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Abstract Hermetia illucens larvae (black soldier
fly larvae, BSFL) convert efficiently organic waste
to high quality biomass. To gain knowledge on the
specific functions of gut microbes in this process it
is a prerequisite to culture members of the core gut
microbiota. Two different cultivation strategies were
applied here for this purpose, a dilution-to-extinction
cultivation and direct plating using six different media
to culture aerobic heterotrophic bacteria. A total of
341 isolates were obtained by the dilution-to-extinc-
tion cultivation and 138 isolates by direct plating
from guts of BSFL reared on chicken feed. Bacterial
isolates were phylogenetically identified at the genus
level by 16S rRNA gene sequencing (phylotyping)
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and differentiated at the strain level by genomic fin-
gerprinting (genotyping). The main proportion of
isolates was assigned to Proteobacteria, Firmicutes
(Bacilli), and Actinobacteria. Predominant genera
discussed in literature as member of a potential BSFL
core gut microbiota, Providencia, Proteus, Morga-
nella, Enterococcus, Bacillus, and members of the
family Enterobacteriaceae, were isolated. A high
intra-phylotype diversity was obtained by genomic
fingerprinting which was especially enhanced by the
dilution-to-extinction cultivation. This study showed
that the application of different cultivation strategies
including a dilution-to-extinction cultivation helps to
culture a higher diversity of the BSFL gut microbiota
and that genomic fingerprinting gives a better picture
on the genetic diversity of cultured bacteria which
cannot be covered by a 16S rRNA gene sequence
based identification alone.

Keywords Black soldier fly - Core gut microbiota -
Cultivation approach - Dilution-to-extinction - Direct
plating, genomic fingerprinting - Hermetia illucens

Introduction

Hermetia illucens larvae, known as black soldier fly
larvae (BSFL), can efficiently convert a wide range of
organic waste products in high quality biomass with
high quality proteins and fats. For that reason larvae
are increasingly used as animal feed and human food
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source (Wang and Shelomi 2017) or for composting
(da Silva and Hesselberg 2020). Larval gut micro-
biota play an important role in the digestion and
nutrient provision and for the development, physiol-
ogy, and the immune system of the larvae (Jeon et al.
2011; Engel and Moran 2013). An important role of
the gut microbiota of BLSF during digestion of waste
products of animal or human sources is the potential
antibacterial activity during digestion which is espe-
cially important for the deactivation of pathogenic
bacteria present in those substrates (Elhag et al. 2022;
Erickson et al. 2004; Liu et al. 2008). The antimicro-
bial activity of BSFL gut microbes makes their cul-
tivation especially attractive for the research of new
antimicrobial compounds (Tegtmeier et al. 2021).
Different studies have already focused on the gut
microbiota using mainly molecular cultivation inde-
pendent methods to explore its community composi-
tion (Jeon et al. 2011; Zheng et al. 2013). Changes of
the BSFL gut microbiota according to the employed
substrate were reported in several publications
(Bruno et al. 2019; Gorrens et al. 2021; Jeon et al.
2011; Klammsteiner et al. 2020; Shelomi et al. 2021;
Wynants et al. 2019). Some of those studies reported
also changes in the bacterial community in the resi-
due of the employed substrates based on the larval
digestion process (Bruno et al. 2019; Cifuentes et al.
2020; Wynants et al. 2019; Gold et al. 2020; Shelomi
et al. 2021). Shelomi et al. (2021) showed that even
through the waste microbiota strongly differed, many
taxa were shared in the gut of the differently fed lar-
vae, which indicates the presence of a BSFL specific
gut core microbiota. A stable autochthonous bacte-
rial community in the larval gut is one of the general
conclusions across all molecular gut microbiota stud-
ies. However, there is still no clear consensus among
scientists if BSFL have a defined bacterial core gut
microbiota and which taxa belong to it (Gorrens
et al. 2021). At least 20 genera have been frequently
detected in the gut of BSFL reared under different
conditions and analysed at different growth stages
(Gorrens et al. 2021). As summarized by Gorrens
et al. (2021), more than ten studies have detected Dys-
gonomonas, Enterococcus, Morganella, and Provi-
dencia. The genera Klebsiella, Clostridium, Actino-
myces, Bacillus, Pseudomonas, and Ignatzschineria
were all detected in more than three studies in gut
samples of BSFL. The high detection frequency of
these genera suggested their potential important role
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in the BSFL gut microbiota. At least some of those
taxa could be considered as a core gut microbiota.

High throughput amplicon sequencing of bacterial
16S rRNA genes has been the most employed tech-
nique to explore the gut microbiota composition and
all possible changes according to the rearing con-
ditions of BSFL. This approach however does not
reflect the overall bacterial diversity present below
the genus level and cannot cover the genetic diversity
present in an environment (Nichols 2007; De Smet
et al. 2018). Only few studies are currently available
which intended to culture bacteria of the BSFL gut
microbiota (Jeon et al. 2011; Kim et al. 2014; Calle-
gari et al. 2020; Shelomi et al. 2021; Gorrens et al.
2021; Tegtmeier et al. 2021). So far, only few dif-
ferent cultivation strategies were applied to culture
specific functional members of a potential core gut
microbiota. Some studies aimed to culture members
of BSFL microbiota that have amylase, cellulase, pec-
tinase, and esterase/lipase activities. For this purpose,
Callegari et al. (2020) applied a pre-enrichment step
with polymeric substrates as uric acid, filter paper,
and carboxymethylcellulose. In contrast, Gorrens
et al. (2021) reared BSFL in standard diets supple-
mented with polymeric compounds as lignin, pectin,
keratin, cellulose, and hemicellulose and employed
direct plating of serially diluted gut samples on
plate count agar. Other studies applied non-selective
direct plating approaches using complex media as
Luria—Bertani or nutrient agar to isolate abundant
heterotrophic gut associated bacteria from BSFL
reared in different diets (Jeon et al. 2011; Shelomi
et al. 2021). Tegtmeier et al. (2021) used an extended
spectrum of cultivation conditions to study the diver-
sity of physiological properties of endogenous BSFL
bacteria. They used different buffers or broth media to
prepare dilution series of BSFL homogenates which
were plated on different selective and non-selective
agar media. In contrast to other studies both, oxic and
anoxic incubation conditions were applied. They iso-
lated similar bacterial taxa as in the other studies but
recovered an expanded range of bacterial diversity
including some representatives of the less-abundant
phylum Actinobacteria and potential new genera of
anaerobic Clostridiales.

The aim of this study was to generate a culture
collection of abundant aerobic heterotrophic bacte-
ria representing members of the core gut microbiota
from BSFL larvae as a starting point to investigate the
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genetic potential of the BSFL core gut microbiota. To
extend the diversity of cultured gut bacteria a dilu-
tion-to-extinction enrichment cultivation approach
was applied beside a standard direct plating approach.
The dilution-to-extinction enrichment cultivation was
not yet applied to the cultivation of bacteria from the
gut of BSFL larvae. This approach was originally
introduced by Button et al. (1993) for the cultivation
of typical small abundant but slow growing oligo-
trophic marine bacteria which are normally outcom-
peted by fast growing bacteria by the direct plating
cultivation or which could not directly grow on an
agar plate surface due to the higher oxygen tension
there. For this approach, suspensions of environmen-
tal bacteria were directly serially diluted in an enrich-
ment medium which based on filtered marine water
which was supplemented with low amounts of com-
plex substrates as peptone (Button et al. 1993). After
several weeks of incubation, the enrichment cultures
of the highest positive dilutions were streaked on agar
plates containing the same media used for the enrich-
ment. This approach was later described as a minia-
turized dilution-to-extinction enrichment (Hoefman
et al. 2012). We applied this approach to culture espe-
cially abundant, but slow growing bacteria from the
gut microbiota or to culture gut symbionts that may
have a problem to grow directly on an agar surface
due to the high oxygen tension at the air agar surface
interface. In the second approach, a standard direct
plating approach, suspensions of the gut microbiota
were serially diluted in sterile 0.9% (w/v) sodium
chloride and plated directly on different agar media.
A broad range of morphological different colonies
was selected for the subsequent analyses. All obtained
isolates (pure cultures) were identified by 16S rRNA
gene sequencing (phylotyping) and differentiated at
the strain level (intra-phylotype diversity) by genomic
fingerprinting through BOX- and (GTG)s-PCRs
(genotyping).

Materials and methods

Sampling and gut dissection

Black solder fly larvae (BSFL) were supplied by the
Bio.S Biogas company (Grimma, Germany). The lar-

vae were reared for four weeks at 25 °C on commer-
cial chicken feed.

Larvae were incubated at — 20 °C for 10 to 15 min
to inactivate the larvae. Larvae were then surface-
sterilized by incubation in 5% (v/v) sodium hypochlo-
rite for 1 min and washed shortly in phosphate-buff-
ered saline (PBS pH 7.0) before dissection of the
guts. The dissection was carried out under the ster-
eomicroscope on a sterile glass slide under oxic con-
ditions. Each extracted gut was cleaned by washing
in autoclaved pure water. The guts were collected in
sterile 50 ml polypropylene tubes. Each of three sam-
ple replicates contained a pool of ten guts. Gut sam-
ples are shown in Supplementary Fig. S1. The guts
were resuspended in 10 ml of 0.22 um-filter-sterilized
0.2% (w/v) tetra-sodium-pyrophosphate (TSPP) and a
mechanical treatment in a Stomacher ® 80 Biomaster
(Seward Limited) was used two times for 1 min and
30 beats/s to detach bacterial cells from the gut mate-
rial. The bacterial cell suspensions were used to cul-
ture core gut bacteria.

Cultivation

Each of the resuspended gut microbiota samples
(three replicates, R1-R3) were used as inoculum
for the dilution-to-extinction cultivation and for the
direct plating approach. The cultivation approaches
were started immediately after the gut microbiota was
harvested. The procedure used for the direct plating
approach started with a tenfold serial dilution of 1 ml
of the cell suspensions in 0.9% (w/v) sodium chlo-
ride (NaCl). The dilution series was set up in glass
tubes until 10~*. Cell suspensions were always mixed
by vortexing. An aliquot of each dilution (100 pl)
was plated (from 10° to 10™*) on brain heart infu-
sion (BHI) agar (Difco), lysogeny broth (LB Lennox,
ROTH) agar, trypticase soy (TS) (Difco) agar (Roth),
Reasoner’s 2A (R2A) agar (Oxoid), and Muel-
ler—Hinton (MH) agar (Roth), respectively. All plates
were incubated for 2 days under oxic conditions in the
dark at 25 °C.

The dilution-to-extinction enrichment cultivation
was performed in 96-well plates (Greiner BIO-ONE)
using different media, half-concentrated R2A (Y2
R2A), R2A, LB, and TS broth.

The 96-well plate was pre-loaded with 180 pl ster-
ile broth per well. In the first row the broth media
were inoculated with 20 ul of the gut cell suspen-
sions. Each of the three gut suspensions were used as
a biological replicate once for each applied medium

@ Springer



824

Antonie van Leeuwenhoek (2022) 115:821-837

as inoculum. The inoculated media in the first wells
were serially diluted from A to H using a multichan-
nel pipette. Cell-medium suspensions were mixed
by pipetting up/down for 10 times and 20 ul of the
suspensions were transferred to the next well, where
mixing was repeated. The serial dilutions per sample
contained eight dilution steps. Plates were closed with
sterile plastic lids and incubated for 4 weeks at 25 °C
in a closed container with a wet tissue to avoid the
evaporation of the media. After this period of incu-
bation, 10 pl were removed from the individual wells
and were streaked on agar plates with the same media
as used for the enrichment cultivation. The remain-
ing samples in the 96-well plate were conserved at
— 20 °C after the addition of glycerol in a final con-
certation of 20% (v/v). Agar plates were incubated
for 2-3 days at 25 °C. Colonies with different mor-
phologies were selected from the different agar plates.
One to two inoculation loops full of fresh biomass of
purified strains were suspended in 1.4 ml u-bottom
push cap tubes (Micronic, Netherlands) with 250
or 500 pl Gibco newborn calf serum (NBCS, Ther-
moFisher Scientific) and stored at—20 and—80 °C
for long-term preservation. In parallel one inoculation
loop full of fresh biomass was resuspended in 100 or
500 pl molecular grade water (Roth) to obtain cell
lysates using the freeze—thaw method (Schauss et al.,
2015).

Genotyping

Genotypic differentiation (genotyping) of isolated
bacteria was performed by genomic fingerprinting
using BOX-PCR with primer BOX1AR (5'-CTA
CGG CAA GGC GAC GCT GAC G-3') (Versalovic
et al. 1994). Analyses were performed according to
Glaeser et al. (2013). For isolates which were iden-
tified as members of the genera Enterococcus and
Mammaliicoccus (see below) BOX-PCR gave insuffi-
cient results, hence (GTG)s-PCR was used according
to Glaeser et al. (2016) with primer (GTG);5 (5°-GTG
GTG GTG GTG GTG-3’) (Versalovic et al. 1994).
Genomic fingerprint patterns generated by agarose
gel electrophoresis (Glaeser et al. 2013) were com-
pared in BioNumerics version 8.0 (Applied Maths
N.V.). A similarity matrix comparing the individual
fingerprint patterns was calculated with the Pearson
product-moment correlation (Pearson correlation).
Cluster analysis was performed with the unweighted
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pair group method with arithmetic mean (UPGMA)
with 1% position tolerance and 0.5% optimization.
Isolates were assigned to one genotype if they shared
identical genomic DNA fingerprint patterns.

Phylogenetic identification by partial 16S rRNA gene
sequencing (phylotyping)

Representative isolates of each genotype were iden-
tified by partial 16S rRNA gene sequencing. The
primer system 8F (5'-AGA GTT TGA TCC TGG
CTC AG-3’) and 1492R (5'-ACG GCT ACC TTG
TTA CGA CTT-3') (Lane 1991) was used to amplify
the 16S rRNA gene as described previously (Aydogan
et al. 2020). PCR products were sequenced with the
Sanger method using primers 27F (5'-GAG TTT
GAT CMT GGC TCA G-3') and E786F (5-GAT
TAG ATA CCC TGG TAG-3'). PCR product purifi-
cation and sequencing reactions were performed by
LGC Genomics (Berlin, Germany).

DNA sequences were corrected manually using
MEGA 7.0 (Kumar et al. 2016) based on the elec-
tropherograms. Ambiguous positions at the 5" and 3’
ends of the sequences were removed. A first identi-
fication of the phylogenetic affiliation of the strains
was done by BLAST analysis against the EzBioCloud
database (Yoon et al. 2017) resulting in 16S rRNA
gene sequence similarities of closely related type
strains included in the database. Subsequently the
sequences were added to the phylogenetic tree con-
taining type strain sequences using the All-Species
Living Tree Project (LTP) (Yarza et al. 2008), data-
base releases 132 (June, 2018). Analysis was per-
formed in ARB release 5.2 (Ludwig et al. 2004). The
16S rRNA gene sequences were first aligned with
SINA v1.2.9 according to the SILVA seed alignment
(http://www.arb-silva.de) (Pruesse et al. 2012) and
imported into the LTP database tree using the parsi-
mony quick add marked sequences tool implemented
in ARB. The partial sequences were thereby placed
into the database tree without changing the overall
tree topology. The alignment of all sequences consid-
ered for phylogenetic analysis was checked manually
considering the secondary structure of the 16S rRNA.
A subtree containing the added partial 16S rRNA
gene sequences and a selection of reference strains
from the database tree was exported. For the defini-
tion of phylotypes additional phylogenetic analyses
were performed in MEGA 7.0 using partial sequences
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of the isolates and type strain reference sequences.
Sequences were aligned with ClustalW implemented
in MEGA 7.0. Analyses were performed separately
for different bacterial phyla. Alignments were cor-
rected manually. Pairwise sequence similarities were
determined in MEGA 7.0 with the p-distance method
without using evolutionary models. Phylogenetic
trees for phylotype assignment were constructed with
the Neighbour joining method using the Jukes Can-
tor Correction model. Trees were calculated consider-
ing 100 repetitions (bootstrap analysis). Isolates were
assigned to phylotypes which were defined by the
formation of monophyletic clusters within the phylo-
genetic tree which was supported by high bootstrap
values. Sequences present within one cluster shared at
least 99.0% partial 16S rRNA gene sequence similari-
ties among each other.

Seriation analysis

Seriation analysis was performed in PAST4.04 (Ham-
mer et al. 2001) to compare the occurrence patterns
of phylotypes within the different replicates cultured
by the two different cultivation strategies and in/on
the different media (Franco et al. 2020). Analyses
were based on an absence-presence (0/1) matrix using
the algorithm described by Brower and Kile (1988).

Results
Overview of cultured bacteria (phylotyping)

Bacterial growth was obtained by both cultiva-
tion strategies in, or on all applied media for the
investigated BSFL gut samples (three independent
pools of guts of ten larvae). All wells of the seri-
ally diluted samples (up to 107%) in the dilution-to-
extinction approach and all plated dilutions (up to
107°) showed bacterial growth. In total a collection
of 479 isolates (341 from the dilution-to-extinction
approach and 138 from direct plating) were cul-
tured from the different agar media. The isolates
represented the morphological diversity of abun-
dant colony morphologies grown on the agar plates.
Based on the 16S rRNA gene sequence analyses
the isolates were assigned to ten different genera of
Proteobacteria (Stenotrophomonas, Pseudomonas,
Alcaligenes, Proteus, Providencia, Morganella,

Serratia, Klebsiella/Enterobacter, and Brucella)
and four different genera of Firmicutes, all of the
order Bacilli (Bacillus, Enterococcus, Mammaliico-
ccus, and Lysinibacillus).

Isolates identified as Enterobacteriaceae (closely
related to Enterobacter/Klebsiella) represented the
largest proportion of isolates by both cultivation strat-
egies (49% and 37% by the dilution-to-extinction and
direct plating cultivation, respectively) (Fig. 1). The
most abundant taxa cultured by the dilution-to-extinc-
tion approach were Proteus (13%), Pseudomonas
(6%), Providencia (10%), and Morganella (8%) and
by the direct plating approach Morganella (22%),
Proteus (14%), Mammaliicoccus (9%), and Bacillus
(7%). Other detected taxa occurred with a low relative
abundance (0.3-4%).

Within the different genera, isolates were differ-
entiated into up to six different phylotypes per genus
which showed distinct clusters in the phylogenetic
trees (Fig. 2, Supplementary Fig. S2a—c). A total of
18 different phylotypes were detected throughout
this study. They all shared very high 16S rRNA gene
sequence similarities (>99%) to type strains of single
or partially several related species. Due to the high
16S rRNA gene sequence similarity among members
of the Enterobacteriaceae a phylotype differentia-
tion was not possible for the isolates closely related
to Enterobacter/Klebsiella. The strains were sum-
marized as an Enterobacteriaceae clade. Providencia
isolates represented two distinct phylotypes. Isolates
of the first phylotype clustered with the type strain of
Providencia stuartii and isolates of the second phy-
lotype with several other Providencia species type
strains with Providencia rettgeri as closest related
one. All isolates identified as members of the genus
Proteus belonged to one phylotype and clustered
with the type strain of Proteus mirabilis. Morganella
isolates formed one large cluster and were assigned
to one phylotype. The isolates showed highest 16S
rRNA gene sequence similarities to the type strains
of Morganella morganii subsp. morganii and Morga-
nella morganii subsp. sorbia. Isolates assigned to the
genera Serratia, Alcaligenes, Stenotrophomonas, and
Mammaliicoccus were always assigned to one phylo-
type and closest related to type strains of the species
Serratia marcescens, Stenotrophomonas maltophilia,
Pseudomonas aeruginosa, Alcaligenes faecalis, and
Mammaliicoccus sciuri (formerly Staphylococcus
sciuri).

@ Springer
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Stenotrophomonas phylotype 1 1 1 1
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Bacillus phylotype 2
Firmicutes| Lysinibacillus phylotype 1
Enterococcus phylotype 1
Enterococcus phylotype 2
LEnterococcus phylotype 3
Actinobacteria [Micrococcus phylotype 1

Fig.1 Overview of the bacterial genera cultured from gut
samples of black solder fly larvae (BSFL) by the use of two
different cultivation methods, dilution-to-extinction enrich-
ment cultivation and direct plating cultivation. A, B Genera
distribution according to the detected phylotypes from all iso-
lates cultured by direct plating (A) and dilution-to-extinction
cultivation (B). Values were calculated based on a total of 138
isolates for the direct plating (A) and 341 isolates for the dilu-

Bacillus and Enterococcus isolates were assigned
to two and three different phylotypes. These isolates
were closely related to the type strains of Bacillus
cereus, Bacillus siamensis, Enterococcus faecalis,
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Ul BRI

[Mammaliicoccus phylotype 1 1 1

tion-to-extinction cultivation (B). C Phylotype (defined based
on 16S rRNA gene sequence data, Fig. 2) distribution accord-
ing to the employed media (R2A, 2 R2A, TS, LB) and cultiva-
tion approaches. The numbers in C represent the numbers of
studied isolates derived from individual colonies. R1-R3 rep-
resent studied replicates. Each replicate represented a pool of
ten BSFL guts

Enterococcus mediterraneensis, and Enterococcus
durans/ Enterococcus avium, respectively.
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Fig. 2 Placement of the
16S rRNA gene sequenced
isolates into the type strain
tree provided in the LTP
database releases 132 (June,
2018) without changing the
tree topology. A Proteo-
bacteria. B Other phyla.
Analysis was performed in
ARB. Circles behind the
isolate numbers indicate the
applied cultivation method.
Acc. numbers of the 16S
rRNA gene sequences are
given in parenthesis. Blue
and green dots represent
the isolates obtained from
direct plating and dilution-
to-extinction approaches,
respectively. (Color figure
online)
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Fig 2 (continued) Micrococcus cohnii WS4601T (FR832424) Micrococcus
E Micrococcus luteus DSM 200307 (AJ536198 } phylotype 1

Micrococcus sp. 1_2_R2A_6B (OK012260) [ J
Enterococcus avium CIP 103 0197 (AF133535)
Enterococcus sp. gut_R2_R2A_10-4_3 (OK012255) @
Enterococcus raffinosus NCIMB 129017 (Y18296)
Enterococcus sp. gut_R1_R2A_10-3_6 (OK012252) @
Enterococcus sp. TS_20B (OK012254) @
Enterococcus sp. gut_R1_R2A_10-4_5 (OK012253) @
Enterococcus sp. gut_R3_TS_10-0_1A (OK012251) @

Enterococcus sp. TS_14A (OK012250) ®
Enterococcus casseliflavus (AF039903) phylotype 2
Enterococcus sp. LB_29B (OK012248) ®

Enterococcus faecalis JCM 5803 (AB012212)
Staphylococcus sp. gut_R2_LB_10-4_4 (OK012243) @
Staphylococcus sp. gut_R1_LB_10-1_4A (OK012241) @
Staphylococcus sp. gut_R1_R2A_10-3_4 (0K012242) @
Staphylococcus sp. gut_R1_LB_10-3_4A (OK012244) @
Staphylococcus sp. gut_R2_LB_10-2_1 (OK012245) @
Staphylococcus sp. gut_R1_LB_10-0_2A (OK012247) @

Staphylococcus sp. gut_R1 “BHI_10-1_1B (OK012246) @
Staphylococcus sciuri DSM 20345" (AJ427446)

Staphylococcus aureus subsp. aureus ATCC 126007 (L36472)
Staphylococcus lentus ATCC 290707 (D83370)
Staphylococcus stepanovicii 196" (GQ222244)
Bacillus sp. gut_R2_BHI_10-4_2 (OK012238)
Bacillus sp. gut_R1_TS_10-1_2 (OK012237) .
Bacillus sp. gut_R1_R2A_10-4_2 (OK012236) @
Bacillussp. gut_R2_R2A_10-3_5 (OK012235) @
Bacillus sp. gut_R2_TS_10-3_5 (OK012234) @
Bacillus nakamurai NRRL B-41091T (KU836854)
Bacillus tequilensis 10b™ (HQ223107)
Bacillus subtilis subsp. subtilis DSM10T (AJ276351)
Bacillus sp. 1_2_R2A_26A (0K012240) Bacillus
Bacillus sp. gut_R1_TS_10-1_1 (OK012239) @
Bacillus wiedmannii FSL W8-0169" (KU198626
Bacillus mycoides ATCC 64627 (AB021192)
Bacillus cereus ATCC 14579" (AE016877)

Lysinibacillus sp. TS_42A (OK012258) @
Lysinibacillus sp. TS_41A (OK012257) ®
Lysinibacillus xylanilyticus XDB9T (FJ477040)
Lysinibacillus boronitolerans 10a™ (AB199591)

Phylotype distribution

Seriation analysis showed that six different phy-
lotypes including phylotypes of the genera Pseu-
domonas, Alcaligenes, Providencia, Serratia, Bru-
cella, Micrococcus, and Enterococcus occurred
exclusively among the isolates cultured by the dilu-
tion-to-extinction cultivation while only the Mam-
maliicoccus phylotype was only cultured by the direct
plating approach (Fig. 2).

Genotyping

Genomic fingerprinting, BOX and (GTG)s-PCR
based patterns, enabled the comparison of the iso-
lated bacteria at a higher genetic resolution (strain
level). The analysis showed that the genetic diversity
of the cultured bacteria was higher than obtained by
the phylotype based differentiation. Genomic fin-
gerprinting indicated a high intra-phylotype based
genetic diversity (Fig. 3).

The highest genotype diversity was determined
for isolates assigned to the Enterobacteriaceae
clade and the genera Providencia, Enterococcus,

@ Springer
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phylotype 2
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Enterococcaceae and
Streptococcaceae

Staphylococcaceae

Bacilli and Tenericutes
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and Morganella (Fig. 4). Only isolates assigned
to the genera Mammaliicoccus, Alcaligenes, and
Serratia showed for all isolates identical genomic
fingerprint patterns within a phylotype, indicat-
ing genetically identity or clonality. Some geno-
types were isolated by both cultivation strategies
and from different media, while others were only
cultured from individual cultivation strategies and
individual media.

Specific observations

A high abundance of swarming bacteria, overgrow-
ing the colonies of other bacteria, were obtained
by the direct plating approach on TS, MH, and LB
agar, but not on R2A and half concentrated R2A
agar. On TS agar some bacterial colonies inhib-
ited the growth of the swarming bacterium in the
area around the colonies (Supplementary Fig. S3).
The swarming bacteria were identified as Proteus
spp. Genomic fingerprinting indicated that differ-
ent Proteus spp. seemed to be present in the BSF
gut (Fig. 4). The Proteus-inhibiting bacteria were
identified as Bacillus spp. closely related to the
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Fig. 3 Seriation analysis based on an absence-presence (0/1) matrix illustrating the presence of each phylotype/clade in all different
media through miniaturized dilution-to-extinction and direct plating approach

type strains of different Bacillus species includ-
ing Bacillus siamensis, Bacillus amyloliquefa-
ciens, and Bacillus velezensis. The 16S rRNA gene

sequence similarities to those type strains were
99.89-100.0%.

Discussion

The parallel application of two different strategies
for the cultivation of aerobic heterotrophic bacteria
from BSFL guts enabled the identification of a high
diversity of bacteria assigned to genera discussed as
members of a potential BSFL core gut microbiota
(Gorrens et al. 2021). The application of the two cul-
tivation strategies enhanced thereby the genetic diver-
sity of the cultured bacteria with more different phy-
lotypes and genotypes.

In our previous study we investigated the gut
microbiota of BSFL fed with the same substrate by
a culture-independent 16S rRNA gene amplicon
sequencing based approach (Cifuentes et al. 2020). In

that study nine genera were proposed as members of
a potential gut core microbiota, Providencia, Entero-
bacter, Bacillus, Enterococcus, Klebsiella, Morga-
nella, Dysgonomonas, Lachnospiraceae, and Actino-
myces. This was in accordance with other studies that
investigated the BSFL gut microbiota (Gorrens et al.
2021).

Here we were able to culture representatives of
six of those genera, Providencia, Enterobacter,
Bacillus, Enterococcus, Klebsiella, and Morganella.
Representatives of the other three genera, Dysgono-
monas, Lachnospiraceae, and Actinomyces, could
not be isolated. One reason may be that only aero-
bic cultivation conditions were applied. Members
of respective genera may require anaerobic cultiva-
tion conditions (Pramono et al. 2015; Feingold and
Meislich 2018). Similar observations were made in
the study of Tegtmeier et al. (2021). Dysgonomonas
were not mentioned at all in their study. However,
a successful isolation of Dysgonomonas under
anaerobic cultivation conditions was for example
reported for cockroaches (Vera-Ponce de Leodn et al.
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«Fig. 4 Genotyping of all identified phylotypes isolated from
BSFL gut microbiota, based on fingerprint pattern obtained
by genomic fingerprinting using primers targeting BOX and
(GTG); repetitive elements. (GTG)5-PCR was employed exclu-
sively with Mammaliicoccus and Enterococcus phylotypes.
Cluster analysis was performed in BioNumerics (Applied
Maths) using UPGMA clustering, based on a dissimilarity
matrices generated by the Pearson correlation. Bold isolates
were identified through 16S rRNA gene sequencing. Blue and
green dots represent the isolates cultured by direct plating and
dilution-to-extinction cultivation. (Color figure online)

2020). Tegtmeier et al. (2021) pointed out that they
were also not able to culture Lachnospiraceae and
Actinomyces however respective taxa were detected
in the culture independent community analysis of
the gut microbiota. None of the other studies that
cultures BSFL gut bacteria cultured those genera.

Bacteria assigned to six more genera that were not
defined as potential core gut microbiota but detected
through 16S rRNA gene amplicon sequencing of
the BSFL gut microbiota of larvae from the same
provider and fed with the same diet (Cifuentes et al.
2020) were also isolated here. The isolates were iden-
tified as members of the genera Proteus, Alcaligenes,
Mammaliicoccus, Micrococcus, Stenotrophomonas,
and Pseudomonas.

We performed a comparison to other studies that
isolated BSFL gut microbes (Table 1). Based on the
information given in the different publications bacte-
ria assigned to 37 genera were cultured from BSFL
guts. Members of two genera (Proteus and Entero-
coccus) were isolated in five studies including ours.
Four genera (Providencia, Morganella, Klebsiella,
and Bacillus), were cultured in four different stud-
ies including ours. Seven genera were isolated in
three different studies among those five which were
detected also in our study (Enterobacter, Alcaligenes,
Stenotrophomonas, Mammaliicoccus, Brucella). The
number of different detected genera ranged from just
three by Jeon et al. (2011) and Shelomi et al. (2021)
to up to 27 genera in the study of Tegtmeier et al.
(2021). The higher number of taxa cultured by Tegt-
meier et al. (2021) compared to our study (15 differ-
ent detected genera) may be linked to the inclusion of
anaerobic cultivation conditions by Tegtmeier et al.
(2021).

Members of Enterobacteriaceae
(Klebsiella/Enterobacter), Proteus, Providencia, Mor-
ganella, and Enterococcus were represented by several

isolates in our study. Representatives of those genera were
isolated in different studies from BSFL larvae reared under
different rearing conditions and using different cultivation
strategies (Callegari et al. 2020; Gorrens et al. 2021; Tegt-
meier et al. 2021). Only some hints are available for the
function of those bacteria in the BSFL gut. Feeding exper-
iments with different substrates and in parallel performed
gut microbiota studies indicated their role in the degrada-
tion of polymeric substances (Jiang et al. 2019; Gold et al.
2020; Mazza et al. 2020; Gorrens et al. 2021; Schreven
et al. 2021). The use of different cultivation or enrichment
media indicated the presence of specific enzymatic activi-
ties in respective taxa (Callegari et al. 2020; Gorrens et al.
2021; Tegtmeier et al. 2021).

The addition of BSFL isolates to the feed of BSFL
demonstrated that members of the BSFL gut micro-
biota, as bacteria of the genus Proteus enhance the
BSFL biomass production (Mazza et al. 2020; Son-
towski and van Dam 2020). BFSL based vermicom-
posting studies indicated the important role of Ente-
rococcus and Providencia strains in the BSFL gut due
to their complex carbohydrate-degrading enzymes
and nitrogen, hydrogen, and sulphur metabolism
(Jiang et al. 2019; Gold et al. 2020; Gorrens et al.
2021). Further studies indicated the potential capa-
bility of Providencia to digest xylan (Sontowski and
van Dam 2020) and an important role for enterococci
during the starvation process in BSFL (Yang et al.
2021). Despite the fact that Morganella was reported
as pathogen by some Diptera spp. (Sontowski and
van Dam 2020), members of the genus are frequently
found in high abundance in the gut microbiota of
healthy appearing BSFL (Table 1).

Different studies indicated that Providencia and
Proteus are involved in the hydrolysis of urea (Gold
et al. 2020; Klammsteiner et al. 2020). Klebsiella and
Enterobacter showed a strong correlation to nitrogen
fixation in Diptera species which significantly con-
tributed to the nitrogen uptake of the larvae (Behar
et al. 2005). Specific pectinolytic activities have been
recently attributed to Klebsiella spp. isolated from the
BSFL gut (Callegari et al. 2020; Gorrens et al. 2021).
Knowledge on the function of Dysgonomonas spp.
is only available from isolates cultured from other
insects. Those studies indicated an important role of
Dysgonomonas in the degradation of starch, pectin
and cellulose due to the abundance of carbohydrate-
active enzyme (CAZyme)-coding genes (Vera-Ponce
de Leodn et al. 2020).

@ Springer



832

Antonie van Leeuwenhoek (2022) 115:821-837

Table 1 Comparison of detected genera mentioned in studies which cultured gut bacteria from BSFL

Genera This study Jeonetal. Callegarietal. Shelomietal. Gorrensetal. Tegtmeier No. of studies

(2011) (2020)

(2021) (2021) et al. (2021)

Proteus X
Enterococcus
Providencia
Morganella
Klebsiella
Bacillus
Enterobacter
Alcaligenes
Stenotrophomonas

Mammaliicoccus

T T - B o
>

Brucella
Escherichia
Citrobacter

Pseudomonas X

T T B B T - - e B B

Micrococcus X
Lysinibacillus X
Acinetobacter
Vagococcus

Bordetella

Leucobacter

F T B e B

Myroides

Paenicaligenes X
Sphingobacterium

Serratia X

Pantoea X
Koukoulia

Corynebacterium

Rhodococcus

Dietzia

Kocuria

Brevibacterium

Microbacterium

Clostridium

Neglecta

Chryseobacterium

Rummeliibacillus

Glutamicibacter

Genera/study 15 3 21

E T T B

> Ea T B B B B

LT T R Lol B )

b B - R I o >
—m o e m e R e e e e e e e = R)ORND R DD RN NN NN W W W WW W WA RMNBMADNM O WL

Compared with the other three large collections
of the BSFL gut isolates (Callegari et al. 2020; Gor-
rens et al. 2021; Tegtmeier et al. 2021), Callegari
et al. (2020) and Tegtmeier et al. (2021), have the
most shared phylotypes with our study. The shared

@ Springer

phylotypes correspond to genera with low abundance
in our study as Mammaliicoccus, Alcaligenes, Steno-
trophomonas, Brucella, and Bacillus. Members of the
genus Bacillus and Stenotrophomonas were present in
high abundance in the study of Callegari et al. (2020).
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Their study indicated that Bacillus spp. are involved
in the breakdown of cellulose and starch while Steno-
trophomonas spp. are involved in the digestion of
casein due to pectinase and lipase activities.

Some of the genera that were cultured exclusively
by the dilution-to-extinction approach in our study,
like Micrococcus and Pseudomonas, were also cul-
tured by Callegari et al. (2020) and detected previ-
ously by our culture-independent 16S rRNA gene
amplicon sequencing approach (Cifuentes et al.
2020). The fact that in three studies that cultured
bacteria from the gut of BSFL, only Callegari et al.
(2020) and the present study have successfully iso-
lated Pseudomonas indicates that enrichment meth-
ods may be required for a successful cultivation of gut
associated Pseudomonas. In general, Pseudomonas
strains can be easily cultured on different complex
media (Palleroni 2015). However, here and in another
study of other insect guts (unpublished data) we
obtained specific subgroups of Pseudomonas which
were only culturable by the application of the dilu-
tion-to-extinction enrichment cultivation in liquid
medium and extended time of incubation. The reason
for this selective cultivability of some Pseudomonas
was not further studied yet.

The bacterial collection from Tegtmeier et al.
(2021) was obtained from BSFL of the same provider
as the BSFLs studied here. This may be one reason
why a high proportion of identical taxa were isolated
in both studies. Among those members of the genus
Lysinibacillus. Members of this genus were recently
correlated to an increase of the BSFL weight if they
were added as food supplement (Mazza et al. 2020;
Schreven et al. 2021).

Serratia spp. were cultured exclusively in our
study from BSFL guts (Table 1). Strains of this
genus were in our study exclusively cultured by
the dilution-to-extinction cultivation. Serratia spp.
were also cultured from gut samples of Diptera spp.
(Jang and Nishijima 1990; Zurek et al. 2000). They
are discussed to be on the one hand insect patho-
gens (Grimont and Grimont 1978), but also present
in healthy insects indicating a non-pathogenic inter-
action with those (Jang and Nishijima 1990; Zurek
et al. 2000). Serratia spp. in contrast are one of the
most frequently isolated genera from cockroaches
(Guzman and Vilcinskas 2020). Studies summarized
by Guzman and Vilcinskas (2020) also indicated
that they are normal members of the gut microbiota

of cockroaches because Serratia were isolated from
healthy, sick, and dead cockroaches, respectively.

Only a part of the studies that cultured BSFL gut
microbes provided 16S rRNA gene sequence data
of the identified bacteria which made a phylogenetic
diversity based study problematic.

Beside our study only Tegtmeier et al. (2021)
looked in some extend also to a higher genetic reso-
lution including genomic fingerprinting. Phylotyping
(16S rRNA gene sequence based analysis) and geno-
typing (genomic fingerprinting using e.g. BOX-PCR)
as performed here showed a higher genetic diversity
of BSFL gut bacteria than obtained by 16S rRNA
gene amplicon based studies. Amplicon data should,
due to the short sequence fragments obtained by
[lumina sequencing, just be used for a genus based
assignment of the gut microbiota.

The comparison between the available 16S rRNA
gene sequences of bacteria cultured by Callegari et al.
(2020) and Tegtmeier et al. (2021), showed that for
some genera different phylotypes were isolated in the
different studies (Supplementary Fig. S4). Accord-
ing to the phylogenetic tree (Supplementary Fig. S4),
more than one phylotype of Providencia was identi-
fied in our and other studies. The detection of differ-
ent Providencia spp. was also shown for the gut of
Diptera spp. (Kuzina et al. 2001; Toth et al. 2006).
The reason for the diversity of gut associated Provi-
dencia species is not yet known.

The detected members of the Enterobacteriaceae
clade represents a high number of possible species,
assigned to the genera Klebsiella and Enterobac-
ter. A distinction of members of this clade requires
at least a multilocus sequence analysis (MLSA) or a
core genome based phylogenetic analysis (Glaeser
and Kampfer 2015; Adeolu et al. 2016). Comparison
of Enterobacteriaceae clade isolates of this study and
those obtained by Callegari et al. (2020) and Tegt-
meier et al. (2021) indicated a high diversity of differ-
ent Enterobacteriaceae clade bacteria present in the
guts of BSFL already by the comparison of the 16S
rRNA gene sequences.

Species and strain specific variations were found in
the efficacy to support BSFL growth and substrate uti-
lization efficiency (Yu et al. 2011; Mazza et al. 2020).
Our study showed that for several genera different
phylotypes (potentially different species) and geneti-
cally different strains of the same phylotype (different
genotypes) could be isolated from BSFL gut samples
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dependent on the applied cultivation strategies. Due
to the limitation of the applied genomic fingerprint-
ing PCR techniques to intra-lab comparison it is not
possible to compare isolates from different studies to
check if genetically identical strains were present in
the guts of BSFL in different BSFL studies.

Several of the detected bacteria were closely
related to bacterial pathogens. Cultured representa-
tives are required for species assignment which is a
requirement for risk group assessment. Further on
isolates can be screened for pathogenicity factors or
used for infection experiments to understand if BSFL
associated strains indeed represent pathogens or just
phylogenetically related to pathogenic strains.

As Gold et al. (2020) pointed out, little is known
about specific functions and evolutionary adapta-
tion of the BSFL gut microbes. In vitro studies are
suggested to get more knowledge on the activi-
ties of those bacteria. Cultivation of gut and residue
microbes is a pre-requisite for such studies. Large
strain collections of gut microbes are required to
study species and strain specific traits in the rear-
ing process (Gold et al. 2020). Currently there are
no genome sequence based studies of BSFL gut
microbes available, which would explain either the
diversity or the common shared genes of BSFL gut
associated taxa, in general or of specific genera. It
may be possible that gut associated strains share spe-
cific gene sets which can explain their adaptation to
BSFL guts. That phenomenon was shown for Aero-
monas strains, which occur as one of the two domi-
nating gut symbionts in the gut of medicinal leeches
(Marden et al. 2016; Ott et al. 2016).

Conclusion

This study confirmed the findings of previous studies
that few taxa are repetitively detected by the analysis
of the gut microbiota of BSFL which seemed to be
members of a core gut microbiota. The strain level
based resolution performed in our study by genomic
fingerprinting of isolated gut bacteria indicated, that
the diversity of the gut microbiota within the abun-
dant taxa is much higher than indicated by the culture
independent 16S rRNA gene amplicon sequencing
studies. Our data enlarge the knowledge of the intra-
species diversity for BFSL gut bacteria, as it has been

@ Springer

reported before for other insect gut microbiota (Elle-
gaard and Engel 2016).

The application of different media and different cul-
tivation strategies has extended the genetic diversity
for different taxa. Especially the dilution-to-extinction
cultivation, originally developed for the cultivation of
abundant slow growing marine oligotrophs (Button
et al. 1993), extended the diversity of cultured bacte-
ria for BSFL gut microbes. If there are specific strains
within the abundant taxa that show different growth
behaviours and were therefore just cultured by the dilu-
tion-to-extinction approach must be further studied.

Strain collections are the first step to move on to
explore specific functions and the evolutionary adap-
tation of the cultured symbionts of the insect gut.
Comparative genomics of cultured BSFL gut bacte-
ria with representatives of the same taxa from other
insect guts or free-living or even pathogenic strains
must be the next step forward to determine genomics
traits linked to functional traits as metabolic capaci-
ties and evolutionary adaptation to the specific eco-
logical niches as the larval gut.
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