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H I G H L I G H T S

• A system for simultaneous treatment
for human waste and animal feed pro-
tein production was investigated in
the presented study.

• Black soldier fly larvae feed on organic
waste and are high in proteins and fat,
which make them ideal as feed for ani-
mals.

• Focus of the study was the fate of patho-
gen and indicator microorganisms in the
insect driven treatment system.

• The concentration of Salmonella spp.
greatly reduced, but no effect on Asca-
ris suum ova was established.

• A post-treatment step is recommended,
but this is greatly simplified by the sig-
nificant mass reduction.
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Inadequate and lacking sanitation and wastewater treatment systems can lead to the spreading of diarrhoeal
diseases. One contributing factor in the lack of such treatment systems is the lack of economic incentives for
stakeholders throughout the service chain. However, the organic fraction of the waste is high in valuable
plant nutrients and could be reused in agriculture and as animal feed. For example, grown larvae of the
black soldier fly, Hermetia illucens L. (Diptera: Stratiomyidae), make an excellent protein source in animal
feed, while the feeding activity of the larvae substantially reduces the dry mass of the treated material.
This study examined the effect of black soldier fly larvae on the concentration of pathogenic microorganisms
in human faeces and found a 6 log10 reduction in Salmonella spp. in human faeces in eight days, compared
with a b2 log10 reduction in the control. No increased reduction was observed for Enterococcus spp., bacteri-
ophage ΦX174 or Ascaris suum ova.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Diarrhoea caused by infection with enteric disease agents is wide-
spread throughout low- andmid-income countries. Diarrhoeal diseases
and their medical consequences, cause an estimated 2.2 million deaths
per year and are the leading cause of death in children under the age of
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five in sub-Saharan Africa (WHO and UNICEF, 2000). A major factor in
the spread of such diseases is lack of sanitation. In Africa, more than
60% of the population does not have access to improved sanitation,
with 40% of the rural population practising open defecation (Morella,
2008). Moreover, the safe collection and treatment of faecal sludge
from on-site sanitation systems such as latrines and septic tanks is
often not guaranteed and faecal sludge is discarded directly into water
bodies or nearby fields. The effects of these practices aremany; they con-
tribute to the pollution of groundwater, contamination of agricultural
produce and spreading of diseases such as diarrhoea, cholera and hel-
minthiasis (Nguyen-Viet et al., 2009).

One reason for the current situation is the lack of economic incen-
tives for stakeholders throughout the faecal sludge service chain. The
cost of emptying and safe disposal of faecal sludge to a treatment
plant often has to be paid by the household. The management of solid
waste is also an increasing problem in urban environments in low and
middle-income countries. As a consequence, large volumes of waste
are thrown into the streets causing blockages, flooding and spread of
diseases (Zurbrügg, 2002). In low-income countries in Africa, 50–90%
of the solid waste fraction consists of organic matter such as food
left-overs, rotten fruit and vegetables, crop residues and animal excreta
(Asomani-Boateng and Haight, 1999). The collection and treatment of
waste is often neglected, especially in the urban context. The common
practise in rural areas of feeding organic household waste to chickens
and pigs is not practised to the same extent in the cities. This leads to
open dumping, where the waste attracts disease vectors (rats, dogs)
and is cross-contaminated with human faeces. Animal manure (cow,
pig, chicken, goat), a known source of many zoonotic pathogens (Pell,
1997), comprises a large fraction of the urban waste.

All these fractions of organic wastes are high in valuable plant nutri-
ents and can be reused in agriculture as fertiliser and as a soil amend-
ment. At the same time they are high in pathogenic microorganisms
and therefore require adequate sanitisation prior to use (Albihn and
Vinnerås, 2007; Winker et al., 2009). Technologies that sanitise organic
wastes and convert them into valuable products are well known: ther-
mophilic composting, anaerobic digestion and desiccation on drying
beds are common practices. However, the collection and treatment
costs often cannot be covered by selling the products generated
(Murray et al., 2011; Zurbrügg et al., in press). New and financially
attractive waste management strategies should thus be explored
and fostered. Similar to the well-established recycling and resource
recovery sector for inorganic material (glass, plastics or metal), collec-
tion and recovery of municipal organic waste and faecal matter from
on-site sanitation systems can contribute to generate value added if
appropriate valorisation technologies are provided (Fluitman, 2000;
UN-HABITAT, 2010; Wang et al., 2008).

Organic waste has a high nutritional and energetic potential and
can be used as a feed substrate for insect larvae in general, and the
larvae of the black soldier fly (BSF), Hermetia illucens L. (Diptera:
Stratiomyidae), in particular. Grown larvae make an excellent protein
source in animal feed and their feeding activity reduces the dry mass
of the waste significantly. The insect protein could be used in animal
feed to replace fishmeal, in February 2013 was priced at USD 1883 per
metric tonne (IMF, 2013). In this way, a high value product derived
from organic waste could be produced, which could contribute to
the economic viability of the treatment system.

BSF is a tropical fly found in warmer regions worldwide. Larvae feed
on decomposing organic material such as fruit and vegetable waste, as
well as human and animal manure (Diener et al., 2011b; Bradley, 1930;
Tomberlin et al., 2002). The larvae can consume large amounts of waste
and have been demonstrated to reduce the drymatter content ofmanure
by 58% (Myers et al., 2008) and that of municipal organic waste by 70%
(Diener et al., 2011a). Furthermore, BSF colonisation can eliminate breed-
ing by the common house fly, a key vector in spreading disease (Bradley
and Sheppard, 1984). Given ideal conditions (temperatures around
25–30 °C and with an ample supply of food) the BSF larvae can develop

into prepupae within two weeks, but development within three to four
weeks is not uncommon. The prepupae migrate out of the waste to find
a dark, dry site for pupation (Tomberlin et al., 2009). This habit facilitates
the collection of the prepupae, which consist of 36–48% protein and
31–33% fat (Diener et al., 2009; St-Hilaire et al., 2007b). BSF prepupae
have long been known as possible protein sources in aquaculture
(Bondari and Sheppard, 1981) and in swine production (Newton et al.,
1977). A more recent study has endorsed previous findings (St-Hilaire
et al., 2007a).

Besides the reduction in biomass, proper treatment of organic
waste includes the sanitisation of the material. Antibacterial activity
in excretion/secretion of insect larvae is known and its effect even in
maggot therapy for wound debridement (Parnes and Lagan, 2007).
There is also evidence that BSF larval activity sanitises waste. Inactiva-
tion of Enterobacteriaceae such as Salmonella spp. and Escherichia coli
has been demonstrated (Erickson et al., 2004; Liu et al., 2008). On the
other hand, little is known about their influence on other pathogenic
bacteria, viruses and parasitic organisms.

The objective of this study was to assess the effect of feeding activity
by BSF larvae on the concentration of bacteria, viruses and parasites in
human excreta and the concentrations in which the same microorgan-
isms would attach to the surface of the migrated prepupae or into the
prepupae. Two bacteria (Salmonella spp. and Enterococcus spp.), a
bacteriophage (ΦX174) and a parasite (Ascaris suum)were investigated.

2. Materials and methods

2.1. Materials

Human faeces were collected fresh in plastic bags during a three-
week period and stored at −20 °C immediately upon collection. At the
laboratory, these bulk faeces samples were thawed, pooled (TS 36–
38%), divided into feeding portions and kept at −20 °C until use.
Human faeces used for the Ascaris experiment were collected from a
dry toilet in Uppsala, Sweden. Excess toilet paper was removed to give
a total solid content of 36%.

A. suum, which infects pigs, is often used as model for Ascaris
lumbricoides that infects humans (Johnson et al., 1998). Adult A. suum
worms were collected from the intestines of slaughterhouse pigs and
their eggs harvested by dissection of the posterior 2 cm of the worm
uterus. Washing of the eggs was conducted as described in Eriksen et
al. (1996), aside from the use of sodium hypochlorite. Collected eggs
(10,000 eggs mL−1) were stored in physiological saline solution
(0.9% wt/vol) at 4 °C until the start of the experiment. The initial viability
was verified by immersing 1 mL of the A. suum solution in 4 mL 0.1 M
H2SO4 followed by incubation at 28 °C for 30 days, and was found to be
86–88%.

The bacterial inoculate solutions consisted of 108 CFU mL−1

Enterococcus faecalis (ATCC 29212) and 109 CFU mL−1 Salmonella
enterica subspecies 1 serovar Typhimurium phage type 178 (isolated
from sewage sludge; Sahlström et al. (2004)) grown in unselective bac-
terial nutrient medium (NB, Oxoid AB, Sweden).

Propagation of bacteriophage ΦX174 to a concentration of
109 PFU mL−1 was performed in unselective bacterial nutrient me-
dium (NB, Oxoid AB, Sweden) using the host strain E. coli (ATCC 13706).
The phage was collected by centrifuging the solution at 2000 ×g for
10 min followed by sterile filtration and kept at 4–6 °C until use.

BSF larvae were obtained from a colony in operation for more than
20 generations at Eawag, the Swiss Federal Institute of Aquatic Sci-
ence and Technology in Switzerland.

2.2. Experimental set-up

Three sets of experiments were conducted in order to investigate:
1) the reduction in bacteria and bacteriophages in larval-treated ma-
terial; 2) the reduction/inactivation of A. suum ova in larval-treated
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material and the presence ofA. suum ova in larvae; and 3) the presence of
bacteria, bacteriophages and A. suum ova in larvae and prepupae (Fig. 1).
Negative controls without larvae were included in the two first sets of
experiments. The pathogen concentration in larval-treated material
was compared with that in the control with no larvae, in order to verify
whether a significant difference between the two could be established.
All experiments were conducted in triplicate unless otherwise stated.

The first set of experiments – investigating whether the feeding
activity of the larvae could inactivate pathogens in the material –
was conducted during nine days in total, starting with 10- to
11-day-old larvae. The first material into which the larvae were
placed was contaminated with bacteria (107–106 CFU g−1) and bac-
teriophages (~106 PFU g−1), while no pathogens were inoculated to
the subsequent material added as extra feed throughout the experi-
ment. It was not possible to add all materials at the start of the ex-
periment, as the surface of the uppermost material would dry out,
preventing further larval feeding.

The second set of experiments – investigating the potential of using
BSF larvae for inactivation of A. suum ova in thematerial –was conducted
in three trials (three days each) when the feeding activity of the larvae
was expected to be at its highest. Thus trial 1 used 10-day-old larvae;
trial 2 used 14-day-old larvae and trial 3 used 18-day-old larvae.

In order to investigate whether the pathogens inoculated into the
material could be found in the larvae and the prepupae, a third set of
experiments was conducted over the course of three weeks. The lar-
vae were added into material heavily contaminated with bacteria
(107–106 CFU g−1), bacteriophages (~106 PFU g−1) and A. suum ova
(300 ova g−1 faeces at the first feeding). Throughout the experiment
the larvae were fed with material heavily contaminated with bacteria
and bacteriophages, while the A. suum ova were only added at the first
feeding. Around five larvae, and later prepupae, were collected and im-
mersed in buffer containing a surfactant (Tween 80). The Tween buffer
in which the larvae/prepupae were immersed is hereafter referred to
as bathwater. After immersion in Tween buffer the larvae/prepupae
were immersed in ethanol upon which they were opened and their gut
content analysed for bacteria, bacteriophages and A. suum ova. The
same parameters were analysed in the bathwater, in order to establish
whether ameasurable change in pathogen concentration/activity inma-
terial attached to the larval/prepupal bodies could be found.

Experimental sets 1 and 3 were conducted in 13 cm × 12 cm ×
15 cm opaque plastic containers, while 200 mL transparent plastic bea-
kers covered with opaque black plastic were used in set 2. In order to
prevent larval escape the containers were covered with perforated alu-
minium foil. The containers were kept in a controlled environment at
60–70% RH at 20–25 °C.

2.2.1. Pathogen reduction in material
On day zero, 65 g of unspiked fekal material was placed in con-

tainers. Eight containers were prepared: five treatments with larvae
and three controls without larvae. Into the treatment containers,
500 10–11-day-old larvae were added. On day one, 65 g faeces spiked

with bacteria (S. Typhimurium (~106 CFU mL−1); E. faecalis
(~106 CFU mL−1)) and bacteriophage ΦX174 (~106 PFU g−1) were
added to each container. On days two and three, 65 g unspiked fekal
material was added to each container. The containers with larvae
were not mixed as larval movement rendered complete material
mixing. The materials in the controls were thoroughly mixed. Samples
were taken from all containers. On days four and five, 65 g
uncontaminated fekal material was added to each container but no
samples were taken. Day five was the last feeding day. The larvae
were left in the treatment units without adding any additional feed
and sampleswere taken on days six and eight. The experimentwas con-
cluded on day eight.

2.2.2. A. suum in material/larvae
All six containers used in this part of the experiment received 30 of

human faeces and 10,000 A. suum ova; 100 BSF larvae were added to
the three treatment units following the methods previously described,
while nothing further was added to the three control units. The con-
tainers were covered with perforated aluminium foil and incubated
in darkness at 25 °C at 60% RH for three days. The procedure was
performed three times, with 11-, 14- and 18-day-old larvae. The initial
A. suum ova concentration was around 300 ova g−1 faeces. This concen-
tration was chosen arbitrarily as a concentration that would be extract-
able. There is no mean concentration of Ascaris ova excreted by an
infected individual, as it depends on the intensity of infection and can
vary greatly from around 10 ova g−1 faeces to>100,000 ova g−1 faeces
(Anderson et al., 1993; Carneiro et al., 2002).

2.2.3. Pathogens in larvae/prepupae
Three containers were filled with 50 g fekal matter spiked with

S. typhimurium (106 CFU mL−1), E. faecalis (106 CFU mL−1), bacterio-
phage ΦX174 (106 PFU mL−1), 10,000 A. suum ova and 200 larvae.
The plastic containers were placed onto a wood chip bed and inclined
at a 45° angle, to allow the prepupae to independently crawl out of the
material. Every third or fourth day, 80 g of fekal matter inoculated with
all organisms listed above except A. suum ova, were added to each con-
tainer. Three larvae were taken out of each container and washed in
Tween containing buffer followed by immersion into ethanol. The larvae
were opened and their gut immersed into buffer and homogenised for

Fig. 1. Schematic representation of the fractions added and analysed in the three sets of experiments conducted.

Table 1
Degradation of the larval-treated material and the control compared with the start mate-
rial. The faeces were treated with BSF larvae (larvae) or without (control) for a total of
three weeks, fresh material was added on days 0 (start), 3, 4, 7, 10, 14 and 17. The faeces
were kept at 25 °C throughout the course of the experiment.

Total
weight
(g)

TS (%) VS (%) Total
TS (g)

Total
VS (g)

Reduction
total TS
(%)

Reduction
total VS
(%)

Start 370 36 ± 1.3 91 ± 0.3 133 337
Larvae 118 ± 4 30 ± 1.2 86 ± 0.6 30 26 73 75
Control 228 ± 2 41 ± 1.3 86 ± 0.4 93 196 30 34
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analysis of bacteria and bacteriophages. The same procedure was repeat-
ed on selected days. The prepupae found in the wood chips were collect-
ed and one subsample analysed for bacteria/bacteriophages. Another
subsample of the prepupae was analysed for presence of A. suum ova.
The analysis was conducted in the same way as described above for the
larvae, with both the prepupal gut and bathwater being analysed.Within
three weeks, most of the prepupae had crawled out of the containers
and the experiment was terminated. In total around 20 larvae and 20
prepupae (five per sampling occasion) per replicate were analysed for
bacteria and bacteriophages. Around 20 prepupae per replicate were
analysed for presence of A. suum ova. The remaining prepupaewere col-
lected and stored at −20 °C.

2.3. Microbiological sampling

The buffer used for all experiments was buffered NaCl peptonewater
with Tween 80 at pH 7, hereafter referred to as Tween buffer. One gram
was extracted and further diluted in Tween buffer. Enterococcus spp.
were grown on Slanetz–Bartley agar (Oxoid AB, Sweden) and incu-
bated at 44 °C for 48 h. Salmonella spp. were grown on xylose lysine
desoxycholate agar (XLD) (Oxoid AB, Sweden) containing 0.15%
sodium-novobiocin and incubated at 37 °C for 12 h. For sampling
of ΦX174, the host was cultured in unselective microbial medium
(NB, Oxoid AB, Sweden) at 37 °C for 4–12 h; 1 mL of sample of suitable
dilution was mixed with 2 mL soft agar and 1 mL host solution and
poured onto blood agar base (BAB) plates (Oxoid AB, Sweden). The
plates were incubated at 37 for 7 ± 2 h.

2.4. A. suum ova extraction

The viability of A. suum ova was monitored: i) in faeces that were
consumed by larvae; ii) in water used to wash the larvae upon re-
moval from material (bathwater) and iii) in controls. The viability of
A. suum ova in bathwater was analysed in order to establish whether
it would be lower for ova found on the larval bodies compared with
ova found in the material. A. suum ova extraction was conducted
according to the procedure of the United States Environmental Protec-
tion Agency (EPA/625/R-92/013), but using 1/10 of the volumes stated
in that method. Prior to incubation, 15–20 of the extracted A. suum ova

were verified. The tubes were incubated at 28 °C for 30 days in 0.1 M
H2SO4.

After approximately 30 days the incubated material was analysed
under microscope (≥100 ova per sample). A 1 mL Sedwick Rafter
Counting Cell was used for ova counting and pre-larvae and larvae
were counted as viable. For the examination of A. suum ova in larvae
and prepupae, only flotation and the subsequent steps were performed.
In this case the viability of the ova was not investigated.

2.5. Physico-chemical analyses

The content of total solids (TS), total volatile solids (VS), pH, total
ammonium-nitrogen (TAN) and nitrate (NO3

−) was analysed.

2.5.1. TS and VS
Thematerial was dried at 105 °C for 14 h for TS determination and

at 550 °C for 6 h for VS determination.

2.5.2. pH
A radiometer electrode was used to measure pH. All analyses were

conducted at room temperature (RT) on 10 g of sample diluted with
50 mL deionised water and left to settle for 1 h at RT prior to analysis.

2.5.3. TAN and NO3
−

In a closed container, 5 g sample was mixed with 100 mL deionised
water. The material was allowed to settle for 2 h, after which 25 mL of
the supernatant was extracted and a spatula tip of activated charcoal
(powder) was added. The solution was stirred with a magnetic stirrer
for 10 min, diluted 1:5 or 1:10 in deionised water and filtered through
a fluted filter. Spectroquant© test kit number 114544 was used for
TAN analyses and kit number 114764 for NO3

− analyses.

2.6. Statistical analysis

One-way analysis of co-variance (ANCOVA)with 95% confidence in-
terval was used to establish whether a statistical significant difference
occurred between the regression of pathogens in the larval-treatedma-
terial and the control. One way analysis of variance (ANOVA) with 95%
confidence interval was used to establish whether a statistically signifi-
cant difference occurred in A. suum ova concentration and chemical pa-
rameters before and after the treatment. In cases where a statistically
significant difference was found, Tukey multiple comparisons of means
(95% family-wise confidence level) was performed. All analyses were
conducted in R (R Development Core Team, 2011).

Table 2
Physico-chemical parameters (±SE) of the start material (faeces), larval-treated faeces
and the control.

pH NO3
− (mg g−1 ash) TAN (mg g−1 ash)

Start 6.0 ± 0.0 0.8 ± 0.1 4.6 ± 0.7
Larvae 7.5 ± 0.0 0.8 ± 0.1a 20.3 ± 0.5b

Control 7.5 ± 0.1 1.0 ± 0.2a 15.1 ± 0.5

a No significant difference from start material.
b Significant difference from control.
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Fig. 2. Log10 concentration of a) Salmonella spp. (CFU g−1), b) Enterococcus spp. (CFU g−1) and c)ΦX174 (PFU g−1) in the treatment (▲) and the control (△) over the course of the
experiment. a indicates a significant difference in the rate of reduction between control and larvae treatment.
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3. Results and discussion

3.1. Physico-chemical analysis of material

A comparison of the degradation of material in the larval-treated
faeces and the control is presented in Table 1. The reductions in total
TS and VS were calculated from the average total weight, TS and VS of
the respective treatment. The weight of the material was reduced by
50% ww in the larval-treated material, with a 73% reduction in total
dry mass and 75% reduction in total volatile solids. The only significant
difference in physico-chemical parameters between the larval-treated
material and the control was the TAN concentration (Table 2). The con-
centration of nitrate was not significantly different between the start
material and the larval-treated material and control, while the pH, TS,
VS and TAN had altered significantly.

The larvae greatly reduced the fekal mass, by 73% on a dry matter
basis comparedwith 30% in the control. The concentration of nutrients
(per g ash) was not significantly different between the larval-treated
material and the control, but a large fraction of the total nutrients in
the start material was removed in the larval-treated material and as-
similated into the larval biomass. The higher TAN concentration ob-
served for the larval-treated material is most likely due to the higher
degradation of organically bound nitrogen. The nitrate concentration
was still low after the treatment, indicating that the material had not
been stabilised. An additional maturation step is likely to be required
if the treatment residue is to be used as fertiliser.

3.2. Pathogen reduction in material

The concentration of Salmonella spp., Enterococcus spp. andΦX174
was recorded over time in faeces consumed by larvae and in the con-
trol without larvae. In the treated faeces, a 6 log10 reduction in the
concentration of Salmonella spp. was achieved in 8 days, while less
than a 2 log10 reduction was achieved in the control (Fig. 2a). There
was a small reduction in the Enterococcus spp. concentration (b1 log10)
in the treatment, but the concentration of Enterococcus spp. increased
by 1 log10 in the control (Fig. 2b). There was no significant difference
in the rate of reduction ofΦX174 between the treatment and the control
(total reduction >2 log10) (Fig. 2c).

The fitted regression lines displayed in Fig. 2 were statistically sig-
nificant for all organisms (Table 3).

Previous studies have demonstrated that the feeding action of BSF
larvae can accelerate the reduction of Enterobacteriaceae (Erickson et
al., 2004; Liu et al., 2008), which is confirmed by the findings of this
study. However, the larvae appeared to have little reducing effect
on Enterococcus spp. and bacteriophage ΦX174.

3.3. A. suum ova reduction in faeces

The viability of A. suum ova was initially slightly lower in the con-
trol than in the treated faeces and the bathwater (Table 4). After three
weeks the viability of the A. suum ova had decreased to 37–44% in
both the treated material and the control. However, the number of
samples analysed was not sufficient to establish whether the small
difference in viability between the treatment and the control was sta-
tistically significant.

The concentration of A. suum ova was not satisfactorily established
in the control, as the ova adhered to faecal particles to a greater extent
in the control comparedwith the treatedmaterial, making the counting
a far greater challenge andwithunderestimation of A. suum ova concen-
tration as a consequence. The estimatedmean ova concentrations of ova
in the treated material and the controls are shown in Table 4. The mass
reduction of the treatedmaterial has not been taken into account in the
values presented.

When taking the mass reduction into account and estimating the
total number of ova found in the material, the differences were not
as significant as shown in Table 4. In total 4800, ova were found in
the treated material compared with 4200 in the control. However,
for the treated samples great numbers of ova were found inside the
larvae and in the bathwater. The percentage of eggs thus unaccounted
for was 20% in the treated material and 58% in the control (Fig. 3).

The BSF larvae did not increase the inactivation rate of A. suum
ova. A higher viability was observed amongst the ova in the treated
faeces, but the difference compared with the control was small and
could be due to larval consumption of non-viable ova. The inactivation
thus appeared to be unaffected by the presence of the BSF larvae. Simi-
larly, Nordin et al. (2009) observed a small percentage reduction in
unamended faeces from source-separated toilets (~50% after 35 days
at 24 °C). Furthermore, the ova found on the larvae (bathwater) did
not demonstrate lower viability, which suggests that the larvae had
no proximity related impact on the ovum viability.

The reduction and inactivation of A. suum ova did not reach 1 log10 in
the BSF treatment. A 3 log10 reduction in viability of A. suum ova is
required for acceptable treatment of raw wastewater in ascariasis-
hyperendemic areas (1000 ova mL−1) according to WHO guidelines
(WHO, 2006; Mara et al., 2010). Thus, BSF treatment cannot be consid-
ered an adequate sanitisation method for faecal matter intended for
reuse in agriculture in areas with prevalence of ascariasis. An additional
treatment step would be required if the treatment residue was to be
used as fertiliser for food crops. Ammonia sanitisation is a reliable and
inexpensive treatmentwhich ensures not only a hygienically safe prod-
uct but also a product with increased fertiliser value (Vinnerås, 2007).

Table 3
R2- and p-values of the fitted regression lines.

Salmonella spp. Enterococcus
spp.

ΦX174

R2 p R2 p R2 p

Larvae treatment 0.96 2.2 × 10−16 0.46 0.0002 0.86 3.8 × 10−11

Control 0.94 2.3 × 10−9 0.58 0.001 0.94 2.3 × 10−9

Table 4
Viability and concentration of A. suum ova in faeces treated with BSF larvae, in the larval
bathwater and in the control.

Larval-treated
faeces

Larval
bathwater

Control

Percentage viability (±SE) 3 day exp. 94 ± 0.6 92 ± 1.1 88 ± 1.4
Estimated concentration (ova g−1 ww) 320 150
Percentage viability 3 week exp. 37 44
Estimated concentration (ova g−1 ww) 4 2
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Fig. 3. Fate of A. suum ova in the larval-treated samples.
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The subsequent treatment stepwould be greatly facilitated by the great
mass reduction brought about by larval feeding.

3.4. Pathogens in larvae and prepupae

The concentrations of all microorganisms analysedwere lower in the
gut of prepupae and the prepupal bathwater than in the larval gut and
larval bathwater (Table 5). The bathwater was analysed in order to es-
tablish whether the concentration of bacteria/bacteriophages would be
significantly lower in material that had been in proximity to the larvae/
prepupae. The Salmonella spp. concentration was 105 CFU mL−1 at the
start of the experiment, quickly decreased and was below the detection
limit in the material throughout the run of the experiment, even though
freshly inoculated material was continuously added.

A. suum ova were found inside the larvae and the prepupae
(Table 6).

The lower concentrations of organisms found inside the gut of the
prepupae comparedwith the gut of the larvae suggest that the prepupae
empty their gut prior to migration. This observation confirms previous
findings by Sheppard et al. (1994)). However, May (1961) found traces
of food in the gut when prepupae were left in coloured fly medium for
three days, indicating that prepupae take up food when there is no op-
portunity for migration.

As microorganisms were found in the prepupal gut, a treatment or
processing step is recommended before feeding the prepupae to animals.
This would be of particular importance if the treated material contained
pathogens that could infect more than one animal, e.g. Salmonella spp.
can infect humans, cattle, pigs and birds. In this study, Salmonella spp.
was found inside some but not all of the prepupae analysed. In samples
where it was found, the concentrationwas very low. Nonetheless, an ad-
ditional treatment step, such as drying, is recommended.

4. Conclusion

BSF larvae accelerated the reduction of Salmonella spp. in faeces,
suggesting that BSF treatment removes zoonotic Enterobacteriaceae
and thus decreases the risk of disease transmission to animals and
humans when treatment residues are used as fertiliser in agriculture.

No significant impact on the change in concentrations of Enterococcus
spp. and ΦX174 over time was established. Furthermore, BSF larvae
were demonstrated to have no impact on the destruction/inactivation
of A. suum ova. Therefore if the treatment residues are intended for use
as a fertiliser for food crop production, an additional treatment step,
e.g. ammonia sanitisation, is recommended.

Before using the prepupae in animal feed, further processing, such
as drying, would be required.
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