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Abstract

The objective of this experiment was to investigate black soldier fly larvae (BSFL) oil as a
sustainable energy source in broiler diets by comparing its effects with those of soybean oil and
tallow. A total of 180 1-d-old broiler chickens were randomly allotted to 1 of 3 dietary
treatments with 5 replicates. Each replicate had consisted of 6 male and 6 female birds.
Experimental diets were formulated to contain 3% of either soybean oil, tallow, and BSFL oil.
These diets were provided on an ad libitum basis for 5 wk. Results indicated that replacing
soybean oil and tallow with BSFL oil had no significant effects on growth performance, relative
organ weight, stress indicator, liver antioxidant, jejunal morphology, jejunal permeability, and
animal welfare assessment among treatment groups. However, broiler chickens fed diets
containing BSFL oil and tallow had less (P < 0.05) of 24 h postmortem pH than those fed diets
containing soybean oil. For meat color, redness values were greater (P < 0.05) in the soybean
oil group than in the other groups. The BSFL oil group showed greater (P < 0.05) saturated
fatty acid concentrations in the breast meat than the soybean oil and tallow groups. On the other
hand, the soybean oil and tallow groups had greater (P < 0.05) unsaturated fatty acid
concentrations in the breast meat than the BSFL oil group. The BSFL oil group had greater (P
< 0.05) docosapentaenoic acid and docosahexaenoic acid in the breast meat than the other
groups. Serum aspartate aminotransferase concentration was greater (P < 0.05) in the BSFL oil
group than in the soybean oil group, while serum uric acid concentration was less (P < 0.05) in
the BSFL oil group than in the tallow and soybean oil groups. These results suggest that BSFL
oil can be used as an alternative energy source in broiler diets without affecting growth

performance, but influencing meat quality and fatty acid profiles.

Keywords: Black soldier fly larvae oil, breast meat, broiler chicken, fatty acid, growth

performance
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INTRODUCTION

As the global population steadily increases, meat consumption is also rising, which
subsequently elevates the demand for protein and energy sources [1]. Recently, various fat
sources have been utilized in poultry nutrition, including animal by-products such as tallow,
lard, and poultry fat, as well as vegetable oils such as soybean oil, corn oil, and sunflower oil
[2]. Soybean oil is used in poultry diets due to its high metabolizable energy and digestibility
compared with other vegetable oils [3]. However, soybean oil relatively expensive and its
supply is limited [4]. Beef tallow is one of the animal fats that is.commonly utilized due to
lower cost compared with vegetable oils, although its rendering process generates considerable
greenhouse gas emissions [5, 6].

Accordingly, insects have attracted increasing attention as alternative protein and fat
sources in animal feed production [4, 7]. Lipids constitute a major component of insect biomass,
and substantial amounts are obtained as by-products during protein extraction [4]. Among insect
species, the black soldier fly (Hermetia illucens) has gained considerable interest for its ability
to convert livestock manure and other organic waste into larval biomass rich in protein and fat
[8, 9]. Black soldier fly larvae (BSFL) contain approximately 42% protein and 35% fat [10, 11].
The fatty acid composition of BSFL is characterized by high levels of medium-chain fatty acids
(MCFAS) such as lauric acid and myristic acid [12], with lauric acid is particular known for its
antimicrobial effects on gut bacteria [13, 14]. Furthermore, the lipid content and fatty acid
profile of insects are influenced by the chemical composition of the substrate in the rearing
environment [15, 16]. In contrast, lauric acid is synthesized de novo by the larvae and its
concentration in the insect biomass is not affected by the substrate [17].

Previous studies have demonstrated that replacing 50% and 100% of soybean oil with
BSFL fat in diets did not adversely affect growth performance, internal organ weight, blood

parameters, and gut morphology in finisher broiler chickens [4]. Similarly, replacing soybean
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oil with BSFL oil in broiler chicken diets did not significantly affect growth performance [18].
These findings indicate that BSFL fat may be a viable fat source in broiler feed formulations.
However, few studies have investigated the effects of replacing both soybean oil and tallow
with BSFL oil in broiler diets. Moreover, information on the effects of dietary BSFL oil on meat
quality and fatty acid profile remains limited.

Therefore, the objective of this experiment was to evaluate BSFL oil as a sustainable

energy source in broiler diets by comparing its effects with those of soybean oil and tallow.

MATERIALS AND METHODS

Animals, diets, and experimental design

All experimental procedures were reviewed and approved by the Institutional Animal Care and
Use Committee at Chungbuk National University (CBNUA-25-0060-01). A total of one
hundred eighty 1-d-old Arbor Acres broiler chickens were obtained from a local commercial
hatchery (Dongsan Hatchery, Cheonan, Republic of Korea) and housed in 15 cages (104 x 122
x 84 cm = width x length x height) within an environmentally controlled room. All birds (body
weight; BW = 40.11 + 0.06 g) were randomly allotted to 1 of 3 dietary treatments with 5
replicate cages in a completely randomized design. Each replicate had consisted of 6 male and
6 female birds. Experimental diets were formulated to contain 3% of either soybean oil, tallow,
and BSFL oil. The BSFL oil used in the experimental diets was obtained from Entomo Co., Ltd.
(Cheongju, Republic of Korea). The oil was extracted from BSFL harvested at the late larval
stage. The assumed AMEh values, based on Kieronczyk et al. [19] and Rostagno et al. [20] were
as follows: 8,790 kcal/kg for soybean oil, 7,401 kcal/kg tallow, and 9,019 kcal/kg for BSFL oil.
These estimated AME, values were applied in the formulation of experimental diets, and
differences in AME, values among dietary treatments were compensated by adjusting the

proportions of corn, corn gluten meal, and other ingredients. All diets were formulated to meet
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or exceed the Arbor Acres nutrients specifications for energy and nutrients in broiler chickens
[21] (Table 1). During the experiment, birds were provided all diets and water ad libitum for 5
wk. The temperature was maintained at 30.4°C + 0.3 for the first 3 d and gradually reduced to
24°C by the end of the experiment. The relative humidity was held constant at 61.7% * 5.4.
Birds were exposed to a lighting schedule of 23L:1D. The BW gain (BWG) and feed intake (FI)
were recorded at the conclusion of the experiment. Feed conversion ratio (FCR) was calculated
by dividing FI with BWG. Specifically, FI was corrected by accounting for both the number of

dead birds and their survival duration.

Sample collection

At the end of the experiment, 2 male broiler chickens with BW close to the mean BW per cage
were selected and euthanized by CO> asphyxiation. One bird was used for the collection of
feather, blood, internal organs, and breast meat, while the other bird was used for the assessment
of intestinal permeability. Feather samples were immediately collected and stored at -20°C for
corticosterone analysis. Blood samples were collected via cardiac puncture into both plasma
and serum tubes. Breast meat and internal organs, including liver, spleen, bursa of Fabricius,
thymus, and abdominal fat, were excised and weighed to determine their relative weights as a
percentage of BW. After weighing, breast meat samples were divided according to the purpose
of analysis. Samples for pH, water holding capacity (WHC), thiobarbituric acid reactive
substances (TBARS) measurements were stored at 4°C, whereas those for fatty acid
composition analysis were stored at -20°C. Liver samples were placed into 1.7 mL microtubes
and stored at -80°C for subsequent evaluation of antioxidant capacity. Jejunal samples were

fixed in 10% neutral buffered formalin for histological analysis of intestinal morphology.

Breast meat quality
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The pH at 1 h and 24 h postmortem in the breast meat was analyzed using a pH meter (H199163,
Hanna Instruments, Woonsocket, RI, USA). Meat color was measured using a
spectrocolorimeter (Konica Minolta, Tokyo, Japan), and values for lightness (L*), redness (a*),
and yellowness (b*) were obtained. WHC was determined using the method described by Lee
et al. [22]. Briefly, a 1.0 g breast meat sample was wrapped in Whatman filter paper (NO. 3,
Whatman, Maidstone, UK), placed in a 50 mL tube, and centrifuged at 3,000 rpm for 15 min.
TBARS was assessed using the method of Lee et al. [23]. In short, a 5.0 g breast meat sample
was homogenized with 50 uL of butylated hydroxytoluene and 15 mL of distilled water for 30
sec. Then, 1 mL of the mixture was transferred to a 15 mL tube and vortexed with
TBA/trichloroacetic acid. The mixture was heated in a water bath at 90°C for 15 min and
subsequently cooled. After cooling, the mixture was centrifuged at 3,000 rpm for 10 min, and
the supernatant was collected. The absorbance was measured at 531 nm using a microplate

reader (INNO Microplate Spectrophotometer, LTEK, Seongnam, Republic of Korea).

Fatty acid composition

The fatty acid composition of oils and breast meat was analyzed according to the method
described by Folch et al. [24]. A 10 g ground sample was mixed with 100 mL
chloroform:methanol (2:1, v/v) solution and extracted for 24 h. The extract was concentrated
under vacuum, and the residue was methylated using 14% Boron trifluoride-methanol solution
(Sigma-Aldrich, St. Louis, MO, USA). The resulting fatty acid methyl esters were measured
using gas chromatograph (GC, HP6890, Hewlett-Packard Ltd., CA, USA). The GC system was
equipped with an HP-88 capillary column (100 m x 0.25 mm i.d., film thickness 0.20 um;
Agilent Technologies, Palo Alto, CA, USA). The oven temperature was initially held at 140°C
for 5 min, then gradually increased to 240°C held for 20 min. The injector and detector
temperatures were set at 260°C and 270°C, respectively. Nitrogen was used as the carrier gas

at a flow rate of 1 mL/min with a split ratio of 1:50. Individual fatty acids were identified by
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comparing their retention times with those of known standard fatty acid methyl esters. The
composition of each fatty acid was calculated as the percentage of its peak area relative to the

total peak area.

Serum parameters

Serum parameters including high-density lipoprotein (HDL), low density lipoprotein (LDL),
total cholesterol (TC), triglyceride (TG), aspartate aminotransferase (AST), alanine
aminotransferase (ALT), creatinine, and uric acid were analyzed. Levels of HDL, LDL, TC, TG,
AST, and ALT were measured using an enzymatic assay with the Cobas C702 analyzer (Roche
Diagnostics, Mannheim, Germany). Uric acid was measured using an enzymatic assay with the
Labospect 008AS analyzer (Hitachi, Tokyo, Japan), and creatinine was analyzed using a Kinetic

colorimetric assay (Cobas C702 analyzer, Roche Diagnostics, Mannheim, Germany).

Liver antioxidant capacity

Liver antioxidant capacity indicators such as total antioxidant capacity (TAC) and
malondialdehyde (MDA) were measured using the EZ-total antioxidant capacity (TAC) assay
kit (DG-TAC200, DoGenBio, Seoul, Republic of Korea) and EZ-Lipid peroxidation (TBARS)
assay kit (DG-TBA200, DoGenBio, Seoul, Republic of Korea), respectively, according to the
manufacturer’s instructions. Protein concentration was determined using the Pierce™ BCA
protein assay kit (Thermo Fisher Scientific, Rockford, IL, USA). The concentrations of TAC

and MDA were normalized to protein concentration and expressed accordingly.

Liver characteristics
Liver samples were used to evaluate liver color, liver hemorrhage, fatty liver score, and liver
fat concentrations. The liver color (L*, a*, and b* values) was measured using a color reader

(Konica Minolta Optics Inc., Tokyo, Japan). The liver hemorrhage was scored on a scale from
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0 to 5, where 0 indicates no hemorrhages and 5 indicate severe hemorrhaging [25]. The fatty
liver score was determined on a scale from 1 to 5, with 1 indicating a normal liver and 5
indicating a pale yellow liver [26]. Crude fat concentrations in the liver were measured using

Soxhlet method [27] after freeze-drying for 72 h and grinding of the sample.

Stress indicator

The heterophil to lymphocyte (H:L) ratio was determined using the method described by
Samour and Howlett [28]. A 10 uL blood sample was smeared onto a glass slide and air-dried
at room temperature. After drying, smeared sample sequentially stained with Wright’s and
Giemsa’s stain solutions. The stained slides were examined under a microscope (OS-370DVM,
Osun Hitech, Goyang, Republic of Korea). The heterophils and lymphocytes were counted
independently by two independent evaluators and the H:L ratio was calculated by dividing the
number of heterophils by the number of lymphocytes. Feather corticosterone (CORT)
concentration was determined following the described by Bortolotti et al. [29]. In short, feathers
were cut into fragments less than' 5 mm in length. Approximately 80 to 100 mg of feather
samples were placed in a 50 mL microtube, and 10 mL of methanol was added. The samples
were subjected to extraction using ultrasonic water bath (MaXturdy™45, DAIHAN Scientific,
Wonju, Republic of Korea) for 30 min, followed by incubation in a water bath at 50°C for 24
h. After extraction, the feather extracts were filtered to remove feathers and dried extract
samples in water bath at 50°C for 24 h. The dried samples were analyzed using CORT ELISA

kit (Enzo Life Sciences Inc., Farmingdale, NY, USA).

Jejunal morphology
Jejunal samples were fixed in 10% neutral buffered formalin and sliced into sections
approximately 2 to 3 mm in thickness. The tissue samples were then embedded in paraffin and

sectioned at a thickness of 4 um. Following sectioning, the samples were stained with
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hematoxylin and eosin. The stained samples were examined using a microscope (0S-370DVM,
Osun Hitech, Goyang, Republic of Korea). Jejunal morphology was measured to villus height
(VH), crypt depth (CD), villus width (VW), VH:CD ratio, and villus surface area (VSA). The
VSA was calculated from VH and VW, using the method described by Sabry and EI-Ghany

[30]: VH x VW x .

Jejunal permeability

Intestinal jejunal permeability was assessed by measuring transepithelial electrical resistance
(TEER) using a two-channel Ussing chamber system (P2300, Physiologic Instruments Inc.,
Reno, NV, USA). Approximately 3.0-5.0 cm segments of jejunum were collected from the
region between the distal end of the duodenal loop and Meckel’s diverticulum in broiler
chickens. Immediately after excision, the samples were immersed in chilled Krebs-Henseleit
buffer (pH 7.4; K3753-10L, Sigma-Aldrich, St. Louis, MO, USA) to maintain tissue viability.
Adhering fat and mesenteric tissues were carefully removed, the jejunal samples were then
mounted vertically between the two halves of the Ussing chamber according to the method
described by Goo et al. [31] and Kim et al. [32]. The Ussing chamber was filled with Krebs-
Henseleit buffer and maintained at 40°C in a water bath and continuously aerated with a gas
mixture of 95% O and 5% CO». After a 5 min stabilization period, short-circuit currents (Isc),
potential difference (PD), and electrical resistance (R) were recorded at approximately 10 s
intervals for 5 min. The TEER values were calculated from the recorded values of PD, Isc, and
R using Ohm’s law [33]. The detailed protocol for using the two-channel Ussing chamber

system was described by Goo et al. [34] and Kim et al. [35].

Animal welfare assessment
At the end of study, six birds (3 males and 3 females) were randomly selected from each cage

to evaluate animal welfare. Welfare evaluation was conducted in accordance with the Welfare
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Quality Assessment protocol for poultry [36]. Four welfare indicators, including gait score,
footpad dermatitis, hock burn, and plumage cleanliness, were examined by five trained
evaluators. Gait score was assessed from 0 to 5, with 0 indicating normal gait and 5 indicating
severe lameness or inability to stand or walk. Footpad dermatitis was scored from 0 to 4, with
0 representing no visible lesions and 4 indicating severe footpad dermatitis. Hock burn was
scored from 0 to 4, with 0 indicating no evidence of lesions and 4 indicating severe hock burn.
Plumage cleanliness was scored from 0 to 3, with 0 indicating clean and white feathers and 3

indicating dirty brown feathers.

Statistical analysis

All data were analyzed by analysis of variance as a completely randomized design using the
PROC MIXED procedure of SAS (SAS Institute Inc., Cary, NC, USA). The cage was
considered the experimental unit for growth performance parameters (BW, FI, and FCR) and
welfare assessments, as these were analyzed based on cage-level averages. For all other
measurements, including fatty acid composition of breast meat, meat quality traits, serum
parameters, liver antioxidant capacity, liver characteristics, stress indicators, jejunal
morphology, and jejunal permeability, individual birds were considered the experimental unit.
Outlier data were checked using the PROC UNIVARIATE procedure of SAS [37]. The
LSMEANS procedure was used to calculate mean values and the PDIFF option was used to
separate the means if the difference was significant. Significance for statistical test was set at P

<0.05.

RESULTS

Fatty acid concentrations in fat sources
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The fatty acid concentrations in fat sources are summarized in Table 2. In this analysis, BSFL
oil contained a greater proportion of saturated fatty acid (SFA; 66.4%) than soybean oil (15.9%)
and tallow (39.2%). In contrast, unsaturated fatty acid (UFA) accounted for a greater proportion
in soybean oil (84.0%) and tallow (60.3%) than in BSFL oil (33.3%). Each fat source exhibited
a distinct fatty acid profile. The BSFL oil was characterized by a high concentration of lauric
acid (C12:0; 41.8%), a MCFA. Soybean oil contained a large proportion of polyunsaturated
fatty acids (PUFA), especially linoleic acid (C18:2 n-6; 53.0%). Tallow was rich in

monounsaturated fatty acids (MUFA), particularly oleic acid (C18:1 n-9; 45.9%).

Growth performance
No significant differences in BWG, FI, and FCR were observed among dietary treatments

(Table 3).

Breast meat quality

The pH at 24 h postmortem was less (p < 0.05) in the BSFL oil group than in the soybean oil
group (Table 4). However, the BSFL oil and tallow groups showed similar pH at 24 h
postmortem. The tallow group showed a greater (p < 0.05) L* values for meat color compared
with the BSFL oil group. The a* values for meat color was less (p < 0.05) in the BSFL oil and
tallow groups than in the soybean oil group. However, dietary fat sources did not affect breast

yield, pH at 1 h postmortem, b* values for meat color, WHC, and TBARS.

Fatty acid concentrations in the breast meat

The BSFL oil group had greater (p < 0.05) SFA concentrations in the breast meat than the
soybean oil and tallow groups (Table 5). In particular, the BSFL oil significantly increased (p <
0.05) SFAs such as lauric acid, myristic acid, stearic acid concentrations in the breast meat

compared with the soybean oil and tallow groups. On the other hand, the soybean oil and tallow
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groups had greater (p < 0.05) UFA concentrations in the breast meat than the BSFL oil group.
The soybean oil group showed greater (p < 0.05) PUFAs such as linoleic acid, y-linolenic acid,
and a-linolenic acid concentrations in the breast meat than the BSFL oil and tallow groups. The
tallow group had greater (p < 0.05) MUFA, particularly oleic acid and palmitoleic acid
concentrations in the breast meat than the BSFL oil and soybean oil groups. However, the BSFL
oil group had greater (p < 0.05) docosapentaenoic acid and docosahexaenoic acid (DHA) in the
breast meat than the soybean oil and tallow groups. In addition, the BSFL oil group had greater

(p < 0.05) PUFA/MUFA and n-3 fatty acid in the breast meat than the tallow group.

Relative organ weight
Liver, spleen, bursa of Fabricius, thymus, and abdominal fat did not differ significantly among

dietary fat sources (Table 6).

Serum parameters

Serum TG concentration was greater (p < 0.05) in the tallow group than in the soybean oil group.
The BSFL oil group had greater (p < 0.05) serum AST concentration compared with the soybean
oil group (Table 7). Serum uric acid concentration was less (p < 0.05) in the BSFL oil group
than in the tallow and soybean oil groups. However, dietary fat sources did not affect serum

HDL, LDL, TC, ALT, and creatinine concentrations.

Liver antioxidant capacity and characteristics

MDA and TAC levels in the liver were not significantly different among dietary fat sources
(Table 8). The a* values for liver color were greater (p < 0.05) in the tallow group than in the
soybean oil group (Table 9). However, dietary fat sources did not significantly affect liver
characteristics, such as L* and b* values for liver color, liver hemorrhagic score, fatty liver

score, and liver fat concentrations.
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Stress indicator

Dietary fat sources did not significantly affect CORT and H:L ratio (Table 10).

Jejunal morphology and permeability
The VH, VW, CD, VH:CD ratio, and VSA did not differ significantly among dietary fat sources
(Table 11). In addition, PD, Isc, and TEER values were not significant among dietary fat sources

(Table 12).

Animal welfare assessment
Dietary fat sources had no significant effect on gait score, footpad dermatitis, hock burn, and

plumage cleanliness (Table 13).

DISCUSSION

Soybean oil contains high levels of PUFA, particularly linoleic acid, which is an essential fatty
acid for animals and humans [38, 39, 40]. In its role as a component of membrane phospholipids,
linoleic acid contributes to maintaining membrane fluidity of the transdermal water barrier [41].
In addition, arachidonic acid is a major metabolite derived from linoleic acid [42]. It serves as
the principal for eicosanoid synthesis, and eicosanoids play key roles in inflammation and
immune regulation [43]. Animal fats such as tallow are rich in oleic acid [44]. An important
function of oleic acid is the regulation of lipids in the membrane structure [45]. By modulating
membrane lipids, oleic acid influences signal-dependent guanine nucleotide-binding protein
activity and is associated with reduced blood pressure [46, 47]. In contrast to animal fats such
as tallow rich in oleic acid, prepupa BSFL oil contains a high amount of SFA, with lauric acid

as the predominant MCFA [48, 49]. Lauric acid is a primary MCFA with 12 carbon atoms and
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exerts modulatory roles in metabolism, immune functions, and antimicrobial activity [50, 51].
Similarly, our results showed the predominant fatty acids of soybean oil, tallow, and BSFL oil
were linoleic acid, oleic acid, and lauric acid, respectively, which is in agreement with previous
observations [52, 53, 54]. These results suggest that the distinct fatty acid profiles of each fat
source may underlie their differential physiological effects.

In the present study, inclusion of different fat sources did not significantly affect growth
performance in broiler chickens. These findings are in line with previous studies, which
collectively suggest that partial or complete replacement of soybean oil with insect-derived fats
has no adverse effect on growth performance in poultry. Schiavone et al. [4] demonstrated that
the replacement of 50% and 100% of soybean oil with Hermetia illucens (HI) larvae fat did not
significantly affect ADG, ADFI, and FCR in finisher broiler chickens. Similarly, Kieronczyk et
al. [18] reported that dietary inclusion of soybean oil and HI larvae fat had no significant effect
on BWG, FI, and FCR in broiler chickens. In‘addition, Sypniewski et al. [54] observed that the
replacement of 50% and 100% of soybean oil with BSFL fat in turkey diets did not significantly
affect growth performance. Although soybean oil and BSFL oil differ markedly in fatty acid
compositions, with soybean oil rich in PUFAs and BSFL oil containing high concentrations of
MCFAs, both fat sources provide comparable energy availability for broiler chickens [18]. This
similarity in energy utilization may be attributed to the metabolic properties of the MCFAs
abundant in BSFL oil. Notably, BSFL oil and coconut oil exhibit similar fatty acid profiles, both
characterized by high concentrations of SFAs and MCFAs, especially lauric acid [4, 55].
MCFAs are rapidly absorbed in the small intestine and transported via the portal vein to the
liver, where the absorbed MCFAs undergo efficient p-oxidation to provide readily available
energy [56, 57, 58]. This metabolic characteristic may contribute to the observation that BSFL
oil, similar to coconut oil, has no detrimental impact on growth performance in broiler chickens.
Wang et al. [59] demonstrated that the replacement of 25%, 50%, 75%, and 100% of soybean

oil with coconut oil had no significant effect on BWG, FI, and FCR in broiler chickens. In
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addition, dietary inclusion of coconut oil and BSFL oil showed no significant differences in
BWG, FI, and FCR in broiler chickens [53]. Therefore, the similarity in growth performance
between broiler chickens fed BSFL oil and those fed soybean oil may be attributed to the
efficient energy utilization of MCFAs, as also demonstrated in diets containing coconut oil. On
the other hand, BSFL oil and soybean oil have generally shown no adverse effects on growth
performance in broiler chickens, results have been less consistent with other fat sources. Aslam
et al. [60] reported that dietary supplementation of tallow resulted in higher FCR than BSFL oil
and soybean oil. This discrepancy may be explained by the levels of fat inclusion in diets, as
the impact of dietary fat on growth performance depends not only on the amount but also on
the fatty acid composition [61]. Okur [6] demonstrated that broiler chickens fed diet containing
2.0-2.5% soybean oil, poultry fat, and tallow showed no significant differences in growth
performance. Moreover, Poorghasemi et al. [61] reported that dietary inclusion of 4% tallow,
canola oil, and sunflower oil had no significant effect on growth performance of broiler
chickens. However, Azman et al. [62] demonstrated that dietary inclusion of 6% tallow
increased ADG, ADFI, and FCR compared to soybean oil and poultry fat. Aslam et al. [60]
reported that broiler chickens fed diets containing 3.4%-7.9% palm oil, poultry fat, and tallow
increased FCR than those fed diets containing BSFL oil. In the present study, dietary
supplementation of 3.0% fat sources did not significantly affect growth performance in broiler
chickens. Considering that higher inclusion levels of dietary fat have been associated with
impaired growth performance in previous studies, these results suggest that BSFL oil may
provide comparable energy availability to soybean oil and tallow at moderate inclusion levels,
thereby supporting its use as an effective alternative fat source in broiler diets.

Meat quality has become increasingly important as consumers emphasize safety and
health [63]. The pH value is one of the physical characteristics of meat quality and typically
decreases postmortem due to the accumulation of lactic acid in muscle tissue [64]. Aberle et al.

[65] reported that the pH of normal muscle decreased from approximately 7.0 to 5.6-5.7 within
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6 to 8 h after slaughter, ultimately reaching a normal range of 5.3 to 5.7. In the present study,
the pH at 24 h postmortem did not differ significantly among dietary fat sources. The values
ranged from 5.6 to 5.7, which are within the normal postmortem pH range for breast meat.
Therefore, dietary inclusion of BSFL oil had no adverse effect on pH value in broiler chickens.
Meat color, shape, size, and texture are important factors influencing consumers' purchasing
decisions regarding meat products [66]. The L* value of meat color is affected by the extent of
protein denaturation, which is influenced by pH values [67]. A lower pH value increases protein
denaturation, leading to greater light scattering and a lighter meat appearance [68]. The present
study showed a higher L* value in the tallow group compared with the soybean oil and BSFL
oil groups. In contrast, previous studies reported that replacing 50% and 100% of soybean oil
with HI fat in broiler diets showed no significant L* value of meat [14, 69]. This discrepancy
may be related to differences in the lipid characteristics of dietary fat sources. Supporting this,
Bianchi et al. [70] demonstrated that dietary animal fats increased L* value in breast meat
compared with vegetable oils. Owing to BSFL oil has been described as having lipid properties
intermediate between vegetable oils and animal fats, the effects of BSFL oil on meat color may
thus be more comparable to those of vegetable oils than those of animal fats [71]. Thus, the
difference in L* value of meat color may be related to variations in fatty acid composition
among dietary fat sources. Lipid oxidation is a major factors limiting the quality and
acceptability of meat products [72]. According to a previous study, the replacement of 50% and
100% of soybean oil with BSFL oil significantly increased TBARS values at 0 d in chicken leg
meat, whereas no significant differences were observed at 3 d and 6 d [73]. This result may be
attributed to differences in PUFA content among the fat sources to the polymerization of MDA
during storage [74]. Meat with a high PUFA content shows increased TBARS due to the greater
susceptibility of PUFASs to free radical attack than SFAs [75]. Soybean oil contains high levels
of PUFA, particularly linoleic acid [38], which may explain the increase in TBARS at 0 d.

However, MDA has been reported to react with a wide range of compounds or to form dimers
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and trimers during storage [76, 77]. These reactions decrease the amount of MDA available to
react with TBA, thereby lowering TBARS [78]. In the present study, TBARS values of breast
meat at 5 d did not differ among dietary fat sources, suggesting that BSFL oil had no adverse
effect on lipid oxidation.

In the present study, dietary inclusion of different fat sources significantly affected the
fatty acid profile in breast meat, with soybean oil, tallow, and BSFL oil increasing PUFA,
MUFA, and SFA concentrations, respectively. The PUFAs are known to have beneficial effects,
such as the prevention of cardiovascular diseases [79]. However, among PUFAs, long-chain
PUFAs increase the susceptibility of meat to oxidation [75, 80]. In addition, our results showed
that dietary inclusion of soybean oil increased PUFAs such as linoleic acid in breast meat.
Linoleic acid is an essential fatty acid and has been reported to decrease blood pressure [39,
81]. Nevertheless, linoleic acid is desaturated to n-6 PUFAs, particularly arachidonic acid [41].
Arachidonic acid is a precursor of eicosanoids, including prostaglandins and leukotrienes [83].
Although eicosanoids play normal physiological roles, excessive production has been linked to
inflammation and cancer [83]. Dietary inclusion of tallow increased MUFA concentrations in
breast meat, in particular oleic acid. The MUFASs have been reported to reduce LDL cholesterol
and LDL oxidation, thereby contributing to cardiovascular health [84, 85]. In addition, oleic
acid improves the quality of refrigerated meat through its strong antioxidant activity [86].
However, dietary inclusion of tallow also increased the n-6/n-3 ratio in breast meat. An elevated
n-6/n-3 ratio has been associated with metabolic changes, increased production of pro-
inflammatory mediators, and altered signaling pathways, thereby contributing to cardiovascular
disease and diabetes mellitus [87]. High SFA concentrations in meat are linked to increased risk
of cardiovascular disease, obesity, and other chronic health conditions [88, 89]. In the present
study, dietary inclusion of BSFL oil increased SFA concentrations and n-3 PUFAs, particularly
eicosapentaenoic acid (EPA) and DHA, while reducing n-6/n-3 ratio. The n-3 PUFAs include

a-linolenic acid, EPA, and DHA [90]. Among them, EPA and DHA are long-chain fatty acids



421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

(LCFAs) with beneficial health effects, including anti-atherogenic, anti-thrombotic and anti-
inflammatory [91, 92]. In addition, a high n-6/n-3 ratio has been associated with an increased
risk of chronic diseases [91]. Therefore, dietary inclusion of different fat sources exerts both
positive effects and negative effects on fatty acid profile of breast meat. Soybean oil increased
PUFA concentrations but also increased the susceptibility of meat to oxidation. Tallow
supplementation resulted in higher MUFA concentrations; however, it also led to an elevated n-
6/n-3 ratio. The BSFL oil contributed to greater SFA concentrations while lowering the n-6/n-
3 ratio. Thus, each fat source presents both advantages and disadvantages, and BSFL oil may
be considered a potential alternative in light of the functional properties of the meat fatty acid
profile.

In current study, dietary inclusion of tallow increased serum TG levels compared with
the other fat sources. This finding is consistent with the results of Fascina et al. [3], who
observed that inclusion of 4% tallow in diets increased serum TG levels compared with diets
containing 4% soybean oil. This result may be attributed to the high concentrations of LCFAs
in tallow. Tallow is mainly composed of LCFA such as palmitic acid, stearic acid, and oleic acid
[93, 94]. The main storage form of LCFAs is TG, which consists of three LCFAs esterified to a
glycerol [95]. Thus, LCFAs serve as essential substrates for TG synthesis and lipid metabolism
[96]. In our study, the fatty acid profile of tallow showed high concentrations of palmitic acid,
stearic acid, and oleic acid, which may explain the elevated serum TG levels observed in broiler
chickens. The AST is widely used as an indicator of liver cell damage. However, it also plays
an essential role in amino acid metabolism and serves as a critical intermediary in cellular
energy production [97, 98]. Previous studies have reported that dietary BSFL oil did not
significantly affect serum AST levels in poultry [53, 54, 99]. In contrast, our results showed
that dietary inclusion of BSFL oil increased serum AST levels in broiler chickens. This
discrepancy may be associated with the distinct metabolic characteristics of MCFAs. Dietary

MCFAs are digested and absorbed in the small intestine and transported as free fatty acids via
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the portal vein to the liver [100]. Moreover, MCFAs are oxidized independently of the carnitine
shuttle, which enables rapid and continuous oxidation [58]. This process constitutes MCFASs a
prime source of acetyl-CoA, thereby promoting ketogenesis [100, 101]. The BSFL oil is rich in
MCFA, such as lauric acid [102], which was also identified as the predominant fatty acid in our
analysis. Also, no significant differences were observed in ALT levels and liver MDA
concentrations among treatments. In our study, ALT levels ranged from 4.0 to 4.4 U/L, and liver
MDA concentrations ranged from 0.31 to 0.33 nmol/mg. These levels fall within the
physiological ranges previously reported in healthy broiler chickens. Dabbou et al. [103] and
Chen et al. [104] reported that ALT levels of 2.0 to 8.0 U/L, while Yeom et al. [105] and Chen
et al. [106] observed MDA concentrations of 0.3 to 0.6 nmol/mg. Therefore, the metabolic
characteristics of MCFAs in BSFL oil may have contributed to the elevated serum AST levels,
which may reflect enhanced hepatic metabolic processes rather than apparent liver damage.
Dietary inclusion of BSFL oil had less serum-uric acid levels than soybean oil and tallow diets.
This finding may also be related to the independent oxidation of MCFAs. Unlike LCFAs, MCFA
are directly activated in the mitochondria matrix without the carnitine-dependent transport
system [100]. This unregulated oxidation renders MCFA a rapid source of acetyl-CoA, thereby
promoting ketogenesis [100, 101]. Ketone bodies have been reported to influence glycogen
phosphorylase, the enzyme responsible for glycogen breakdown [107], thereby linking lipid-
derived energy metabolism with carbohydrate utilization [107, 108]. In addition, uric acid is
produced as the end of purine catabolism [109], with purine pools derived from exogenous and
endogenous sources. Therefore, the unregulated characteristics of MCFA oxidation in BSFL
oils may have reduced the utilization of protein catabolism for energy, thereby decreasing
purine degradation and serum uric acid levels.

Intestinal morphology is closely related to the nutrient absorption capacity of the small
intestine. Short villi and deep crypts reflect a compromised intestinal structure, which can

impair nutrient absorption and negatively affect growth performance of monogastric animals
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[49, 110]. Chen et al. [104] demonstrated that 100% replacement of soybean oil with BSFL oil
did not significantly affect small intestine morphology. Similarly, Schiavone et al. [4] observed
that replacing 50% and 100% of soybean oil with BSFL fat in diet did not result in significant
intestinal morphological changes. In the present study, jejunal morphology did not differ among
dietary fat sources. This result may be explained by the fact that all diets were formulated to be
isoenergetic and isonitrogenous, minimizing potential differences in intestinal structure [111].
In addition, negative effects on intestinal morphology are generally observed under stress
conditions, such as heat stress or pathogen exposure [112, 113], but such stressor were absent
in the present trial. Therefore, these results indicate that dietary inclusion of soybean oil, tallow,
and BSFL oil does not alter jejunal morphology in broiler chickens, which may be attributed to
the balanced composition of the diets and the absence of stressors that typically induce
morphological variation.

The maintenance and optimization of intestinal barrier in broiler chickens have
important implications for their health and performance [114]. The intestinal epithelium
functions as a selectively permeable barrier, allowing transport of beneficial nutrients while
preventing the entry of harmful substances [115, 116]. Intestinal permeability can be influenced
by intestinal microflora, stress, disease, and toxins [117]. In particular, stress has been
associated with detrimental effects on gut health, including increased visceral perception,
elevated intestinal permeability, and adverse impacts on the intestinal microbiota [118, 119].
Previous studies have demonstrated that stress conditions negatively affect intestinal
permeability in broiler chickens [35, 120]. As a result, increased intestinal permeability has
been linked to impaired health, performance, immune activation, and lameness [121]. In
contrast, dietary fat sources did not significantly affect jejunal permeability in the present study.
This result may be attributed to the absence of stress conditions such as heat stress, high
stocking density, and immune challenges during the experimental period [34, 122]. Moreover,

stress indicators such as the H:L ratio and feather CORT concentrations were not significantly
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different among dietary fat sources, suggesting that the birds were raised under non-stressful
conditions. Therefore, our findings suggest that replacing soybean oil and tallow with BSFL oil
does not impair jejunal barrier integrity in broiler chickens, supporting the view that BSFL oil
may serve as a safe alternative fat source under normal rearing conditions.

In conclusion, dietary inclusion of different fat sources, including soybean oil, tallow,
and BSFL oil did not have adverse effects on growth performance, relative organ weight, liver
antioxidant capacity, stress indicators, jejunal morphology, jejunal permeability, and animal
welfare assessment. Soybean oil contributed to higher levels of PUFASs in breast meat, whereas
tallow increased MUFAS such as stearic and palmitic acids. BSFL oil exhibited a high content
of SFAs as well as n-3 PUFAs in breast meat. Therefore, our findings suggest that BSFL oil can
be utilized as an alternative to fat sources in broiler diets, while modifying the fatty acid profile

of breast meat.
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907  Table 1 Composition and nutrient content of the experimental diets (as-fed basis)

Starter and grower diets Finisher diets
(0 to 3 wk), % (4 to 5 wk), %
Items Soybean oil Tallow BSFL oil Soybean oil Tallow BSFL oil
Ingredient, %
Corn 54.40 55.15 54.25 61.96 62.73 61.80
Soybean meal, 46% CP 34.62 31.73 34.99 28.59 25.81 28.87
Corn gluten meal 3.69 5.64 3.45 2.87 4.76 2.69
Oil 3.00 3.00 3.00 3.00 3.00 3.00
Salt 0.30 0.30 0.30 0.30 0.30 0.30
MCP 1.70 1.75 1.70 1.30 1.32 1.30
Limestone 1.10 1.12 1.11 0.80 0.83 0.80
98.5% Met 0.30 0.29 0.30 0.27 0.26 0.27
55% Lys H2S04 0.25 0.37 0.23 0.25 0.36 0.23

98.5% Thr 0.00 0.02 0.00 0.00 0.00 0.00



50% choline 0.09 0.08 0.12 0.11 0.08 0.19
NaHCOs3 0.15 0.15 0.15 0.15 0.15 0.15
Vitamin premix 0.20 0.20 0.20 0.20 0.20 0.20
Mineral premix? 0.20 0.20 0.20 0.20 0.20 0.20
Total 100.00 100.00 100.00 100.00 100.00 100.00
Calculated energy and nutrient content®

AME,, kcal/kg 3,013 3,013 3,013 3,100 3,100 3,100
CP, % 22.26 22.26 22.26 19.50 19.50 19.50
Digestible Lys, % 1.25 1.25 1.25 1.08 1.08 1.08
Digestible Met + Cys, % 0.96 0.96 0.96 0.86 0.86 0.86
Digestible Met, % 0.67 0.67 0.67 0.60 0.60 0.60
Digestible Thr, % 0.84 0.85 0.85 0.75 0.73 0.75
Digestible Trp, % 0.23 0.22 0.23 0.20 0.19 0.20
Total calcium, % 0.85 0.85 0.85 0.65 0.65 0.65
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Available phosphorus, % 0.46 0.46 0.46 0.36 0.36 0.36

YProvided per kilogram of the complete diet: vitamin A (from vitamin A acetate), 12,000 1U; vitamin Ds, 4,000 1U; vitamin E (from DL-o-tocopheryl
acetate), 80 mg; vitamin Ks, 4 mg; vitamin B1, 4 mg; vitamin Bz, 10 mg; vitamin Bs, 6 mg; vitamin B12, 20 pg; calcium pantothenate, 20 mg; folic acid,
2 mg; biotin, 200 ug; niacin, 60 mg.

2Provided per kilogram of the complete diet: iron, 57.14 mg; copper, 16 mg; zinc, 64.29 mg; manganese, 85.71 mg; cobalt, 170 pg; selenium, 200 pg;
iodine, 570 ug.

3Calculated values from the Arbor Acres broiler nutrition specifications (Aviagen, 2022).

BSFL, black soldier fly larvae; MCP, monocalcium phosphate.
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Table 2. Analyzed fatty acid concentrations (% of total fatty acid) in fat sources

Fat sources

ltems Soybean oil Tallow BSFL oil

Saturated fatty acid, %
Caprylic acid (C8:0) 0.00 0.02 0.04
Capric acid (C10:0) 0.00 0.07 1.80
Lauric acid (C12:0) 0.01 0.20 41.82
Myristic acid (C14:0) 0.08 2.56 6.50
Pentadecanoic acid (C15:0) 0.01 0.20 0.10
Palmitic acid (C16:0) 10.60 23.40 13.15
Margaric acid (C17:0) 0.10 0.53 0.17
Stearic acid (C18:0) 4.60 11.84 2.54
Arachidic acid (C20:0) 0.40 0.01 0.02
Heneicosanoic acid (C21:0) 0.06 0.10 0.12
Behenic acid (C22:0) 0.03 0.18 0.08
Lignoceric acid (C24:0) 0.01 0.05 0.01




Monounsaturated fatty acid, %

Myristoleic acid (C14:1) 0.00 0.64 0.20
Pentadecenoic acid (C15:1) 0.01 0.07 0.02
Palmitoleic acid (C16:1) 0.10 4.06 2.75
Heptadecenoic acid (C17:1) 0.05 0.50 0.16
Oleic acid (C18:1 n-9) 24.02 45.85 15.82
Eicosenoic acid (C20:1 n-9) 0.24 0.78 0.70
Erucic acid (C22:1 n-9) 0.03 0.10 0.01

Nervonic acid (C24:1 n-9) - - -

Polyunsaturated fatty acid, %

Linoleic acid (C18:2 n-6) 53.00 7.52 10.96
y-Linolenic acid (C18:3 n-6) 0.77 0.10 0.10
a-Linolenic acid (C18:3 n-3) 5.75 0.33 1.20
Eicosadienoic acid (C20:2 n-6) 0.01 0.00 0.00
Dihomoy-Linolenic acid (C20:3 n-6) 0.00 0.01 0.00

Eicosatrienoic acid (C20:3 n-3) 0.00 0.01 0.00




Arachidonic acid (C20:4 n-6) 0.00 0.20 0.22

Eicosapentaenoic acid (C20:5 n-3) 0.01 0.01 1.00
Docosadienoic acid (C22:2 n-6) 0.01 0.01 0.01
Docosapentaenoic acid (C22:5 n-3) 0.00 0.04 0.02
Docosahexaenoic acid (C22:6 n-3) 0.00 0.02 0.15

Other fatty acids, %

SFA 15.90 39.16 66.35
UFA 84.00 60.25 33.32
UFA/SFA 5.28 1.54 0.50
MUFA 24.45 52.00 19.66
PUFA 59.55 8.25 13.66
PUFA/MUFA 2.44 6.30 0.69
n-3 5.76 0.41 2.37
n-6 53.79 7.84 11.29

n-6/n-3 ratio 9.34 19.12 4.76




917  BSFL, black soldier fly larvae; SFA, saturated fatty acid; UFA, unsaturated fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty
918  acid.

919
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Table 3. Effects of dietary supplementation of fat sources on growth performance of broiler

chickens?

Dietary treatments?

Items Soybean oil  Tallow BSFL oil SEM p -value
BWG, g 1,624 1,607 1,589 50.0 0.889
FI, g 2,399 2,344 2,330 66.7 0.743
FCR, g/g 1.48 1.46 1.47 0.037 0.954

UData are least squares means of 5 observations per treatment.

2Experimental diets were formulated by supplementing a basal diet with 3% fat sources (i.e.,
soybean oil, tallow, and black soldier fly larvae oil).

BSFL, black soldier fly larvae; BWG, BW gain; Fl, feed intake; FCR, feed conversion ratio

(FI:BWG).



927  Table 4. Effects of dietary supplementation of fat sources on meat quality of broiler chickens?

Dietary treatments?

Items Soybean oil Tallow BSFLoil SEM p -value
Breast yield, % 18.87 19.40 19.94 0.606 0.480
pH 1h 6.45 6.56 6.41 0.051 0.150
24h 5.77° 5.59P 5.61° 0.053 0.043
Meat color L* 49.80% 50.402 48.00° 0.652 0.048
(CIE value) a*  3.70° 3.25° 3.30° 0.080 0.006
b*  9.48 9.37 0.83 0.641 0.881
WHC 76.19 71.89 7259 2.388 0.421
TBARS 5d 0.33 0.36 0.35 0.016 0.588

928  *Means within a variable with no common superscript differ significantly (p < 0.05).

929  YData are least squares means of 5 observations per treatment.

930  2Experimental diets were formulated by supplementing a basal diet with 3% fat sources (i.e.,
931  soybean oil, tallow, and black soldier fly larvae oil).

932  BSFL, black soldier fly larvae; L*, lightness; a*, redness; b*, yellowness; WHC, water
933  holding capacity; TBARS, thiobarbituric acid reactive substance (malondialdehyde equivalents

934  per g of meat sample).
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Table 5. Effects of dietary supplementation of fat sources on fatty acid concentrations in the breast meat of broiler chickens®

Dietary treatments?

Items Soybean oil Tallow BSFL oil SEM p-value

Saturated fatty acid, %
Caprylic acid (C8:0) 0.09° 0.07° 0.15% 0.011 0.001
Capric acid (C10:0) 0.12° 0.11° 0.33% 0.021 <0.001
Lauric acid (C12:0) 0.15° 0.15° 5.16° 0.318 <0.001
Myristic acid (C14:0) 0.38¢ 0.76° 2.202 0.104 <0.001
Pentadecanoic acid (C15:0) 0.07° 0.11% 0.122 0.012 0.037
Palmitic acid (C16:0) 19.77° 22.002 23.00? 0.508 0.001
Margaric acid (C17:0) 0.13° 0.22? 0.17° 0.012 <0.001
Stearic acid (C18:0) 7.76° 7.63° 8.56° 0.140 0.001
Arachidic acid (C20:0) - - - - -
Heneicosanoic acid (C21:0) 0.192 0.06° 0.10% 0.037 0.046
Behenic acid (C22:0) 0.59° 0.28° 0.41° 0.044 0.002
Lignoceric acid (C24:0) 0.91 0.73 1.00 0.106 0.202




Monounsaturated fatty acid, %

Myristoleic acid (C14:1) 1.98 0.41 1.16 0.742 0.287
Pentadecenoic acid (C15:1) 0.13 0.11 0.16 0.030 0.314
Palmitoleic acid (C16:1) 2.81° 5.192 3.54° 0.165 <0.001
Heptadecenoic acid (C17:1) 0.13° 0.272 0.16° 0.006 <0.001
Oleic acid (C18:1 n-9) 33.55° 41.14° 27.04° 1.068 <0.001
Eicosenoic acid (C20:1 n-9) 0.32° 0.73% 0.49° 0.057 <0.001
Erucic acid (C22:1 n-9) 0.47 0.63 0.81 0.093 0.066
Nervonic acid (C24:1 n-9) 0.31 0.34 0.34 0.073 0.906

Polyunsaturated fatty acid, %

Linoleic acid (C18:2 n-6) 23.712 14.30P 15.62° 0.868 <0.001
y-Linolenic acid (C18:3 n-6) 0.33% 0.21° 0.19° 0.020 <0.001
a-Linolenic acid (C18:3 n-3) 1.58° 0.51° 0.55P 0.075 <0.001
Eicosadienoic acid (C20:2 n-6) 0.03° 0.09? 0.06% 0.013 0.030

Dihomoy-Linolenic acid (C20:3 n-6)  0.07¢ 0.232 0.14° 0.017 <0.001

Eicosatrienoic acid (C20:3 n-3) 0.06 0.08 0.09 0.011 0.252
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Arachidonic acid (C20:4 n-6)
Eicosapentaenoic acid (C20:5 n-3)
Docosadienoic acid (C22:2 n-6)
Docosapentaenoic acid (C22:5 n-3)

Docosahexaenoic acid (C22:6 n-3)

Other fatty acids, %

SFA

UFA

UFA/SFA

MUFA

PUFA

PUFA/MUFA

n-3

n-6

n-6/n-3 ratio

2.95P
0.17°
0.07

0.52°

0.49°

30.16°
69.68°
2.31°
39.70°
29.98°
0.76°
2.82°
27.16°

9.63°

2.63°
0.11¢
0.02

0.31°

0.37°

32.12°
67.68°
2.11°
48.822
18.86°
0.39°
1.38°
17.48°

12.672

4.51°
0.46°
0.05

0.98?

1.37%

41.207
57.72°
1.44P
33.70°
24,02
0.712
3.45%
20.57"

5.96°

0.411

0.013

0.016

0.067

0.090

0.730

0.876

0.059

1.368

1.660

0.058

0.197

1.344

0.532

0.011

<0.001

0.174

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

0.001

<0.001

<0.001

<0.001

&°Means within variable with no common superscript differ significantly (p < 0.05).
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DData are least squares means of 5 observations per treatment.
2Experimental diets were formulated by supplementing a basal diet with 3% fat sources (i.e., soybean oil, tallow, and black soldier fly larvae oil).
BSFL, black soldier fly larvae; SFA, saturated fatty acid; UFA, unsaturated fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty

acid.



941  Table 6. Effects of dietary supplementation of fat sources on organ weight of broiler chickens?

Dietary treatments?

Items®) Soybean oil Tallow BSFL oil SEM p-value
Liver, % 2.15 2.08 2.14 0.085 0.731
Spleen, % 0.11 0.10 0.10 0.010 0.674
bursa of Fabricius, % 0.18 0.18 0.23 0.021 0.172
Thymus, % 0.31 0.24 0.25 0.040 0.314
Abdominal fat, % 1.58 1.34 1.38 0.233 0.720

942 YData are least squares means of 5 observations per treatment.

943 2Experimental diets were formulated by supplementing a basal diet with 3% fat sources (i.e.,
944  soybean oil, tallow, and black soldier fly larvae oil).

945  3The relative organ weight was expressed as a percentage of BW.

946  BSFL, black soldier fly larvae.

947
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Table 7. Effects of dietary supplementation of fat sources on serum lipid of broiler chickens®

Dietary treatments?

Items Soybean oil Tallow BSFLoil SEM p-value
HDL, (mg/dL) 73.4 77.8 80.2 4.36 0.552
LDL, mg/dL 20.6 16.5 19.2 1.79 0.270
TC, mg/dL 110.2 124.4 116.8 5.66 0.246
TG, mg/dL 22.6° 29.52 26.3% 1.57 0.014
AST, U/L 241° 2682 3332 22.9 0.038
ALT, U/L 4.0 4.0 4.4 0.20 0.300
Creatinine, mg/dL 0.08 0.08 0.07 0.011 0.759
Uric acid, mg/dL 5.382 6.70 2.46° 0.909 0.018

abMeans within a variable with no common superscript differ significantly (p < 0.05).

UData are least squares means of 5 observations per treatment.

2Experimental diets were formulated by supplementing a basal diet with 3% fat sources (i.e.,

soybean oil, tallow, and black soldier fly larvae oil).

BSFL, black soldier fly larvae; HDL, high density lipoprotein; LDL, low density lipoprotein;

TC, total cholesterol; TG, triglyceride; AST, aspartate aminotransferase; ALT, alanine

aminotransferase.



956  Table 8. Effects of dietary supplementation of fat sources on liver antioxidant capacity of

957  broiler chickens?

Dietary treatments?

Items Soybean oil Tallow BSFLoil SEM p-value
TAC, nmol/mg protein ~ 0.36 0.34 0.33 0.046 0.876
MDA, nmol/mg protein  0.33 0.56 0.50 0.096 0.267

958  YData are least squares means of 5 observations per treatment.

959  2Experimental diets were formulated by supplementing a basal diet with 3% fat sources (i.e.,
960  soybean oil, tallow, and black soldier fly larvae oil).

961  BSFL, black soldier fly larvae; TAC, total antioxidant capacity; MDA, malondialdehyde.

962



963  Table 9. Effects of dietary supplementation of fat sources on liver characteristics of broiler

964  chickens?

Dietary treatments?

Items Soybean oil Tallow BSFLoil SEM p-value
Liver color L* 23.28 25.00 23.48 0.928 0.387
a*  13.14° 16.042 14.40% 0.702 0.039
b* 1.98 3.70 244 0.050 0.080
Liver hemorrhagic score 0.40 0.28 0.32 0.147 0.843
Fatty liver score 1.04 1.08 1.00 0.052 0.565
Liver fat concentrations 22.43 30.24 21.31 2.893 0.073

965  *PMeans within a variable with no common superscript differ significantly (p < 0.05).

966  YData are least squares means of 5 observations per treatment.

967  2Experimental diets were formulated by supplementing a basal diet with 3% fat sources (i.e.,
968  soybean oil, tallow, and black soldier fly larvae oil).

969  BSFL, black soldier fly larvae; L*, lightness; a*, redness; b*, yellowness.



Table 10. Effects of dietary supplementation of fat sources on stress indicator of broiler

chickens?

Dietary treatments?
Items Soybean oil Tallow BSFLoil SEM p-value
H:L ratio 0.22 0.21 0.24 0.008 0.106
Feather corticosterone  3.30 3.03 3.46 0.818 0.918

UData are least squares means of 5 observations per treatment.
2Experimental diets were formulated by supplementing a basal diet with 3% fat sources (i.e.,
soybean oil, tallow, and black soldier fly larvae oil).

BSFL, black soldier fly larvae; H:L ratio, heterophil to lymphocyte ratio.



Table 11. Effects of dietary supplementation of fat sources on jejunal morphology of broiler

chickens?
Dietary treatments?

Items Soybean oil Tallow BSFLoil SEM p-value
Villus height, um 1,185 1,205 1,141 18.0 0.073
Villus width, um 138 143 151 6.8 0.431
Crypt depth, um 133 139 131 8.2 0.749
VH:CD ratio 9.47 9.05 9.40 0.530 0.841
VSA, mm? 0.51 0.54 0.54 0.027 0.736

UData are least squares means of 5 observations per treatment.

2Experimental diets were formulated by supplementing a basal diet with 3% fat sources (i.e.,
soybean oil, tallow, and black soldier fly larvae oil).

BSFL, black soldier fly larvae; VH:CD, villus height to crypt depth ratio; VSA, villus surface

area.



Table 12. Effects of dietary supplementation of fat sources on jejunal permeability of broiler

chickens?

Dietary treatments?
Items Soybean oil Tallow BSFLoil SEM p-value
PD, mV 15.3 14.7 15.0 0.36 0.468
Isc, pA/cm? 100.2 104.3 100.8 3.45 0.349
TEER, Q/cm? 156.8 150.2 153.5 3.66 0.468

UData are least squares means of 5 observations per treatment.
2Experimental diets were formulated by supplementing a basal diet with 3% fat sources (i.e.,

soybean oil, tallow, and black soldier fly larvae oil).

BSFL, black soldier fly larvae; PD, potential difference; Isc, short circuit current; TEER,

transepithelial electrical resistance.



Table 13. Effects of dietary supplementation of fat sources on welfare parameters of broiler

chickens?

Dietary treatments?
Items Soybean oil Tallow BSFLoil SEM p-value
Gait score 0.41 0.27 0.43 0.087 0.398
Footpad dermatitis 0.25 0.18 0.21 0.072 0.775
Hock burn 0.03 0.05 0.01 0.017 0.199
Plumage cleanliness 0.01 0.02 0.01 0.009 0.531

UData are least squares means of 5 observations per treatment.
2Experimental diets were formulated by supplementing a basal diet with 3% fat sources (i.e.,
soybean oil, tallow, and black soldier fly larvae oil).

BSFL, black soldier fly larvae.





