Vorholt JA. 2012. Microbial life in the phyllosphere. Nat Rev Microbiol 10:
828–840. https://doi.org/10.1038/nrmicro2910.
37. Amyot L, McDowell T, Martin SL, Renaud J, Gruber MY, Hannoufa A. 2019.
Assessment of antinutritional compounds and chemotaxonomic relationships between Camelina sativa and its wild relatives. J Agric Food Chem
67:796–806. https://doi.org/10.1021/acs.jafc.8b04724.
38. Dufour V, Stahl M, Baysse C. 2015. The antibacterial properties of isothiocyanates. Microbiology (Reading) 161:229–243. https://doi.org/10.1099/mic.0
.082362-0.
39. Meneguz M, Gasco L, Tomberlin JK. 2018. Impact of pH and feeding system on black soldier ﬂy (Hermetia illucens, L; Diptera: Stratiomyidae) larval
development. PLoS One 13:e0202591. https://doi.org/10.1371/journal
.pone.0202591.
40. Jiang CL, Jin WZ, Tao XH, Zhang Q, Zhu J, Feng SY, Xu XH, Li HY, Wang ZH,
Zhang ZJ. 2019. Black soldier ﬂy larvae (Hermetia illucens) strengthen the
metabolic function of food waste biodegradation by gut microbiome.
Microb Biotechnol 12:528–543. https://doi.org/10.1111/1751-7915.13393.
41. Putman RJ. 1978. Patterns of carbon dioxide evolution from decaying carrion—decomposition of small mammal carrion in temperate systems 1.
Oikos 31:47–57. https://doi.org/10.2307/3543383.
42. Zhang Z, Wang H, Zhu J, Suneethi S, Zheng J. 2012. Swine manure vermicomposting via houseﬂy larvae (Musca domestica): the dynamics of biochemical and microbial features. Bioresour Technol 118:563–571. https://
doi.org/10.1016/j.biortech.2012.05.048.
43. Stamps JA, Yang LH, Morales VM, Boundy-Mills KL. 2012. Drosophila regulate
yeast density and increase yeast community similarity in a natural substrate.
PLoS One 7:e42238. https://doi.org/10.1371/journal.pone.0042238.
44. Liu Q, Tomberlin JK, Brady JA, Sanford MR, Yu Z. 2008. Black soldier ﬂy (Diptera: Stratiomyidae) larvae reduce Escherichia coli in dairy manure. Environ
Entomol 37:1525–1530. https://doi.org/10.1603/0046-225x-37.6.1525.
45. Lalander C, Diener S, Magri ME, Zurbrugg C, Lindstrom A, Vinneras B.
2013. Faecal sludge management with the larvae of the black soldier ﬂy
(Hermetia illucens)—from a hygiene aspect. Sci Total Environ 458–460:
312–318. https://doi.org/10.1016/j.scitotenv.2013.04.033.
46. Yang F, Tomberlin JK, Jordan HR. 2021. Starvation alters gut microbiome
in black soldier ﬂy (Diptera: Stratiomyidae) larvae. Front Microbiol 12:
601253. https://doi.org/10.3389/fmicb.2021.601253.
47. Cammack JA, Tomberlin JK. 2017. The impact of diet protein and carbohydrate on select life-history traits of the black soldier ﬂy Hermetia
illucens (L.) (Diptera: Stratiomyidae). Insects 8:56. https://doi.org/10
.3390/insects8020056.
48. Cheng JYK, Chiu SLH, Lo IMC. 2017. Effects of moisture content of food
waste on residue separation, larval growth and larval survival in black soldier ﬂy bioconversion. Waste Manag 67:315–323. https://doi.org/10.1016/
j.wasman.2017.05.046.
49. Pimentel AC, Montali A, Bruno D, Tettamanti G. 2017. Metabolic adjustment
of the larval fat body in Hermetia illucens to dietary conditions. J Asia Pac
Entomol 20:1307–1313. https://doi.org/10.1016/j.aspen.2017.09.017.
50. Samayoa AC, Chen WT, Hwang SY. 2016. Survival and development of
Hermetia illucens (Diptera: Stratiomyidae): a biodegradation agent of organic waste. J Econ Entomol 109:2580–2585. https://doi.org/10.1093/jee/
tow201.
51. Schremmer F. 1986. Die polymetabole Larval-Entwicklung der Waffenﬂiegenart Hermetia illucens—ein Beitrag zur Metamorphose der Statriomyidae. Ann Naturhist Mus Wien Ser B Bot Zool 88–89:405–429.
52. Barros LM, Gutjahr ALN, Ferreira-Keppler RL, Martins RT. 2019. Morphological description of the immature stages of Hermetia illucens (Linnaeus,
1758) (Diptera: Stratiomyidae). Microsc Res Tech 82:178–189. https://doi
.org/10.1002/jemt.23127.
53. Green TR, Popa R. 2012. Enhanced ammonia content in compost leachate
processed by black soldier ﬂy larvae. Appl Biochem Biotechnol 166:
1381–1387. https://doi.org/10.1007/s12010-011-9530-6.
54. Zhan S, Fang G, Cai M, Kou Z, Xu J, Cao Y, Bai L, Zhang Y, Jiang Y, Luo X,
Xu J, Xu X, Zheng L, Yu Z, Yang H, Zhang Z, Wang S, Tomberlin JK, Zhang
J, Huang Y. 2020. Genomic landscape and genetic manipulation of the
May 2022 Volume 88 Issue 10

Applied and Environmental Microbiology

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

black soldier ﬂy Hermetia illucens, a natural waste recycler. Cell Res 30:
50–60. https://doi.org/10.1038/s41422-019-0252-6.
Davis JJ, Wattam AR, Aziz RK, Brettin T, Butler R, Butler RM, Chlenski P,
Conrad N, Dickerman A, Dietrich EM, Gabbard JL, Gerdes S, Guard A,
Kenyon RW, Machi D, Mao C, Murphy-Olson D, Nguyen M, Nordberg EK,
Olsen GJ, Olson RD, Overbeek JC, Overbeek R, Parrello B, Pusch GD,
Shukla M, Thomas C, VanOeffelen M, Vonstein V, Warren AS, Xia F, Xie D,
Yoo H, Stevens R. 2020. The PATRIC Bioinformatics Resource Center:
expanding data and analysis capabilities. Nucleic Acids Res 48:D606–D612.
https://doi.org/10.1093/nar/gkz943.
Bonelli M, Bruno D, Brilli M, Gianfranceschi N, Tian L, Tettamanti G, Caccia
S, Casartelli M. 2020. Black soldier ﬂy larvae adapt to different food substrates through morphological and functional responses of the midgut.
Int J Mol Sci 21:4955. https://doi.org/10.3390/ijms21144955.
Zheng L, Crippen TL, Singh B, Tarone AM, Dowd S, Yu Z, Wood TK,
Tomberlin JK. 2013. A survey of bacterial diversity from successive life stages
of black soldier ﬂy (Diptera: Stratiomyidae) by using 16S rDNA pyrosequencing. J Med Entomol 50:647–658. https://doi.org/10.1603/me12199.
Mazza L, Xiao X, Ur Rehman K, Cai M, Zhang D, Fasulo S, Tomberlin JK,
Zheng L, Soomro AA, Yu Z, Zhang J. 2020. Management of chicken manure using black soldier ﬂy (Diptera: Stratiomyidae) larvae assisted by
companion bacteria. Waste Manag 102:312–318. https://doi.org/10.1016/
j.wasman.2019.10.055.
Xiao X, Mazza L, Yu Y, Cai M, Zheng L, Tomberlin JK, Yu J, van Huis A, Yu Z,
Fasulo S, Zhang J. 2018. Efﬁcient co-conversion process of chicken manure into protein feed and organic fertilizer by Hermetia illucens L. (Diptera: Stratiomyidae) larvae and functional bacteria. J Environ Manag 217:
668–676. https://doi.org/10.1016/j.jenvman.2018.03.122.
Zheng L, Crippen TL, Holmes L, Singh B, Pimsler ML, Benbow ME, Tarone
AM, Dowd S, Yu Z, Vanlaerhoven SL, Wood TK, Tomberlin JK. 2013. Bacteria mediate oviposition by the black soldier ﬂy, Hermetia illucens (L.), (Diptera: Stratiomyidae). Sci Rep 3:2563. https://doi.org/10.1038/srep02563.
Yang S, Li Y, Mai YN, Ruan RT, Song AD, Wang FQ, Chen HG. 2017. Isolation and identiﬁcation of egg-associated bacteria of Hermetia illucens
(Diptera: Stratiomyidae) and their effects on its adult oviposition behavior. Acta Entomol Sin 60:163–172.
Yang QQ, Wang H, Liu X, Feng WJ, Zhang JB, Yu ZN, Zheng LY. 2018. The
effect of the egg associated bacteria on the hatching of Hermetia illucens
eggs. J Insects Food Feed 4(Suppl 1):S82.
Shelomi M, Wu MK, Chen SM, Huang JJ, Burke CG. 2020. Microbes associated with black soldier ﬂy (Diptera: Stratiomiidae) degradation of food
waste. Environ Entomol 49:405–411. https://doi.org/10.1093/ee/nvz164.
Khamis FM, Ombura FLO, Akutse KS, Subramanian S, Mohamed SA,
Fiaboe KKM, Saijuntha W, Van Loon JJA, Dicke M, Dubois T, Ekesi S, Tanga
CM. 2020. Insights in the global genetics and gut microbiome of black
soldier ﬂy, Hermetia illucens: implications for animal feed safety control.
Front Microbiol 11:1538. https://doi.org/10.3389/fmicb.2020.01538.
Lemanceau P, Blouin M, Muller D, Moenne-Loccoz Y. 2017. Let the core
microbiota be functional. Trends Plant Sci 22:583–595. https://doi.org/10
.1016/j.tplants.2017.04.008.
Schreven SJJ, de Vries H, Hermes GDA, Smidt H, Dicke M, van Loon JJA.
2021. Relative contributions of egg-associated and substrate-associated
microorganisms to black soldier ﬂy larval performance and microbiota.
FEMS Microbiol Ecol 97:ﬁab054. https://doi.org/10.1093/femsec/ﬁab054.
Salonen A, Nikkila J, Jalanka-Tuovinen J, Immonen O, Rajilic-Stojanovic M,
Kekkonen RA, Palva A, de Vos WM. 2010. Comparative analysis of fecal
DNA extraction methods with phylogenetic microarray: effective recovery
of bacterial and archaeal DNA using mechanical cell lysis. J Microbiol
Methods 81:127–134. https://doi.org/10.1016/j.mimet.2010.02.007.
Van Lingen HJ, Edwards JE, Vaidya JD, Van Gastelen S, Saccenti E, Van den
Bogert B, Bannink A, Smidt H, Plugge CM, Dijkstra J. 2017. Diurnal dynamics of gaseous and dissolved metabolites and microbiota composition in
the bovine rumen. Front Microbiol 8:425. https://doi.org/10.3389/fmicb
.2017.00425.
R Core Team. 2018. R: a language and environment for statistical computing, version 3.5.0. R Foundation for Statistical Computing, Vienna, Austria.
https://www.R-project.org/.
Pinheiro J, Bates D, DebRoy S, Sarkar D, R Core Team. 2018. nlme: linear
and nonlinear mixed effects models, R package version 3.1-137. https://
CRAN.R-project.org/package=nlme.
Sakamoto Y, Ishiguro M, Kitagawa G. 1986. Akaike information criterion
statistics. D Reidel Publishing Company, Dordrecht, The Netherlands.
10.1128/aem.00084-22

15

Downloaded from https://journals.asm.org/journal/aem on 09 June 2022 by 137.224.252.11.

Black Soldier Fly Larva Effects on Microbiota

72. Zuur AF, Ieno EN, Walker NJ, Saveliev AA, Smith GM. 2009. Mixed effects
models and extensions in ecology with R. Springer Science1Business
Media LLC, New York, NY.
73. Lenth R. 2020. emmeans: estimated marginal means, aka least-squares
means, R package version 1.4.5. https://CRAN.R-project.org/package=
emmeans.
74. Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, Peplies J,
Glöckner FO. 2013. The SILVA ribosomal RNA gene database project:
improved data processing and Web-based tools. Nucleic Acids Res 41:
D590–D596. https://doi.org/10.1093/nar/gks1219.
75. McMurdie PJ, Holmes S. 2013. phyloseq: an R package for reproducible
interactive analysis and graphics of microbiome census data. PLoS One 8:
e61217. https://doi.org/10.1371/journal.pone.0061217.
76. Lahti L, Shetty S, Blake T, Salojarvi J. 2012–2017. microbiome R package, R
package version 1.2.1. http://microbiome.github.io.
77. Muller M, Hermes GDA, Canfora EE, Smidt H, Masclee AAM, Zoetendal EG,
Blaak EE. 2020. Distal colonic transit is linked to gut microbiota diversity
and microbial fermentation in humans with slow colonic transit. Am J
Physiol Gastrointest Liver Physiol 318:G361–G369. https://doi.org/10
.1152/ajpgi.00283.2019.
78. Faith DP. 1992. Conservation evaluation and phylogenetic diversity. Biol
Conserv 61:1–10. https://doi.org/10.1016/0006-3207(92)91201-3.
79. Kembel SW, Cowan PD, Helmus MR, Cornwell WK, Morlon H, Ackerly
DD, Blomberg SP, Webb CO. 2010. Picante: R tools for integrating phylogenies and ecology. Bioinformatics 26:1463–1464. https://doi.org/10
.1093/bioinformatics/btq166.
80. Kruskal JB. 1964. Nonmetric multidimensional scaling: a numerical method.
Psychometrika 29:115–129. https://doi.org/10.1007/BF02289694.

May 2022 Volume 88 Issue 10

Applied and Environmental Microbiology

81. Lozupone C, Knight R. 2005. UniFrac: a new phylogenetic method for comparing microbial communities. Appl Environ Microbiol 71:8228–8235.
https://doi.org/10.1128/AEM.71.12.8228-8235.2005.
82. McArdle BH, Anderson MJ. 2001. Fitting multivariate models to community
data: a comment on distance-based redundancy analysis. Ecology 82:
290–297. https://doi.org/10.1890/0012-9658(2001)082[0290:FMMTCD]2.0.CO;2.
83. Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McGlinn D,
Minchin PR, O’Hara RB, Simpson GL, Solymos P, Stevens MHH, Szoecs E,
Wagner H. 2019. vegan: community ecology package, R package version
2.5-6. https://CRAN.R-project.org/package=vegan.
84. Shankar V, Agans R, Paliy O. 2017. Advantages of phylogenetic distance
based constrained ordination analyses for the examination of microbial
communities. Sci Rep 7:6481. https://doi.org/10.1038/s41598-017-06693-z.
85. Legendre P, Oksanen J, ter Braak CJF. 2011. Testing the signiﬁcance of canonical axes in redundancy analysis. Methods Ecol Evol 2:269–277.
https://doi.org/10.1111/j.2041-210X.2010.00078.x.
86. Van den Brink PJ, Ter Braak CJF. 1999. Principal response curves: analysis of
time-dependent multivariate responses of biological community to stress.
Environ Toxicol Chem 18:138–148. https://doi.org/10.1002/etc.5620180207.
87. Schreven SJJ, De Vries H, Hermes GDA, Zeni G, Smidt H, Dicke M, Van
Loon JJA. 2021. Sequence data from “Substrate-dependent impact of
black soldier ﬂy larvae on bacterial community composition in substrate
and larval body.” European Nucleotide Archive. https://www.ebi.ac.uk/
ena/browser/view/PRJEB40667 (accession no. PRJEB40667).
88. Schreven SJJ, De Vries H, Hermes GDA, Zeni G, Smidt H, Dicke M, Van
Loon JJA. 2021. Data from “Substrate-dependent impact of black soldier
ﬂy larvae on bacterial community composition in substrate and larval
body.” 4TU.ResearchData Repository. https://doi.org/10.4121/13118291.

10.1128/aem.00084-22

16

Downloaded from https://journals.asm.org/journal/aem on 09 June 2022 by 137.224.252.11.

Black Soldier Fly Larva Effects on Microbiota

