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and the BSFL conversion rate increased by 31.2–172.7%. 
Accordingly, one simple process flowchart was drawn, and 
the output was estimated.
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Introduction

Golden needle mushrooms (Flammulina velutipes) are 
widely eaten by people worldwide, especially in China 
and Japan [1]. The mushroom’s high nutritional value and 
delicious taste rapidly increase its production [2], and it 
has become one of the fourth most popular edible mush-
rooms worldwide [3, 4]. According to the statistical data 
from Zhiyan Consulting Group (http://www.chyxx.com/
research/201409/277249.html), 3,180,000 tons of this mush-
room were produced in 2014 in China. With the increasing 
yield of golden needle mushroom (GNM), its production 
waste, nearly double yield of GNM and including mushroom 
residue and mushroom root waste (an abandoned part of the 
fruiting bodies), is becoming a huge burden that increases 
the treatment cost for edible mushroom companies. Recy-
cling the waste and reducing the treatment cost become part 
of their important objectives.

The mushroom residue normally acts as the accessory 
to adjust the status of manure composting and could be 
consumed by the composting factory with less cost. How-
ever, the mushroom root waste could not easily be used in a 
similar fashion because of its high water content and drying 
pretreatment. Furthermore, the mushroom root has highly 
similar nutritional value to fruiting bodies, thereby requiring 
the former with high value-added recycling. Many research 
focused on the medicinal properties of fruiting bodies, which 

Abstract A new bioconversion-composting process of 
golden needle mushroom (Flammulina velutipes) root waste 
was established using black soldier fly larvae (BSFL) to pro-
duce added-value biomass and organic fertilizer. The entire 
process included two stages: BSFL conversion and conven-
tional composting, which lasted 40 days. After a 26-day bio-
conversion, a considerable quantity of BSFL was obtained, 
which could be used to produce the protein feed, chitin, anti-
bacterial peptide, biodiesel and so on. The bioconversion 
parameters of waste reduction rate and BSFL conversion 
rate were 54.8 ± 0.4 and 5.06 ± 0.27%, respectively. Follow-
ing the 14-day conventional composting, the mushroom root 
waste turned into an organic fertilizer. The moisture, organic 
matter, total nitrogen, total phosphorus, and total potassium 
concentrations of the obtained fertilizer were 29.3 ± 0.9, 
76.0 ± 1.7, 2.74 ± 0.09, 2.07 ± 0.06, and 1.34 ± 0.15%, 
respectively. The germination index was 65.7 ± 3.2% for 
Chinese cabbage and 52.9 ± 1.3% for rapeseed. To acceler-
ate bioconversion, increase output of larvae biomass and 
shorten the developing time of BSFL, two auxiliary materi-
als, nitrogen source, namely, bran and kitchen wastes, were 
mixed with mushroom roots. Both were significantly effec-
tive, and the recommended percentage was 40%. In that case, 
the developing time reduced to approximately 15–16 days, 
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contained bioactive polysaccharides with beneficial immu-
nomodulatory, anti-tumor, and biological activities on hepat-
ocytes as well as anti-proliferation and antioxidant activities 
[1, 5–9]. Mushroom root waste may have a grand prospect of 
developing medicinal value in the future. Hence, a practical 
and value-added process is needed.

Black soldier fly larvae (BSFL), Hermetia illucens, could 
feed in organic wastes, thereby incorporating the nutrients 
into their bodies and reducing the amount of waste material 
in the process [10–12]. The treatment process with BSFL 
had been applied to many types of manure and kitchen 
wastes, which could produce a biomass of protein, fat, and 
other by-products, such as organic fertilizer, chitin, antibac-
terial peptide, and biodiesel [13–20]. This developing pro-
cess may meet the requirement of mushroom root treatment.

This paper investigates the feasibility of a new bioconver-
sion-composting process of mushroom root waste by BSFL. 
The key parameters of the new process were evaluated. We 
further provided a schematic of the new process for mush-
room root treatment for future application.

Materials and Methods

Source of Black Soldier Fly

The black soldier flies were obtained from a colony main-
tained year round in a greenhouse in Huazhong Agricultural 
University, Wuhan. The Wuhan colony was established from 
eggs collected at a poultry facility in November 2008.

In the colony breeding system, the room temperature was 
controlled, ranging from 25 to 30 °C and the air humidity 
above 70%. The larvae were fed on standard colony diet [1:1 
bran and wheat shorts (w:w)] [16, 18, 21] for an average of 
22–24 days. Then, they went through stages of pupation, 
eclosion, copulation, and oviposition [22], and the eggs were 
collected and hatched to the first-day larvae. Part of the first-
day larvae would join this life cycle again to keep the system 
running; others would be fed for approximately 6 days on 
standard colony diet to be used in waste treatment [18, 21].

Source of Golden Needle Mushroom Root Waste

The fresh mushroom root waste was collected from Wuhan 
Ruyi Edible Mushrooms Co. Ltd., located in the Hutong 
Street, East of Xihu District, Wuhan City, Hubei Province, 
China. Each are cylindrical of diameter 80 mm × height 
40 mm approximately, but any pretreatments were not done. 
The mushroom roots were stored in a cooling room of 4 °C. 
Before using for experiment, three samples of about 200 g 
was taken randomly and their nutritional parameters were 
measured by the Shanghai Supervision and Testing Center 
for Feed Quality, according to the standard method coded 

as GB/T 18246-2000, GB/T 6434 - 2006, GB/T 13082-1991, 
GB/T 13080-2004, and GB/T 18246-2000, Standardization 
Administration of the People’s Republic of China.

Bioconversion-Composting Process of Mushroom Root 
Waste

Approximately 2000 6-day-old BSFL were inoculated in an 
open barrel with humid cotton gauze by triplicates, and the 
fresh mushroom roots totaling 1000 dry g were placed into 
each barrel (50 mg larva−1 day−1 for 20 days) [23]. The room 
temperature was controlled at 25–30 °C in the entire process, 
and the mushroom was kept to wet but no free water was in 
the barrel bottom by spraying water until the first prepupa 
appeared. To evaluate the efficacy of the BSFL feeding the 
mushroom roots, the BSFL’s growth was monitored dur-
ing the conversion process. So a total of 200 larvae were 
weighed randomly every day and returned to the experiment 
after weighting. When approximately 50% larvae grew to 
become a prepupa, the bioconversion process was stopped. 
The larvae separated from the residue were dried at 105 °C 
for 10 min and 60 °C for 2 days. A control treatment was 
conducted with standard colony diet.

After the larval conversion, the resulting residue was col-
lected, in which 400 g residue was kept in the homemade 
insulated containers for composting by triplicates. The con-
tainer’s main size was 85 mm (diameter) × 300 mm (height), 
and its shape is similar to an inverted cola bottle, as shown 
in Fig. S1. The residues were composted and its temperature 
was detected every day. When its temperature were similar 
with room temperature and no longer increasing for 3 days, 
we stopped the experiment. The samples of 20 g were col-
lected at the beginning and the end of the composting and 
stored in the refrigerator at −20 °C.

Auxiliary Materials for Accelerating the BSFL 
Conversion

To accelerate mushroom root bioconversion, shorten the 
bioconversion time, and improve the BSFL conversion rate 
and yield, two auxiliary materials (bran and kitchen wastes) 
were added in the mushroom roots in different proportions 
for improving BSFL conversion. The kitchen wastes were 
collected from restaurants in Wuhan City, China, by Hubei 
Tianji Bioengineer Co. Ltd, which was drained and minced. 
The bran was collected from Wuhan Ruyi Edible Mush-
rooms Co. Ltd. The water content of these materials was 
determined by comparing their weight before and after dry-
ing at 105 °C for 10 min and 60 °C for 2 days. According to 
the water content, the different proportions (0, 20, 40, 60%, 
dry w/total dry w) of the auxiliary material were mixed with 
mushroom roots by triplicates. 200 6-day-old BSFL were 
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inoculated in 100 dry g mixture materials. The bioconver-
sion process was controlled as described above.

Chemical Analysis

The levels of total nitrogen (TN), total phosphorus (TP), 
total potassium (TK), and organic matter (OM) of residue 
samples [24] were assayed according to the standard method 
coded as NY 525-2011 Standardization Administration of 
the People’s Republic of China. The concentration assay of 
crude fat of larvae referenced the standard method coded as 
GBT 6433-2006.

The parameters of Vermicomposting

The parameters of vermicomposting were measured and cal-
culated for the vermicomposting process as follows [23, 25]:

where WRR, WRI, CR, and RGR represent waste reduc-
tion rate (Eq. 1), waste reduction index (Eq. 2), conversion 
rate (Eq. 3), and relative growth rate (Eq. 4), respectively; 
S is the total quantity of substrate provided throughout the 
experiment; R is the residue left after bioconversion (non-
digested substrate + excretion products); t is the bioconver-
sion time;  Wlf is the larvae weight by the end of the process; 
 Wl0 is the larvae weight at the start of the process. The mass 
balances were performed on dry base.

Maturity Index of Composting

To evaluate the maturity degree of composting, the germina-
tion index (GI) of composting residue was measured [26]. 
The composting samples were weighed for 5 g and added 
with a 50 mL distilled water in a centrifuge tube. They were 
shaken for 30 min and then centrifuged at 3000 rpm for 
20 min. About 5 mL of supernatant of extraction solution 
was added into the culture dish (9 cm diameter), and the two-
layer filtration papers were soaked in the solution. Twenty 
rapeseed or Chinese cabbage seeds were placed evenly on 
the surface of a filtration paper by triplicates. The germina-
tion occurred in the biochemical incubator (SPX-100B-Z, 
Shanghai Boxun Industry & Commerce Co., Ltd. Medical 
Equipment Factory, China) with dark and 25 °C condition 
for 48 h; then, the germination rate and each root length in 
each dish were measured. The GI was calculated according 

(1)WRR = (S − R)∕S × 100%,

(2)WRI = WRR × 100∕t,

(3)CR =
(

Wlf −Wl0
)

∕S × 100%,

(4)RGR =
(

Wlf −Wl0
)

∕(t ×Wl0),

to Eq. (5) [27]. A control treatment was conducted using 
distilled water.

Data Analysis

Analyses of variance (ANOVA) or significance were applied 
for all the data. The predictive analytic software SPSS (ver-
sion 16) was employed for the analysis.

Results and Discussion

The Nutritional Component of Mushroom Root Waste

Table 1 shows the measurement results of phosphorus, 
potassium, crude protein and a series of amino acids as the 
nutritional component of the mushroom root. The 19 com-
ponents of F. velutipes root waste showed no significant dif-
ference with the fruiting body, except potassium and alanine, 
compared to the references [2, 28–30]. This result means 
that the mushroom root waste had a similar nutritional con-
tent to the fruiting body and had significant potential recy-
cling value as feed. The amino acids of the root waste were 
abundant, and the glutamic acids were the most plentiful, 
which were backbone precursors for producing other amino 
acids [30]. The content of six essential amino acids, includ-
ing threonine, valine, isoleucine, leucine, phenylalanine and 
lysine, were 2.22 g/100 g (total content). The results pre-
sented above show that the mushroom root waste is a good 
source of phosphorus, potassium, proteins, and amino acids, 
and it may be fed by the larvae of H. illucens.

Growth of BSFL in the Bioconversion Process

The larval growth curve was shown in Fig. 1. It showed that 
the growth curve of BSFL in both substrates was linear in 
the first 18 days because of continuous feeding. The slopes 
(representing the growth rate) of these two lines were cal-
culated to be 0.6614 ± 0.0173  (R2 = 0.9885, p < 0.01) and 
0.6951 ± 0.0233  (R2 = 0.9812, p < 0.01), respectively, in 
mushroom root waste and standard colony diet (control) 
through regression analysis (n = 19), and the frontier was 
slightly lower than the latter. The BSFL in the mushroom 
root waste require more time for the prepupa than those in 
the control group; and their developing time was longer as 
well. However, they were able to feed the mushroom root 

(5)

GI(%) = (testing group germination rate

× testing group root length)∕

(control group germination rate

× control group root length) × 100
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waste very well and live to reach the prepupa stage to join 
their future fly life.

Only a 1-day difference existed between the mushroom 
root waste group and standard colony diet group when the 
first prepupa appeared. The weight of fresh larvae in the 
mushroom root waste group showed no significant difference 

(t = 0.008, p = 0.995; t = −0.678, p = 0.535) with that in the 
standard colony diet group in the 21st and 22nd day. Further-
more, the weight was stable in the range from the 21st day 
to 26th day. The optimal bioconversion time was suggested 
to be 22 days when the larvae weight reached the maximum 
and were kept stable.

Table 1  The nutrition 
components of root waste and 
fruiting body of Flammulina 
velutipes (g/100 g of dry 
weight)

n.d. not detected
*Indicate significant difference from the references’ mean (p < 0.05)
a Each value was expressed as mean ± SE (n = 3)
b−e The nutrition of the fruiting body of mushrooms (Kang et al. [2]; Ko et al. [28]; Lee et al. [29]; Smiderle 
et al. [30])

Components Root waste Fruiting body

Contenta Lee et al.b Kang et al.c Smiderle et al.d

Phosphorus 1.03 ± 0.23 n.d. n.d. 0.94
Potassium 0.98 ± 0.11* n.d. n.d. 2.9
Crude protein 12.14 ± 0.34 n.d. 19.31 ± 0.06 27.50 ± 0.90e

Aspartic acid 0.66 ± 0.03 0.38 ± 0.07 1.28 ± 0.07 n. d.
Threonine 0.38 ± 0.02 0.22 ± 0.06 0.81 ± 0.01 1.00
Serine 0.36 ± 0.02 0.35 ± 0.05 0.81 ± 0.03 0.77
Glutamic acid 1.11 ± 0.06 1.00 ± 0.01 3.00 ± 0.06 1.00
Glycine 0.34 ± 0.02 0.34 ± 0.04 0.70 ± 0.04 2.85
Alanine 0.46 ± 0.02* 0.94 ± 0.1 1.26 ± 0.01 0.76
Valine 0.30 ± 0.02 0.35 ± 0.04 0.76 ± 0.05 0.65
Isoleucine 0.29 ± 0.01 0.24 ± 0.04 0.56 ± 0.03 0.51
Leucine 0.48 ± 0.02 0.38 ± 0.07 0.98 ± 0.05 0.54
Tyrosine 0.24 ± 0.01 0.20 ± 0.02 0.51 ± 0.02 0.35
Phenylalanine 0.34 ± 0.02 0.27 ± 0.03 0.72 ± 0.03 0.57
Lysine 0.43 ± 0.02 0.15 ± 0.06 0.96 ± 0.01 3.09
Histidine 0.23 ± 0.01 0.13 ± 0.02 0.31 ± 0.04 0.15
Arginine 0.32 ± 0.02 0.23 ± 0.04 0.69 ± 0.10 0.39
Proline 0.14 ± 0.01 0.39 ± 0.01 n.d. 0.49
Total amino acids 6.08 ± 0.03 5.62 15.37 n.d.

Fig. 1  Growth curve of BSFL 
fed with mushroom root waste 
and standard colony diet. Two 
lines is the fitted line based on 
the fresh larval weight data in 
the first 18 days
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The Bioconversion Process of Mushroom Root Waste

Figure 2 describes the status changes of the mushroom root 
waste and BSFL in the different stages of the bioconversion 
process. When the fresh mushroom root waste was added in 
the bioconversion system, an amount of larvae came to the 
bottom of the mushroom root waste because of their photop-
athy. The larvae were actively eating and move themselves 
into the mushroom root waste strongly. After several hours, 
the mushroom root waste structure becomes loose and broke 
up. At the beginning, middle, and end of bioconversion, their 
form was lumpish, spongy, and in small pieces, respectively, 
whereas the color changed from white to brick red, then to 
russet, and finally to taupe.

The larvae were energetic in the entire process. Their 
movement and respiration could warm the material, thereby 
possibly accelerating their lives in return and promoting a 
mutual relationship. In that case, the center temperature of 
the material could reach maximum of 52 °C at some time 
when the water volatilized quickly and the bioconversion 
process was accelerated. But high temperature would cause 
migration of larvae in which case the substrate should be 
manually turned for heat dissipation.

The entire bioconversion process lasted 26 days, and the 
parameters of this bioconversion were determined and cal-
culated in Table 2. Results indicated that the WRR, WRI, 
CR, RGR, and crude fat values of the mushroom root waste 
group were significantly lower than those of the control 
group. But the mushroom root waste groups run healthily 
and sustainably. The CR and RGR of the mushroom root 
waste group were 5.06 ± 0.27% and 0.64 ± 0.04 days−1, 
respectively, which both were approximately 60% that of 
the control group. Zhou [22] invested the bioconversion of 
three black soldier fly strains on three livestock manures, 

which showed CR values of 5.37–6.55, 6.92–7.67, and 
2.24–3.13% for swine manure, chicken manure, and dairy 
manure, respectively. The CR of mushroom root waste group 
was higher than that of dairy manure, and similar with that 
of swine manure. BSFL’s crude fat content was 14.9 ± 0.2% 
in the mushroom root waste bioconversion; whereas, it was 
approximately 34.3% in the control group. The fat accumu-
lation of BSFL in the mushroom root waste was suggested 
to be weaker than that in the control group. However, it was 
potentially possible for their grease to product biodiesel [16].

Biochemical Changes of the Mushroom Roots During 
Bioconversion-Composting

In the entire bioconversion-composting process, the 
BSFL conversion requires 26 days, whereas the compost-
ing requires 14 days. Some biochemical parameters were 
monitored during the process, showed in Fig. 3. It showed 
that the moisture and OM of mushroom root waste reduced 
significantly in the process, whereas the TN, TP, and TK 
increased significantly. The final concentrations of mois-
ture, OM, TN, TP, and TK were 29.3 ± 0.9, 76.0 ± 1.7, 
2.74 ± 0.09, 2.07 ± 0.06, and 1.34 ± 0.15%, respectively, 
all of which met the standard of organic fertilizer coded as 
NY 525-2011. The reduction of moisture and OM resulted 
from the movement and feeding behavior of BSFL in bio-
conversion and microorganism activity in composting. The 
increase in TN, TP, and TK was mainly caused by mass 
transformation (referencing the “WRR”). The contribu-
tion of the bioconversion program may be more than that 
of conventional composting in terms of the values of each 
parameter in the bioconversion stage and conventional 
composting stage, which was consistent with the biocon-
version of swine manure via housefly larvae [24].

Fig. 2  The status change of 
mushroom root waste and BSFL 
in different stages of the conver-
sion process

Table 2  Parameters of 
mushroom root waste 
conversion by BSFL 
(mean ± SE, n = 3)

*Crude fat is of BSFL
**Substrate of control was standard colony diet, and its conversion lasted 22 days
a,b Different letters indicate significant difference in each column (p < 0.05)

Substrate Material reduction Conversion to BSFL

WRR (%) WRI  (days−1) CR (%) RGR  (days−1) Crude fat* (%)

Mushroom root 42.3 ± 0.6a 1.63 ± 0.02a 5.06 ± 0.27a 0.64 ± 0.04a 14.9 ± 0.2a

Control** 52.1 ± 2.7b 2.39 ± 0.12b 8.34 ± 0.18b 1.09 ± 0.02b 34.3 ± 0.2b
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The GI of the final composting residue was 65.7 ± 3.2% 
for Chinese cabbage and 52.9 ± 1.3% for rapeseed (shown 
in Fig. 4), which was assessed as mature compost (the 
immature compost when below 50%) [27]. Due to the bio-
conversion, the following traditional compost lasted 14 
days, which was very short compared with much research 
[26, 31, 32]. The results proved that the bioconversion-
composting process of F. velutipes root waste by BSFL 
was feasible and available. The two main products, 
namely, BSFL and organic fertilizers, would be obtained, 
which could improve the additional value for mushroom 
root waste management.

Process of Accelerating the Mushroom Root Waste 
Bioconversion

Table 3 shows the result of the conversion rate and waste 
reduction rate. Results showed that the conversion rate and 

Fig. 3  Biochemical parameters 
(on dry basis) of mushroom root 
waste in the process of conver-
sion and composting. Differ-
ent superscript small letters 
indicate significant difference 
(n = 3, p < 0.05)

Fig. 4  The germination testing 
of Chinese cabbage seeds (a 
GI = 65.7 ± 3.2%) and rapeseed 
(b GI = 52.9 ± 1.3%) for final 
composting residue CK

Extract of final 

residue

A B

Table 3  Conversion parameters of mushroom root waste mixed with 
auxiliary materials of different percentage (mean ± SE, n = 3)

*Developing time
a,b Different small letters indicate significant difference in each column 
(n = 3, p < 0.05)
A,B,C,D Different capital letters indicate significant difference in each 
column (n = 3, p < 0.05)

Substrate CR (%) WRR (%) DT* (days)

Mushroom root (MR) 5.36 ± 0.44a,A 37.3 ± 6.0a,A 26
20% bran + 80% MR 6.00 ± 0.10ab 46.3 ± 0.4b 22
40% bran + 60% MR 7.03 ± 0.15b 50.6 ± 1.4b 16
60% bran + 40% MR 7.47 ± 0.66b 53.1 ± 1.0b 15
Bran 7.15 ± 1.32b 65.5 ± 0.9c 15
20% KW + 80% MR 10.20 ± 0.71B 40.1 ± 5.4A 22
40% KW + 60% MR 14.62 ± 1.67C 46.8 ± 1.4AB 15
60% KW + 40% MR 15.33 ± 0.38C 47.9 ± 4.2AB 15
Kitchen waste (KW) 18.18 ± 0.20D 56.0 ± 1.4C 15
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the waste reduction rate increased with the increasing per-
centage of bran or kitchen wastes in the mushroom roots, 
whereas the BSFL developing time decreased. This result 
suggested that both bran and kitchen wastes could accelerate 
BSFL conversion, which may be because that the bran and 
kitchen wastes were palatability and brought carbohydrate 
and grease [21, 33]. The accelerating efficacy of kitchen 
wastes is better than that of bran because all conversion rate 
values of kitchen waste group are higher than those of bran 
group. Both conversion rate and waste reduction rate of 40 
and 60% auxiliary material showed no significant difference, 
but were significantly different from those of the 20% auxil-
iary material and pure mushroom roots. When adding 40% 
of bran or kitchen wastes into the mushroom, the BSFL con-
version rate respectively increased 31.2 and 172.7% times 
from those of pure mushroom root waste. Furthermore, the 
BSFL developing time would be shortened from 26 days 
to 15–16 days. Therefore, adding the auxiliary material is 
a good method to accelerate bioconversion. The best per-
centage result of kitchen wastes or bran obtained under the 
experimental conditions was 40%.

Design of the New Process for Mushroom Root Waste 
Bioconversion-Composting

The new process design for mushroom root waste biocon-
version-composting was proposed according to the above 
results and analysis, as shown in Fig. 5.

The BSFL (6th day after hatching) was supplied by the 
breeding system. The moisture of mushroom root waster 
and auxiliary materials (bran or kitchen wastes) should be 
controlled to 70–80% at the beginning of BSFL conversion. 
The bioconversion system should be under the temperature 
range of 25–30 °C, where the inoculating ratio of larvae 

was advised as 2000 larvae per 1 kg dry material. In the 
process, the bran or kitchen wastes could be mixed with 
the mushroom root waste to accelerate the bioconversion 
process, with its recommended percentage suggested as 
40% bran or kitchen wastes and 60% mushroom root wastes. 
According to the parameters of bioconversion-composting, 
48–53 kg of aging BSFL and approximately 170 kg organic 
fertilizer could be obtained from 1 ton of fresh mushroom 
root waste; 68–72 kg of aging BSFL and approximately 
190 kg of organic fertilizers could be obtained from 1 ton of 
fresh mixture of 60% mushroom root waste and 40% bran; 
129–163 kg of aging BSFL and approximately 200 kg of 
organic fertilizer could be obtained from 1 ton of fresh mix-
ture of 60% mushroom root waste and 40% kitchen wastes.

Conclusions

A new process for mushroom root waste bioconversion-
composting by BSFL was designed and proven to be avail-
able in this study. This process could shorten the conven-
tional composting time tremendously and return a profit. 
Two high-value products, namely, the biomass of BSFL and 
organic fertilizer, were obtained in this process. To acceler-
ate bioconversion, the bran and kitchen wastes were used as 
auxiliary material. Apart from the speed of bioconversion, it 
was practical and effective as well. This process proved to be 
feasible, effective, and profitable, which may produce a new 
industrial chain and facilitate popularization and application.
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