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Abstract

The larvae of black soldier fly (Hermetia illucens) (BSFL) can grow on a wide range of wastes. BSFL are known for
their capacity to reduce some pathogens, while their ability to eliminate spore-forming bacteria is less documented.
Fivewaste types were studied, three pure plant materials, and two complex waste containing animal proteins. Each
diet consisted of 3 g of wheat bran, added to 7 g of humid waste. We evaluated the effects of these diets on BSFL
growth, aswell as the natural contamination of thesewastes by two spore-forming pathogens: aerobic Bacillus cereus
group bacteria, including Bacillus thuringiensis or anaerobic, Clostridioides difficile. Next, we assessed the capacity
of BSFL to reduce B. thuringiensis or C. difficile inoculated at a concentration of 106 spores/g diet. After 3 and 7 days,
larval weight, spore counts in larvae and frass, and the humidity and pH were assessed. Only a few wastes naturally
contained B. cereus bacteria (105 CFU/g), while C. difficile was not detected. All diets, allowed healthy larval growth
but larval weight significantly depended on the waste. During the challenge tests, B. thuringiensis and C. difficile
were predominantly recovered as spores, and at similar concentrations across all diets and frass, while in the larvae
a small fraction was recorded as vegetative B. thuringiensis. Therefore, no significant spore reduction was observed
during bioconversion by BSFL. These findings underscore the importance of monitoring spore-forming pathogens
in both rearing diets and final larval products to ensure themicrobial safety of BSFL-based feed additives.
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1 Introduction

Large quantities of organic waste are generated by
human activities such as agriculture and industry. In
this context, some insect species have gained interest,
for their ability to thrive on low-value wastes (van Huis,
2020). One prominent example is the larva of Hermetia

illucens (L.) (Diptera: Stratiomyidae), commonly known
as the black soldier fly larva (BSFL). Thanks to their
unique physiology, BSFL can consume and develop on
a wide range of organic substrates, including agricul-
tural by-products, supermarket leftovers, food-wastes
and even manure (Wu et al., 2024). This bioconversion
process transforms waste materials into high-value lar-
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val biomasswhich serves as a sustainable protein source
to feed animals, particularly pigs, chickens and fishes
(Gold et al., 2018). Beyond their role as a feed addi-
tive, the residual material left after BSFL rearing, known
as frass, can also be purposed as an organic fertilizer,
further contributing to circular bioeconomy practices
(Lopes et al., 2022).

In Europe, regulations mandate that insects reared
for feed or food production must be raised on plant-
based materials. The use of animal by-products such
as catering waste, manure, or other leftovers contain-
ing animal proteins is strictly prohibited under Regu-
lation (EC) No. 1069/200. Despite this, further research
is needed to investigate alternative substrates for insect
rearing, supporting the development of a circular bioe-
conomy where waste from one process becomes a
resource for another one (Slorach et al., 2019). How-
ever, microbial risk, must be carefully monitored as
organic waste-streams, authorized or not, are known to
host a wide variety of microorganisms including poten-
tial pathogens. In addition, the hygienic quality of the
substrates used to feed insects plays a crucial role in
determining the microbiological safety of the resulting
products (van der Spiegel et al., 2013). For this rea-
son, proper hygiene and robust monitoring procedures
are essential to prevent the introduction of foodborne
pathogens, or more broadly any contaminants harm-
ful to humans or animals into the feed and food chain
via the insect larvae. The ability of BSFL to develop
on waste is influenced by the nutritional composition
and stability of the substrate during rearing. Indeed,
nutritional stability, in particular, is closely linked to
the microbial activity within these waste streams (De
Smet et al., 2018; Luparelli et al., 2022). Several studies
have explored the different nutritional value of waste
streams for BSFL growth (Barragan-Fonseca, 2017; Gold
et al., 2020), while others have focused on food safety
aspects, specifically assessing BSFL’s capacity to reduce
human bacterial foodborne pathogens.

The growth of BSFL has been studied across a variety
of waste streams, with a focus on the balance between
an optimal growth, healthy insects, and the use of low
value leftovers. BSFL requires a nutritionally balanced
feed starter, several studies referring to chicken feed as
a reliable option (Pinotti and Ottoboni, 2021). After the
initial feeding phase, one-week-old larvae can be trans-
ferred to other food sources, but maintaining an appro-
priate carbon-to-protein ratio around 2:1 (50%:25% of
dry matter) is critical to achievemaximum larvalweight
(Barragán-Fonseca et al., 2021). Likewise, the ideal sub-
strate moisture rate should range between 40 and 80%

(Nayak et al., 2024). Because organic waste streams and
food leftovers differ greatly across regions, due to vari-
ation in climate and local availability, the optimal lar-
val diet composition must be regularly adjusted. For
instance, fruits like apples or apricots may require sup-
plementation with protein and fibre, while protein-rich
feeds must be balanced with additional carbon and
fibre.

The microbial risk assessments of edible insect nat-
urally contaminated with pathogens (Aguilar-Toalá et
al., 2022; Brulé et al., 2024; Garofalo et al., 2019; Van-
deweyer et al., 2021) or artificially inoculated (Erickson
et al., 2004) have mainly focused on the yellow meal-
worm (Tenebrio molitor), the silkworm (Bombyx mori),
the cricket (Acheta domesticus) and the grasshopper
(Locusta migratoria), all of which are authorized for
human consumption in Europe. In contrast, BSFL is
not yet authorized for this purpose. BSFL have never-
theless a significant advantage over these species for
waste bioconversion, they are able to reduce the level of
several human pathogens like Escherichia coli, Staphy-
lococcus aureus, Salmonella and Enterococcus species
in their feeding substrates (Erickson et al., 2004; Gor-
rens et al., 2021; Lalander et al., 2013). However, reviews
by Brulé et al. (2024) and Vandeweyer et al. (2021)
highlight that spore-forming pathogens, such as Bacil-
lus cereus group bacteria and Clostridium perfringens,
are frequently detected in authorized processed insect
products. The counts of these pathogens in the sub-
strates remained stable or even increased, as demon-
strated for B. cereus (Moyet et al., 2023). Moreover, the
spores of these pathogens are highly resistant and there-
fore difficult to eliminate through conventional treat-
ments used in sanitation, like heating, freezing or drying
(Pakdel et al., 2023).

Most studies addressing pathogen fate have been
conducted in laboratory settings, by monitoring the
growth or persistence of a specific pathogen inoculated
into the insect rearing substrate (Gorrens et al., 2021;
Rehman et al., 2023). Such challenge-tests have mainly
been performed using non-spore-forming pathogens
(Erickson et al., 2004; Gorrens et al., 2021; Lalander et
al., 2013). Moreover, evaluating the potential of non-
authorized waste streams is essential, to assess their
efficiency as a feed source for BSFL growth and to ensure
microbial safety. Therefore, further research on these
aspects at multiple levels is required which we partly
address in the present study

Two spore-forming pathogens relevant to microbial
safety were chosen: a member of B. cereus group and
C. difficile. Indeed, the B. cereus group, includes several
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closely related and facultative aerobic species capable
of causing food poisoning. Some B. cereus sensu stricto
strains are of particular concern, as they have caused
foodborne-poisoning outbreaks in the community due
to toxins targeting the intestinal barriers (StenforsArne-
sen et al., 2008; Walia et al., 2018). Some B. cereus
strains also produce cereulide, a small and highly stable
toxin responsible for vomiting and more severe com-
plications in immune compromised individuals (Yang
et al., 2023). The B. cereus group also encompasses the
insect pathogen Bacillus thuringiensis, which can be
used as a Bio-larvicide to control agricultural insect pest
(Sanahuja et al., 2011). The latter can therefore be found
not only in treated fruits or vegetables but also naturally
in a non-treated environment (Byun et al., 2024), more-
over it has been incriminated in food poisoning (Bonis
et al., 2021).

We also studied C. difficile as a strict spore-forming
anaerobe and a major and orally acquired entero-
pathogen of both humans and animals. Long known
as a cause of healthcare-associated and post-antibiotics
diarrhoea and colitis (Smits et al., 2016), C. difficile is
now recognized as a One Health issue (Lim et al., 2020;
Rodriguez Diaz et al., 2018; Warriner et al., 2017). It can
cause infection in a wide range of animals, including
wild, farm, companion animals and horses (Petry et al.,
2025; Rodriguez Diaz et al., 2018). Moreover, the fecal
shedding of C. difficile spores, combined with the use of
manure as fertilizer, contributes to the wide contami-
nation of the environment (Rodriguez Diaz et al., 2018;
Warriner et al., 2017). C. difficile has been detected in raw
vegetables, salads (Bakri et al., 2009) (Eckert et al., 2013)
and potatoes (Tkalec et al., 2022) making them, as foods
or feeds, potential sources of transmission (Bolton and
Marcos, 2023; Borji et al., 2023; Candel-Pérez et al., 2019;
Rodriguez Diaz et al., 2018; Warriner et al., 2017). C. dif-
ficile vectors include invertebrates notably insects such
as houseflies, drain flies and yellow mealworms Tene-
brio molitor (Burt et al., 2012; Davies et al., 2016, 2017).
To date however, no study has examined the contami-
nation of BSFL by C. difficile.

In this study, we chose five wastes: three agricul-
tural food products (carrots, apricots and salad) and
two biowastes from supermarkets (GMS) or school
canteens (OMR). We assessed their ability to promote
BSFL growth and the bacterial persistence of inoculated
spores. As spore-forming opportunistic pathogens we
focused on B. cereus/B. thuringiensis and C. difficile. We
first evaluated their presence as natural contaminants
in each waste. Then we performed challenge tests, to
evaluate the ability of BSFL to reduce the load of spores

initially spiked into each waste. This research is of nov-
elty as it combines in a single study the evaluation of
BSFL potential for both the bioconversion of several
waste types and the reduction of two spore-forming,
human and animal opportunistic pathogens in these
wastes.

2 Material andmethods

Insect rearing and assay conditions
This study utilized black soldier fly Hermetia illucens
(Diptera: Stratiomyidae) larvae (BSFL) reared at Bio-
MiMetiC (Boulbon, France; https://www.biomimetic.fr
/uk/index.html). The larvaewere delivered to the INRAE
laboratory at Jouy-en-Josas at the juvenile stage housed
in a container containing chicken feed. For growth
assays and the bacterial challenge tests, larvae weigh-
ing 5 mg each were selected. Experimental conditions
included incubation at 28 °C in darkness with a relative
humidity (RH) of approximately 70%.

Preparation of tested wastes
Five different waste-substrates, were selected as BSFL
feed sources (Figure 1A). Three were “left-over agri-
cultural production” bio-wastes: apricot, raw carrots
and salad, all of which may have been exposed to
soil microbes or to Bacillus thuringiensis-based bio-
insecticides. They were obtained through the company
BioMiMetiC. Two additional complex bio-wastes, made
of mixed food ingredients and originating from super-
markets waste (GMS) and school canteens leftovers
(OMR) were provided by PAPREC (Avignon, France).
A standard wheat bran diet was used as a reference
diet and as a supplement to the tested wastes in order
to optimize nutritional balance and structural quality
of the diet for BSFL rearing, as per BioMimetiC’s rec-
ommendations. To prepare the substrates, kernels were
removed from apricots and all wastes were homoge-
nized and incubated for seven days at 28 °C to allow
spontaneous fermentation by their endogenous micro-
biota. This step was recommended in order to stabilize
the substrate through partial consumption of the sub-
strate by the natural microbiota (Quan et al., 2023).
Fermentation occurred in 1-litre plastic boxes closed
with a lid inwhichwas inserted a Pasteur glass pipette to
ensure gas removal. Following fermentation, 30 grams
aliquots were frozen at −20 °C until used in the exper-
imental trials (Figure 1A). To ensure a humidity level
of 60-70% RH in the final diets, each substrate was
adjusted to 95% humidity of which seven grams were
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Figure 1 Schematic representation of waste substrate preparation (A) and experimental trial set-up and sampling method for pH,
humidity, larval growth and bacterial counts in challenge tests with or without B. thuringiensis and C. difficile inoculated into
waste-based diets (B).

mixed with three grams of dry (13% RH) wheat bran.
Substrates after fermentation are referred to as “sub-
strates” and those supplemented with 3 gram of wheat
bran, as “diets”.

Preparation of Bacillus thuringiensis and
Clostridioides difficile spores and detectionmethods
Bacillus thuringiensis serovar Kurstaki strain HD73 (Bt
HD73-Cry), which is acrystalliferous, was chosen as a
representative strain of the Bacillus cereus group. This

strain has been cured for the cry-toxin gene carrying
pHT73 plasmid (Wilcks et al., 1998) and transformed by
electroporation with plasmid pHT315Ωerm, conferring
erythromycin resistance (Arantes and Lereclus, 1991).
This allows to select the strain on Erythromycin 15 μg/ml
LB agar plates (LBE15). In this study referred to as
BtHD73.

Spore preparation involved culturing the strain in
50 ml of HCT liquid medium, in a 500 ml Erlen flask,
containing 0.3% glucose and 15 μg/ml erythromycin for
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68 hours at 30 °C and 200 rpm until the sporulation
was achieved; the final OD600 nm of the culture was 6.1,
measured using a 1:10 dilution. After centrifugation at
6000 rpm, the supernatantwas discarded and the pellet
was resuspended in 5 ml of water. The suspension was
then heated for 12 min at 80 °C, centrifuged for 10 min
at 6000 rpm and the spore pelletwaswashed twicewith
sterile water and finally resuspended in 1.5 ml of sterile
water and stored at 4 °C. The measured spore concen-
trationwas 3.3 × 108 CFU/ml.

C. difficile strain CdE-18 is non-toxigenic and had
been isolated from the caecum of a necropsied foal
(Petry et al., 2025). CdE-18 was grown at 37 °C under
anaerobic conditions (90% N2 5% H2 5% CO2) in
a rich BHIS medium (BHI supplemented with yeast
extract and cysteine). Spores were prepared as previ-
ously described (Edwards and McBride, 2016). Briefly,
CdE-18 was first grown over night in liquid 70:30 broth
(70% BHIS and 30% sporulation medium) (Edwards
and McBride, 2016). An aliquot of this culture (100 μl)
was spread onto a 70:30 agar plate and grown for 10
days. Bacteria were recovered, resuspended in 500 μl of
PBS (1×), and heated for 30 min at 65 °C to eliminate
vegetative cells. Spores were washed and resuspended
in PBS twice, and finally stored at 4 °C. The concen-
tration of CdE-18 spores was determined to be of 9.0 ×
108 CFU/ml by plating serial dilutions on either BHIS
agar supplemented with taurocholate (1 g/l) or Chro-
mID (Biomérieux, Lyon, France).

Initial detection of B. thuringiensis/B. cereus and C.
difficile in substrates and larvae
The natural microbiota of fermented substrates, wheat
bran and juvenile larvae were analysed for the pres-
ence of B. thuringiensis/B. cereus or Cd using a selec-
tive medium specific for each species. Substrates (2.5 g
of each) were first crushed, resuspended in 25 ml of
physiological water, heated or not for 10 min at 80 °C,
and then serially diluted. For larval analysis, five larvae
(5 mg each) were surface cleaned inwater, cooled on ice
and homogenized with a pestle in an Eppendorf tube
of 1.5 ml containing 500 μl of cold physiological water,
and finally serially diluted (1:10 dilutions) to detect B.
thuringiensis/B. cereus, whichwere numerated on either
LB-agar supplemented with E15 μg/ml or COMPASS®
plates (Bacillus Plus Agar, BIOKAR, Grosseron Couëron,
France).

To identify for Cd, aliquots of homogenized suspen-
sions of larvae or substrates, were plated onto Chro-
mID (Biomérieux, Lyon, France), but no Cd colonies
could be detected in any of three 100 μl samples of

these suspensions. As Cd might be present in very
low amounts, we then tried to improve recovery either
by spore concentration or by an enrichment step in
liquid culture. For spore concentration, each sample
was first transferred into a special bag, diluted in PBS
and homogenized (BagMixer, Interscience) to collect
the liquid phase, from which spores were concentrated
by ethanol precipitation. For the enrichment step, an
aliquot of crushed larvae or substrates was inoculated
into a rich liquid medium: BHIS supplemented with
taurocholate at 1 g/l (to promote spore germination),
and d-cycloserine at 250 μg/ml and cefoxitin at 8 μg/ml
(OXOID) (to counter-select many enteric bacteria), and
incubated under anaerobic conditions for several days
to allow vegetative growth. An aliquot of this culture
was then plated onto ChromID.

Molecular identification of some endogenous species
from substrates or larval microbiota
After growth of substrates or larvae aliquots on LBE15
plates under aerobic conditions or on ChromID plates
under anaerobic conditions, we observed colonies
whose phenotypes (morphology, colour, growth rate)
differed from prototypal colonies of B. cereus or Cd
strains. For non-Cd growth colony on ChromID, for each
diet and for larvae, we chose a representative colony of
each phenotype for molecular identification. After DNA
extraction using InstaGene® Matrix (Bio-Rad) as recom-
mended, the conserved V3-V4 region of their 16S rRNA
intergenic region was amplified using the following
primers: 5′-CTTTCCCTACACGACGCTCTTCCGATCTAC
GGRAGGCAGCAG-3′ and 5′-GGAGTTCAGACGTGTGC
TCTTCCGATCTTACCAGGGTATCTAATCCT-3′, and se-
quenced as described in Poirier et al. (2018). A blastn
search (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROG
RAM=blastn&PAGE_TYPE=BlastSearch&LINK_LOC
=blasthome) was subsequently performed to identify
the corresponding species.

Relative humidity and pH of substrates
Prior to the larval feeding experiment, themoisture con-
tent of each substratewas adjusted to 95%RHby adding
sterile water before wheat bran supplementation to
achieve a final RH of 60-70%. The final substrates/diets
precise relative humidity (%RH) was determined gravi-
metrically by measuring the gravimetric weight loss
after drying at 28 °C until stabilization. For this pur-
pose, one gram of diet (substrate + wheat bran) at D0
or frass (D3 and D7) was weighted from each cup and
maintained at 28 °C in a half-open Petri dish for approx-
imately 4 days until no variation of weightwas observed.
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Figure 2 BSFL growth on different diets. The individualweights inmg of ten larvaewere recorded at day 3 and day 7 for each diet (n = 20
per diet). Box and whisker plots, presenting theminimum, first quartile, the median, the third quartile, andmaximum values
(weight of the larva in mg) are shown. Pairwise comparison using theWilcoxon rank test (Mann-Whitney test) was applied
between all diets. Only significant differences are indicated: *p < 0.05; **p < 0.01; ***p < 0.001. Note that the scale differs
between Day 3 andDay 7 to accommodateweight variation. Theweight gainwas significantly diet depend for several diet types.

The pH was determined directly in ten grams of diet
or frass using a calibrated pH-meter (Hanna 210) and
a probe (Mettler Toledo LoT406-M6-DXK-S7/25).

Challenge test set-up for themonitoring of larval
growth and of Bt HD73/CdE-18 persistence
The experimental protocol setup (Figure 1B) was de-
signed to measure different parameters in a single run.
These included the weight of BSFL after growth on the
different diets and the persistence of the two pathogens
(Bt HD73 and CdE-18) within the larvae, their frass and
in the diets without larva (control 2). The five waste
substrates combined with wheat bran (diets) without
contamination were also subjected to identical experi-
mental conditions (control 1) for comparison.

Growth andweight gain of BSFL without or with added
spores
Sterile plastic cups (60 ml, Qualibact®, Labelians,
France) were prepared by drilling five 2-mm-diameter
holes in the lids to facilitate air circulation. Each cupwas
filled with 7 g of substrate (95% RH), prepared immedi-
ately after thawing, and 3 g of wheat bran (13% RH),
and thoroughly mixed with a spatula to obtain a total
of 10 g of diet. The initial humidity of all diets including
the control (wheat bran alone) was adjusted to 70%.Ten
larvae, previously fed on chicken feed until Day 0 (D0),
and each weighing 5 mg, were placed in each vial con-
taining 10 grams of one the different diets or the control.

All vials were placed in an incubator set at 28 °C. To
evaluate the influence of the five diets on larval growth
(Figure 2), two replicate vialswere prepared per diet and
used forweighing the larvae: one sampled onDay 3 (D3)
and the other onDay 7 (D7). To assesweight gain, larvae
were recovered from the diets, rinsed with sterile water
to remove any frass sticking to the teguments, dried on
absorbent paper and individually weighed. The control
diet consisted of wheat bran only.

Evaluation of the effect of supplementing OMR and
GMSwith wheat bran
Ten larvae, eachweighing 5mg, were reared for 7 days in
vials containing 10 g of one of the following diets: 100%
wheat bran (control), pure OMR or GMS substrates or
OMR or GMS substrates supplementedwith 30%wheat
bran. (Figure 3)

Effects of B. thuringiensis (Bt HD73) or C. difficile
(CdE-18) on larval growth
Ten 5-days-old BSFL, each weighing 5 mg, were placed
at Day 0 (D0) on vials containing 10 g of food (7 g of a
given substrate + 3 g of wheat bran) contaminated or
not with spores (Figures 1 and 4). Spore preparations
(see below) were mixed thoroughly into the diets to
ensure even distribution and achieve target final spore
concentration of about 106 CFU/g of any diet. The exact
final concentration of the inoculum, for each experi-
ment, was verified by plating on selective media. At Day
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Figure 3 Role of wheat bran addition to OMR and GMS waste substrates. Bar plots depicting BSFL weight (in mg) after 7 days with or
without 30% wheat bran, compared to a 100% wheat bran control diet. The experiment was performed in duplicate and the
data presented reflect themeasurements of the individual larval weight of 20 larvae (n = 20) for each substrate/diet. Pairwise
comparison using theWilcoxon rank test (Mann-Whitney test) was applied between all diets. Only significant differences are
indicated: *p < 0.05; **p < 0.01; ***p < 0.001.

Figure 4 Impact on larval growth by the presence of Bt HD73. Box and whiskers plots of BSFL weights recorded from six different diets,
with orwithout inoculation with BtHD73, at Day 3 and Day 7. 10 larvaewereweighted at each condition, (n = 40 per diet type).
Statistical analysis presenting, the minimum, first quartile, themedian, the third quartile, and themaximum values (weight of
the larva in mg are shown). Pairwise comparison using theWilcoxon rank test (Mann-Whitney test) was applied between
control (wheat bran diet) andwaste diets at Day 3 and at Day 7. Significant difference was only recorded for pure wheat bran
(***p < 0.001) and non-significant (p ≥ 0.05) for the others, indicating that the presence of BtHD73 did not influence on larval
growth in thewaste-based diets.

Journal of Insects as Food and Feed 12 (2026) 967–983
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0 (D0) the Bt HD73 or CdE-18 spore counts were con-
sistently close to the targeted level, at approximately
(3-5) × 106 CFU/g in diets. Two vials per condition were
incubated at 28 °C and larvae were weighed on Day 3
(vial 1) and Day 7 (vial 2) as for the vials without spores
Wheat bran alone served as the control.

Inoculation of BtHD73 and CdE-18 spores into BSFL
diets for challenge tests
For the challenge tests, the initial suspensions of Bt
HD73 (3.3 × 108 CFU/ml) or CdE-18 spores (9.0 × 108
CFU/ml) were diluted 1:10 in physiological water and
an aliquot of this dilution (300 μl) was added to 10 g
of each diet and thoroughly mixed with a spatula. Bt
HD73 spores were inoculated into all five diets at a final
concentration of 3.5 × 106 CFU/g, exceeding the initial
contamination levels (approx. 105 CFU/g) of B. cereus
group bacteria initially found in fermented GMS and
OMR substrates (see results below). CdE-18 spores were
added to carrot andOMR diets at a similar final concen-
tration (measured to be of 2.8 × 106 CFU/g carrots).

Monitoring of BtHD73 and CdE-18 in substrates, frass
and larvae
The total viable counts (vegetative cells + spores) and
spore counts were determined before and after heat
treatment (10min at 80 °C) of the diets, frass or crushed
larvae samples. Bacterial counts (CFUs) were deter-
mined through serial 10-fold dilution and plating. For
diet and frass, 500 mg (in triplicate) of each diet/frass
sample was mixed with 500 μl of physiological water.
For larvae, groups of three larvae were cooled on ice,
surface sterilized with 70% ethanol, rinsed with sterile
water. Larvae were then cut in small pieces with fine
scissors, placed into 1.5-ml Eppendorf tubes contain-
ing either 500 μl (D3) or 800 μl (D7) cold physiological
water and homogenized with a plastic pestle. The final
volumes and the weight of the larvae were taking into
account to determine the dilution rate and CFU per
gram. Three replicates were performed for each sam-
ple type (diet, frass) and each group of three larvae (per
diet) at each time point.

Each suspension (from diets, frass and larvae) was
analysed in two ways: first, serial dilutions of the
unheated suspensions, were plated to determine total
CFU counts (spores + vegetative bacteria) then the same
tubes were heat-treated (80 °C for 10 min) to quantify
spores only. The serial dilutions were plated on differ-
ent selectivemedia: LB E15 and COMPASS® Bacillus Plus
Agar (BIOKAR) for Bt HD73 and ChromID for CdE-18.
COMPASS® plates enabled detection of B. cereus group

bacteria, which appeared as blue/green colonies with a
specific morphology.

Data analyses
Larval weight gain of BSFL across different diets was
analysed using the Kruskal-Wallis test to assess over-
all differences and evaluate whether the larval weight
from one diet was different from the weight in another
diet. Diets were tested with either 10 larvae (as shown
in Figures 2 and S1) or 20 larvae (Figure 3). Weights
were recorded at D0, D3, and D7. For comparisons
between diets, the Mann-Whitney pairwise test was
employed. Graphical data visualizations were gener-
ated using RStudio software with the ggplot2, ggpubr
and ggpatern libraries. Data are represented as box and
whiskers plots, showing the minimum, first quartile,
median, third quartile, and maximum larval weight val-
ues (in mg). To monitor Bt HD73 or CdE-18 contamina-
tion levels in diets, frass or larvae over time, three repli-
cates of each sample type (three replicates of 500 mg
of diet or frass and three replicates of three larvae
(n = 9) were sampled on D3 and D7). CFU counts were
expressed per gram of diet, frass or larvae, respectively.
Due to small sample sizes per condition (<5 per group),
statistical comparisons were not optimal on individual
diets, instead, boxplots were used for graphical repre-
sentation of CFU data. Meanwhile a test on the CFU
counts (total and spores only) for all five diets gath-
ered at D3 or at D7 were compared, (15 values) and
the Kruskal-Wallis-test were performed to evaluate the
presence of the vegetive form in diet, larvae and frass.
(Figure S4, shows results on CFU in larvae).

3 Results

Measurement of the substrate pH and humidity
variation during the experiment
BSFL can tolerate high relative humidity (RH) condi-
tions, with optimal development occurring between 60
and 70% RH (Barragan-Fonseca, 2017). In this study, the
initial RH of the five diets (7 g waste and 3 g wheat
bran) and of the control substrate (wheat bran alone)
was adjusted to between 57 and 67 RH% at day 0 (D0).
The rearing temperature was maintained at 28 ± 2 °C.
Throughout the experiment, pH and RH% were mea-
sured on days 0, 3 and 7 for all substrates.

pH evolution over time
At D0, all substrates, except for wheat-bran (pH 5.9)
and salad (pH 5.2) had initial low pH levels. Apricot
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and OMR exhibited the most acidic conditions with ini-
tial pH values of 4.2 and 4.5, respectively. By day 7, in
the presence of the larvae, pH values increased substan-
tially exceeding 7.0 and up to 9.1 for wheat bran at day
7 in all the diets/frass, indicating that the larval activity
had an alkalizing effect across all substrates (Table S1).
In contrast, substrates maintained without larvae dis-
played minimal pH increases, highlighting the role of
larval metabolism in modifying the chemical environ-
ment (Table S1).

Humiditymonitoring
Moisture content of the diets and frasswasmeasured by
incubating three 500 mg samples of each diet (or frass
when larvaewere present) atD0, D3 andD7 and at 28 °C
with circulating air until no furtherweight variationwas
observed. The final dry matter content was used to cal-
culate the diets/frass RH. The results showed that the
moisture content remained relative stable throughout
the experiment, consistently above 56% RH in all cases.
In some diets, RH slightly increased to as high as 75-
77%by day 7, particularly in dietswith larvae (Table S2)
suggesting that this increase may be attributed to larval
activity and substrate mixing which may help to main-
tain or even slightly elevatemoisture levels in the tested
conditions (cups with caps/small holes). In contrast,
diets without larvae maintained constant RH through-
out the trial.

Impact of the five waste diets on BSFL growth
This experiment aimed to evaluate the influence of the
five substrates on larval growth bymeasuring theweight
of BSFL reared on these substrates. Larvalweight served
as an indicator of development and substrate suitabil-
ity for BSFL rearing. Three substrates were composed of
unsold fruit and vegetables (apricots, carrots and salad),
while the other two consisted of food leftovers from
school canteens (OMR) and supermarket (GMS). Day
0 (D0) marked the start of the experiment when the
larvae were placed on diets. To minimize disturbance,
the vials and their content were not opened or manip-
ulated before to be analysed. The results showed that
the larvae grew well regardless of the diet, as their ini-
tial weight of 5 mg larvae increased significantly over
the course of the experiment. At day 3 (D3) the aver-
age medium weight of a larva was from 20-45 mg and
between 101-166mg at day 7, depending on the diet. Sta-
tistical differences (p values) observed between them
are shown in Figure 2. Larvae reared on diets contain-
ing animal protein (OMR andGMS substrates) exhibited

significantly higherweights by D7 compared to those on
other diets, especially with respect to apricot.

Impact of adding wheat bran to OMR and GMS
substrates on BSFL growth
This experiment evaluated the effect of supplement-
ing OMR and GMS waste-stream substrates with 30%
wheat bran on BSFL growth. Larvae were reared for 7
days on the five diets compositions: control diets of 7 g
pure wheat bran, OMR, GMS (adjusted to ≈70% humid-
ity) or OMR (95 RH%) + 3 g wheat bran, or GMS (95
RH%) + 3 g wheat bran. The results presented in Fig-
ure 3 indicate that larvae fed with pure OMR or GMS
substrates showed significantly reduced growth perfor-
mance compared to thewheat bran control. Specifically,
larval biomass was reduced by 47 and 31% for OMR
and GMS, respectively. Among all tested diets, OMR
yielded the poorest results in terms of larval biomass
production. On the other hand, adding three grams of
wheat bran to the OMR and GMS substrates signifi-
cantly improved larvalweight. Larvae reared on the sup-
plemented diets achieved a biomass increase of 40%
(OMR +wheat bran) and 58%(GMS +wheat bran) com-
pared to the wheat bran control. These findings align
with the outcomes of the growth assays (Figure 2), rein-
forcing the beneficial impact of wheat bran supplemen-
tation in enhancing larval growth.

Impact of diets spiked with Bacillus thuringiensis
(BtHD73) on BSFL growth
Organic waste streams, including the authorized ones,
can potentially harbour a wide range of harmful micro-
organisms. To investigate the behaviour and effects of a
spore-forming bacterium during bioconversion of con-
taminated substrates by BSFL, we inoculated the five
diets with B. thuringiensis. Larvae fed on those diets
were monitored to determine whether the pathogen
impacted BSFL growth as compared to the uncontam-
inated control. An overview of these experimental con-
ditions is provided in Figure 1B. For this experiment,
and for each diet, two different rearing conditions were
tested: diet with larvae but without pathogen, and (ii)
diet inoculatedwith the pathogen andwith larvae.

The results, presented in Figure 4, indicate that BSFL
weight gain was not affected by the presence of B.
thuringiensis. This suggests that the presence of BtHD73
did not have a significant negative or positive effect on
BSFL growth characteristics. However, larval weights at
Day 7 (D7) were significantly higher (p < 0.001), in
wheat bran compared to others. In contrast, the effect
on larvae fed with waste-based diets was marginal and
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statistically non-significant. This finding is further sup-
ported by supplementary Figure S1 (growth with con-
tamination) in comparison to Figure 2 (growth without
contamination) where pairwise comparison were con-
ducted among the various substrates.

Search for B. cereus and C. difficile in BSFL intestinal
microbiota or in substrates
As a control before the challenge testswith BtHD73 and
CdE-18 in BSFL, we examinedwhether themicrobiota of
juvenile BSFL and waste substrates contained B. cereus
group bacteria or Cd or other species able to grow under
the same conditions as those chosen for the challenge
tests: (i) on LBE15 or COMPASS® under aerobiosis for B.
thuringiensis and (ii) on ChromID under anaerobiosis
for C. difficile.

The natural presence of B. cereus group bacteria in
juvenile BSFLwas investigated by spreading crushed lar-
vae on LBE15 agar plates. The results revealed the pres-
ence of endogenous aerobic, erythromycin-resistant
bacteria at a concentration of 108 CFU/g. After heat
treatment, the bacterial concentration dropped to 104
CFU/g, indicating the presence of both erythromycin
and heat-resistant colonies, which might be spore-
formers. However, none of them were B. cereus/B.
thuringiensis colonies based on their colony morphol-
ogy and their lack of growth or coloration on the selec-
tive COMPASS® Bacillus Plus Agarmedium. To the oppo-
site none of the five tested fermented substrates (apri-
cot, carrot, salad, OMR orGMS) contained erythromycin
resistant colonies, no growth on LB E15. When plated
on the selective COMPASS® medium, Bt/Bc-like colonies
were detected at a concentration of 105 CFU/g sub-
strate for OMR and GMS but not recorded in the other
substrates even in 100 μl of a 10−1 dilution of the suspen-
sion on heated sample. In addition, other small colonies
with bluish centers and a with a morphology different
from BtHD73 were detected on COMPASS® plates No
further characterization of non-B. cereus colonies was
performed.

We also tested whether endogenous C. difficile or
other species with similar growth requirements could
belong to BSFL or diet microbiota. No C. difficile colo-
nies, which are characterized by an irregular shape, a
tar-like smell and in most cases, a black color on Chro-
mID, could be identified in any case, evenwhen 100 μl of
each concentrated sample (by ethanol precipitation, see
materials and methods) were directly plated on Chro-
mID. This indicated that Cd was not present or unde-
tectable (10−1-100 CFU/g diet). Yet, black colonies of
regular shapes and of two different sizes in the case

of OMR could be detected at a level of approx. 100-101
CFU/g OMR or GMS and of approx. 104 CFU/g salad.
After having sequenced the conserved V3-V4 region of
their chromosomal 16S rRNA intergenic region, they
were identified as: (i) Clostridium sartagoforme in larvae,
(ii) Clostridium butyricum in salads, GMS andOMR sam-
ples, and (iii) Paenibacillus spp in OMR samples (small
colonies of delayed growth), these species are spore-
forming anaerobes, and specifically strict or facultative
anaerobes for the first two and for the latter, respec-
tively.

Monitoring and behavior of BtHD73 in diets, larvae
and frass following spiking of the diets
Next, we investigated the persistence and behaviour
of BtHD73 spores, in the five diets during rearing and
under a high contamination scenario. Our aim was to
determine whether the Bt HD73 strain introduced at
D0 persisted as spores (heat-resistant forms) or transi-
tioned to a metabolically active vegetative cells after 3
and 7 days. This assessment was carried out for diets
both in the absence of larvae and in vials containing
larvae. In the latter case, we analysed the diet, the lar-
vae, and the frass (a mixture of leftover substrate, exu-
viae, and faeces). The results of thesemeasurements are
presented in Figure S2. Although having only three val-
ues per condition (each diet) the statistical tests were
performed but no significant differences between spore
and total count was found in any of the diets during
the experiments in both larvae, diet, and frass, because
of the low number of samples per diet. Meanwhile,
when data from the five diets were grouped, meaning
15 values per diet/ per day (D3 or D7), significant dif-
ferences (pairwise Wilcoxon rank test) were found for
some. In the case of larvae, p-values of 0.0023 (signifi-
cant, p < 0.01) atD3 and 0.0250 (significant, p < 0.01) at
D7 were recorded. For diets without larvae, the compar-
ison results in p-values of 0.690 (NS) at D0, 0.468 (NS)
at D3 and 0.028 (significant, p < 0.05) at D7 in frass
non-significant differences were obtained as p-value of
0.0626 at D3 and 0.686 at D7 were recorded. These
results indicated that only in the larvae a small fraction,
about 1 log, was found as vegetative BtHD73 bacteria
(less heat resistant form) see (Figure S3). Moreover, no
significant reduction in spore counts was observed in
either the larvae (Figure 5A) or frass (Figure 5B) after
inoculation with BtHD73 spores, even after 3 or 7 days
of incubation. In all conditions and for all diets, whether
with or without BSFL, the spores consistently remained
at their initial inoculation levels of inoculation, and the
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Figure 5 Dynamics of BtHD73 in larvae and in the frass on D3 and D7. Black boxes, total HD73 (vegetative cells+ spores); grey boxes,
HD73 spores For each diet and time point, three replicates of three larvae (A) or three replicates of frass (B) were performed.
The y-axis represents CFU/g diet on a logarithmic scale ranging from 4 log to 7 log. Box and whisker plots, presenting the
minimum, first quartile, the median, the third quartile, and the maximum values (CFU/g), are shown. With only three values by
condition (diet/day) the statisticalWilcoxon rank (Mann-Whitney test, showed no significant differences between total counts
and spores only.

small increase in total CFU count for the larvae was due
to the presence of the vegetative form.

Growth of BSFL andmonitoring of CdE-18 in larvae
and diets
We monitored the growth of juvenile larvae on two
diets, carrots or OMR, after their inoculation or not
by CdE-18 spores, at a level similar to that used for B.
thuringiensis spores (approx. 106 CFU/g). There was no
significant difference in BSFL final weight after growth
on any diet, irrespective of whether it had initially been
inoculated or not by CdE-18 spores, and at any final time
point (D3 and D7) (Figure 6). We, then inoculated car-
rots with CdE-18 spores and studied their fate. We mea-
sured CdE-18 levels at the two time points in the larvae
and frass for the assays of BSFL reared on carrots, and in
the carrot diet for the controlwithout larvae. The CdE-18
level was of the same order of magnitude at D3 and D7
in the inoculated carrots (substratewithout larvae) (Fig-
ure S4A) and in the frass (Figure S4B). In larvae reared
on carrots, the CdE-18 level did not decrease as a func-
tion of time. A similar result was obtained with BtHD73
spores in all diets except apricot (Figure 5A).

4 Discussion

The utilization of black solder fly larvae (BSFL) for
bioconversion of organic wastes is a promising exam-
ple of a sustainable and circular approach in the feed
and food production chain. However, organic wastes
often contain a wide range of diverse microbes (bac-
teria, viruses and parasites), some of which may be
potentially pathogenic to humans or insects. These con-
taminants can impact larval growth, health and the
microbial safety of the final larvae-derived products.
This study evaluated BSFL’s efficiency to convert low-
valuewaste streams into biomass and examined the fate
of spore-forming pathogenic bacteria during the rear-
ing process in these substrates. In doing so, this study
addressed a knowledge gap regarding BSFL’s capacity
to reduce endospore-forming bacterial pathogens and
whether the waste type could influence on that. Our
study utilized five different waste substrates includ-
ing three plant-based products and two animal-protein-
containing substrates and a control wheat bran stan-
dard diet.

Suitability of waste-based diets for BSFL growth
We first determined whether the five pre-fermented
substrates were suitable for BSLF growth. BSFL reared
for seven days on diets composed of these waste-
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Figure 6 BSFL weight after growth on carrot or OMR diets
inoculated or not by C. difficile. Carrot (left) or OMR
(right) diets, which had initially been inoculated (dark
grey) or not (light grey) by CdE-18 spores at 106
CFU/gram diet, were used to rear BSFL as previously
described in Figure 4. Theweight of BSFL was
measured at two time points, day 3 (D3) and day 7
(D7). Whiskers plots, presenting the minimum, first
quartile, themedian, the third quartile, and the
maximum values in mg are shown. Pairwise
comparison using theWilcoxon rank test
(Mann-Whitney test) indicated that there were no
statistically significant differences between diet with
or without CdE-18.

substrates, each supplemented with wheat bran, exhib-
ited no mortality, indicating that none of the substrates
contained harmful contaminants and that they sup-
ported larval growth and development. However, larval
weight differed depending on the substrate nutritional
composition (Figure 2). High-protein diets like OMR
and GMS significantly improved larval growth com-
pared to apricot (p < 0.005), plant-based diets (p <
0.005 for GMS) or the wheat bran control (p < 0.05).
These findings are in agreement with prior research
indicating that high-protein and medium-fat restaurant
food wastes promote faster development and greater
BSFL weight (Oonincx et al., 2015) (Lalander et al., 2019;

Nyakeri et al., 2017). The protein rich nature of OMR and
GMS may have contributed to the larger final size of lar-
vae in these two substrates compared to wheat bran or
plant-based substrates. Additionally, the diet composi-
tion, especially the carbohydrate-to-protein ratio, along
with factors such as the dry mater and moisture con-
tent (50-75%) are also critical factors for optimal larval
growth; this is consistent with previous studies recom-
mending a protein-to-carbohydrate ratio between 1:2 to
1:4 (Barragán-Fonseca et al., 2021; Eggink et al., 2023).
Our finding supports these recommendations as rearing
on pureGMS orOMR (Figure 3) resulted in lowerweight
compared to diets supplemented withwheat bran.

However, it should be noted that the nutritional
composition of animal protein-based substrates can
also vary significantly seasonally or frombatch-to-batch,
which may impact both nutrient content and larval
growth. Although we did not analyse larval nutrient
value composition and chemical contamination in this
study, future work should investigate these parameters
to understand their impact on the nutrient quality of
the larvae as feed. Regarding the initial pH of the diets,
we observed no significant differences in final larval
weights between acidic (pH < 5) or nearly neutral (pH >
6) substrates, indicating BSFL’s tolerance for acidic sub-
strates, are consistentwith prior reports showing growth
at a pH as low as 4 (Ma et al., 2018). Of note, in a small-
scale growth assay (data not shown), young 5-day old
larvae placed on frass recovered at Day 7 exhibited min-
imal growth, suggesting that the frass at Day7 had low
residual nutritional value. This observation supports the
conclusion that our experimental setup (10 BSFL indi-
viduals/10 g humid feed diet) was close to optimal and
comparable to what is found in large rearing batches
on fermented and stabilized waste, as communicated
by BioMimetic, a commercial BSFL producer company,
who advised on the setup.

Natural contamination of substrates or larvae by B.
cereus and C. difficile
B. cereus/B. thuringiensis was not detected in juvenile
larvae, while its levels reached 105 CFU/g in the plant-
based substrates and in GMS and OMR substrates. The
initial pH was low, due to the pre-fermentation, which
has also modified the microbial composition as com-
pared to the initial fresh non fermented waste. Fer-
mentation is commonly used for food preservation, as
it inhibits microbial growth of several pathogens or of
food-alteration microbes. Bacillus cereus can tolerate
environments with a pH as low as 4.6 (Le Marc et al.,
2021). The pH increased over time in the frass, likely due
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to ammonia production (Parodi et al., 2020), potentially
alteringmicrobial dynamics and larval interactionswith
the pathogens in later growth stages. Further studies
are also needed to examine factors such as humidity,
which could affect BSFL growth and their interactions
with pathogens (Nayak et al., 2024). Cd was not detected
in the batch of carrots studied here. Indeed, in system-
atic studies performed in Slovenia and in Europe, and
dealing with a similar root vegetable, reported 28 and
22% prevalence for Cd in the tested batches (Tkalec
et al., 2022). Similarly, Cd was not detected in juvenile
BSFL. Although Cd had previously been found in several
insects such as houseflies, drain flies and even edible
yellow mealworms Tenebrio molitor (Burt et al., 2012;
Davies et al., 2016, 2017), Cd has not yet been detected
in insect-based food/feed products. In contrast, B. cereus
was the most prevalent foodborne pathogen in these
products (present in 58% of insect-based feed prod-
ucts), followed by C. perfringens (16%) and Salmonella
enterica (1%) (Frentzel et al., 2022). Of note, in this
study, we could detect two strict anaerobic species: C.
sartagoforme in BSFL and C. butyricum in plant-derived
substrates and in animalwastes, some of which can con-
tain strains pathogenic for humans.

Impact of BtHD73 and CdE-18 on BSFL Growth
By rearing BSFL on five diets inoculated or not with
spores of BtHD73, we found no significant effect on
larval viability (not shown) or larval growth and final
weight (Figure 4). Similarly, CdE-18 inoculation of car-
rots or OMR diets showed no significant impact (Fig-
ure 6). Previous studies have reported that Bacillus sub-
tilis supplementation to chicken manure may improve
BSFL growth, possibly due to enzymatic degradation
enhancing substrate digestibility (Xiao et al., 2018),
but such effects were not observed in this study with
BtHD73 or CdE-18 supplementation.

Persistence of Bt HD73 and CdE-18, spores during BSFL
rearing
To evaluate the ability of BSFL’s to reduce pathogen
spore loads, diets were inoculated with BtHD73 and
CdE-18 spores. No significant reduction in spore con-
centrations of BtHD73 was observed, regardless of the
presence of larvae (Figure 5B, Figure S2), although the
vegetative form was found inside the larvae but not or
less in frass from all diets; indicating that there may
be some spore germination at least in the gut. These
findings align with prior studies showing that spore-
forming bacteria persist in processed insect products
(Brulé et al., 2024; Vandeweyer et al., 2021). The low

pH of some substrates may have impeded spore germi-
nation and bacterial growth (Vandeweyer et al., 2020).
Likewise, BSFL was unable to reduce the load of Cd
spores in carrots. Similar results were previously been
reported in Musca domestica larvae, which were able to
acquire and internalize C. difficile spores during feed-
ing and to retain them for a few days without reducing
them (Davies et al., 2017). Therefore, neither M. domes-
tica larvae nor BSFL, both dipteran larvae, were able
to eliminate Cd spores under continuous exposure via
spiked diet. These results are consistentwith other stud-
ies, which reported that Bacillus or other Clostridium
spores frequently persist in both processed and unpro-
cessed edible insects (Brulé et al., 2024; Vandeweyer et
al., 2021). Our findings also align with a previous report,
indicating that B. cereuswas not reduced in the presence
of BSFL (Moyet et al., 2023). In that study, mashed and
sterilized potatoes were inoculated with an 18-h culture
of B. cereus, although it was not specified whether the
culture used for spiking contained spores or only veg-
etative cells or both. In our study, total CFU counts in
the larvae, showed greater variability, particularly at day
three, where they exceeded the spore counts, suggesting
the presence of vegetative cells, which was significantly
shown following analysis of grouped data from all diet
(Figure S4). Thiswas especially apparent in BSFL reared
on apricot and carrot substrates. However, it remains
unclear whether the BtHD73 spores were unable to ger-
minate in the diet or whether any resulting vegetative
forms were readily eliminated by the acidic substrate or
by the acidic environment of the larval gut (Bonelli et
al., 2019), explaining why mainly spores were found in
the frass. Importantly, no increase in the total CFU or
spore counts was recorded, supporting the conclusion
that no major germination nor proliferation occurred
under the tested conditions. Additionally, in a supple-
mentary inoculation experiment using the vegetative
form of BtHD73 in apricot andGMS, no bacterial growth
was observed in either the inoculated diets or the larvae
that fed on them (data not shown). This suggests that
the vegetative forms of the BtHD73 strain were unable
to survive or multiply within these substrates them-
selves. These findings are consistent with a recent study
reporting that when two B. cereus strains were inocu-
lated intowheat bran diet as either vegetative or spores,
only the spores survived following BSFL bioconversion
(van Kessel et al., 2024). Further research is needed to
better understand the ecology of these bacteria in the
BSFL rearing environment, and more specifically the
factors that inhibit spore germination and those reduc-
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ing the survival of vegetative cells in these substrates, in
the presence or absence of larvae.

Implications for Food Safety and Regulation
Current European regulations permit only the utiliza-
tion of plant-based diets for BSFL rearing, excluding
animal-protein-containing wastes. However, our results
demonstrate that all tested substrates, including those
not authorized for BSFL rearing, are suitable for larval
development. Nevertheless, the spores of the two bacte-
ria we added to the diets were also found in the larvae,
indicating that contamination occurred, at least when
they were collected also directly from contaminated
feed. As a result, these spores may remain viable in the
final product after insect processing, posing potential
food safety concerns (Fasolato et al., 2018; Vandeweyer
et al., 2020). Future research should prioritize devel-
oping innovative methods to inactivate spore-forming
pathogens and exploring new strategies for controlling
spore-forming pathogens contamination during BSFL
production. Likewise, it is important to evaluate spore
persistence in the larvae after removal from contam-
inated substrates, as has been done for the bacteria
Serratia in Tenebrio molitor (Dupriez et al., 2022). Our
findings can also guide regulatory decision-making on
the nutritional benefits of animal-derived substrates,
and helps determining which rearing, processing, and
decontamination methods should be employed for the
safe large-scale production of BSFL.

5 Conclusion

This study underscores the suitability of diverse organic
waste streams for BSFL rearing and confirms the per-
sistence of spore-forming pathogens throughout the
entomo-conversion process. While BSFL did not signif-
icantly reduce pathogen spore loads, they effectively
converted waste into biomass without adverse effects
on larval growth. Moving forward, regulatory and tech-
nological developments are needed to improve micro-
biological food safety and facilitate a broader adoption
of BSFL in sustainablewastemanagement and feed bio-
conversion systems.

Supplementary materials

Data is available on https://doi.org/10.1163/23524588
-bja10317 under Supplementary Materials.
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