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ABSTRACT Sustainable methods for managing waste associated with people and animals have been
proposed in the past. Black soldier fly, Hermetia illucens (L.), larvae represent one of the more
promising methods. Larvae reduce dry matter, bacteria, offensive odor, and house fly populations.
Prepupae can be used as feedstuff for livestock. However, it is not known if such a method results in
the proliferation of potential pathogens. Although some bacterial species have been cultured and
identified from black soldier fly, a true appreciation of fly associated bacterial diversity is not known.
Such information is needed to understand pathogen colonization on decomposing animal and plant
waste in the presence of black soldier fly larvae as well as develop research strategies for maximizing
the use of this fly to reduce waste without risking environmental harm. Using 454 sequencing, we
surveyed bacterial diversity associated with successive life stages of the black soldier fly reared on plant
material. Bacteria diversity classified (99.8%) across all life stages spanned six bacterial phyla with
=80% bootstrap support. Bacteroidetes and Proteobacteria were the most dominant phyla associated
with the black soldier fly accounting for two-thirds of the fauna identified. Many of these bacteria
would go undetected because of their inability to be cultured.
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bacteria

Bacteria are an expected component of decomposing
animals (Burkepile et al. 2006, Barnes et al. 2010) and
plant wastes (Miki et al. 2010), and they are associated
with the insects that use these resources. These insects
can be beneficial, contributing to such functions as
digestion and nutrient processing (Janzen 1977,
Burkepile et al. 2006) or detrimental causing health
issues and spreading pathogens to other organisms
(Greenberg 1973). Although many bacteria are be-
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nign, some species, such as Escherichia coli O157:H7
and Salmonella enterica, are important foodborne
pathogens (Erickson et al. 2004). Appropriate meth-
ods for handling animal and plant wastes, although
reducing the horizontal contamination of the sur-
rounding ecosystem, are being developed (Erickson
et al. 2004).

Black soldier fly larvae, Hermetia illucens (L.) (Dip-
tera: Stratiomyidae) can be used to recycle animal
tissue (Tomberlin et al. 2005) and other waste prod-
ucts (Sheppard et al. 1994). Because of this ability, the
black soldier fly is a recognized method for sustainable
recycling of animal wastes (Sheppard et al. 1994),
feces (Myers et al. 2008), and plant materials
(Tomberlin et al. 2009). Larvae of the black soldier fly
can reduce dry matter in such waste by 50% (Sheppard
etal. 1994) and house fly, Musca domestica L.. (Diptera:
Muscidae) populations by 94-100% (Bradley and
Sheppard 1984), although producing viable feedstuff
for livestock, poultry (Sheppard et al. 1994), and aqua-
culture (St. Hilaire et al. 2007). Unlike house flies,
soldier flies also reduce E. coli populations in feces
(Liu et al. 2008) and larvae can be used for the pro-
duction of biodiesel (Li et al. 2011).

Recent efforts have determined that black soldier
fly larvae reduce pathogenic bacteria within animal
wastes (Erickson et al. 2004, Liu et al. 2008). Further-
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more, bacteria isolated from black soldier fly larvae
can be used as a probiotic to enhance manure reduc-
tion and subsequent larval development (Yu et al.
2011). Many of these beneficial bacteria could be
natural constituents of the larval environment or po-
tentially vertically transmitted. However, although
the black soldier fly might suppress potential patho-
gens, it is not clear if other opportunistic pathogens
might proliferate in their presence and present po-
tential health and environmental risks.

Bacteria isolated previously and identified from the
black soldier fly relied on classic culturing methods
(Yu et al. 2011). With the development of high
throughput sequencing techniques, we can now gain
a more comprehensive picture of the bacterial diver-
sity associated with the black soldier fly, including
those that are nonculturable. Recent microbial eco-
logical studies from different environmental habitats
by using the analysis of 16S rRNA gene sequences have
revealed an immense diversity of bacterial species
(Huber et al. 2007, Roesch et al. 2007, Costello et al.
2009, Bowman et al. 2012) and individual bacterial
species have been identified in quantities unattainable
by classic culture techniques (Hail et al. 2011).

The increased depth in sensitivity obtainable by this
technology demands the reevaluation of previously
measured ecological systems. With this concept in
mind, we conducted a survey of the microbial com-
munity present during successive life stages of black
soldier fly maintained in colony and raised on a stan-
dardized diet consisting of plant residue (Sheppard et
al. 2002). The purpose of this study was to provide
some insight into the overall, and potentially the ver-
tically transmitted, bacterial diversity associated with
successive life stages of the black soldier fly. Data
produced from this study will allow a greater under-
standing of bacterial shifts occurring during fly devel-
opment as related to all bacteria and to pathogen
dispersal specifically when using the black soldier fly
to reduce waste and produce a feedstuff for livestock
(Sheppard et al. 1994), swine (Newton et al. 1977),
and aquaculture (St. Hilaire et al. 2007).

Materials and Methods

Source of Black Soldier Fly. The black soldier fly
colony maintained in a greenhouse at the Forensic
Laboratory of Investigative Entomological Sciences
Facility, TX A&M University, College Station, TX was
established in 2009 from eggs of a laboratory colony at
the Coastal Plain Experiment Station, University of
Georgia, Tifton, GA, USA, which originated from ma-
terial collected at a poultry facility in Bacon Co., GA,
USA, in 1998. Approximately 36 generations have
passed since the initiation of the colony with supple-
mental stock added approximately every 2-4 yr.

Maintenance of the Colony. Flies were reared ac-
cording to the methods of Sheppard et al. (2002).
Briefly, eggs were held in 12-cm?® plastic tubs at 27°C
with ambient humidity until hatch. Approximately
200 g of a Gainesville diet (20% corn meal, 30% alfalfa
meal, 50% wheat bran) saturated with water was
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added to the tub (Hogsette 1985). After 48 h at 27°C
the larvae were transferred into a new 40- by 15- by
12-cm plastic tub and covered by the diet to a depth
of ~2 cm. The top on the tub was cover once per day
with 2 cm of fresh diet. After 15 d at 27°C, the larvae
were split into new 65- by 50- by 12-cm plastic tubs to
keep the larval density consistent. When dispersing
larvae (i.e., prepupae), which are black, accounted for
~50% of the population, feeding was suspended and
remaining medium allowed to dry. Emerging adults
were transferred into a 1.5-m>® mesh tent held in a
greenhouse under natural light at 27°C with ambient
humidity. Eggs were collected by placing 5- by 3-cm
blocks of dry, triple-layered, corrugated cardboard,
containing ~60 flutes, adhered to the sides of a 30-cm
square metal pan containing feed, into each tent.

Sample Collection and DNA Extraction. We de-
signed this study to provide the broadest spectrum of
bacterial communities associated with the various life
stages of the black soldier fly. Based on these results,
we will be able to conduct future studies focused on
those stages of development and associated bacterial
communities of greatest interest to waste management
with this species.

For analysis of successive developmental stages, one
layer each of corrugated cardboard block (=20 flutes
or 8,000 eggs) was allowed to hatched. Resulting lar-
vae were separated into three pans to allow pupation
and emergence of adults. Feeding and dispersing lar-
vae, as well as pupae were taken as needed from these
pans for analysis and adults were sampled immediately
after eclosion. A second generation of eggs (egg2) was
collected from corrugated cardboard block (as de-
scribed above) placed in with the newly eclosed
adults. Samples either were processed immediately or
stored at —80°C until DNA extraction could be per-
formed.

DNA extractions were performed from ~0.25-g
eggs (<1 h old), two 7-d-old larvae, two dispersing
larvae (prepupae), two pupae, or two newly emerged
adults. These samples were selected randomly and
entire specimens were homogenized in 1.5-ml PBS.
Briefly, samples were placed in 1.5-ml microcentrifuge
tubes with Tris-EDTA buffer with 10% SDS, protei-
nase K (100 pg/ml), and lysozyme (2 mg/ml). Sam-
ples were homogenized and incubated at 56°C for 1 h
while shaken at 900 rpm. Sodium chloride buffer
(NaCl, 5M) was added to bring the total concentration
above 0.5M. Cetyl trimethylammonium bromide
(CTAB) /NaCl buffer was added and the sample was
thoroughly mixed and incubated at 65°C for 10 min.
Sequential extraction in a 1X volume was performed
using chloroform and isoamyl alcohol (24:1), phenol,
chloroform, and isoamyl alcohol (25:24:1), and iso-
propanol by centrifugation at 4,000 X g for 2 min. The
DNA was precipitated by two washes in 70% ethanol,
dissolved in nuclease free water, quantified by spec-
trophotometry, the DNA products from three repli-
cate samples were mixed in equal concentrations and
aliquoted for analysis by 454 FLX pyrosequencing.
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Bacterial Tag-Encoded FLX-Titanium Pyrose-
quencing. The bTEFAP method was performed by the
Research and Testing Laboratory (Lubbock, TX)
(Dowd et al. 2008). The 16S rDNA universal eubac-
terial primers 28 F (5'- GAGTTTGATCNTGGCT-
CAG) and 519R (5'- GTNTTACNGCGGCKGCTG)
were used for amplifying the ~500-bp region of 16S
rDNA genes (Handl et al. 2011). HotStarTaq Plus
Master Mix Kit (Qiagen, Valencia, CA) was used for
polymerase chain reaction (PCR) under the following
conditions: 94°C for 3 min followed by 32 cycles of
94°C for 30 s, 60°C for 40 s and 72°C for 1 min, and a
final elongation step at 72°C for 5 min by using de-
signed special fusion primers with -unique tag se-
quences for each sample as follows: 5’ LinkerA-
Tags-28 F and 5’ LinkerB-519R. After PCR, amplicon
products from different samples were mixed in equal
concentrations, and purified using Agencourt Ampure
beads (Agencourt Bioscience Corporation, Beverly,
MA). In preparation for FLX sequencing (Roche,
Nutley, NJ), the DNA fragments size and concentra-
tion were measured using DNA chips under a Bio-Rad
Experion Automated Electrophoresis Station (Bio-
Rad Laboratories, Hercules, CA) and a TBS-380 Fluo-
rometer (Turner Biosystems, Sunnyvale, CA). A9.6 E
+ 06 sample of double-stranded DNA molecules/ul
with an average size of 550 bp were combined with 9.6
million DNA capture beads, and then amplified by
emulsion PCR. After bead recovery and bead enrich-
ment, the bead-attached DNAs were denatured with
NaOH, and sequencing primers were annealed. A two-
region 454 sequencing run was performed on a 70 by
75 GS PicoTiterPlate by using a Genome Sequencer
FLX System (Roche). All FLX related procedures
were performed following Genome Sequencer FLX
System manufacturers instructions (Roche).

Pyrosequencing Data Analysis. All sequences
(4,820) were checked for chimera formation by using
web based chimera check program Decipher (Wright
et al. 2012). Suspected chimera (494) and five other
sequences that did not align were deleted from the
dataset and only 4,321 sequences were used for further
analyses. Hierarchical classification of the 4,321 16S
rDNA sequences were carried out according to the
Bergey’s bacterial taxonomy (Garrity et al. 2004) using
Naive Bayesian rRNA classifier version 2.2 (Wang et
al. 2007) as implemented in Ribosomal Database Proj-
ect (RDP) Multiclassifier version 1.0. Only sequences
having =80% bootstrap support were considered clas-
sified at a particular hierarchical level. Sequences with
bootstrap support <80% were considered as unclas-
sified. Sequences that were not assigned at a particular
taxonomic level were also considered as unclassified.
Bar graphs were created for phylum and class level
sequence abundances by using Excel 2007 (Microsoft
Corporation, Redmond, WA). Heat maps graphics
were generated for all classified genera by using nat-
ural log transformed percent relative abundance pro-
files using default distance (column means and row
means for X and Y axis respectively) based dendro-
gram in gplots package of R version 2.13.0 (R Devel-
opment Core Team 2006). The 0% values were con-
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verted into 0.01% for log transformation. The heat map
of the bacterial genera associated with different life
stages were also clustered based on NJ tree of classi-
fied genera (Y-axis) (see below for detail) and based
on FastUniFrac based clustering of life stages (X-axis)
(Fig. 1a), which helps in better comparison of bacteria
by phenotypic and taxonomic characteristics impor-
tant to bacterial community functional analysis.

Neighbor-joining (N]) trees were constructed from
all sequences (4,321) and from sequences that were
classified at the genus level (1473). NJ trees were
rooted based on 16S rRNA gene sequence of Therma-
toga maritima (M21774) and Aquifex pyrophilus
(M83548). NJ tree of all sequences was constructed to
determine the closest relative of unclassified se-
quences and NJ tree of all classified genera was con-
structed to group genera based on evolutionary rela-
tionships. Both data sets were aligned based on 16S
rRNA secondary structure in Infernal aligner
(Nawrocki and Eddy 2007, Nawrocki et al. 2009), as
implemented in the Ribosomal Database Project
(RDP) under tool Aligner (http://rdp.cme.msu.
edu/) (accessed on 01 June 2012). Hypervariable am-
biguous regions were manually deleted from the mul-
tiple sequence alignment in MEGA5 (Tamura et al.
2011). Evolutionary distances of aligned sequences
were calculated by neighbor joining (NJ) method
with the Kimura two-parameter correction (Saitou
and Nei 1987) for 100 bootstrap replications (for all
sequences) and for 1,000 bootstrap replications (for
the data sets with all genera) in PAUP* v.4.0b10
(Swofford 2003). Calculated evolutionary distances
were used for construction of rooted NJ trees in
PAUP* v.4.0b10 (Swofford 2003). NJ trees of all clas-
sified genera was used as an input file for construction
of unweighted FastUniFrac based clustering of bac-
terial communities (Hamady et al. 2009) associated
with different life stages of black soldier fly. Jackknif-
ing with 1000 permutations was performed for node
support of the FastUniFrac tree. P-tests were per-
formed using 1,000 permutations for each pair of sam-
ples (life stages) and for all samples together in Fas-
tUniFrac (Hamady et al. 2009). All trees were edited
using Archaeoptryx version 0.957 beta (Han and
Zmasek 2009) and FigTree v1.3.1 (http://tree.bio.
ed.ac.uk/).

Diversity indices were calculated using tools avail-
able in RDP pyrosequencing pipeline. Rarefaction
curves were generated in Excel 2007 (Microsoft Cor-
poration, Redmond, WA) using result obtained from
tools aligner, complete linkage clustering, and rarefac-
tion of RDP pyrosequencing pipeline (Cole et al.
2009). Shannon (1948) and Chaol and Bunge (2002)
indices were calculated using tool Shannon & Chaol
index of RDP pyrosequencing pipeline (Cole et al.
2009). Percentage coverage of species richness was
calculated from rarefaction and Chaol indices using
method as described in Will et al. (2010). All raw
sequence files were submitted to Sequence Read Ar-
chive (SRA). Study accession number ERP001565 can
be used for the retrieval of raw sequences used in this
study.
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Fig. 1. Heat map of the bacterial genera associated with different life stages of black soldier fly: a) Y-axis shows
neighbor-joining phylogram of 16S rDNA sequence from all classified genera and X-axis shows unweighted UniFrac distance
based clustering of the life stages (numbers on nodes indicates jackknife support values), b) Y-axis shows clustering of
classified genera based on percentage relative abundance using default distance (row mean) in gplots package of R, and X-axis
shows clustering of life stages based on percentage relative abundance using default distance (column mean) in gplots package
of R. Heat maps displayed in natural log transformed percentage relative abundance profiles, where the 0% values were
converted into 0.01% for log transformation. *indicates polyphyly. (Online figure in color).
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Fig. 1. (Continued).

Results different life stages of the black soldier fly. The num-

General Characteristics of 454-Sequences. In this ber of sequences obtained from larval, prepupal, pu-
study we obtained 4,321 sequences ranging in length  pal, adult, and egg2 samples were 476; 1,080; 1,847; 794;
from 200 to 541 bp (average length 327 bp) from the and 124, respectively. Approximately 99.8, 98.2, 89.0,
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Fig. 2. Abundance profiles of bacteria associated with different life stages of the black soldier fly at a) phylum level, b)
class level. Y-axis shows percentage relative abundance of the classified bacteria. X-axis shows the life stages. Others include
all classes that were present at <1% relative abundance (Opitutae, Deltaproteobacteria, Acidobacteria GP16, Erysipelotri-
chia). Each column represents the DNA products from three replicate samples were mixed in equal concentrations and
aliquotted for analysis by 454 FLX pyrosequencing. (Online figure in color).

75.0, and 34.0%, of all sequences were classified with
=80.0% bootstrap support into 6 phyla, 13 classes, 21
orders, 53 families, and 78 genera, respectively (data
not shown).

Taxonomic Distribution of 454-Sequences. Of the
bacterial phyla identified (Fig. 2a; Supp Table 1),
Bacteroidetes (42.0%) and Proteobacteria (33.4%)
were the most dominant phyla associated with the
black soldier fly across all life stages. Proteobacteria
was the most dominant phylum associated with the
prepupa (41.7%) and egg (54.0%) stages whereas Bac-
teroidetes was the most dominant phylum associated
with larva (54.4%), pupa (46.3%), and adult (40.5%)
(Fig. 2a; Supp Table 1). Of the bacterial classes iden-
tified (Fig. 2b; Supp Table 2), Gammaproteobacteria,
Sphingobacteria, Flavobacteria, Actinobacteria, and
Bacilli comprised almost 78.0% of bacteria across all
life stages, in decreasing order. Gammaproteobacteria
(19.0% to 39.0%) was the most dominant on each stage
except the larval stage, where Bacteroidia (29.0%)
dominated. Of the bacterial orders identified (Supp
Table 3), Sphingobacteriales, Flavobacteriales, Acti-
nomycetales, Enterobacteriales, Burkholderiales, and
Bacteroidales comprised almost 78% of the bacteria
across all life stages, in decreasing order. Approxi-
mately 49% of all bacteria associated with larval stage
belong to Bacteroidales and Clostridiales whereas
>50% of all bacteria associated with pupal and adult
stages belong to Sphingobacteriales, Flavobacteriales,
and Actinomycetales.

Of the bacterial families identified (Supp Table 4),
~55% were gram-positive families. Families Sphingo-
bacteriaceae, Flavobacteriaceae, and Enterobacteri-
aceae comprised >50% of bacteria across all life stages,
in decreasing order. Porphyromonadaceae (19.0%),
Enterobacteriaceae (26.6%), Sphingobacteriaceae
(27.7%), Flavobacteriaceae (23.2%), and Xanthomon-
adaceae (23.7%) were the most dominant families
associated with the larval, prepupal, pupal, adult, and
egg samples, respectively. Sphingobacteriaceae and
Flavobacteriaceae were found heavily associated with

larvae (27.3%), prepupae (29.8%), pupae (50.0%), and
adults (41.6%), but not with egg stage (1.8%).

FastUniFrac based P-test suggests that bacterial
communities are significantly different in pairwise
comparisons between life stages (P = 0.001) and bac-
terial communities associated with each of the life
stages significantly clustered (P = 0.001). FastUniFrac
clustering demonstrates that prepupal and pupal
stages shared the most bacterial genera although this
group is not well-supported (Jackknife value <50)
and the egg stage shared the least number of bacterial
genera with other life stages. The heat map clustered
by percentage relative abundance of classified genera
(Fig. 1b) reveals a difference in community abun-
dance between the egg stage and nonegg stages. Of the
bacterial genera identified (Fig. 1a and b; Supp Table
5), Providencia, Bacteroides, Sphingobacterium, Dys-
gonomonas, and Sanguibacter comprised >50% of the
bacteria across all life stages, in decreasing order Dys-
gonomonas and Bacteroides constituted 60.1% of bac-
teria associated with larval stage. Providencia was the
most dominant associated with prepupal (51.2%) and
pupal (19.4.0%) stages, Bacteroides (25.6%) and Lyso-
bacter (23.7%) the most dominant on adults, and
Stenotrophomonas (15.4%) and Bacteroides (14.5%)
were the most dominant on the egg stage.

Bacterial Richness and Diversity Indices. The Shan-
non diversity index (H’) at the species and genus level
(3 and 5% sequence divergence, respectively) was
much higher (3.6-4.7) in larvae, prepupae, pupae, and
adults than in egg (2.7) (Table 1). However, H’ at the
phylum level (20% sequence divergence) was similar
(2.3-2.8) in all life stages (Table 1). Similar trends
were observed with rarefaction and Chaol estimators
(Table 1; Fig. 3).

Neighbor-Joining Clusters. A majority of deeper
nodes are unresolved both at the order level (Fig. 4),
as well as at the genus level (Fig. 1a-Y-axis), but all
ingroup taxa formed well-supported monophyletic
group. Order level monophyly of group Sphingobac-
teriales + Flavobacteriales + Bacteroidales is strongly
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Fig. 3. Rarefaction curves from different life stages of the black soldier fly showing percentage dissimilarity and number
of phylotypes identified using identical scale ranges: a) at 3% sequence divergence, b) at 5% sequence divergence, c) at 10%
sequence divergence, and d) at 20% sequence divergence; inset displays an expanded scale for clarity. (Online figure in color).

supported. Sequences classified, based on RDP clas-
sifier, to orders Enterobacteriales, Burkholderiales,
Myxococcales, Puniceicoccales, Pseudomonadales,
Sphingomonadales, Rhodospirillales, Acidimicrobia-
les, and Nitriliruptorales also formed well-supported
monophyletic groups (Fig. 4). Many sequences con-
sidered unclassified based on RDP classifier, clustered
with classified orders in the NJ tree with =50% boot-
strap supports. The majority of bacteria in the envi-
ronment are yet to be sequenced and would be rep-
resented in the unclassified group in RDP classifier,
therefore construction of the NJ tree allows determi-
nation of closest relative of these bacterial groups. The
majority of unclassified sequences (476 sequences)
were clustered with Pseudomonadales (225 se-
quences) and Rhodospirillales (100 sequences) with
strong bootstrap support. At the genus level, Parape-
dobacter is polyphyletic (Fig. 1a).

Discussion

The purpose of this study was to provide a survey of
bacteria associated with the various stages of black
soldier fly development. The characterization of bac-
teria associated with distinct life stages of black soldier
fly will also help identify bacteria that are possible
players in interkingdom signaling attracting insects

that use decomposing resources for adult and larval
nutrition (Ma et al. 2012) and allow analysis of the
transfer of possible bacterial pathogens between life
stages. This information will enhance commercial uti-
lization of black soldier fly for the reduction of animal
wastes and pathogen reservoirs (Sheppard et al. 1994,
Tomberlin et al. 2005, Myers et al. 2008).

Our results indicate the bacterial species associated
with black soldier fly are quite diverse. These results
correspond with those of Jeon et al. (2011), which also
used pyrosequencing to examine the bacteria fauna
present. However, Jeon et al. (2011) examined the
bacterial diversity in the larval stage only, in flies fed
on different resources, and determined food substrate
influenced the microbial fauna present. black soldier
fly larvae fed food waste possessed greater bacteria
diversity at the phylum level than those fed cooked
rice or calf forage. In contrast, our study reports on the
bacterial diversity in each stage of development of flies
fed an identical diet and demonstrates that bacterial
species composition shifts within the life cycle. Black
soldier fly bacterial diversity at the phylum level was
similar between different life stages; however diver-
sity at the genus level was higher during larval, prepu-
pal, pupal, and adult stages than egg stage. This is not
surprising considering black soldier fly eggs are sessile
and have less exposure to environmental microbes.
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color).

Rarefaction curve at 20% sequence dissimilarity
showed saturation, indicating that the sequencing ef-
fort at phylum level covered essentially the full extent
of the taxonomic diversity for all samples. A compar-
ison of rarefaction values and Chaol richness estima-
tor, demonstrated percent coverage from 58% to 100%
(see Table 1), which is comparable to a similar pyro-
sequencing-based microbial diversity study (Will et al.
2010). Actual percent coverage at 3 and 5% sequence
divergence may be higher than shown here, because
at lower sequence divergences (<5%), rarefaction
analyses underestimate and Chaol estimator overes-
timate bacterial diversity (Roesch et al. 2007, Will et
al. 2010).

Only 5% of the genera found on the egg samples
were also found on the emergent adult, indicating that
much of the fauna is lost through molting and pupa-
tion. Overall, 78 bacterial genera were identified after
removal of unknowns. Of the genera, 20.5% were
shared by the larval, prepupal and pupal stages, and
11.5% by the larval, prepupal, pupal, and adult stages.
Clustering analyses demonstrated that the prepupae
and pupae stages had more bacterial genera in com-
mon (33.3%), which is not unexpected considering to
their close sequential association during development.
The bacteria found on the nonegg stages clustered
closer than the egg stage; suggesting possible shared
flora acquired from common environmental sources
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for these predominantly mobile stages of develop-
ment. While bacterial genera found on the egg stage
were the most divergent from the other stages and the
least abundant and could encompass species able to be
vertically transmitted. The identities of these egg as-
sociated genera will be useful for investigating the
importance of vertically transmitted microbes in black
soldier fly oviposition preferences and interactions of
black soldier fly life history traits with bacterial spe-
cies.

Many bacteria present during the more motile
stages would originate from outside environmental
sources by direct contact. Although bacteria on the fly
from environmental sources are of interest, we hy-
pothesize that the bacteria, which are possible players
in the interkingdom signaling during oviposition,
would associate more consistently with the adult and
egg stages (Ma et al. 2012). Bacteria associated with
the egg stage of the house fly, Musca domestica L.
(Diptera: Muscidae) are known to be essential for
adults to detect and measure oviposition sites (Lam et
al. 2007). Failure to lay eggs within a given window of
time results in the larvae dying because of lack of
resource or cannibalism by older larvae already pres-
ent (Lam et al. 2007). For house flies, it was found that
these bacteria serve as an initial resource for newly
emerged larvae (Lam et al. 2009a), and also suppress
fungi to which the larvae are susceptible (Lam et al.
2009b). Because black soldier fly has been shown to
outcompete M. domestica through its effects on mi-
crobial communities serving as food for its competitor,
the microbes present in black soldier fly dominated
resources (as compared with those on M. domestica
dominated resources), may provide clues regarding
the antimicrobial mechanisms active in black soldier
fly colonization. Bacteria have also been determined
to be essential for attracting blow flies (Diptera: Cal-
liphoridae) (Chaudhury et al. 2002, 2010) and mos-
quitoes (Diptera: Culicidae) (Ponnusamy et al. 2010)
to oviposition sites, meaning that an understanding of
black soldier fly-bacterial interactions will also shed
light on a broader class of bacterially mediated insect
oviposition preferences.

Bacteria of the class Gammaproteobacteria were
the most numerous in the bacterial community pres-
ent during the second generation of the sessile egg
stage. In relative proportion to the total classified pop-
ulation; lower numbers of Gammproteobacteria were
present on the more motile larval, prepupal, and adult
stages, as well as the pupal stage. Gammaproteobac-
teria were 39% of the population in the egg stage, but
averaged only 19% (range, of 9-25%) of the popula-
tion in other stages. Five orders, Alteromonadales,
Oceanospirillales, Enterobacteriales, Psuedomon-
adales, and Xanthomonadales, within class Gamma-
proteobacteria were represented across all fly stages.
Providencia was the most prominent, representing 49%
of Gammaproteobacteria across all life stages. Al-
though the study design does not allow absolute com-
mentary on vertical transmission, Providencia appears
to be a candidate for vertical transmission in black
soldier fly as it was found in adults and eggs.
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Flies breed on dead animals and mechanically vec-
tor over 100 pathogen species into surrounding com-
munities (Sanderson et al. 2006, Sawabe et al. 2006,
Hald et al. 2008, Forster et al. 2009). In addition, many
advocate the use of the black soldier fly larvae as
feedstuff for livestock and poultry (Hale 1973; Newton
et al. 1977, 2005); because the black soldier fly adults
do not feed, they may be superior fly populations to
have in association with food production facilities than
other flies (such as M. domestica) as they will not
spread microbes through feeding. However, the po-
tential for the introduction and amplification of patho-
gens by these insects into waste products (fertilizer)
or the feed that livestock consume is of concern. The
mobile adult stage would be the most important in
vectoring pathogenic bacteria by infecting subse-
quently visited resources or by transferring microbes
vertically. In addition the structure of the overall bac-
terial community, and its incorporation of pathogenic
species, would be influenced by its constituents’ ca-
pacity to release antibiotics toxic to other species, to
either help themselves colonize or to protect them-
selves from others trying to occupy the same space and
use the same resources.

Enterobacteriales were found on all stages of black
soldier fly development and many members have
pathogenic potential. Their pathogenicity has an eco-
nomic impact on the food safety industry (Linton and
Hinton 1988). Xanthomonadales, also found on all
stages of black soldier fly development, can be oppor-
tunistic pathogens and some members (e.g., Lysobac-
ter) produce antibiotics (Christensen and Cook 1978).
Lysobacter was heavily represented on the nonegg
stages, particularly on the adult fly (23.6%), and pres-
ent on the prepupal and pupal stages, potentially
explaining antimicrobial effects of black soldier fly
colonization. Some members of the order Burkhold-
eriales have the capacity to be opportunistic patho-
gens. They were a minor component found associated
with the larval through egg stages of development. Of
the order Bacteroidales, the genus Bacteroides was
heavily represented and associated with the egg and
motile stages (ranging from 2.3 to 27.7%) during fly
development, and is a common component of infec-
tions and sepsis.

The phylum Firmicutes contains two well-known
classes of pathogens. Bacilli and Clostridia produce
toxins that are extremely dangerous, Bacillus anthracis
(Anthrax), Clostridium tetani (Tetanus), and C. bot-
ulinum (Botulism). Bacteria from this phylum were
only a minor component of the community found in
this study. The genus Staphylococcus, a minor compo-
nent in the egg through pupa stages, is well known for
developing antibiotic resistance and causing nosoco-
mial infections. Representatives from the families En-
terococcaceae were associated with nonegg stages,
whereas Lactobacillaceae were identified from the
egg stage. Within the class Clostridia one order, Clos-
tridiales, was represented as a minor constituent on
larvae, prepupae, pupae, and adults, but a large con-
tributor to the bacterial community on eggs (11.1%).
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Many of the species identified in this study of the
bacterial fauna present on the fly at various stages of
development, act as ecological consumers and decom-
posers (Burkepile et al. 2006). Bacteria from the order
Rhodobacterales were found as a minor component
on the nonegg stages. Rhodobacterales have diverse
metabolic capabilities capable of carbon dioxide and
nitrogen fixation, as well as chemoorganotrophic me-
tabolizing sulfur-containing compounds (Garrity et al.
2005). Many bacteria from the order Rhizobiales are
plant symbionts facilitating nitrogen fixation (Skorpil
and Broughton 2006). However, one genus of Rhizo-
biales, Methylobacterium, is a methane-oxidizing bac-
terium (Patt et al. 1976). The methanotroph was iden-
tified primarily during the egg2 stage. In contrast,
nitrogen fixing Rhizobiales were primarily found dur-
ing the nonegg stages. Although present in small quan-
tities, given their ability to produce volatiles, these
bacteria may participate in interkingdom signaling at-
tracting insects to use resources.

The class Betaproteobacteria was represented by
the order Burkholderiales, some members of which
have the capacity to degrade chlororganic pesticides
and polychlorinated biphenyls; however, their capac-
ity to be opportunistic pathogens limits their commer-
cial usage for the degradation of pesticides. Interest-
ingly, the presence of such microbes raises concerns
of an enhanced development of resistance to pesti-
cides in insect communities associated with black sol-
dier fly.

Conclusion. The possibility of bacteria retained
through successive black soldier fly life stages should
result in scrutinizing the initial bacterial load and
diversity on these flies before introduction into waste
or feed to mitigate any inadvertent disease transmis-
sion. This also raises the prospect of using black soldier
fly to purposefully introduce bacterial species bene-
ficial to bioremediation, competitive exclusion of
pathogenic organisms, and the reduction of animal
wastes. They are also potentially useful in bioengi-
neering biowaste management systems associated
with black soldier fly. However, as initially pointed
out, this study served as a survey of those bacteria
species present throughout the life cycle of the black
soldier fly. Future research should continue along the
path of identifying particular species that can enhance
the ability of the black soldier fly to digest wastes and
waste associated pathogens, thus eliminating those
that pose potential harm to humans and other animals.
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