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Abstract
An economic and feasible way to use black soldier fly larvae consists of treating livestock manure to convert it into high value-added protein feed.

This study was aimed to investigate the effects of different pretreatments on the physiochemical properties of pig manure and its potential in

promoting the growth and nutrient accumulation of black soldier fly larvae (BSFL).  Fresh pig manure was pretreated by aerobic fermentation

(AE),  anaerobic  fermentation  (AN)  and  high  temperature  anaerobic  fermentation  (HAN)  for  2  or  5  d,  and  then  inoculated  with  BSFL.  Results

indicate that EC value, DOC, DON, TN, NH4
+-N and protein content were the highest in HAN pretreated manure. The individual body weight and

protein content of BSFL fed with HAN pretreated manure increased by 20% and 30%, respectively, compared with those fed with AE pretreated

manure.  In  terms  of  performance,  BSFL  fed  with  HAN  pretreated  manure  showed  the  highest  waste  reduction,  bioconversion  rate,  waste

conversion  efficiency  and  protein  conversion  efficiency.  The  conclusion  of  the  present  study  may  be  helpful  for  further  research  on  the

conversion of organic waste by BSFL.
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 INTRODUCTION

With the transformation of China's animal husbandry model
to intensive industrial production, the decoupling of crops and
livestock production has led to a shortage of land near livestock
farms, and it has become increasingly difficult to return manure
to  the  field[1].  Intensive  livestock  production  causes  a  large
amount of livestock manure being discharged directly into the
environment[2],  resulting  in  the  loss  of  nutrients  and  environ-
mental pollution. On the other hand, the transformation of the
livestock  industry  has  also  increased  China's  dependence  on
forage  imports.  In  2017,  China  imported  170  Tg  of  crop  pro-
ducts  and  1.6  Tg  of  fishmeal,  equivalent  to  38  Tg  of  protein,
86% of which was used as intensive animal feed[3].

Due  to  resource  shortages  worldwide,  circular  economy  is
the  way  to  sustainable  development  in  the  future.  Muscat  et
al.[4] pointed  out  that  by-products  of  food  production,  proce-
ssing and consumption should be recycled and re-entered into
the  food  system  in  a  way  that  could  add  the  highest  value  to
the  food  system.  Some  edible  insects  have  the  ability  to
convert organic waste into high-quality proteins and fats. With
insects  as  part  of  a  closed  loop  of  the  food  system,  through
their  biotransformation,  nutrients  in  organic  waste  are  con-
verted into proteins and fats for livestock consumption. Insects
can solve two important problems that are plaguing the world:
lack  of  sustainable  feed  and  loss  of  nutrients  from  organic
waste. As the nature’s most powerful recyclers, black soldier fly

larval  (BSFL)  have  many  outstanding  advantages  such  as  fast
growth,  strong  reproduction,  high  output  efficiency  and
suitable  for  industrial  production[5].  BSFL  are  rich  in  protein,
amino acids,  iron,  zinc,  calcium and other  minerals  needed by
animals[6].  They  are  an  ideal  source  of  feeding  protein.  Adult
BSF do not eat and only need to replenish water, so that the risk
of carrying and transmitting diseases is greatly reduced[7].

Currently,  BSFL  have  been  widely  used  in  the  treatment  of
chicken  manure[8],  cow  manure[9] and  pig  manure[10].  Animal
manure  contains  a  lot  of  unused  nutrients,  which  can  be
converted into body proteins through feeding and digestion by
BSFL.  While  eliminating  environmental  pollution,  it  provides
animal  protein  source  feed  additives  for  the  market,  so  as  to
realize the resource utilization of agricultural waste. Despite the
fact  that  BSFL  can  consume  various  types  of  substrates,  high
fiber  content  or  unbalanced  carbon  to  nitrogen  ratio  in  the
substrate  may  result  in  low  treatment  efficiency.  How  to
improve  the  efficiency  of  BSFL  converting  waste  into  insect
biomass  has  always  been  the  focus  and  difficulty  of  research.
Some  pretreatments  have  been  shown  to  increase  the  con-
version  rate  of  BSFL  to  their  substrates.  Mazza  et  al.[11]

inoculated  the  associated  bacteria  into  chicken  manure,  and
found  that  almost  all  bacteria  could  promote  the  transforma-
tion of  the manure and the accumulation of  body weight  and
nutrients  of  the  BSFL.  Lindberg  et  al.[12] used  enzymes  to
pretreat  lettuce  waste  at  different  time  before  feeding  BSFL,
and  found  that  compared  with  the  controlled  group,  the
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bioconversion  rate  and  waste  reduction  of  direct  enzyme
addition increased by 22% and 14%, respectively. These pretreat-
ments  promote  the  decomposition  of  complex  compounds
such  as  cellulose  in  the  substrate  turning  into  carbohydrate
forms  that  are  more  easily  absorbed  and  utilized  by  larvae,
thereby  improving  biomass  conversion  efficiency.  However,
addition  of  inoculants  or  enzymes  will  increase  the  treatment
cost,  and  the  treatment  process  needs  to  be  carefully
controlled to avoid food competition between microorganisms
and BSFL. During the composting process, microorganisms can
degrade the macromolecular organic matter in the manure into
small molecule nutrients for their own metabolism. Reasonable
control  of  composting  conditions  can  increase  the  concen-
tration  of  nutrients  in  manure  that  is  easily  absorbed  and
utilized  by  BSFL,  thereby  promoting  the  conversion  efficiency
of waste.

The  purpose  of  this  study  was  to  investigate  the  effects  of
different  pretreatment  methods  on  the  physicochemical  pro-
perties  of  pig  manure  and  its  potential  in  promoting  the
growth  and  nutrient  accumulation  of  BSFL.  In  addition,  the
mechanism  of  different  pretreatments  to  improve  the  perfor-
mance  of  BSFL  by  regulating  the  nutrients  in  pig  manure  was
also discussed.  The findings are expected to provide guidance
for  exploring  simple  and  economical  methods  to  improve  the
biotransformation efficiency of BSFL to pig manure.

 MATERIALS AND METHODS

 Materials
Fresh  pig  manure  was  collected  from  a  pig  farm  in

Niejiazhuang  Village,  Hebei  Province,  China.  The  eggs  of  BSFL
used  in  the  experiment  were  purchased  from  Jiangsu  Anyou
Biotechnology  Co.,  Ltd.,  China.  Firstly,  eggs  were  laid  in  nylon
mesh  with  a  pore  diameter  of  20  mesh  and  placed  2−3  cm
above  wheat  bran  with  moisture  content  of  70%.  After  two
days, the eggs hatched, the nylon mesh was removed, and the
eggs were cultured in  wheat  bran for  3  d,  during which water
was added continuously to keep the moisture content at 70%.
Wheat bran used in the experiment was purchased from Chenxi
organic feed (Huainan, Anhui Province, China). It was sterilized
at  125 °C for  25 min before use.  After  sterilization,  wheat bran
was placed in an oven of 40 °C until dry. Sawdust was collected
from Luancheng, Hebei, China.

 Pretreatment of pig manure
The  moisture  content  of  fresh  pig  manure  was  adjusted  to

65% with sawdust and then placed in 50 L composting reactors
for  different  fermentation  pretreatments.  Six  composting  pre-
treatments  were  conducted  in  this  study  and  each  pretreat-
ment was  in  triplication:  (1)  aerobic  composting lasted for  2  d
(AE-2);  (2)  aerobic  composting  lasted  for  5  d  (AE-5);  (3)
anaerobic  composting  lasted  for  2  d  (AN-2);  (4)  anaerobic
composting lasted for 5 d (AN-5); (5) high temperature anaero-
bic  composting  lasted  for  2  d  (HAN-2);  (6)  high  temperature
anaerobic composting lasted for 5 d (HAN-5). Fresh pig manure
was used as control (CK). In AE pretreatments, air was pumped
at a  constant flow rate with 0.2 L·min−1·kg−1 dry weight.  In  AN
and  HAN  pretreatments,  pig  manure  was  naturally  fermented
in a closed composting reactor, in which AN was not provided
with  additional  heat,  while  HAN  was  continuously  supplied
with heat to keep the compost temperature at 55 °C. After the

pretreatment,  part  of  the pig manure was stored at  −20 °C for
the analysis of physical and chemical properties.

 Rearing of BSFL
The  moisture  content  of  fresh  and  pretreated  pig  manure

was  adjusted to  70% with  deionized water,  and then 300 g  of
pig manure was weighed and placed in a plastic box. Then 150
BSFL  (5  days  old)  were  put  into  pig  manure  and  cultured  at
30 °C for 10 d. Each pretreatment was set up in three parallels.
After  the  test,  the  BSFL  were  separated  from  pig  manure,
washed  with  distilled  water,  weighed  and  freeze-dried  for
subsequent analysis.

 Analysis of physiochemical properties of pig manure
and BSFL

The  pH  value  and  electrical  conductivity  (EC)  of  manure
(extracted with distilled water (1:5, w/v) at 150 rmp·h−1 for 0.5 h
and then stood for 30 min) were determined by a pH meter and
a  conductivity  meter.  The  soluble  carbon  (DOC)  and  soluble
nitrogen  (DON)  content  of  manure  samples  (extracted  with
distilled  water  (1:5,  w/v)  at  250  rmp·h−1 for  1  h,  centrifuged at
4,000  rpm·min−1 for  10  min  and  the  supernatant  was  passed
through a 0.5 µm filter membrane) were measured by a carbon
and  nitrogen  analyzer.  An  elemental  analyzer  (Elementar
Analysensysteme GmbH, Germany) was used to determine the
total nitrogen (TN) and total carbon (TC) content in pig manure.
NH4

+-N  content  was  evaluated  using  a  segmented  flow
analyzer  (Skalar,  Netherlands).  The  body  weight  of  BSFL  was
obtained  by  randomly  selecting  five  larvae  after  washing  and
draining and weighing them on a balance. The protein content
in pig manure and BSFL was measured by Kieldahl Azotometer
and  then  multiplied  by  6.25.  The  amino  acid  content  and  fat
content  in  BSFL  were  measured  by  an  automatic  amino  acid
analyzer  (Hitachi  L-8900)  and  Soxhlet  extraction  equipment
(SOX 406), respectively.

 The performance of BSFL
The  survival  rate,  waste  reduction,  bioconversion  rate  and

protein  conversion  efficiency  were  used  to  evaluate  the
performance  of  BSFL.  The  above  indicators  were  calculated
according to the formulas in the study of Gold et al.[13] .

 Statistical analysis
Data were displayed as  the mean ± standard deviation (n  =

3).  Significant  differences  were  analyzed  using  a  one-way
analysis  of  variance  (ANOVA)  followed  by  post  hoc  Duncan
multiple comparisons. Principal coordinate analysis (PCoA) and
Redundancy analysis (RDA) were performed on the online tool
of  Majorbio  Cloud  Platform  (https://cloud.majorbio.com/page/
tools/).  PCoA  was  carried  out  based  on  Bray–Curtis  distance
matrix,  eigen  values  and  eigen  vectors  were  calculated  to
generate  two-dimensional  plots  under  different  pretreatment
conditions.  Origin  software  (Origin  2021b,  Origin  Lab,
Northampton,  MA,  USA)  was used for  graphical  illustrations  of
the data.

 RESULTS AND DISCUSSION

 Changes in physicochemical properties of pig manure
after different pretreatments

Figure 1 shows the changes in physicochemical properties of
pig manure after different pretreatments.  The pH values in AN
and HAN pretreated manure were lower than those in fresh and
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AE pretreated ones. This might be caused by the accumulation
of  organic  and  inorganic  acids  due  to  degradation  of  organic
matter. In composting, the pH of pig manure is mainly affected
by the decomposition and mineralization of organic matter[14].
The  increase  of  pH  values  in  AE  pretreated  manure  might  be
due to the rapid volatilization of ammonium that counteracted
the  production  of  acids  over  time[15].  As  shown  in Fig.  1a & d,
the EC and NH4

+-N values in pig manure after AN, AE and HAN
pretreatments  were  higher  than  those  in  fresh  manure.  EC  is
related  to  soluble  salt  content  during  composting,  and  it  is
generally  believed that  compost  with  an EC of  less  than 4,000
µs·cm−1 can  be  safely  applied[14].  Higher  EC  values  in  HAN
pretreated manure might be related to the formation of a large
number  of  small  molecular  organic  acids  and  inorganic  salts.
And  with  the  prolongation  of  composting  time,  the  accumu-
lation  of  soluble  acids  and  salts  in  the  manure  increased,
resulting in the increase of EC value. Changes in the content of
NH4

+-N  in  pig  manure  are  related  to  the  activities  of  microor-
ganisms.  Degradation  of  nitrogenous  compounds  leads  to  an
increase  in  NH4

+-N,  while  microbial  consumption  leads  to  a
decrease  in  its  concentration[16].  In  aerobic  composting,  the
utilization  of  NH4

+-N  by  microorganisms  and  the  volatilization
rate  of  ammonia  were  significantly  higher  than  those  in
anaerobic composting, leading to lower NH4

+-N content.
Figure  1b shows  the  TC  and  TN  changes  in  different  pre-

treated  manure.  It  can  be  observed  that  different  pretreat-
ments all caused a decrease in TC content. This was mainly due

to  the  degradation  of  macromolecular  organic  matter  into
smaller  molecular  substances  by  aerobic  or  anaerobic  micro-
organisms,  which  were  used  for  the  development  of  their  cell
protoplasm[17].  Finally,  the  organic  matter  in  the  manure  was
released  into  the  environment  in  the  form  of  CO2 under  the
decomposition  and  utilization  of  microorganisms.  TC  degra-
dation in  AE  pretreated manure  was  the  most  prominent.  The
decomposition  of  organic  substances  is  mediated  by  microor-
ganisms,  and  in  aerobic  composting,  an  adequate  oxygen
supply  can  provide  adequate  electron  acceptors  for  microbial
respiration,  resulting  in  stronger  microbial  activity[18].  Com-
pared with fresh pig manure, TN values were higher in manure
pretreated  with  AN  and  HAN.  However,  TN  values  of  pig
manure  pretreated  with  AE  were  lower  than  that  of  fresh  pig
manure,  and the decreasing trend became more obvious with
the  extension  of  time.  The  loss  of  TN  in  the  AE  pretreated
manure  might  be  attributed  to  the  ammonia  emissions.  It  has
been  reported  that  less  than  1%  of  manure  nitrogen  is  lost  in
the form of ammonia in anaerobic composting, whereas under
aerobic conditions, ammonia volatilization reaches 9%−44%[19].
In pig manure pretreated with AN and HAN, the degradation of
organic  matter  reduced  the  dry  mass  of  manure,  resulting  in
the increase of TN.

The  change  trends  of  DOC  and  DON  in  each  group  were
similar  (Fig.  1c),  showing  the  highest  value  in  HAN  pretreat-
ment  and  the  lowest  value  in  AE  pretreatment.  In  aerobic
composting, the utilization of small-molecule organic acids and

a b

c d

 
Fig. 1    Changes in physicochemical properties of pig manure after different pretreatments. (a) pH and EC; (b) TC and TN; (c) DOC and DON; (d)
NH4+-N.  CK,  Control;  AE-2,  Aerobic  fermentation  for  2  d;  AN-2,  Anaerobic  fermentation  for  2  d;  HAN-2,  High  temperature  anaerobic
fermentation  for  2  d;  AE-5,  Aerobic  fermentation  for  5  d;  AN-5,  Anaerobic  fermentation  for  5  d;  HAN-5,  High  temperature  anaerobic
fermentation for 5 d.
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amino  acids  by  aerobic  microorganisms  resulted  in  the
reduction of DOC and DON[20]. Compared with macromolecular
organic  matter,  these  small  molecular  compounds  were  more
easily  absorbed and utilized by microorganisms.  The DOC and
DON increased in the AN and HAN pretreated manure because
the  utilization  rate  of  anaerobic  microorganisms  was  lower
than the hydrolysis rate of macromolecular organic matter.

In  anaerobic  composting,  temperature  is  the  most  limiting
factor because the optimum growth temperature of hydrolytic
bacteria  is  55−70  °C.  Under  this  condition,  the  solubility  of
refractory  organic  substances  such  as  protein  and  cellulose  in
manure  will  be  significantly  improved.  This  can  explain  why
HAN  pretreatment  has  a  more  significant  effect  on  the  physi-
cochemical properties of pig manure than AN pretreatment.

 Protein and amino acids contents of pig manure after
different pretreatments

Figure  2 shows  the  protein  and  amino  acid  content  of  pig
manure  with  different  pretreatments.  Compared  with  fresh
manure,  ones  pretreated  with  AE  showed  lower  protein
content.  Aerobic  microbes  degrade  proteins  into  amino  acids
that  are  more  readily  available  to  themselves,  leading  to  the
decrease  of  protein  content.  The  protein  content  of  AN  and
HAN pretreated manure was higher than that in fresh manure.
Possible reasons were that the degradation of organic matter in
manure reduced its  dry  weight,  resulting in  a  relative  increase
in  the  concentration  of  protein[21].  Moreover,  the  nitrogen
volatilization was inhibited in AN and HAN pretreatments, thus
nitrogen loss was avoided.

In  terms  of  amino  acids,  histidine  accounted  for  the  largest
proportion in fresh pig manure, followed by glutamic acid and
aspartic acid. As illustrated in Fig. 2b, with the concentrations of
various amino acids in pig manure after different pretreatments
decreased,  the  decreasing  trend  became  more  obvious  with
the  extension  of  time.  Among  them,  the  decrease  of  histidine
content  was  the  most  significant.  Histidine  is  an  amino  acid
necessary  for  the  synthesis  of  hemoglobin  in  aquatic  and
terrestrial  animals[22].  In  each  pretreatment, Bacteroides in
manure  degraded  histidine  to  glutamic  acid,  which  was  then
further degraded to propionic acid, acetic acid and butyric acid
under the action of Bacteroides or Anaerolineales[23]. The decline
of  other  amino  acids  was  also  related  to  the  action  of

microorganisms.  Compared  with  AN  and  HAN  pretreatment,
the  content  of  amino  acids  in  manure  pretreated  by  AE  was
higher.  This  might  be  due  to  the  transient  accumulation  of
amino acids by aerobic microorganisms degrading proteins to
produce amino acids faster than they consumed them.

 Growth and nutritional characteristics of BSFL fed with
pig manure with different pretreatments

BSFL reared on pig manure with HAN pretreatments showed
the  highest  weight  (Fig.  3a).  AE  pretreatments  resulted  in  the
lowest  body  weight  in  BSFL.  The  body  weight  of  BSFL  was
highly  dependent  on  macronutrients  in  the  feeding  medium.
Usually,  high  dietary  protein  and  digestible  carbohydrates
resulted in high larval weight[24].  After HAN pretreatments,  the
contents  of  DOC  and  DON  in  pig  manure  were  markedly
increased (Fig.  1c),  leading to significantly higher body weight
of  BSFL  fed  with  the  manure  than  those  in  other  groups.  The
protein  content  of  BSFL  was  similar  on  all  manure  diets
(ranging  from  44.2  to  47.6  g/100  g  DM),  indicating  that  the
protein accumulation in the larvae was not determined by the
dietary  protein  content.  Barragan-Fonseca  et  al.[25] also  found
that  BSFL  fed  with  3.5%  and  14%  protein  had  similar  protein
content.

In  living  organisms,  lipid  deposition  has  physiological  costs.
It  was  estimated  that  the  conversion  of  hex  saccharides  to  fat
can account for 20%−25% of the food energy supplied[26].  The
fat content of BSFL in this study (Fig. 3c) was significantly lower
than  the  values  (30  g/100  g)  reported  in  the  literature[27].  This
might be due to the fact that the addition of sawdust reduces
the  nutrient  concentration  of  pig  manure.  The  emergence  of
food  limitation  forced  BSFL  to  reduce  lipid  deposition  or
mobilize fat reserves[28], resulting in lower body fat content. For
animals,  higher  levels  of  dietary  fat  may  be  toxic  to  their  gut
microbes,  leading  to  reduced  feed  intake  and  lower  animal
production[29].  For example,  the fat  content in beef cattle feed
is  generally  between  2%  and  5%,  and  when  it  exceeds  6%,
diarrhea  and  digestive  disturbance  will  occur[30].  Therefore,
BSFL with low fat content are beneficial to increase their incor-
poration rate in the feed, thereby increasing their replacement
rate of traditional feeds such as fishmeal and soybean meal.

The  amino  acid  composition  of  BSFL  fed  with  different
pretreated  manure  is  shown  in Fig.  3d.  Overall,  glutamic  acid,

a b

 
Fig.  2    Changes  in  protein  and  amino  acids  of  pig  manure  after  different  pretreatments.  (a)  Protein  content;  (b)  amino  acid  content.  CK,
Control; AE-2, Aerobic fermentation for 2 d; AN-2, Anaerobic fermentation for 2 d; HAN-2, High temperature anaerobic fermentation for 2 d; AE-
5, Aerobic fermentation for 5 d; AN-5, Anaerobic fermentation for 5 d; HAN-5, High temperature anaerobic fermentation for 5 d.
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aspartic acid and glycine were the most abundant amino acids
in BSFL. This is  in accord with the study of Spranghers et al.[31]

who found that the most dominant amino acid in BSFL reared
on different organic substrates was glutamic acid,  followed by
aspartic acid. The BSFL in this study were also rich in a variety of
essential amino acids such as leucine, lysine and valine, and the
levels  of  these  amino  acids  were  sufficient  to  meet  the
requirements  of  poultry  and  pig[31].  It  can  be  observed  that
BSFL  of  all  groups  are  generally  deficient  in  cysteine  and
methionine, so these amino acids need to be supplemented in
a balanced diet. Makkar et al.[32] also reported the deficiency in
cysteine  and  methionine.  The  variations  in  the  amino  acids  of
the  larval  reared  on  different  pretreated  manure  were  small,
indicating  that  feeding  substrates  had  small  effect  on  the
amino acid profile of BSFL.

 Principal co-ordinates analysis (PCoA) of pig manure
and redundancy analysis (RDA) of BSFL

Principal  co-ordinates  analysis  (PCoA)  was  used  to  identify
the  effects  of  different  pretreatments  on  the  physicochemical
properties  of  pig  manure. Figure  4a shows  the  distribution  of
the  first  two  principal  components  determined  by  PCoA,
describing  92.75%  and  2.64%  of  the  cumulative  variance  con-
tribution, respectively. Pig manure after different pretreatments
is  well  differentiated  on  the  distribution  map,  indicating  that
different  pretreatments  have  a  significant  impact  on  the
physical  and  chemical  properties  of  pig  manure.  The  pig
manure  with  HAN  and  AN  pretreatments  can  be  well  distin-
guished from those with AE pretreatments according to PC1.

The relationship between BSFL and physicochemical proper-
ties  of  pig  manure  was  analyzed  using  redundancy  analysis
(RDA).  As  shown in Fig.  4b,  the weight  and protein  content  of
BSFL were positively correlated with EC, NH4-N, DON, DOC and
TN  of  pig  manure.  Under  the  same  conditions  of  density,
temperature  and  humidity,  the  body  weight  and  body
composition  of  BSFL  depend  on  the  quality  of  the  feeding
substrates[24,33].  Fischer  et  al.[34] found  that  the  BSFL  fed  with
dough  were  significantly  longer  and  heavier  than  those  fed
with  spent  coffee.  The  higher  content  of  indigestible  fiber,
harder texture and lower nutrient concentration in spent coffee
made  it  not  suitable  for  BSFL  growth.  Nutrients  in  the  feed
profoundly  influence  the  composition  and  quality  of
individuals[35,36]. Although insects can regulate growth through
post-ingestive  compensation  for  nutrients[37],  feeding  sub-
strates  with  high  nutrient  concentration  is  still  beneficial  to
their body weight and the accumulation of their own nutrients
(such as protein and fat).

TC content in pig manure has little effect on the growth and
nutrient accumulation of BSFL, mainly because lignin, cellulose
and  hemicellulose  cannot  be  directly  digested  by  the  larvae.
This is  also the reason why the biotransformation rate of  dairy
manure  by  BSFL  is  higher  than  that  of  chicken  manure  even
though dairy manure is higher in TC content[38].  The pH of the
feeding substrates showed the least effect on the body weight
and  protein  content  of  BSFL  (Fig.  4b).  It  was  reported  that
substrates  with  pH  of  6−10  resulted  in  similar  final  weight  of
BSFL, but the growth time of BSFL was shortened by 3 d in the

a

c d

b

 
Fig. 3    Growth and nutritional characteristics of BSFL fed with pig manure with different pretreatments. (a) Weight, (b) protein content, (c) fat
content,  (d)  amino  acid  content.  CK,  Control;  AE-2,  Aerobic  fermentation  for  2  d;  AN-2,  Anaerobic  fermentation  for  2  d;  HAN-2,  High
temperature  anaerobic  fermentation  for  2  d;  AE-5,  Aerobic  fermentation  for  5  d;  AN-5,  Anaerobic  fermentation  for  5  d;  HAN-5,  High
temperature anaerobic fermentation for 5 d.
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substrate  at  pH  8[39].  The  pH  values  of  fresh  pig  manure  and
those pretreated by different fermentation were in the range of
7.5-8.6, so they were suitable for the growth of BSFL. Within this
range,  lower  pH  values  were  beneficial  to  the  growth  and
protein  accumulation  of  BSFL.  With  regard  to  the  body  fat
content of BSFL, EC, NH4-N and DON seemed to have a distinct
effect  on  it.  In  this  study,  the  fat  content  of  BSFL  was
significantly lower than the normal value because the addition
of  wood  chips  reduced  the  nutrient  content  of  pig  manure.
However,  low  fat  content  of  BSFL  is  desirable  because  it  not
only facilitates subsequent feed processing (especially crushing
and pelleting) and storage, but also facilitates the admission of
BSFL  as  feed.  Tschirner  &  Simon[28] fed  BSFL  with  sugar  beet
pulp, and the body fat content obtained was about 3%, which
was close to the value of this study.

 Performance of BSFL fed on different pretreated
manure

All  fresh  and  pretreated  manure  supported  the  growth  of
BSFL  (Table  1).  Survival  rates  of  BSFL  fed  with  different
pretreatment  pig  manure  were  all  above  94%,  and  there  was
no  significant  difference  among  the  pretreatments.  The  BSFL
have  an  extremely  high  tolerance  to  harsh  dietary  conditions,
and their survival rate can reach 93% even fed with fermented
maize straw[27]. In terms of waste reduction, bioconversion rate,
waste  conversion  efficiency  and  protein  conversion  efficiency,
BSFL  fed  with  manure  pretreated  with  AN  and  HAN  showed
better performance.

The  waste  reduction  of  AE  pretreated  manure  by  BSFL  was
16.2%−25.9%  lower  than  that  of  fresh  manure.  This  might  be
because  the  addition  of  sawdust  reduced  the  nutrient
concentration  of  pig  manure,  and  the  microorganisms  further

consumed  the  nutrients  during  the  pretreatment  process,
resulting  in  an  increase  in  the  relative  content  of  lignin  and
other  substances  that  cannot  be  used  by  BSFL.  In  addition,
combining  the  results  of  waste  reduction  and  larval  weight,  it
could  be  found  that  there  was  a  positive  correlation  between
waste  reduction  and  BSFL  weight.  The  higher  the  waste
reduction, the greater the weight of BSFL. The composition and
microbial  community  of  the  feeding  substrates  had  a  major
impact  on  the  bioconversion  rate[40].  The  higher  content  of
small  organic  molecules  such  as  peptides,  sugars  and  fatty
acids  in  substrates  was  beneficial  to  the  growth  and  feed
consumption  of  BSFL,  resulting  in  higher  bioconversion  rate.
The waste reduction and bioconversion rate in this study were
lower than previous studies, whose values were 29%−58% and
11%−14%,  respectively[41,42].  This  was  due  to  the  addition  of
sawdust,  which  was  not  easily  degraded  by  BSFL.  It  has  been
reported  that  cow  manure  supported  much  lower  waste
reduction  and  bioconversion  rate  compared  to  the  poultry
feed,  owing  to  its  low  protein  and  digestible  carbohydrates
contents[13].

As shown in Table 1, protein conversion efficiency by BSFL in
AE  pretreated  manure  was  lower  than  that  in  AN  and  HAN
pretreated  samples.  The  protein  conversion  efficiency  was
related  to  body  protein  content  of  BSFL,  which  was  largely
dependent  on the  dietary  protein  concentration.  High protein
content diets usually resulted in higher body protein content of
BSFL[43].  By  increasing  the  protein  concentration  in  the  diet,
BSFL  can  gradually  convert  a  small  portion  of  it  into  its  body
protein. However, Barragan-Fonseca et al[25]. reported that BSFL
fed  with  a  low-protein  diet  had  higher  body  protein  content
than  those  fed  with  a  high-protein  diet.  This  might  be  due  to

a b

 
Fig.  4    (a)  PCoA  analysis  of  physicochemical  properties  of  different  pretreated  pig  manure  and  (b)  RDA  analysis  of  black  soldier  fly  fed  on
different pretreated pig manure.

Table 1.    Performance of BSFL fed on different pretreated manure.

Different treatments Survival rate (%) Waste reduction (%) Bioconversion rate (%) Protein conversion efficiency (%)

CK 95.67 ± 0.57bcd 26.33 ± 3.01ab 4.94 ± 1.84bc 7.59 ± 0.011e

AE-2 94.33 ± 1.52cd 22.07 ± 6.80ab 4.34 ± 1.07bc 6.41 ± 0.036f

AN-2 96.00 ± 1.00bc 27.63 ± 8.25ab 5.20 ± 1.64abc 8.08 ± 0.061c

HAN-2 98.67 ± 0.57a 29.74 ± 7.95a 7.32 ± 0.73a 8.91 ± 0.023a

AE-5 94.00 ± 1.00d 19.52 ± 2.85b 3.81 ± 1.63c 5.09 ± 0.044g

AN-5 95.67 ± 0.58bcd 28.48 ± 4.54ab 6.49 ± 1.64ab 7.82 ± 0.017d

HAN-5 97.33 ± 0.58ab 28.97 ± 2.95a 7.01 ± 1.08ab 8.70 ± 0.032b

The values before and after ± are mean values and standard deviation, respectively. Different lowercase letters indicate a significant difference (p < 0.05).
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the requirement of dietary protein content for BSFL. When the
protein content was lower than the threshold value, it was very
important  for  the  growth  and  protein  accumulation  of  BSFL,
but when the protein content was above the threshold value, it
was  not  so  important.  It  has  been  reported  that  on  a  low-
protein  diet,  BSFL  were  able  to  convert  more  than 90% of  the
protein, and on the protein-rich diet, the conversion rate fell to
10%[44].

 The relationship between performance of BSFL and
physicochemical properties of pig manure

Figure  5 shows  the  relationship  between  performance  of
BSFL and physicochemical properties of pig manure. Since the
protein  content  in  the  manure  was  calculated  from  TN,  the
correlation  between  them  and  the  performance  of  BSFL  was
consistent.  As  can  be  seen  from Fig.  5,  the  survival  rate  and
waste reduction of BSFL were significantly positively correlated
with TN and protein content of pig manure. The bioconversion
rate  and  protein  conversion  efficiency  were  positively
correlated with TN, DOC, DON, EC, protein content and NH4

+-N
of  the  pig  manure.  The  survival  rate  of  BSFL  depends  on  the
quality of the feeding substrate in which the protein level is the
limiting  factor[45].  Simon  et  al.[46] also  reported  that  higher
protein content in the diet helped improve the survival rate of
some  fly  species.  Waste  reduction  and  bioconversion  rate  are
related  to  the  composition  of  feeding  substrate,  BSFL  strain,
feeding  rate  and  larval  density[40].  When  these  conditions  are
controlled,  the  addition  of  microorganisms  will  increase  the
bioconversion  rate  and  waste  reduction  of  BSFL.  Xiao  et  al.[47]

observed  that  addition  of B.  subtilis increased  the  biotransfor-
mation and substrate  degradation rates  in  chicken manure  by
BSFL by 13%. This was attributed to the fact that the addition of
microorganisms  degraded  some  macromolecular  nutrients  in
the  feeding  substrates  into  small  molecular  substances  that
were  easily  absorbed  by  BSFL,  which  promoted  its  biotrans-
formation  process.  In  this  study,  after  2  or  5  d  of  aerobic
fermentation,  the nutrients  in  pig manure were degraded and
then  consumed  by  aerobic  microorganisms,  resulting  in  the
reduction  of  nutrient  concentration.  The  activity  of  anaerobic
microorganisms  was  significantly  lower  than  that  of  aerobic
microorganisms,  so  the  nutrient  content  of  pig  manure
pretreated with AN and HAN was higher,  which was beneficial

to  the  growth  and  biotransformation  of  BSFL.  To  a  certain
extent,  EC  reflected  the  concentration  of  soluble  nutrients,
which  might  explain  the  significant  positive  correlation
between EC and the bioconversion rate of BSFL. Although it has
been reported that BSF larvae fed a low-protein diet has higher
utilization  efficiency  of  dietary  protein[24],  the  protein  conver-
sion  rate  of  BSFL  in  this  study  was  significantly  positively
correlated with the protein content in the feeding substrate at
the  0.01  level.  This  might  be  due  to  the  fact  that  the  protein
accumulation  of  BSFL  was  not  only  affected  by  the  protein
content, but also by other nutrients such as DOC and DON. The
pH  value  was  significantly  negatively  correlated  with  all
performance indexes, indicating that the lower pH value in this
study  was  beneficial  to  the  treatment  of  waste  and  the
transformation  of  its  own  substances  by  BSFL.  There  was  no
significant  correlation  between  the  TC  content  and  the
performance  of  BSFL,  which  was  due  to  the  fact  that  organic
substances such as sawdust and cellulose in pig manure could
not  be  utilized  by  BSFL. Figure  5b shows  RDA  analysis
performance  of  BSFL  and  physicochemical  properties  of  pig
manure.  Environmental  factors  in  the  RDA  ranking  reflected  a
total  of  68.86%  of  the  total  variance  in  the  handling  perfor-
mance  of  BSFL,  with  the  first  and  second  canonical  axes
showing 64.62% and 4.24% of the data variance, respectively. It
can be clearly seen that the results of  RDA further confirm the
results of the correlation analysis.

 CONCLUSIONS

High  temperature  anaerobic  fermentation  (HAN)  pretreat-
ments  of  pig  manure  significantly  promoted  the  growth,
protein accumulation and performance of BSFL compared with
fresh manure. In HAN pretreatment, hydrolyzing bacteria were
in  the  optimal  growth  temperature  range,  which  accelerated
the  degradation  of  macromolecular  substances  such  as
cellulose  in  manure.  At  the  same  time,  due  to  the  limited
consumption  of  nutrients  in  pig  manure  by  microorganisms
under  anaerobic  conditions,  the  TN,  DOC and DON content  in
pig  manure  pretreated  by  HAN  were  significantly  higher  than
that  in  other  pretreatments.  Correlation  analysis  and  redun-
dancy  analysis  (RDA)  showed  that  body  weight,  protein
accumulation  and  performance  of  BSFL  were  significantly

ba

 
Fig. 5    Correlation analysis between performance of (a) BSFL and physicochemical properties of pig manure and (b) RDA analysis. SR, Survival
rate; WR, Waste reduction rate; BR, Bioconversion rate; WCE, Waste conversion efficiency; PCE, Protein conversion efficiency.
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positively  correlated  with  TN,  DOC,  EC,  DON  and  NH4
+-N

contents  of  pig  manure,  demonstrating  that  the  growth
characteristics  and  waste  disposal  performance  of  BSFL  are
related to the nutrients in their substrates. Based on the results
of  this  study,  HAN  pretreatment  can  significantly  improve  the
growth  of  BSFL  and  the  conversion  of  pig  manure,  thus
providing  a  potential  strategy  for  the  application  of  BSFL  in
organic waste management.
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