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ABSTRACT: Two experiments were conducted to 
determine standardized ileal digestibility (SID) of 
amino acids (AA; Exp. 1) and net energy (Exp. 2) 
in two black soldier fly larvae meal (BSFLM) 
samples [full fat (FF; 42.5% crude protein (CP), 
as-fed) and defatted (DF; 40.8% CP; as-fed)] for 
growing pigs. Two cornstarch-based diets were 
formulated with FF and DF BSFLM as the sole 
sources of  AA. A nitrogen-free diet was also used, 
and the corn starch:sucrose:oil ratio was kept 
constant among diets to calculate digestible en-
ergy (DE) by difference method. In each experi-
ment, pigs were fed 2.8 × estimated maintenance 
energy requirement. In Exp. 1, eight ileal-cannu-
lated barrows (25.1 ± 0.41 kg initial body weight) 
were used in a replicated 2 × 2 Latin square de-
sign (n = 8). In each period, pigs were adapted to 
diets for 5 d followed by 2 d of continuous ileal 
digesta collection for 8 h. The SID of AA were 
calculated using basal endogenous losses for pigs 
fed a nitrogen-free diet. In Exp. 2, eight barrows 
[23.4  ± 0.54  kg initial body weight (BW)] were 
used in a partially replicated Latin square design 

(n = 8). In each period, pigs were adapted to diets 
for 7 d, followed by 5 d of total urine collection 
and fecal grab sampling. The SID of CP (80.6 ± 
1.1%) and Lys (88.0  ± 1.4%) were not different 
between FF and DF BSFLM. The SID of Arg, 
Val, Ala, and Pro tended to be less, and the SID 
of Met tended to be greater for the FF versus 
the DF BSFLM (P = 0.034, 0.090, 0.053, 0.065, 
0.074, respectively). Digestible energy (4,927 vs. 
3,941 ± 75 kcal/kg), metabolizable energy (4,569 
vs. 3,396 ± 102 kcal/kg), and predicted net energy 
(3,477 vs. 2,640  ± 30 kcal/kg, using equations 
from Noblet; 3,479 vs. 2,287 ± 28 kcal/kg, using 
equations from Blok, respectively) were greater 
for the FF versus the DF BSFLM (P < 0.05). The 
apparent total tract digestibility of  neutral deter-
gent fiber and acid detergent fiber were greater for 
the FF versus the DF BSFLM (P ≤ 0.05). Both 
FF and DF BSFLM had high SID for most AA; 
however, FF BSFLM was a better source of net 
energy for growing pigs. Therefore, both FF and 
DF BSFLM could be used as protein alternatives 
in growing pig diets.
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INTRODUCTION

Presently, many livestock diets rely on soy-
bean meal (SBM) as a high-quality protein source, 
with 85% of the world’s soybean supply being pro-
cessed into SBM (and oil) and nearly 97% of the 
resulting SBM used in livestock feeds (Kim et al., 
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2019). Meeting the increased demands for produc-
tion of soybeans and other livestock feed ingredi-
ents leads to a reduction in arable land for other 
crops, emphasizing the importance in finding alter-
native, environmentally sustainable feed ingredients 
for livestock diets (Kim et al., 2019).

Insect larvae require less water, land, and re-
sources to produce versus conventional plant-
based feed ingredients (Wang and Shelomi, 2017). 
Black soldier fly larvae (BSFL; Hermetia illucens) 
can consume a variety of different substrates (e.g., 
pre- and post-consumer food products, distillers’ 
grains), while generating larvae biomass that is rich 
in protein and lipids, making BSFL meal (BSFLM) 
an attractive alternative protein source for inclusion 
in livestock diets (Spranghers et al., 2016; Altmann 
et al., 2019). Commonly dried after harvesting and 
ground into a meal, BSFLM contains, on average, 
40% crude protein on a dry matter (DM) basis 
(Altmann et  al., 2019), but the amino acid (AA) 
profile can be variable among BSFLM of different 
sources and processing techniques (De Marco et al., 
2015; Mwaniki et al., 2018; Biasato et al., 2019).

Amino acid digestibility coefficients of BSFLM 
have been determined for fish (e.g., 90% apparent 
total tract digestibility of Lys for rainbow trout; De 
Marco et al., 2015) and poultry (e.g., 84% apparent 
ileal digestibility of Lys for broilers; Mwaniki and 
Kiarie, 2019), and the use of BSFLM in the diets 
of salmonids, trout, tilapia, and poultry (includ-
ing chickens, ducks, turkey, and geese) has been 
approved by regulatory bodies (AAFCO, 2016). 
Conversely, the digestible AA and available energy 
in BSFLM have not been well characterized for 
pigs. Therefore, the objectives of this study were to 
determine the standardized ileal digestibility (SID) 
of crude protein (CP) and AA and net energy con-
tents of full-fat (FF) and defatted (DF) BSFLM 
fed to growing pigs.

MATERIALS AND METHODS

Animal care and use protocols were approved 
by the University of Guelph Animal Care and Use 
Committee (AUP #e3982). Pigs were cared for in 
accordance with the Canadian Council on Animal 
Care guidelines (CCAC, 2009).

Black Soldier Fly Larvae Meal Samples and 
Experimental Diets

One full-fat (FF; Oreka Solutions, Markham, 
ON, Canada) and one defatted (DF) BSFLM 
(Enterra Feed Corporation; Langley, BC, Canada) 

sources were evaluated (Table 1). The FF and DF 
BSFLM were ground using a 0.6-mm screen size 
and the DF BSFLM was defatted via cold pressing 
to remove a portion of the lipids. Rearing and sub-
strate materials used for both BSFLM sources 
were proprietary and not disclosed. Two corn-
starch-based diets were then formulated to contain 
FF (50% inclusion level) and DF (36.5% inclusion 

Table 1.  Analyzed nutrient composition (as-fed 
basis) of full-fat (FF) and defatted (DF) black 
solider fly larvae meal

Black soldier fly larvae meal

Item FF meal1 DF meal2

Dry matter, % 88.4 93.9

Crude protein, % 42.5 40.8

GE3, kcal/kg 5035 4256

Crude fat, % 32.5 12.8

Starch, % 0.8 14.0

Ash, % 7.42 6.80

Calcium, % 2.08 0.58

Phosphorus, % 0.47 0.76

Sodium, % 0.06 0.25

Potassium, % 0.61 1.28

Magnesium, % 0.25 0.33

NDF3, % 14.3 13.3

ADF4, % 7.7 9.1

NDF-N, % 9.8 5.8

Total dietary fiber, % 6.4 14.3

Indispensable AA5, %

  Arg 1.71 1.37

  His 1.12 0.79

  Ile 1.68 1.29

  Leu 2.60 1.99

  Lys 1.87 1.63

  Met 0.75 0.77

  Phe 1.65 1.15

  Thr 1.25 1.05

  Val 2.18 1.76

Dispensable AA, %

  Ala 2.20 2.13

  Asp 3.31 2.68

  Cys 0.21 0.39

  Glu 3.50 3.99

  Gly 2.18 1.61

  Pro 2.16 2.04

  Ser 1.44 1.31

1Full-fat BSFLM obtained from Oreka Solutions (Markham, ON, 
Canada).

2Defatted BSFLM obtained from Enterra Feed Corporation 
(Langley, BC, Canada).

3GE – gross energy.
4NDF = neutral detergent fiber.
5ADF = acid detergent fiber.
6AA = amino acid.
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level) BSFLM, respectively, as the sole source of 
AA and to achieve a target CP concentration of 
20% (as-fed basis; Table  2). A  nitrogen-free diet 
(N-F) was formulated according to Rho et  al. 
(2017). The cornstarch:sucrose:oil ratio was kept 
constant among diets in order to calculate digest-
ible energy (DE) by the difference method (Kiarie 
et al., 2016). Vitamins and minerals were added to 
all diets to meet or exceed estimated requirements 
for growing pigs (NRC, 2012), and titanium di-
oxide was included to determine nutrient and en-
ergy digestibilities (De Lange et al., 1998).

Experiment 1

Eight barrows (Yorkshire × Landrace × Duroc; 
25.1  kg BW ± 0.41  kg) were obtained from the 
University of Guelph Arkell Swine Research 
Station (Guelph, ON, Canada). All animals were 
housed individually in a temperature-controlled 

room (20 to 22  °C) for 7 d prior to surgery. Pigs 
were surgically fitted with a simple T-cannula at 
the distal ileum followed by a 1-wk postsurgical re-
covery period (De Lange et al., 1998). Each day, the 
surgical area was cleaned with warm water, dried 
thoroughly, and zinc oxide cream was applied. The 
experiment was conducted using a replicated 2 × 2 
Latin square design (n = 8 over two experimental 
periods). At the beginning of each experimental 
period, pigs were weighed in order to determine 
feed allowance (2.8 × maintenance energy require-
ments; NRC, 2012). Pigs were fed either the FF diet 
or DF diet in meals at 0800 and 1700 h as a wet 
mash (water-to-feed ratio of approximately 2:1) 
and water was provided ad libitum from a low-pres-
sure drinking nipple. Basal endogenous losses from 
Rho et al. (2017) were used to determine the SID 
of CP and AA (i.e. the N-F diet, animal genotype, 
and experimental design were identical); therefore, 
the N-F diet was not fed in Exp.  1. Each experi-
mental period lasted for 7 d, with a 5-d adaptation 
period, followed by 2 d of continuous ileal digesta 
collection for 8 h after the morning meal. For ileal 
digesta collection, a bag was filled with 10 mL of 
10% formic acid and was attached to the cannula 
using an elastic band and was replaced as needed. 
Digesta was kept in the refrigerator at 4 °C during 
collection, pooled per pig per period, and stored at 
−20 °C until analysis.

Experiment 2

Exp. 2 was conducted at the same time as Exp. 1, 
in an identical room with the same environmental 
control and same feeding levels. Eight barrows 
(23.4 kg BW ± 0.54 kg) were randomly assigned to 
one of three experimental diets (Table  2) in a par-
tially replicated Latin square design (n = 8 over three 
experimental periods). In each period, pigs were fed 
experimental diets once per day at 0800 h and were 
trained to consume the feed within 1 h. Remaining 
feed was removed after 1 h, dried, and weighed. Water 
was provided in troughs, which were filled twice per 
day. Each experimental period was 12 d where pigs 
were adjusted to the test diet for 7 d followed by 5 
d in adjustable metabolism crates for total urine and 
fecal grab sample collection. Fresh fecal samples were 
collected twice daily, pooled per period per pig, and 
stored at −20  °C until analyses. Urine was filtered 
using glass wool and collected in buckets containing 
10 mL of concentrated H2SO4 to minimize nitrogen 
losses. Ten percent of the daily urine weight was sub-
sampled and stored at 4  °C until further analysis 
(Huber et al., 2013).

Table 2.  Ingredient composition (%, as-fed basis) 
of the test diets

Ingredient, % N-F diet1 FF diet2 DF diet3

Black solider fly larvae meal, full fat — 50.00 —

Black solider fly larvae meal, defatted — — 36.50

Corn starch  84.80 39.21 51.52

Sucrose 6.17 2.85 3.75

Corn oil 2.06 0.95 1.25

Cellulose 2.06 2.06 2.06

Limestone 0.80 0.80 0.80

Monocalcium phosphate 2.30 2.30 2.30

NaCl 0.50 0.50 0.50

K2CO3 0.40 0.40 0.40

MgO 0.14 0.14 0.14

Vitamin and mineral premix4 0.60 0.60 0.60

TiO2 0.20 0.20 0.20

Calculated nutrient content, %5

  Crude protein 0.02 21.11 19.36

1N-F diet = nitrogen-free basal diet.
2Full-fat BSFLM obtained from Oreka Solutions (Markham, ON, 

Canada).
3Defatted BSFLM obtained from Enterra Feed Corporation 

(Langley, BC, Canada).
4Provided, per kilogram of diet, 12,000 IU vitamin A  as retinyl 

acetate, 1,200 IU vitamin D3 as cholecalciferol, 48 IU vitamin E as 
dl-α-tocopherol acetate, 3 mg vitamin K as menadione, 18 mg panto-
thenic acid, 6 mg riboflavin, 600 mg choline, 2.4 mg folic acid, 30 mg 
niacin, 18  mg thiamine, 1.8  mg pyridoxine, 0.03  mg vitamin B12, 
0.24 mg biotin, 18 mg Cu from CuSO4∙5H2O, 120 mg Fe from FeSO4, 
24  mg Mn from MnSO4, 126  mg Zn from ZnO, 0.36  mg Se from 
Na2SeO3, and 0.6 mg I from KI (DSM Nutritional Products Canada 
Inc., Ayr, ON, Canada).

5Calculated based on the NRC (2012) ingredient values with 
BSFLM ingredient values provided by Oreka Solutions (Markham, 
ON, Canada) and Enterra Feed Corporation (Langley, BC, Canada) 
for full fat and defatted BSFLM, respectively.
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Sample Preparation and Chemical Analyses

The ileal digesta and fecal samples were freeze-
dried and finely ground prior to analysis. All sam-
ples, excluding urine, were analyzed for DM (AOAC, 
2005; method 930.15). The BSFLM, experimental 
diets, fecal, digesta, and urine samples were ana-
lyzed for gross energy (GE) using a bomb calorim-
eter (IKA Calorimeter System C 5000; IKA Works 
Inc., Wilmington, NC) and N using a Foss Kjeltech 
8200 Auto Distillation Unit (Fisher Scientific, 
Ottawa, ON) according to method 968.06 (AOAC, 
2005). For urine GE, approximately 1  g of liquid 
urine was added to approximately 0.5  g of cellu-
lose and freeze-dried. The urine–cellulose mixture 
was then analyzed using the bomb calorimeter and 
GE of urine was determined by subtracting the GE 
contribution from a cellulose blank. Experimental 
diets, fecal, and digesta samples were analyzed 
for titanium according to Myers et  al. (2004) with 
minor adaptations (digestion for 24 h at 120 °C in 
10 mL tubes and addition of H2O2 after precipitate 
settled in 100-mL volumetric flasks) and measured 
using a UV spectrophotometer. The experimental 
diets and ingredients were analyzed for calcium and 
phosphorus using inductively coupled plasma mass 
spectrophotometry (AOAC, 2005; method 985.01). 
The BSFLM, experimental diets, and fecal samples 
were analyzed for neutral detergent fiber (NDF) and 
acid detergent fiber (ADF) according to Van Soest 
et  al. (1991) using an Ankom 200 Fiber Analyzer 
(Ankom Technology, Fairport, NY). The BSFLM 
sources were analyzed for NDF-N by performing N 
analysis, as described above, on the residual fraction 
after NDF analysis. Ethanol soluble carbohydrates 
and starch and total dietary fiber were analyzed in 
commercial laboratories (SGS Canada Inc, Guelph, 
ON, Canada and Intertek, Saskatoon, SK, Canada, 
respectively). The BSFLM, experimental diets, and 
ileal digesta were analyzed for AA using the per-
formic acid oxidized hydrolysis procedure (AOAC, 
2005; method 994.12), which allowed for the deter-
mination of Met and Cys but not Tyr or Trp. The 
AA were quantified via ion-exchange chromatog-
raphy with post-column derivatization with nin-
hydrin according to Llames and Fontaine (1994).

Calculations and Statistical Analysis

The apparent ileal digestibility (AID) and SID 
of CP and AA contents were calculated according 
to Stein et al. (2007). As indicated for Exp. 1, basal 
endogenous losses from Rho et al. (2017) were used 
to determine the SID of CP and AA. The apparent 

total tract digestibility (ATTD) of DE, NDF, and 
ADF in the BSFLM were calculated using the dif-
ference method (Adeola, 2001). The metabolizable 
energy (ME) contents of the FF and DF BSFLM 
were calculated by subtracting urinary energy ex-
cretion from the DE contents of the BSFLM. The 
predicted net energy (NE) of the test ingredients 
were calculated according to the equations estab-
lished by Noblet et al. (1994):

NE = 0.843 × DE − 463,
NE = 0.700 × DE + 1.61 ×% crude fat + 0.48

×% starch − 0.91 ×% CP − 0.87 ×% ADF,
NE = 0.870 × ME − 442, and
NE = 0.726 × ME + 1.33 ×% crude fat + 0.39

×% starch − 0.62 ×% CP − 0.83 ×% ADF,

where NE, DE, and ME are in kilocalories 
per kg on a DM basis, and crude fat, starch, 
CP, and ADF are in percent DM. The average 
value of  4 prediction equations was used for the 
Noblet-predicted NE.

The predicted NE of the test ingredients were 
also calculated according to Blok et al. (2015) using 
the following equation:

NE = ((11.70 × digCP) + (35.74 × digCFat)
+ (14.14 × starch) + (9.74 × digNSP))/4.184,

where NE is net energy in kilocalories per kg on 
a DM basis, digCP is the digestible crude protein 
content in grams per kilogram on a DM basis, dig-
CFat is the digestible crude fat content in grams per 
kilogram on a DM basis, starch is in grams per kilo-
gram on a DM basis, and digNSP is the digestible 
nonstarch polysaccharide (NSP) content in grams 
per kilogram on a DM basis. The digCFat content 
was estimated using:

digCFat (g/kg DM) = 0.9 × crude fat intake
(g/kg DM)− 5.0 g/kg DM,

and the digNSP was estimated using:

digNSP (g/kg DM) = digOM − digCP − digCFat − starch,

where digOM is the digestible organic matter in 
grams per kilogram on a DM basis, digCP is the 
digestible crude protein in grams per kilogram on 
a DM basis, digCFat is the digestible crude fat in 
grams per kilogram on a DM basis, and starch is 
in grams per kilogram on a DM basis. The digOM 
was estimated using:

digOM (g/kg DM) = 100%− ash%,
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where ash% was on a DM basis.
All data were analyzed using the GLIMMIX 

procedure of SAS (SAS Inst. Inc., Cary, NC). 
Individual pig was considered the experimental 
unit, diet and carryover between experimental 
periods were fixed effects, and period and diet fed 
within period were considered random effects. 
When appropriate, differences among individual 
means were assessed using the Tukey–Kramer post 
hoc test. A probability of P < 0.05 was considered 
significant, whereas 0.05 < P ≤ 0.10 was considered 
a tendency.

RESULTS

All pigs remained healthy throughout the study, 
and accuracy of cannula placement in the terminal 
ileum was confirmed via necropsy at the conclusion 
of the study.

Chemical Composition Experimental Diets and 
Ingredients

The analyzed chemical composition of FF 
and DF BSFLM samples are presented in Table 1. 
The calcium, NDF-N, crude fat, total dietary fiber, 
starch, sodium, and potassium were 259%, 69%, and 
154% greater and 123%, 94%, 76%, and 52% less 
for FF than DF BSFLM, respectively. Generally, 
the analyzed AA concentrations for most AA in the 
FF BSFLM were approximately 18% greater than 
those of the DF BSFLM.

The ingredient composition and analyzed chem-
ical composition of the experimental diets are pre-
sented in Tables 2 and 3, respectively. Test diets were 
formulated using the product specification sheets 
obtained from Oreka Solutions (Markham, ON, 
Canada) and Enterra Feed Corporation (Langley, 
BC, Canada) for the FF and DF BSFLM, respect-
ively, to contain similar nutrient profiles (Table 3). 
The CP, crude fat, calcium, NDF, phosphorus, and 
potassium were 29%, 251%, 129%, and 20% greater 
and 17% and 60% less for the FF diet versus the 
DF BSFLM diet, respectively. The FF BSFLM diet 
provided approximately 30% more AA and 67% 
and 40% more Met and Asp, respectively, than the 
DF BSFLM diet.

Apparent and Standardized Ileal Digestibility of CP 
and AA

The AID of CP and AA for FF BSFLM 
were generally not different versus DF BSFLM 
(Table 4), except the FF BSFLM had greater AID 

for Met and lower AID for Val, Ala, and Cys than 
DF BSFLM (P < 0.05). The SID of CP and AA 
for FF BSFLM were generally not different versus 
DF BSFLM (Table 5), except the FF BSFLM had 
lower SID for Arg (P < 0.05) and tended to have 
lower SID for Val (P = 0.090), Ala (P = 0.053), and 
Pro (P = 0.065) and greater SID for Met (P = 0.074) 
compared with the DF BSFLM.

Nitrogen Balance and Apparent Total Tract 
Digestibility of GE, NDF, and ADF

There were no differences in N intake, output 
in feces, output in urine, retained (%  or g/d), or 

Table 3.  Analyzed nutrient composition (as-fed 
basis) of test diets

Treatment

Item FF diet1 DF diet2 N-F diet3

Dry matter, % 88.8 91.7 90.8

Crude protein, % 21.5 16.7 0.85

Crude fat, % 17.2 4.9 —

Calcium, % 1.76 0.77 0.72

Phosphorus, % 0.57 0.69 0.25

Sodium, % 0.26 0.25 0.16

Potassium, % 0.32 0.81 0.14

Magnesium, % 0.16 0.16 0.06

NDF4, % 10.3 8.6 1.9

ADF5, % 4.8 4.7 0.6

Indispensable AA, %

  Arg 0.88 0.64 0.02

  His 0.54 0.40 0.01

  Ile 0.78 0.60 0.02

  Leu 1.32 0.95 0.06

  Lys 0.99 0.73 0.02

  Met 0.40 0.24 0.01

  Phe 0.78 0.58 0.03

  Thr 0.69 0.51 0.02

  Val 1.02 0.81 0.03

Dispensable AA6, %

  Ala 1.12 0.99 0.04

  Asp 1.74 1.24 0.05

  Cys 0.17 0.27 0.02

  Glu 1.87 1.84 0.09

  Gly 1.03 0.77 0.03

  Pro 1.06 0.95 0.05

  Ser 0.76 0.57 0.03

1Full fat BSFLM obtained from Oreka Solutions (Markham, ON, 
Canada).

2Defatted BSFLM obtained from Enterra Feed Corporation 
(Langley, BC, Canada).

3Indispensable and dispensable AA % obtained from Rho et  al. 
(2017) as N-F diets were formulated identically.

4NDF = neutral detergent fiber.
5ADF = acid detergent fiber.
6AA = amino acid.
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ATTD for pigs fed the FF versus DF BSFLM diets 
(Table 6). The ATTD of NDF and ADF were greater 
for FF than DF BSFLM (P = 0.052 and P < 0.05, 
respectively; Table 7), but the ATTD of GE was not 
different between the FF and DF BSFLM.

Available Energy

The FF diet had greater DE and ME than the 
DF and N-F diets (P  <  0.001; Table  8). The FF 
BSFLM had greater GE, DE, ME, and predicted 
NE contents than DF BSFLM (regardless of pre-
diction method; P < 0.05).

DISCUSSION

The current study demonstrated that both FF 
and DF BSFLM are reasonable sources of  digest-
ible Lys for growing pigs, with SID of  Lys (i.e., 
88%; average for FF and DF BSFLM) generally 
at least as high as for SBM (i.e., SID Lys of  89%; 
NRC, 2012), as well as those for animal-based 
protein sources such as blood meal (i.e., SID Lys 

of  84%; Kerr et al., 2019) and fishmeal (i.e., SID 
Lys of  86%; NRC, 2012). However, the Lys and 
CP concentrations for both FF and DF BSFLM 
were approximately 40% and 13% less than those 
of  SBM, respectively. This suggests that these 
sources of  BSFLM provide less digestible Lys 
and CP overall. In addition, for some AA (namely 
Arg, Val, Ala, and Pro) the SID were, or tended 
to be, less for the FF versus the DF BSFLM, 
which could be attributed to the relatively greater 
NDF-N concentration in FF BSFLM. The fibrous 
fraction of  BSFLM is found in chitin, which is a 
major component of  the larvae exoskeleton (Wang 
and Shelomi, 2017). The β1–4 bonds between the 
N-acetylglucosamine subunits that compose chitin 
are not digested by endogenous enzymes (Huang 
et  al., 2001). Therefore, the N within the chitin 
polymer and any protein encapsulated by chitin 
would not be digested and absorbed within the 
small intestine of  the pig. Furthermore, some dif-
ferences in SID of  AA between the FF and DF 
BSFLM may be attributed to different processing 

Table 4.  Apparent ileal digestibility (%) of crude 
protein (CP) and amino acid (AA) in full fat (FF 
meal) and defatted (DF meal) black soldier fly 
larvae meal samples (n  =  8) fed to growing pigs 
(Exp. 1)

Black soldier fly larvae meal

Item FF meal1 DF meal2 SEM3 P-value

CP 71.2 71.0 1.45 0.932

Indispensable AA

  Arg 86.3 86.2 1.29 0.956

  His 75.0 77.5 2.65 0.454

  Ile 80.7 83.2 1.58 0.303

  Leu 80.6 83.4 1.59 0.251

  Lys 80.9 82.2 1.63 0.561

  Met 87.4 74.1 3.54 0.031

  Phe 85.2 84.2 1.58 0.640

  Thr 75.4 73.5 2.13 0.557

  Val 75.6 81.9 1.88 0.049

Dispensable AA

  Ala 78.4 83.5 1.29 0.031

  Asp 81.7 79.1 1.87 0.365

  Cys 66.8 75.3 2.06 0.035

  Glu 80.9 78.3 1.92 0.388

  Gly 61.6 65.7 2.86 0.336

  Pro 73.2 77.7 1.62 0.093

  Ser 75.1 76.4 1.68 0.624

1Full fat BSFLM obtained from Oreka Solutions (Markham, ON, 
Canada).

2Defatted BSFLM obtained from Enterra Feed Corporation 
(Langley, BC, Canada).

3Maximum value of SEM.

Table 5.  Standardized ileal digestibility (%) of 
crude protein (CP) and amino acid (AA) in full fat 
(FF meal) and defatted (DF meal) black soldier fly 
larvae meal samples (n = 8) compared with SBM 
fed to growing pigs (Exp. 1)

Black soldier fly larvae meal

Item FF meal1 DF meal2 SEM3 P-value SBM4

CP 80.2 81.0 1.11 0.579 87

Indispensable AA

  Arg 92.7 95.9 1.05 0.034 94

  His 80.7 84.3 2.56 0.185 90

  Ile 87.2 89.6 1.34 0.253 89

  Leu 87.2 90.7 1.43 0.130 88

  Lys 86.8 89.1 1.41 0.250 89

  Met 90.2 79.3 3.61 0.074 90

  Phe 95.4 97.6 1.42 0.297 88

  Thr 87.2 86.6 1.92 0.829 85

  Val 83.2 88.4 1.80 0.090 87

Dispensable AA

  Ala 85.7 89.9 1.26 0.053 85

  Asp 87.9 86.6 1.71 0.625 87

  Cys 86.0 83.1 2.14 0.418 84

  Glu 87.5 84.2 1.81 0.247 89

  Gly 81.4 85.1 2.47 0.258 84

  Pro 100.1 104.6 1.57 0.065 113

  Ser 85.5 88.1 1.55 0.289 89

1Full fat BSFLM obtained from Oreka Solutions (Markham, ON, 
Canada).

2Defatted BSFLM obtained from Enterra Feed Corporation 
(Langley, BC, Canada).

3Maximum value of SEM.
4SBM SID% of CP and AA from NRC (2012) for reference only.
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methods applied to BSFLM (Gravel and Doyen, 
2020). The use of  cold pressing to defat BSFLM 
has minimal effects on AID in broiler chickens 
(Schiavone et al., 2017). However, BSFL are also 
typically dried prior to grinding (Gravel and 
Doyen, 2020). Huang et al. (2018) found that the 
in vitro digestibility of  AA were greater when 
BSFLM was dried using conventional methods 
(at 60  °C to constant weight) versus drying with 
microwave irradiation (an increasingly popular 
drying method used in food processing). Though 
the BSFLM suppliers for the current study did not 
disclose the drying processes used, this may be a 
potential source of  variation for the SID of  AA 

in FF versus DF BSFLM. Despite some small 
differences in SID of  AA, whole body N utiliza-
tion was not different between pigs fed FF and 
DF BSFLM. This indicates that the absorbed AA 
from the two BSFLM sources were used equally 
to support protein retention in growing pigs, when 
included in the diets at 50% and 36.5%, respect-
ively, as the sole sources of  dietary AA.

In the current study, the calcium concentra-
tion of the FF BSFLM was approximately 4× 
greater than that of the DF BSFLM, whereas 
the phosphorus concentration of the FF BSFLM 
was approximately 40% less than that of the DF 
BSFLM. Spranghers et  al. (2016) determined 
that calcium concentration in BSFLM is highly 
variable and dependent on larvae rearing sub-
strate, which could explain the differences in cal-
cium concentration for the FF versus DF BSFLM 
sources. Conversely, the same research group also 
demonstrated that phosphorus concentration of 
BSFLM was less dependent on rearing substrates 
(Spranghers et  al., 2016). Though determining 
ATTD and standardized total tract digestibilities 
of minerals was beyond the scope of the current 
study, it is well established that the digestibility of 
calcium and phosphorus are generally greater for 
animal sources versus plant sources (Suttle, 2010). 
If  the calcium and phosphorus in insect larvae are 
also highly digestible and BSFL can consistently 
be enriched with calcium (and phosphorus) by tar-
geting appropriate rearing substrates, BSFLM may 
also be used as a source of these macro-minerals 
in swine diets. It is noted, however, that the ratio 
of calcium-to-phosphorus can be variable between 
BSFLM sources (Table 1), and care should be taken 
when formulating swine diets to ensure appropriate 
calcium-to-phosphorus ratios in the complete feed 
to avoid mineral antagonisms (Stein et  al., 2011). 
This will require strict quality control of BSFLM 
by suppliers.

In the current study, the NE of the FF and 
BSFLM samples were predicted using two different 
methods. The predicted NE for FF BSFLM using 
the equations established by Noblet et  al. (1994) 
and Blok et al. (2015) were in close alignment. The 
predicted NE values for the DF BSFLM deter-
mined using the equation from Blok et  al. (2015) 
however, were 13% less than the predicted NE value 
using the equations from Noblet et al. (1994). The 
key differences between the two NE prediction 
methods was that Blok et al. (2015) accounted for 
the digestible components of the ingredient, includ-
ing NSP, whereas Noblet et  al. (1994) only ac-
counted for ADF, DE or ME, and analyzed crude 

Table 7. Apparent total tract digestibility (ATTD, 
%) of chemical components in full fat (FF meal) 
and defatted (DF meal) black soldier fly larvae 
meal samples (n = 8) fed to growing pigs (Exp. 2)

BSFLM1

Item2 FF meal1 DF meal2 SEM3 P-value

ATTD, %

  GE 76.0 74.6 1.60 0.528

  NDF 86.1 76.1 2.71 0.052

  ADF 91.0 69.5 5.03 0.023

1BSFLM = Black soldier fly larvae meal.
2GE = gross energy; NDF = neutral detergent fiber; ADF = acid 

detergent fiber.
3Full-fat BSFLM obtained from Oreka Solutions (Markham, ON, 

Canada).
4Defatted BSFLM obtained from Enterra Feed Corporation 

(Langley, BC, Canada).
5Maximum value of SEM.

Table 6. Nitrogen balance of full fat (FF diet) and 
defatted (DF diet) black soldier fly larvae meal 
diets (n = 8) fed to growing pigs (Exp. 2)

Treatment

Item FF diet1 DF diet2 SEM3 P-value

Nitrogen balance

  N intake, g/d 31.8 28.0 2.39 0.119

  N output in feces, g/d 6.5 5.8 0.50 0.436

  N excretion in urine, g/d 7.6 8.6 1.57 0.466

  N retained, % 56.1 48.2 3.73 0.166

  N retained, g/d4 18.2 13.1 1.56 0.280

  N digestibility, %5 80.1 78.7 1.40 0.602

1Full fat BSFLM obtained from Oreka Solutions (Markham, ON, 
Canada).

2Defatted BSFLM obtained from Enterra Feed Corporation 
(Langley, BC, Canada).

3Maximum value of SEM.
4N retained (g/d) = N intake (g/d) − N output in feces (g/d) − N 

output in urine (g/d).
5N digestibility (%) = 100 − (100 × ((Diet Ti (mg/kg) × N output 

fecal (%))/(Sample Ti (mg/kg) × Diet N (%)))).
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nutrient contents. Furthermore, the DF BSFLM 
contained 123% greater total dietary fiber than the 
FF BSFLM, which could reduce NE (vs. starch 
and fat) since fiber increases the heat increment of 
feeding to a greater extent than either starch or fat 
(Noblet and Henry, 1993). It is likely that the com-
bination of accounting for digestible components 
and the high fiber content in DF BSFLM con-
tribute to the differences in predicted NE between 
the Noblet et al. (1994) and Blok et al. (2015) meth-
ods for DF BSFLM.

From an energetics standpoint, FF BSFLM 
was a better source of net energy for growing pigs 
compared to DF BSFLM, which is likely due to 
the greater concentration of (crude) fat in the FF 
BSFLM (32.5% vs. 12.8% in FF and DF BSFLM, 
respectively). Since fat is highly digestible and has 
a low heat increment of feeding (Stahly, 1984), 
this result is expected. The increased fat content 
in FF BSFLM may also have an effect on the 
ATTD of NDF and ADF. Indeed, the FF BSFLM 
had greater ATTD of NDF and ADF compared 
to the DF BSFLM (86.1% and 91.0% vs. 76.1% 
and 69.5% for ATTD of NDF and ADF for FF 
BSFLM and DF BSFLM, respectively). Dégen 
et al. (2009) also demonstrated that greater dietary 
fat content improved the ATTD of fiber. In add-
ition, the predicted NE of the FF BSFLM was in 

the range of NE supplied by full-fat sunflower meal 
(i.e., 3,678 kcal/kg DM; NRC, 2012), whereas the 
NE of the DF BSFLM was in the range of NE 
supplied by animal protein sources such as blood 
plasma, fish meal, and whey powder (e.g., 2,725, 
2,509, and 2,783 kcal/kg DM for blood plasma, fish 
meal, and whey powder, respectively; NRC, 2012). 
Therefore, in addition to providing digestible AA, 
BSFLM, and especially FF BSFLM, can also serve 
as a source of NE in swine diets.

The ability of  BSFL to use organic waste prod-
ucts as a substrate makes them an attractive sub-
stitute for some other, less sustainable, protein 
sources in swine diets. Moreover, BSFL can create 
1  kg of larvae biomass per 2  kg of rearing sub-
strate (Makkar et  al., 2014), in order to generate 
a value-added product from organic waste, while 
simultaneously reducing organic matter sent to 
landfill. Despite these anticipated environmental 
benefits of  BSFLM, it is also necessary to con-
sider ingredient cost and logistics (e.g., production 
capacity in North America). Currently, the cost of 
BSFLM precludes its use in livestock diets as a pro-
tein source (Biasato et al., 2019). For example, on a 
per kg basis, FF BSFLM would have to be approxi-
mately half  the price of  SBM in order to supply 
SID Lys at the same cost, based on the relative 
difference in SID Lys supply between FF BSFLM 

Table 8. Energy values of test diets and ingredients (n = 8; Exp. 2)

Treatment

Item1 FF diet2 DF diet3 N-F diet4 SEM5 P-value

Energy value, kcal/kg DM

  GE 5,163 4,473 4,106 — —

  DE 4,431a 3,918b 3,870b 31 <0.001

  ME 4,187a 3,608b 3,718b 40 <0.001

Energy value of Insect meal products, kcal/kg DM

  GE 5,696 4,533 — 336 0.026

  DE 4,927 3,941 — 75 <0.001

  ME 4,569 3,396 — 102 <0.001

  Predicted NE Noblet5 3,477 2,640 — 30 <0.001

  Predicted NE Blok6 3,479 2,287 — 28 <0.001

a,bMeans within a row with different superscripts differ (P < 0.05; n = 8).
1DM = dry matter; GE = gross energy; DE = digestible energy; ME = metabolizable energy; NE = net energy.
2Full-fat black soldier fly larvae meal (BSFLM) obtained from Oreka Solutions (Markham, ON, Canada).
3Defatted BSFLM obtained from Enterra Feed Corporation (Langley, BC, Canada).
4N-F diet = nitrogen-free basal diet.
5Maximum value of SEM.
6The average of four predicted NE from Noblet et al. (1994), where 1) NE = 0.843 × DE − 463 (NE of FF and DF BSFLM were 3,695 and 

2,855 kcal/kg DM, respectively); 2) NE = 0.700 × DE + 1.61 × % crude fat + 0.48 × % starch − 0.91 × % CP − 0.87 × % ADF (NE of FF and DF 
BSFLM were 3,459 and 2,739 kcal/kg DM, respectively); 3) NE = 0.870 × ME − 442 (NE of FF and DF BSFLM were 3,548 and 2,498 kcal/kg 
DM, respectively); and 4) NE = 0.726 × ME + 1.33 × % crude fat + 0.39 × % starch − 0.62 × % CP − 0.83 × % ADF (NE of FF and DF BSFLM 
were 3,233 and 2,443 kcal/kg DM, respectively).

6Using predicted NE from Blok et al. (2015), where NE kcal/kg = ((11.70 × digCP) + (35.74 × digCFat) + (14.14 × Starch) + (9.74 × digNSP))/4.184.
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and SBM. Therefore, it may be more advantageous 
to focus on BSFLM as a feed additive versus as an 
alternative protein source in swine diets.

Practically, the use of BSFLM may be most suit-
able for use in nursery diets for newly weaned pigs. 
The BSFL contains high amounts of lauric acid 
[a medium chain fatty acid (MCFA)] constituting 
up to 70% of the total saturated fatty acid content 
(depending on rearing substrate; Spranghers et al., 
2016; Surendra et al., 2016; Barragan-Fonseca et al., 
2017). Lauric acid, and its metabolites, have anti-
microbial and anti-inflammatory properties in the 
small intestine (Devi and Kim, 2014; Spranghers 
et  al., 2016). In addition, BSFL contains chitin, 
which is a prebiotic and known to increase the rich-
ness and diversity of beneficial gut microflora in 
laying hens compared with standard diets without 
BSFLM (Borrelli et al., 2017). Together, the mono- 
and poly-unsaturated fatty acids, MCFA, and 
chitin could promote increased nutrient absorption 
and reduce colonization of pathogenic bacteria 
in the gut of the newly weaned pig (Fioramonti 
et  al., 2003; Heo et  al., 2013), making BSFLM 
and its fractions attractive alternatives for in-feed 
antimicrobials during the post-weaning period. 
Future research should explore and optimize the 
functional benefits of BSFLM and its fractions in 
nursery diets.

In summary, the findings of  the present study 
suggest that both FF and DF BSFLM could be 
suitable protein alternatives for inclusion in swine 
diets. Both FF and DF BSFLM had high SID for 
most AA, despite providing less digestible protein 
overall compared to SBM. The FF BSFLM was a 
better source of  available energy for growing pigs, 
whereas both the FF and DF BSFLM had pre-
dicted NE contents comparable to various full-fat 
oilseed meals and animal proteins, respectively, 
fed to pigs. Furthermore, this study provides data 
that will be useful for the accurate formulation of 
swine diets including BSFLM. At this time how-
ever, BSFLM is cost-prohibitive for inclusion in 
livestock diets due to lack of  infrastructure to 
support cost-effective production. Therefore, it 
may be more appropriate to explore other func-
tional benefits of  BSFLM and its fractions versus 
using them as protein alternatives in swine diets 
until the infrastructure exists to produce BSFL on 
a larger scale.
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