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Abstract

The aim of this study was to investigate the potential bioconversion of rice
straw and tofu residue using larvae of Hermetia illucens assisted by microbes
to produce protein-rich biomass and organic fertilizer. Larvae of Hermetia
illucens were cultivated in rearing containers (25%20 cm) with three different
types of substrate containing rice straw, tofu residue and solution containing
consortium of microbes. The rice straw used in this study contains 22.1%
hemicellulose, 30.3% cellulose, 8.0% lignin and 6.8% protein (weight basis)
while the tofu residue contains 20.9% protein (weight basis). The substrate
rate was set at 150 mg/larva/day and the ratio of rice straw: tofu residue was
varied from 1:0 to 1:3. The highest prepupal biomass productivity of 179.8
g/m*day on a dry weight basis with an assimilation efficiency of 21.5% and
efficiency of conversion of digested substrate of 34.9% was obtained when
the larvae were fed with rice straw and tofu residue (1:3) that had been pre-
treated with a solution containing 107 cell/mL microbes. At this condition, the
prepupal biomass has protein and fat content of 31.8 and 15.5% (weight
basis), respectively. The cultivation residue contains a relative high amount
of organic carbon (43-46%) with pH 7.16-7.82 and carbon to nitrogen ratio
of 22-47 and a total macronutrient of 2.33-3.21% and functional microbes of
2.0-4.5x10% CFU/mL. The results highlight the potential of black soldier fly
larvae as a bioconversion agent to convert agricultural waste into protein-rich
biomass and organic fertilizer.

Keywords: Hermetia illucens, organic fertilizer, protein-rich biomass, rice
straw, tofu residue /

INTRODUCTION approximately 932 million of rice straw that could be

produced worldwide (Kadam et al., 2000). Rice straw

Rice straw is a byproduct that can be obtained in mainly composed of cellulose (32-47%), hemicellulose
abundance after the harvesting of Oryza sativa with (19-27%) and lignin (5-24%) (Karimi et al., 2006;
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Wannapeera et al., 2008) and reported to have a high
content of silicon dioxide (Kadam et al., 2000). Previous
studies have reported that rice straw may be incorporated
into the soil as an organic fertilizer or used as an animal
feed but frequently rice straw is burned in the open air
which results in air and water pollution as well as
degradation of the soil (Marimuthu et a/., 2002; Pan
et al.,2015; Guzman et al., 2015).

Direct application of rice straw as an animal feed is
limited by its high level of lignocellulosic content with
low nitrogen, vitamin and mineral content that affects
digestibility by ruminants (Trach, 1998). One of the
strategies that can be used to reduce the lignocellulosic
content in rice straw is with the help of Hermetia illucens
or commonly known as black soldier fly that is known as
a good bioconversion agent in organic waste
management to produce protein and fat rich biomass that
can be further valorized to produce animal feed (Miiller
etal.,2017; Abduh et al.,2017; Abduh et al., 2018; Gold
et al.,2018). In addition, recent studies also reported that
black soldier fly may find application for producing
biodiesel (Nguyen et al., 2018), protein hydrolysate
(Firmansyah and Abduh, 2019), bioactive substances
(Miiller et al., 2017) and fishmeal (Xiao et al., 2018;
Belghit et al., 2019).

Many studies have reported that the protein and fat
content of Black Soldier Fly Larvae (BSFL) lies in the
range of 29-55 and 19-39% on a weight basis which are
highly influenced by the type of substrate and cultivation
conditions such as feeding rate, temperature and light
intensity (Diener et al., 2009; Manurung et al., 2016;
Abduh et al., 2017, Harnden and Tomberlin, 2016;
Abduh et al., 2018; Lalander et al., 2019). Manurung
et al. (2016) had previously investigated the effect of
feeding rate for the cultivation of BSFL using rice straw
with a daily feeding rate of 200 mg/larva/day and
reported a prepupal dry weight of 15.6 mg/prepupa with
a development time of 39 days. However, the study did
not analyze the composition of the harvested biomass
and residue that remains after the cultivation period.

In another study by Zheng et al. (2012), a co-
conversion of rice straw and restaurant solid waste was
carried out using BSFL and microbes for a cultivation
period of 10 days. It was reported that the BSFL was able
to digest cellulose, hemicellulose, lignin, protein and
lipid for accumulation of biomass better with the aid of
microbes as compared to without the help of microbes
as in the research carried out by Manurung et al. (2016).
Abduh et al. (2017) also investigated the effect of co-
conversion of rubber seeds with BSFL and microbes.
The results showed that the percentage of conversion of
feed into biomass (7.5%) was highest when the substrate
particularly rubber seeds were pre-treated with a
consortium of microbes.

Cultivation of BSFL with various substrates such as
manure as well as restaurant and agricultural waste have
been investigated but systematic studies that explore the
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potential of rice straw and tofu residue as a substrate to
produce protein rich biomass and organic fertilizer are
still scarce. In this study, rice straw was mixed with tofu
residue to increase the protein component of the
substrate and later used as a substrate for the cultivation
of BSFL. Tofu residue was chosen as a co-substrate in
this study because it contains a considerable amount of
protein (16.1 to 33.4%) and fat (0.8 to 22.3%) which can
be obtained in abundance from tofu processing industries
(Cheng et al., 2005; Li et al., 2013).

Hence, this study aims to investigate the effect of
co-conversion of rice straw and tofu residue with a
consortium of microbes on the growth of BSFL and
composition of the harvested biomass and compared
with the standard requirement for animal feed. In
addition, the composition of the residual biomass was
also investigated and compared with the standard
requirement for organic fertilizer.

MATERIALS AND METHODS

Materials: Rice straw was obtained from local farmers
in Sumedang, Indonesia whereas tofu residue was
collected from local tofu factory in Bandung, Indonesia.
Biotaff was purchased from PT Berlianplast (Jakarta,
Indonesia) whereas black solder fly eggs were purchased
from local farmers in Depok, Indonesia. Chicken meal
and papaya were purchased from a local market in
Bandung, Indonesia.

Preparation of substrate: Rice straw used in this study
was crushed using a disc-mill up to 60 mesh. A solution
containing consortium of microbes was prepared by
dissolving one commercial tablet of Biotaff which
contains 10'! bacterial cells with sterile aquades until a
concentration of 107 cell/mL was obtained.

Cultivation of black soldier fly larvae: Five g of black
soldier fly eggs were initially hatched in a container
(33%25 cm) and later reared with 2000 g chicken meal,
1000 g of papaya and 3 L of water. The container was
covered with a mosquito mesh to prevent oviposition of
other flies and then covered with a black lid. The 7 days
hatched larvae were placed inside rearing containers
(25%20 cm) covered with a mosquito mesh. A larval
density and feeding rate of 5 larvae/cm? and 150
mg/larva/day were applied in this study. The larvae were
subjected into three different types of substrate; P1) rice
straw pre-treated with a solution containing consortium
of microbes, P2) rice straw mixed tofu residue (1:3 mass
ratio), P3) rice straw pre-treated with a solution
containing consortium of microbes mixed with tofu
residue (1:3 mass ratio). Water content in all substrates
was set at 80%. Cultivation of the larvae was carried out
for 10 days followed by prepupae inactivation by drying
the biomass at 103°C until the weight was constant. The
weighed of the larvae was periodically measured during
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the cultivation period. The residue obtained after the
cultivation was weighed before and after drying at
103°C. The experiments were carried out at a
temperature range of 28-30°C with the relative humidity
lies in the range of 65-85%.

Analytical methods: The lignocellulose content of the
samples was analysed by using a hydrolysis method
whereas the proximate analysis (protein, water, ash, fat
and carbohydrate content) of the sample was analysed by
using SNI-01-2891-1992 methods. The analysis was
carried out at the Agricultural Industrial Technology
Laboratory, University of Padjajaran, Jatinangor,
Indonesia.

Data analysis: The effect of co-conversion of rice straw
and tofu residue using BSFL and microbes was evaluated
by calculating important conversion parameters
particularly assimilation efficiency, efficiency of
conversion of digested feed and substrate reduction rate
which can be calculated by Eq. (1) to (3) as suggested by
Abduh et al. (2017). The productivity of biomass can be
calculated using Eq. (4):

AE = %x 100% (1)

ECD Dwfz”f’DWr x 100% )

Substrate reduction rate g 3)

Biomass productivity = % 4)
where,

AE  : Assimilation efficiency, %

DWys, : Initial dry weight of feed, g

DW; : Dry weight of residue

ECD : Efficiency of conversion of digested substrate, %
DW, : Dry weight of biomass, g

t : The cultivation period, day (equals to 10 days)
A : The cultivation area, m? (equals to 0.05 m?)

RESULTS AND DISCUSSION

Effect of substrate on the growth of black soldier fly
larvae: This study has demonstrated the potential
application of BSFL as a bioconversion agent to convert
agricultural waste particularly rice straw and tofu residue
to produce protein-rich biomass and organic fertilizer.
The rice straw used in this study contains 22.1%
hemicellulose, 30.3% cellulose, 8.0% lignin and 6.8%
protein while the tofu residue contains 20.9% protein
(weight basis). Figure 1 shows the weight profile of
larva fed with three different substrate composition; P1)
rice straw pre-treated with a solution containing
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Fig. 1: Weight profile of larva fed with three different substrate
compositions, P1) rice straw pre-treated with a solution
containing consortium of microbes, P2) rice straw
mixed tofu residue (1:3 mass ratio), P3) rice straw pre-
treated with a solution containing consortium of
microbes mixed with tofu residue (1:3 mass ratio)

consortium of microbes, P2) rice straw mixed tofu
residue (1:3 mass ratio), P3) rice straw pre-treated with
a solution containing consortium of microbes mixed with
tofu residue (1:3 mass ratio). The results obtained
showed that the BSFL was able to digest cellulose,
hemicellulose and lignin contained in the rice straw for
its accumulation of biomass with a maximum dry weight
of 15.3 mg/larva. This result resembles the previous
finding by Manurung et al. (2016) that reported a
maximum prepupal dry weight of 15.6 mg/prepupa but
for a longer treatment period of 39 days.

When BSFL was fed using rice straw mixed with
tofu residue, the maximum dry weight increased to 32.4
mg/larva with a higher maximum dry weight of 39.7
mg/larva was obtained when the substrate was pre-
treated with a consortium of microbes. As such
indicates that consortium of microbes facilitates rapid
bioconversion of the substrate into larval biomass. This
is in agreement with the results obtained by Zheng et al.
(2012) where BSFL was able to digest 65.5% of
cellulose, 56.3% of hemicellulose, 8.8% of lignin, 91.6%
of protein and 71.6 of lipid in the feed that consists of
rice straw and restaurant solid waste for accumulation of
biomass with a pre-treatment of the feed with consortium
of microbes.

Figure 2 shows the proportion of substrate converted
into prepupal biomass, used for metabolism of the larvae
and remains as residual matter. A very big portion (68.8-
74.8%) of the substrate was categorized as residue,
including faeces excreted by the BSFL or substrate that
had not been consumed by the BSFL. Around 4.3-8.6%
of the substrate was consumed by the larvae and
converted into prepupal biomass. Addition of tofu
residue into rice straw that had been pre-treated with
consortium of microbes (107 cell/mL) (P3) showed the
highest conversion percentage of substrate into biomass
(8.6%) whereas the lowest value (4.3%) was recorded
when the larvae was only fed with rice straw (P1). The
percentage of substrate that was used by the larvae for
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Fig. 2: Relative proportion of substrate converted into

prepupal biomass, substrate used for metabolisms and
substrate remains as residue, P1) rice straw pre-treated
with a solution containing consortium of microbes,
P2) rice straw mixed tofu residue (1:3 mass ratio), P3)
rice straw pre-treated with a solution containing
consortium of microbes mixed with tofu residue (1:3
mass ratio)

metabolic needs was calculated from the difference
percentage of residue and biomass which lies in the
range of 20.93-22.53%.

Table 1 shows the -calculated assimilation
efficiency, efficiency of conversion of digested
substrate, substrate reduction rate and productivity of
biomass. The assimilation efficiency of the BSFL lies in
the range of 25.7-34.5% whereas the efficiency of
conversion of digested feed varies from 11.9-21.9%.
Assimilation efficiency with a higher value means that
the amount of initial substrate that remains as a residue
is lower whereas a higher amount of efficiency of
conversion indicates how efficient the larvae in
converting the substrate into their biomass. In this study,
the highest percentage of assimilation efficiency (34.5%)
and efficiency of conversion (21.9%) were recorded
when the larvae were fed with rice straw that had been
pre-treated with a solution containing consortium of
microbes and mixed with tofu residue (P3).

These values are higher than the maximum
assimilation of 34.5% and conversion efficiency of
10.9% reported by Manurung et al. (2016) when the
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larvae were fed with only rice straw with a substrate
reduction rate of 0.58/day that is much lower than the
maximum value obtained in this study (2.4/day). The
biomass productivity obtained in this study (179.8
g/m?/day) exceeds the values reported by Abduh et al.
(2018) and Diener et al. (2009) when the larvae were fed
with trisperma seed (123.4 g/m?/day) and chicken feed
(145 g.m?%day). As such indicates the advantage of co-
conversion with consortium of microbes to increase the
ability of BSFL to convert organic waste to valuable
bioproducts.

Composition of harvested biomass: After the
cultivation of BSFL with rice straw and tofu residue, the
prepupal biomass was analysed to determine the
composition of protein, fat, carbohydrate, fibre as well
as ash and the results are shown in Table 2. Initially, the
substrate in P1 had a fat and protein content of 0.7 and
6.8% (weight basis), while P2 and P3 contain 3.9% of fat
and 13.9% of protein (weight basis). After 10 days of
treatment, the harvested biomass has a fat content in the
range of 15.5 to 16.3% (weight basis); a tremendous
increase of 297-2229% higher than the initial values in
the substrate. The prepupae has a protein content of 31.8-
34.4% (weight basis); a great increase of 129-406% than
the initial values in the substrate. The protein content in
P1 was higher than P3 and P3 because the harvested
biomass was still in larval stage whereas for P2 and P3,
the harvested biomass already reached prepupal stage.
Co-conversion of the substrate with BSFL and
consortium of microbes produced prepupal biomass that
have a very much higher protein and fat content than in
the substrate. The protein and fat content in the prepupal
biomass determined in this study are lower than those
reported by Abduh et al. (2018) when the larvae were fed
with trisperma seed (45.1% for protein and 26.6% for
fat). In another study, the protein and fat content reached
up to 46.3 and 39.6% when the larvae were fed using rice
straw mixed with restaurant solid waste (Zheng et al.,
2012). Different amount of protein and fat content in the

Table 1: Assimilation efficiency, efficiency of conversion, waste reduction index and estimated productivity of prepupal biomass

Efficiency of conversion

Substrate reduction Productivity of biomass

Substrate condition Assimilation efficiency (%) (%) rate/day (g.m*/day)
P1* 25.7 11.9 1.3 73.3

p2* 29.9 12.9 1.4 1233

P3* 34.5 21.9 2.4 179.8

*: P1) rice straw pre-treated with a solution containing consortium of microbes, P2) rice straw mixed tofu residue (1:3 mass ratio), P3) rice straw
pre-treated with a solution containing consortium of microbes mixed with tofu residue (1:3 mass ratio)

Table 2: Composition of protein, fat, carbohydrate, fibre and ash content (weight basis) of harvested prepupal biomass at different cultivation

conditions
Substrate condition  Protein content (%) Fat content (%) Carbohydrate content (%) Fibre content (%) Ash content (%)
P1* 34.4 16.3 17.1 21.1 10.1
p2* 32.1 16.1 14.2 24.7 10.4
P3* 31.8 15.5 10.4 29.7 10.2

*: P1) rice straw pre-treated with a solution containing consortium of microbes, P2) rice straw mixed tofu residue (1:3 mass ratio), P3) rice straw
pre-treated with a solution containing consortium of microbes mixed with tofu residue (1:3 mass ratio)
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Table 3: Properties of residual substrate remained after the cultivation of black soldier fly larvae

Solid organic fertilizer

Parameter PI* p2* P3* standard**

C-organic (%) 46.25 43.45 43.05 Min. 15

C/N 46.72 25.86 22.42 15-25

pH 7.53 7.82 7.16 4-9

Macronutrient (%) Min. total of N+P,0s+K,0 4%
N 0.99 1.68 1.92

P,0s 0.13 0.21 0.18

KO 1.21 1.29 1.11

Functional microbes*** (CFU/mL)  3.7x10® 4.5x108 2.0x10% Min. 10°

*: P1) rice straw pre-treated with a solution containing consortium of microbes, P2) rice straw mixed tofu residue (1:3 mass ratio), P3) rice straw
pre-treated with a solution containing consortium of microbes mixed with tofu residue (1:3 mass ratio); **: According to Ministry of Agriculture

of Indonesia; ***: Analysed with Pikovskaya medium; Min.: Minimum

Table 4: Lignocellulose content (weight basis) of substrate before and after cultivation with black soldier fly larvae

Substrate condition Cellulose (%) Hemicellulose (%) Lignin (%)
Rice straw 30.28 22.14 7.93
P1* 7.40 2.97 2.38
P2* 7.15 1.40 6.23
P3* 6.23 1.58 1.94

*: P1) rice straw pre-treated with a solution containing consortium of microbes, P2) rice straw mixed tofu residue (1:3 mass ratio), P3) rice straw
pre-treated with a solution containing consortium of microbes mixed with tofu residue (1:3 mass ratio)

harvested biomass obtained in this study may be due to
lower initial fat and protein content in the substrate. In
addition, the protein and fat content in the harvested
biomass is highly influenced by the type of substrate
used in the cultivation process, readily available
digestive enzymes as well as the killing method of the
prepupae (Kim et al., 2011; Gold et al., 2018; Caligiani
et al.,2018; Lalander ef al., 2019; Leni et al., 2019).
The protein and fat content of the prepupal biomass
obtained in this study satisfy the specification of animal
feed for chicken (minimum of 13.5% for protein; 7% for
fat) as outlined by the Indonesian National Standard for
protein (SNI 01-3929-2006) and fat (SNI 01-3909-
2006). Hence, the prepupal biomass of BSF cultivated
with the remaining biomass from rice straw mixed with
tofu residue may be utilized for animal feed application.

Properties of residual substrate: The properties of the
residual substrate remain after the cultivation of BSFL
was analysed to investigate its potential to be valorised
as solid organic fertilizers and the results are shown in
Table 3. The pH of the residual substrate for all
cultivation conditions is in the range of 7.2-7.8 which
lies in the range of pH 4-9 set by the Ministry of
Agriculture of Indonesia. The C-organic of the residual
substrate for all cultivation conditions lies in the range of
43-46.3% which is well above a minimum standard of
15%. Nevertheless, only residual substrate obtained
from P3 cultivation condition that had a C/N ratio lies in
a standard range of 15-25. The residual substrate had
enough functional microbe (2.0x108-4.5x10% CFU/mL)
but the minimum total of N, P,Os and KO still less than
the required value of 4%.

Lignocellulose content of the residual substrate was
also analysed and compared with the rice straw
(Table 4). Initially the rice straw had a cellulose and
hemicellulose content of 30.28 and 22.14% (weight

basis). At the end of the cultivation period, the cellulose
and hemicellulose content decreased around 75-79 and
86-92% for all treatments. The data indicates that BSFL
was able to degrade cellulose and hemicellulose
although without the addition of the consortium of
microbes. As for lignin, the lignin content only decreased
from 7.93 to 6.23% (weight basis) when the larvae were
fed with rice straw mixed without tofu residue only (P2).
When the substrate was pre-treated with a solution
containing consortium of microbes (107 cell/mL), the
lignin content decreased to 2.38% (P1) and 1.94% (P3)
on a weight basis.

The residual substrate obtained after the cultivation
period has a potential to be valorised as an organic
fertilizer. For the case of when larvae were fed with rice
straw mixed with tofu residue and pre-treated with
consortium of microbes, the properties of the residual
substrate satisfy all the requirements for a solid organic
fertilizer set by the Ministry of Agriculture of Indonesia
except for the total content of N, P,Os and K,O that
should be at least 4%. Hence, additional macronutrient
needs to be added especially P,Os for solid fertilizer
application.

CONCLUSION

Bioconversion of rice straw and tofu residue using
larvae of Hermetia illucens assisted by microbes to
produce protein-rich biomass and organic fertilizer has
been investigated. A biomass productivity of 179.8
g/m?/day on a dry basis with an assimilation efficiency
of 21.5% and efficiency of conversion of digested feed
34.9% was obtained when black soldier fly larvae were
fed with rice straw and tofu residue (1:3) that had been
pre-treated with a solution containing 107 cell/mL
microbes. At this condition, the prepupal biomass has a
protein content of 31.8% and a fat content of 15.5%
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(weight basis). The cultivation residue contains a relative
high amount of organic carbon with a carbon to nitrogen
ratio of 22-47 and total macronutrient of 2.33-3.21% and
functional microbes of 2.0-4.5x10% CFU/mL. The results
highlight the potential of black soldier fly larvae as a
bioconversion agent to convert agricultural waste into
protein-rich biomass and organic fertilizer.
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