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ABSTRACT Two chicken assays were conducted to
determine P availability, using three different
approaches, for 2 black soldier fly larvae meals
(BSFL 1 and 3) and one partially-defatted BSFL.
Experiment 1 was conducted to determine ileal P
digestibility and total tract P retention. Three experi-
mental diets containing a BSFL as the only source of
P were fed to broiler chickens from 19 to 22 days of
age. Each diet contained 0.25% total dietary P. Ileal
digesta and excreta were collected on day 22. Ileal
digestibility of P was 87%, 75%, and 88% for BSFL
1, BSFL 3, and partially-defatted BSFL, respectively.
Total tract P retention was 87%, 73%, and 85% for
BSFL 1, BSFL 3, and partially-defatted BSFL,
respectively. The objective of experiment 2 was to
determine the relative bioavailability of P in the 3
insect meals relative to KH2PO4 using a chicken bone
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ash bioassay. Chickens were fed one of nine dietary
treatments from 8 to 22 days of age. These diets
included a P-deficient cornstarch-dextrose-SBM based
diet (0.14% nonphytate P) or that diet supplemented
with 0.05% or 0.10% P from KH2PO4, 7% or 14%
BSFL 1, 8%, or 16% BSFL 3, and 8% or 16% par-
tially-defatted BSFL. The slope-ratio method using
multiple regression for tibia ash regressed on supple-
mental P intake was used to calculate the relative
bioavailability of P where values for BSFL 1, BSFL
3, and partially-defatted BSFL were 54%, 51%, and
57%, respectively, relative to KH2PO4. The results of
this study indicated that availability of P in BSFL
based on ileal P digestibility and total tract P reten-
tion values was high, whereas relative bioavailability
values for P based on tibia ash were approximately
20 to 30 percentage units lower.
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INTRODUCTION

It is of importance to know the proportion of the total
P in a feedstuff that is available to animals. This allows
nutritionists to accurately formulate diets to closely
meet the P requirement of the animal. Recent research
has focused on the use of insect meals, such as black sol-
dier fly larvae meal (BSFL), as a potential feed ingredi-
ent for poultry diets (Spranghers et al., 2017). Studying
the P availability of insect meals is required in order to
compare this ingredient with traditional plant feedstuffs
which are known to have two-thirds of total P in the
form of phytate, making a majority of it unavailable for
utilization by poultry (Liebert et al., 2005). This infor-
mation can provide insights into potential replacement
of these plant feedstuffs with insect meals. To our knowl-
edge, there has been no research published on digestibil-
ity or relative bioavailability of P in insect meals for
poultry.
There are three primary methods most commonly

used to determine availability of P in feed ingredients
for poultry. One of these is the method which measures
P digestibility by collecting samples of ileal digesta from
birds to obtain ileal P digestibility values or by collect-
ing excreta to obtain excreta or total tract P retention
values (Shastak and Rodehutscord, 2013;
Mutucumarana et al., 2014). An alternative method to
measure P bioavailability is the relative bioavailability
method which usually uses bone ash as a response
parameter. In this approach, a slope-ratio method using
multiple-regression can be used to calculate the bioavail-
ability of P based on the tibia ash relative to standard P
sources (Hanna et al., 2017). The objective of the cur-
rent study was to determine ileal P digestibility, total
tract P retention, and relative bioavailability of P in two
BSFL and a partially-defatted BSFL.
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Table 1. Ingredient composition (%) of Diets 1−3 in Experiment 1.

Dietary treatments

Ingredient 1 2 3

Dextrose 52.79 49.27 49.12
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MATERIALS AND METHODS

The protocol for this study was reviewed and
approved by the Institutional Animal Care and Use
Committee at the University of Illinois.
BSFL 11 26.80 0 0
BSFL 31 0 30.38 0
Partially-defatted BSFL1 0 0 30.30
Soybean oil 4.0 4.0 4.0
Cornstarch 10.0 10.0 10.0
Limestone 0.06 0 0.23
Solka floc2 5.0 5.0 5.0
Salt 0.40 0.40 0.40
Vitamin mix3 0.20 0.20 0.20
Mineral mix4 0.15 0.15 0.15
TiO2 0.50 0.50 0.50
Choline chloride (60%) 0.10 0.10 0.10
Analyzed Ca and P:
Ca 0.37 1.10 0.32
Total P 0.26 0.25 0.23

1BSFL = black soldier fly larvae.
2Powdered cellulose; International Fiber Corporation, Urbana, OH.
3Provided per kilogram of diet: retinyl acetate, 4,400 IU; cholecalciferol,

25mg; DL-a-tocopheryl acetate, 11 IU; vitamin B12, 0.01 mg; riboflavin,
4.41 mg; D-pantothenic acid, 10 mg; niacin, 22 mg; menadione sodium
bisulfate, 2.33 mg.

4Provided as milligrams per kilogram of diet: manganese, 75 from
MnSO4· H2O; iron, 75 from FeSO4· H2O; zinc, 75 mg from ZnO; copper,
5 mg from CuSO4· 5H2O; iodine, 75 from ethylene diamine dihydroiodide;
selenium, 0.1 from NaSeO3.
Diets and experimental design

The three BSFL (BSFL 1, BSFL 3, and partially-
defatted BSFL) were the same ones evaluated in an ear-
lier study by Matin et al.. The BSFL 1 and BSFL 3 and
the partially-defatted BSFL had been analyzed to con-
tain 57.5, 45.2, and 56.7% protein, 21.7, 19.0, and 12.2%
fat, 1.03, 0.85, and 0.87% total P, and 1.34, 3.65, and
0.91% Ca, respectively, on a DM basis in the earlier
study.

Experiment 1 was conducted using commercial broiler
chickens (Ross 308) to determine ileal P digestibility
and total tract P retention values of the 3 BSFL. The
chickens were fed a standard, nutritionally complete
corn-soybean meal (SBM) pretest diet for 18 days and
kept in heated Petersime starter batteries with wire
floors in an environmentally controlled room and had ad
libitum access to feed and water. On Day 19, the broilers
were weighed, wing banded, and allotted to one of three
dietary treatments, ensuring consistency in their average
body weights across treatments while using a completely
randomized design. There were 8 replicate pens of 5
chickens per treatment. Experimental diets were pro-
vided for ad libitum consumption from day 19 to day 22
where diet 1 contained BSFL 1 at 27% inclusion in the
diet, diet 2 contained BSFL 3 at 30% inclusion in the
diet, and diet 3 contained the partially-defatted BSFL
at 30% inclusion in the diet (Table 1). All diets con-
tained 0.25% total dietary P, where the BSFL was the
only source of P in the diets, and TiO2 was added as an
indigestible marker. The chickens were euthanized on
Day 22 with CO2 gas and ileal digesta (Meckel’s diver-
ticulum to the ileal-cecal junction) were collected for
ileal P digestibility determination using the indigestible
titanium marker method. Excreta samples were also col-
lected for 3 days from Day 20-22 for determination of
total tract P retention values using the indigestible tita-
nium marker method. Apparent ileal P digestibility and
apparent total tract P retention values were calculated
as described by Mutucumarana et al. (2014).

Experiment 2 was conducted using New Hampshire x
Columbian female chickens that were hatched at the
University of Illinois poultry research field laboratory.
The objective of this experiment was to determine the
relative bioavailability of the P in three insect meals
relative to the P in potassium phosphate (KH2PO4).
The chickens were fed a standard, nutritionally com-
plete starter pretest diet for 8 days and kept in heated
Petersime starter batteries (Petersime nv, Centrum-
straat 125, 9870 Zulte, Olsene, Belgium) with wire
floors and had ad libitum access to feed and water. At
Day 8, chickens were weighed, wing banded, and allot-
ted to one of nine dietary treatments using a
completely randomized design. There were 5 replicate
pens of 5 chickens each per treatment. Experimental
diets were provided for ad libitum consumption from
day 8 to day 22 where diet 1 was a P deficient corn-
starch-dextrose-SBM diet that was formulated to con-
tain 0.14% nonphytate P and 0.78% Ca, diets 2 to 3
contained 0.05% and 0.10% supplemental P from added
KH2PO4, respectively, diets 4 to 5 contained added 7%
and 14% BSFL 1, respectively, diets 6 to 7 contained
added 8% and 16% BSFL 3, respectively, and diets 8 to
9 contained added 8% and 16% partially defatted
BSFL, respectively (Table 2). The BSFL were added to
the diets at the expense of cornstarch and dextrose in a
2:1 ratio. The calculated level of dietary Ca for each
diet was maintained at 0.78% by adding supplemental
limestone to the diets. On Day 22, all the chickens were
weighed, feed intake was measured, and feed efficiency
was later calculated. The chickens were then eutha-
nized with CO2 gas in order to collect their right tibia
bone. The right tibia bone of each chicken was collected
and autoclaved. Following this, tibias were cleaned,
oven-dried at 100°C for 24 h, pooled within pen and
ashed at 600°C in a muffle furnace for 24 h. The indi-
vidual pen of birds was the experimental unit for this
study.
Diets in Experiment 1 and 2 were analyzed for calcium

and total phosphorus and ileal digesta samples and
excreta samples in Experiment 1 were analyzed for total
phosphorus using inductively coupled plasma optical
emission spectroscopy (Method 985.01 A, B, and D;
AOAC International, 2007) and diet. Ileal and excreta
samples were analyzed for titanium using the method
described by Myers et al. (2004).



Table 2. Ingredient composition (%) of Diets 1−9 in Experiment 2.

Dietary treatments

Ingredient, % 1 2 3 4 5 6 7 8 9

Cornstarch 33.33 33.11 32.89 28.83 24.31 28.50 23.67 28.14 22.93
Dextrose 16.68 16.68 16.68 14.42 12.15 14.25 11.84 14.07 11.46
KH2PO4 0 0.22 0.44 0 0 0 0 0 0
BSFL 11 0 0 0 7.0 14.0 0 0 0 0
BSFL 31 0 0 0 0 0 8.0 16.0 0 0
Partially defatted BSFL1 0 0 0 0 0 0 0 8.0 16.0
Soybean meal 42.0 42.0 42.0 42.0 42.0 42.0 42.0 42.0 42.0
Soybean oil 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0
Limestone 1.63 1.63 1.63 1.39 1.18 0.89 0.13 1.43 1.25
Dicalcium phosphate 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21
Salt 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40
Vitamin mix2 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20
Mineral mix3 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15
DL-Met 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30
Choline chloride (60%)
Analyzed Ca and P:

0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10

Ca 0.78 0.75 0.81 0.73 0.80 0.78 0.75 0.79 0.83
Total P 0.28 0.31 0.36 0.35 0.42 0.33 0.42 0.36 0.45

1BSFL = black soldier fly larvae.
2Provided per kilogram of diet: retinyl acetate, 4,400 IU; cholecalciferol, 25mg; DL-a-tocopheryl acetate, 11 IU; vitamin B12, 0.01 mg; riboflavin, 4.41

mg; D-pantothenic acid, 10 mg; niacin, 22 mg; menadione sodium bisulfate, 2.33 mg.
3Provided as milligrams per kilogram of diet: manganese, 75 from MnSO4 · H2O; iron, 75 from FeSO4 · H2O; zinc, 75 mg from ZnO; copper, 5 mg from

CuSO4 · 5H2O; iodine, 75 from ethylene diamine dihydroiodide; selenium, 0.1 from NaSeO3.
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Statistical analysis

For Experiments 1 and 2, the SAS software
(SAS Institute Inc., 2010) was used to statistically
analyze the data obtained and the individual pens of
birds were the experimental unit. For both experi-
ments, an ANOVA was completed within the software
for completely randomized designs and the least signif-
icant difference test was used to determine if differen-
ces among treatments were significant at P < 0.05.
For Experiment 2, multiple linear regression (GLM
procedure of SAS Institute, Inc. 2010) was performed
with either total tibia ash (mg/tibia) or tibia ash per-
cent being the response parameters. The slope-ratio
method (Finney, 1964) was used to determine the bio-
availability of P in the insect meals relative to the
KH2PO4 using the regression coefficients obtained
from multiple regression of tibia bone ash regressed on
supplemental P intake from KH2PO4 or a BSFL. Bio-
availability values were calculated relative to KH2PO4
with KH2PO4 set at 100%. Intersection and curvature
validity tests were calculated using the general meth-
ods described by Finney (1964) and
Littell et al. (1997) for slope-ratio assays.
Table 3. Ileal P digestibility and total tract P retention values for chi

Dietary treatment
Weight gain
(g/chicken)

Feed intake
(g/chicken)

1. 27% BSFL 12 115a 217a

2. 30% BSFL 32 73b 201b

3. 30% partially defatted
BSFL2

104a 218a

Pooled SEM 4.7 4.8
a-cMeans within a column with no common superscript differ (P < 0.05).
1Values are means of eight pens of five chickens from 19 to 22 days of age

excreta P retention values are at 22 days of age.
2BSFL = black soldier fly larvae.
RESULTS AND DISCUSSION

Experiment 1

TaggedPIleal P digestibility ranged from 75% to 88% (Table 3).
There was no difference observed in ileal P digestibility
between BSFL 1 and the partially-defatted BSFL. The
BSFL 3, however, had a lower ileal P digestibility value
compared with the other two BSFL. All three insect
meals generally had greater values for ileal P digestibil-
ity compared with a number of high protein feed ingre-
dients commonly used in poultry diets as published in
the literature. For example, Munoz et al. (2020) preci-
sion-fed chickens conventional ingredients such as SBM
and meat and bone meal and found the apparent ileal P
digestibility to be 64% and 42%, respectively.
Camden et al. (2001) determined the ileal P digestibility
of a conventional corn-SBM-based diet at 54%. In terms
of total tract P retention, the values ranged from 73% to
87% among the three BSFL and BSFL 3 had a lower
value for total tract P retention compared with BSFL 1
and partially-defatted BSFL. All values were greater
than the total tract P retention value for a conventional
corn-SBM-based diet reported by Camden et al. (2001)
ckens in Experiment 1.1

Gain: feed
(g/kg)

Ileal P
digestibility (%)

Total tract P
retention (%)

530a 87.4a 87.0a

365c 74.6b 73.4b

475b 87.8a 85.3a

18.2 0.70 0.94

for weight gain, feed intake, and gain: feed ratio. Ileal P digestibility and



Table 4. Growth performance and tibia ash for chickens in Experiment 2 from 8 to 22 days of age.1

Dietary treatment
Weight gain
(g/chicken)

Feed intake
(g/chicken)

Gain: feed
(g/kg)

Bone ash2

(mg/tibia)
Bone ash3

(%)

1. P deficient dextrose-cornstarch (basal) 223e 359c 622c 250f 33.4e

2. Basal + 0.05% P4 242cd 385ab 628c 312d 36.9c

3. Basal + 0.10% P4 252abc 399a 632c 371a 39.5a

4. Basal + 7% BSFL 15 241cd 361c 666b 287e 35.8d

5. Basal + 14% BSFL 15 255ab 361c 708a 330c 37.4bc

6. Basal + 8% BSFL 35 238d 358c 665b 295e 35.7d

7. Basal + 16% BSFL 35 249bcd 359c 694a 332c 37.2bc

8. Basal + 8% partially defatted BSFL5 246bcd 365c 675b 299de 35.4d

9. Basal + 16% partially defatted BSFL5 261a 371bc 705a 351b 38.0b

Pooled SEM 4.1 5.0 5.3 5.7 0.28
a-fMeans within a column with no common superscript differ (P < 0.05).
1Values are means of five pens of five chickens; average initial BW was 86.8 g.
2Multiple regression of tibia ash (Y; mg) on supplemental P intake (g) from KH2PO4 (X1), BSFL 1 (X2), BSFL 3 (X3), and partially defatted BSFL

(X4) yielded the equation: Y = 250.3 + 304.6 § 16.5X1 + 166.5 § 13.9 X2 +177.7 § 13.9X3 + 204.4 § 13.4 X4 (R
2 = 0.91). The (§) values are standard

errors of the regression coefficients.
3Multiple regression of tibia ash (Y; %) on supplemental P intake (g) from KH2PO4 (X1), BSFL 1 (X2), BSFL 3 (X3), and partially defatted BSFL (X4)

yielded the equation: Y = 33.7 + 14.9 § 0.918 X1 + 8.08 § 0.773 X2 + 7.65 § 0.771X3 + 8.48 § 0.745X4 (R
2 = 0.88). The (§) values are standard errors

of the regression coefficients.
4From KH2PO4.
5BSFL = black soldier fly larvae.
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at 49%. In addition, Liu et al. (2012) determined values
of 51% to 53% standardized total tract P retention for
SBM fed to broiler chickens where the exact value was
dependent on the time of total excreta collection.

The higher Ca in BSFL 3 could be at least partially
responsible for the lower ileal P digestibility and lower
total tract P retention. There was substantial variation in
Ca content among the BSFL, with the BSFL 3 containing
a much higher Ca level than the other two BSFL. Conse-
quently, this resulted in the BSFL 3 diet having a higher
level of Ca compared with the BSFL 1 and partially-
defatted BSFL diets. High dietary Ca has the potential to
negatively impact P absorption and retention (Li et al.,
2016). Previous studies in broilers have shown that diets
containing increased dietary Ca concentrations yielded
reduced true P ileal digestibility and/or true phosphorus
retention compared with diets containing lower Ca levels
(Liu et al., 2013; Mutucumarana et al., 2015b;
Perryman et al., 2016; Hanna et al., 2020).

The weight gain, feed intake, and feed efficiency results
are also displayed in Table 3. The BSFL 3 diet yielded
lower values in comparison with the BSFL 1 and par-
tially-defatted diets. These differences could be due to the
higher Ca content and lower ileal P digestibility and lower
total tract P retention for BSFL 3. No differences were
observed between BSFL 1 and partially-defatted BSFL
treatments with regards to weight gain and feed intake.
Table 5. Relative bioavailability of the P in BSFL 1,1 BSFL 3, and pa

Total P (%)
Bioavailability

Ingredient Tibia ash (mg/tibia)

BSFL 1 1.03 54.7
BSFL 3 0.85 58.3
Partially defatted BSFL 0.87 67.1

1BSFL = black soldier fly larvae.
2Calculated by the slope-ratio method using the regression equations in footn

as determined using the regression coefficients and standard errors in the multi
ues are relative to the P in KH2PO4 which was set at 100%.

3Bioavailable content = (total P x bioavailability value)/100.
Experiment 2

Increased inclusion of the 3 BSFL in the P-deficient
diet (diet 1) corresponded to increased weight gain and
gain:feed ratio (Table 4). Higher inclusion of KH2PO4
and BSFL also led to an increase in bone ash (mg/tibia
and %). Consequently, there was a strong, positive lin-
ear relationship between tibia ash (mg/tibia and %) and
supplemental P intake from KH2PO4 and BSFL 1,
BSFL 3, or partially-defatted BSFL (R2 values of 0.91
and 0.88 for tibia ash in mg/tibia and tibia ash %,
respectively, and P < 0.0001 for the overall regression
equations/model).
Iintersection and curvature effects were not signifi-

cant (P > 0.05) in the multiple regression slope - ratio
assay. The KH2PO4 was selected as the standard for
comparison because of its assumed high P bioavailabil-
ity and to be consistent with many previous published
studies from our laboratory on relative P bioavailabil-
ity. The bioavailability values for P in the BSFL rela-
tive to the P in KH2PO4, calculated by the slope-
ratio method, ranged from 55% to 67% in terms of
tibia ash (mg/tibia; Table 5). There were no differen-
ces among the three insect meals. There were also no
differences for relative bioavailability values based on
tibia ash as a percent. The bioavailable content of the
P in each sample was calculated by multiplying the
rtially defatted BSFL in Experiment 2.

values2 (%) Bioavailable content3 (%)

Tibia ash (%) Tibia ash (mg/tibia) Tibia ash (%)

54.2 0.56 0.56
51.3 0.50 0.44
56.9 0.58 0.50

otes 2 and 3 in Table 4. Values within a column are not different (P>0.05)
ple regression equations in footnotes 2 and 3 of Table 4.Bioavailability val-
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percentage of total P in that sample by the corre-
sponding bioavailability value.

The relative bioavailability values in Experiment 2
were lower than the values from Experiment 1 for ileal
P digestibility and total tract P retention. A possible
explanation for this for BSFL 1 and partially defatted
BSFL could be that there are higher amounts of Ca
present in the diets of Experiment 2 compared with
those of Experiment 1. The higher Ca and Ca:P ratio in
all of the diets for Experiment 2 may also be at least
part of the reason for the lack of significant differences
among the relative P bioavailability values for the 3
BSFL since, as discussed earlier, it is hypothesized that
the main reason for the lower ileal digestibility and
lower total tract retention of P in BSFL3 in Experiment
1 was due to its high Ca content, resulting in a much
higher dietary Ca:P ratio for just that one diet. Higher
dietary Ca concentrations can reduce P digestibility,
particularly due to reduced hydrolysis of phytate in the
intestinal tract, thus decreasing P availability
(Selle and Ravindran, 2007). Higher ileal digestibility
and/or total tract P retention values compared with rel-
ative P bioavailability values based on bone ash have
been reported previously for other feed ingredients such
as SBM and canola meal. For example for SBM, values
for ileal P digestibility and total tract P retention have
often been reported to be in the range of 70% to 85% or
higher (Nwokolo et al., 1976; Dilger and Adeola, 2006;
Liu et al., 2013; Mutucumarana et al., 2014;
Munoz et al., 2020) compared with relative P bioavail-
ability values mostly in the range of 30% to 40%
(Sands et al., 2003; Karr-Lilienthal et al., 2005;
Hanna et al., 2017). Similar types of results have been
reported for meat and bone meal (Waldroup et al.,
1965; Sell and Jeffrey, 1996; Mutucumarana et al.,
2015a; Munoz et al., 2020) where relative bioavailability
values in experiments based on bone ash have generally
indicated that the P in animal products such as meat
and bone meal is highly or totally bioavailable for poul-
try in contrast to digestibility experiments that have
often indicated that the digestibility of P is only 50% or
lower. It might be expected that the relative bioavail-
ability of P in BSFL would be higher than in plant feed-
stuffs such as corn and soybean meal and would be high
and similar to animal meals because of a lack of phytate
in BSFL. The reason for relative bioavailability of the
P in BSFL being much less than 100% is unknown and
may warrant further study. Finally, the overall results
indicated that the BSFL contain approximately 0.8%
digestible P or approximately 0.5% relative bioavailable
P, indicating that BSFL is a source of substantial die-
tary available P for poultry.

In summary, the results of this study indicated that
the availability of P in BSFL based on P digestibility
and total tract P retention was high, with values ranging
from 73 to 88%. However, relative bioavailability values
based on bone ash were approximately 20 to 30 percent-
age units lower than the values based on ileal digestibil-
ity and total tract retention
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