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Simple Summary: The escalating demand for meat, propelled by a worldwide surge in population
and economic development, necessitates the implementation of sustainable approaches for animal
feed production. This study investigated the impact of incorporating black soldier fly (BSF; scien-
tific name: Hermetia illucens) meal into the diets of sows and piglets as a potential substitute for
conventional protein sources on sow fertility, blood parameters, piglet growth, and intestinal tissue
structure. Consuming BSF instead of animal or soybean proteins did not deteriorate sow reproductive
performance. The feed conversion ratio from 28- to 35-day-old piglets was lower in BSF-fed groups
despite no discernible disparities in growth; this indicated that it may be beneficial to optimize the
rate of replacing animal proteins with BSF meal, preferably along with chitin removal from BSF meal
to improve digestibility. Furthermore, minor variations in blood cell composition and properties
were observed in 28-day-old piglets, with elevated high-density lipoprotein cholesterol levels in the
high-BSF group, which may be attributed to the unique fatty acid composition of BSF.

Abstract: The escalating demand for meat, driven by global population growth, necessitates sus-
tainable solutions for animal feed production. This study investigated the effects of substituting
conventional protein resources in sow and piglet dietary regimens with black soldier fly (BSF; Her-
metia illucens) meal on reproductive efficiency, blood profile, piglet growth, and intestinal tissue
morphology. The results indicate that substituting animal-derived and soy proteins with BSF meal
does not compromise sow reproductive performance. Although no notable disparities were observed
in piglet growth, the feed conversion ratio from the 28- to 35-day age marks were lower in the
BSF-fed groups. This suggests that the animal protein-BSF substitution rate may require optimization,
potentially involving chitin removal from BSF meal to enhance digestibility. Minor variations in
the hematological composition and properties in piglets, with elevated high-density lipoprotein
cholesterol levels in the high BSF group at the 28-day mark, were potentially attributable to the
unique fatty acid composition of BSF meal. Moreover, this study potentiates future exploration
into the efficacy of complete animal protein substitution with BSF meals on piglet nutrition and
physiology, particularly in fattening pigs. The practical implementation of BSF meals in animal feed
production holds promise for enhancing the sustainability of the swine industry.

Keywords: Helmetia illucens; black soldier fly; reproductive efficiency; litter size; nursing piglets;
weaning piglets; insect meal

1. Introduction

The recent increase in meat consumption is attributable to the worldwide surge in pop-
ulation growth and economic development in developing countries. Specifically, estimates
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have projected that pork production will need to be augmented by approximately 40% by
2050 compared with the levels recorded in 2010 [1]. Pigs are omnivorous mammals that
predominantly subsist on a diet comprising grains and vegetable oil cakes. Additionally,
they are supplemented with animal proteins, such as fish and chicken meals, owing to their
superior amino acid profiles [2,3]. Fishmeal, in particular, raises sustainability concerns be-
cause it is heavily contingent upon natural resources, susceptible to price fluctuations, and
potentially competes with food resources allocated for human consumption [4]. Further-
more, soybean meal, which serves as a significant component of vegetable oil cakes used in
animal feeds [5], is often considered suitable owing to its utility as a by-product of soybean
oil. However, a majority of the global soybean production, approximately 80%, is allocated
for livestock feed, while a mere 20% is designated for human consumption [6]. Addition-
ally, notwithstanding the substantial increase in soybean production over the past decade,
a notable fraction of it has been subjected to deforestation in South America to acquire
land [7]. Consequently, expanding soybean production to meet escalating meat demands
would be detrimental to the environment and render soybean production unsustainable.

Given these circumstances, insects have emerged as a novel source of sustenance in
recent years [8,9]. Particularly, the black soldier fly (BSF; Hermetia illucens), has garnered
considerable attention for its remarkable efficiency in converting organic waste into animal
proteins [10]. Extensive research has been focused on exploring its suitability as a source of
nourishment for fish and poultry [11]. However, there is limited documentation on BSF
feeding in pigs, with most reports focusing on short-term trials [11,12]. To the best of our
knowledge, no prior studies have investigated BSF feeding across various stages of growth.

In short-term pig-feeding trials, piglets were provided with BSF meals as a substitute
for soybean meal for 15, 21, or 61 days post-weaning [13-15]. The results consistently
indicated the absence of any statistically significant differences in piglet growth between
treatments. The highest BSF inclusion rate among all the trials was determined to be
21% [13]. Additionally, when feeding late-fattening pigs, soybean meal was replaced with
4% or 8% BSFE, which markedly enhanced growth [16]. Nevertheless, the extant literature
presents a dearth of any long-term BSF feeding trials, lasting approximately 140 days from
sow insemination to piglet weaning.

Recent research has evidenced that incorporating fiber sources into sow diets can
improve their intestinal health and reproductive performances [17,18]. Unlike conventional
animal proteins, insect powders are enriched with chitin, which is a constituent of insect
shells [19]. Chitin transforms various animal intestines, yielding short-chain fatty acids,
namely, acetic and propionic acids [20-23]. A previous study demonstrated that including
4% BSF in the diet substantially altered the intestinal microbiota and metabolites of fattening
pigs, ultimately enhancing the mucosal immune balance [21]. Consequently, this outcome
prompted the hypothesis that supplementing sow diets with BSF meals could potentially
improve reproductive performance through the optimization of the intestinal environments
in sows.

Additionally, piglets encounter a multitude of stressors during the weaning process,
including transitioning from milk to solid sources of nourishment and cohabiting with
piglets from different litters in unfamiliar surroundings [24]. These stress-inducing factors
have the potential to abruptly halt the consumption of feed after weaning [24,25], resulting
in diminished body weight gain and substantial economic ramifications for swine breeders.
To address this issue, pre-weaning diets are given to piglets [26]. However, these dietary
regimens often contain animal-derived proteins, some of which compete directly with
essential human food resources, such as whey protein and skimmed milk powder [27].
Substituting these animal proteins in BSF meals could potentially enhance the sustainability
of the swine industry.

Therefore, this study aimed to comprehensively investigate the impact of substituting
fish meal with BSF meal in sow diets, starting from the day of insemination until the wean-
ing of their nursery piglets. Additionally, this research evaluated the effects of substituting
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animal-based proteins in the diets of suckling and weanling piglets with BSF meal on
piglet growth.

2. Materials and Methods

This study was conducted following the review and approval of the Kagawa University
Animal Experiment Committee (KU-21671 and KU-22664).

2.1. Animals, Diets, and Experimental Procedure

This study involved the establishment of three experimental groups: a control group
(C) and groups supplemented with low (L) or high concentrations of BSF (H). Table 1
presents the dietary formulations of the sow and the pre-weaning and post-weaning diets
for each experimental group. Table 2 documents the nutrient compositions of the individual
diets and the BSF meal (Entofood, Kuala Lumpur, Malaysia) utilized in the present study.
BSF larvae were reared by feeding local vegetable waste. The devitalization of BSF larvae
was conducted using a hot bath. After the devitalization, the BSF larvae were minced and
defatted using a centrifuge tricanter, and then solid material was dried at 80 °C for 5 h.

Table 1. Experimental feed ingredients and chemical composition.

Sow Pre-Weaning Post-Weaning
Ingredient (%)

C L H C L H C L H
Corn 62.9 63.4 63.3 35.0 34.8 32.0 485 50.0 51.5
Soybean meal 10.0 9.4 71 5.0 42 2.8 22.0 20.8 19.5
Breadcrumbs - - - 23.0 25.0 30.0 10.0 10.0 10.0
Wheat flour - - - 5.0 5.0 5.0 5.0 52 55
Wheat bran 0.0 0.0 2.5 - - - - - -
Corn gluten feed 4.4 4.5 45 - - - - - -
Dried Distillers Grains Soluble 4.2 44 44 - - - - - -
Rice bran 7.7 7.8 7.8 - - - 0.1 0.1 0.1
Black soldier fly larvae meal 0.0 23 46 0.0 125 25.0 0.0 40 8.0
(defatted)
Fish meal (CP60%) - - - 10.0 5.0 0.0 4.0 2.0 0.0
Fish meal (CP65%) 46 2.3 0.0 - - - - - -
Skimmed milk - - - 5.0 25 0.0 4.0 2.0 0.0
Whey protein concentrate (CP80%) - - - 5.0 2.5 0.0 - - -
Spray dried porcine plasma - - - 5.0 2.5 0.0 3.0 2.5 2.0
Corn oil 0.5 0.1 0.0 4.0 3.0 2.0 - - -
Animal fat 2.5 2.6 2.6 - - - - - -
Tricalcium phosphate 1.5 1.5 1.5 2.0 2.0 2.0 2.0 2.0 2.0
Calcium carbonate 0.5 0.5 0.5 - - - - - -
Salt 0.3 0.3 0.3 0.5 0.5 0.5 0.5 0.5 0.5
Vitamin mineral mix ! 0.2 0.2 0.2 0.5 0.5 0.7 0.8 0.7 0.7
Lysine hydrochloride 0.7 0.8 0.8 - - - 0.1 0.2 0.2
L-Threonine 0.0 0.0 0.0 - - - - - -

! Vitamin and mineral mix: water (3.4%); Na (300.00 g/kg); Fe (8.20 g/kg); Zn (2.20 g/kg); Mn (10.00 g/kg); Cu
(0.62 g/kg); choline (30.00 g/kg); vitamin A (3,000,000 IU/kg); vitamin B1 (0.14 g/kg); vitamin B2 (0.35 g/kg);
vitamin B3 (1.40 g/kg); vitamin B5 (0.50 g/kg); vitamin B6 (0.25 g/kg); vitamin B7 (0.50 g/kg); vitamin B9
(0.025 g/kg); vitamin B12 (0.0005 g/kg); vitamin D (600,000 IU/kg); vitamin E (596 IU/kg). C, control group; L,
group supplemented with low concentrations of black soldier fly larval meal; H, group supplemented with high
concentrations of black soldier fly larval meal; CP: crude protein.

A total of thirty female pigs (Landrace x Large white; LW), including both gilts and
sows, were allocated to each group (Table S1). Artificial insemination was used for siring all
females, utilizing Duroc (D) boar semen. The farrowed piglets (LWD) were accommodated
in the same stall as their sows and were provided unrestricted access to milk and water until
weaning. The male piglets were castrated at the age of 21 days and supplemented with a
daily pre-weaning diet of 100 g per piglet for a duration of 7 days until they reached the
age of 28 days. Throughout the designated research period, the sows were sustained on a



Animals 2023, 13, 3410

40f16

daily ration of 2.5 kg of the prescribed diets in the mornings (1.25 kg) and evenings (1.25 kg)
during their gestation periods. Subsequently, the daily provision was increased to 6.0 kg
of the recommended diet in the morning (3.0 kg) and evening (3.0 kg) during suckling.
Water was provided ad libitum. The piglets were weighed weekly during their suckling
phase, and their growth performance and survival rates were recorded meticulously up
until they reached 28 days of age. Upon reaching 28 days of age, the piglets were weaned.
Individuals whose weights approximated the average weight of the piglets in each litter
were selected and randomized in five pens, with thirty piglets per experimental group
(Table S2). These animals were then fed the specified pre-weaning diets from 21 to 35 days
of age, followed by the post-weaning diets from 35 to 63 days of age.

Table 2. Proximal and chemical composition of the experimental feed and black soldier fly (BSF) meal.

. Sow Pre-Weaning Post-Weaning BSF
Composition (%) C L H C L H C L " (Defatted)

Crude protein 12 16.33 16.20 15.28 23.30 23.00 22.62 19.58 19.54 19.46 55.23
Crude fat ! 6.12 5.90 5.86 6.99 7.06 7.16 6.16 591 5.67 11.06
Crude fiber ! 2.93 3.06 3.33 1.13 2.00 2.80 2.18 2.43 2.68 8.28
Crude ash ! 541 517 5.08 3.66 3.75 3.85 3.39 3.20 3.00 10.12
NFE 3 69.21 69.67 70.45 64.92 64.19 63.57 68.69 68.92 69.19 15.31
Cal 0.88 0.87 0.80 1.19 1.30 1.40 1.01 0.98 0.96 2.90
pl 0.84 0.80 0.76 0.93 0.82 0.72 0.83 0.77 0.72 1.05
Nal 0.23 0.19 0.19 0.26 0.26 0.25 0.26 0.24 0.22 0.08
Lysine ! 1.31 1.37 1.30 1.36 1.23 1.10 1.17 1.23 1.20 3.35
Methionine ! 0.30 0.29 0.27 0.39 0.40 0.41 0.33 0.32 0.31 1.14
Threonine ! 0.63 0.60 0.57 091 0.88 0.84 0.73 0.73 0.73 2.32
Chitin 13 - 015% 0303 - 0823  1.643 - 0263 0523 6.541
ME (Mcal/kg) 34 4.10 4.10 4.09 427 4.24 421 421 4.20 4.18 3.80

! Analyzed data. 2 Crude protein = analyzed nitrogen value x (6.25 x non-insects ingredients content + 5.60 x BSF
meal content). 3 Calculated data. * ME = (Crude protein x 3.84 + Crude fat x 9.33 + NFE x 4.2)/100. C, control
group; L, group supplemented with low concentrations of black soldier fly larval meal; H, group supplemented
with high concentrations of black soldier fly larval meal; NFE, nitrogen-free extract; ME, metabolizable energy;
BSE, defatted black soldier fly larvae meal.

In the sow diets, the L group contained 2.3% BSF meal, and the H group had 4.6%.
The L group substituted half of the fishmeal with BSF meal, while the H group completely
substituted fishmeal with BSF meal. Soybean meal in the diets was reduced by 6.0% in
the L group compared with the C group and by 29.0% in the H group compared with
the C group. In the pre-weaning diets, the L group contained 12.5% BSF meal, and the
H group had 25.0%. The substitution of animal protein and BSF meal in the diets were
same as the sow diets. Soybean meal in the diets was reduced by 16.0% in the L group
compared with the C group and by 44.0% in the H group compared with the C group. In
the post-weaning diets, the L group contained 4.0% BSF meal, and the H group had 8.0%.
The substitution of fishmeal and skimmed milk powder with BSF meal was the same as the
sow and pre-weaning diets. Soybean meal in the diets was reduced by 5.5% in the L group
compared with the C group and by 11.4% in the H group compared with the C group.

Proximal and chemical compositions of the BSF meal and diets were analyzed accord-
ing to the methods of the Association of Official Analytical Chemists [28]. Moreover, crude
protein content was calculated from our analyzed data using a nitrogen-to-protein con-
version factor (Kp) of 5.60 for BSF meal content and a Kp of 6.25 for non-insect ingredient
content [29-31]. The chitin concentration in the BSF meal was determined using the follow-
ing procedure: 10 g of the BSF meal samples were subjected to reflux in 100 milliliters of 3%
sodium hypochlorite solution (v:v) at a temperature of 100 °C for 10 min. Subsequently,
the samples were washed with distilled water until the sample solution reached a pH of
7.0, and this process was repeated. Following this, the samples were subjected to reflux in
50 milliliters of 1 M hydrogen chloride solution at a temperature of 75 °C for 15 min. The
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samples were washed with distilled water until the sample solution reached a pH of 7.0. In
addition, the samples were refluxed in 50 milliliters of 1 M sodium hydroxide solution at a
temperature of 100 °C for 20 min, and the samples were washed with distilled water until
the sample solution reached a pH of 7.0. Finally, the extracts were filtered using FibreBags
S (C. Gerhardt Analytical Systems, Bonn, Germany), and the residues were placed in a dry
oven at a temperature of 60 °C for 24 h. The dried white residues were regarded as chitin.
These analyses were conducted in triplicate.

2.2. Sample Collection

Blood samples were obtained from the sows via jugular vein puncture between 9:00
and 10:00 a.m. on three specific occasions: two months after insemination, two weeks prior
to farrowing, and after weaning. Approximately 5 mL of venous blood was collected in
vacuum blood collection tubes containing EDTA-2Na and those containing heparin. The
EDTA-2Na-treated blood sample was promptly cooled on ice and analyzed on the same
day using a blood cell analyzer (Thinka CB-1010; Arkray, Kyoto, Japan). The heparin-
treated blood specimen was subjected to centrifugation at 3000x g for 10 min, and the
plasma was stored at —80 °C for subsequent analysis. Plasma samples were thawed at
4 °C and assayed for blood glucose, total cholesterol (T-Cho), high-density lipoprotein
cholesterol (HDL-c), and total protein using a blood analyzer (EZ SP-4430, Arkray, Kyoto,
Japan). The low-density lipoprotein cholesterol levels were calculated by subtracting HDL-c
from T-Cho.

A single 28-day-old piglet with an average body weight was selected from each litter
and euthanized by administering sodium pentobarbital (60 mg/kg) through the auricular
vein. Approximately 5 mL of portal vein blood was collected in EDTA-2Na-containing
and heparin-containing vacuum blood collection tubes. Upon reaching 63 days of age,
three piglets from each pen, with weights approximating the average body weight, were
subjected to the same aforementioned blood collection procedure. Subsequently, the blood
processing methods, as applied to the sows, were replicated. Furthermore, the liver, spleen,
and kidneys of the piglets were weighed, and the small intestine length was measured at
both the 28-day and 63-day age marks. Duodenum, jejunum, and ileum tissue samples
were excised from the small intestine to assess small intestinal tissue, following the protocol
outlined by Tsukahara et al. [32]. These tissue specimens were fixed in a 10% formalin
solution for 24 h and then transferred to a 70% ethanol solution for tissue preparation and
analysis, following the method delineated by Kawasaki et al. [33].

2.3. Statistical Analysis

The statistical analysis of all experimental data was conducted using R (version
4.3.1) [34]. All data were analyzed using the Shapiro-Wilk and Levene’s tests for nor-
mal distribution and homogeneity of variance. The results concerning the birth litter sizes
of the sows were analyzed using a one-way analysis of covariance (ANCOVA), which
included parity numbers as a covariate. Other parameters related to sow reproductive
performance, hematological composition, and blood properties were analyzed using an
ANCOVA, with parity numbers and birth litter size as covariates. Moreover, the growth
performance of the piglets was analyzed using an ANCOVA, with piglet body weight at
28 d and sex as covariates. Additionally, the organ weights, hematological composition,
and blood properties of piglets were analyzed using an ANCOVA using piglet sex as a
covariate. Furthermore, the morphological features of the small intestines of piglets were
analyzed using an ANCOVA, with piglet body weight and sex serving as covariates. The
Mann-Whitney’s U test (Bonferroni correction) was used to conduct multiple comparisons
for the parameters that exhibited a statistically significant difference as determined with
the ANCOVA.
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3. Results
3.1. Reproductive Performance of the Sows

Table 3 displays the reproductive performances of the sows. In each of the groups, the
total number of farrowing piglets was as follows: 99 in the C group, 88 in the L group, and
123 in the H group. Within the first week after birth, the number of piglets that succumbed
was 9 in the C group, 9 in the L group, and 14 in the H group. The primary cause of death
for all these piglets during the initial week after birth was crushing. Although no notable
disparities in any of the parameters were observed among the groups, the numbers of
farrowing piglets and piglets at weaning were highest in the H group and lowest in the
L group. Conversely, the H and L groups exhibited the lowest and highest body weights
at weaning and body weight gains, respectively. Additionally, no statistically significant
difference was recorded in the weaning rates among the groups.

Table 3. Reproductive performance of the sows (1 = 10).

Items C L H SEM p-Value
Birth litter size t 99+13 88+12 123+ 0.8 0.68 0.064
Weaning litter size ' 9.0+ 11 794+13 109 £ 0.7 0.63 0.116
Weaning rate E 924 +2.1 89.4+6.2 90.4 £ 4.8 2.60 0.833
Body weight at birth (g) t 1227.3 + 66.7 1449.4 4+ 98.2 1207.8 +54.9 46.75 0.162
Body weight at 21 d (g) ¥ 6648.1 £+ 449.8 7538.2 £ 527.8 5671.8 4+ 233.8 274.65 0.100
Body weight at weaning (g) 1 9113.1 + 5574 9956.3 £+ 705.8 7685.4 £ 277.9 349.22 0.205
Body weight gain (21-28 d, g) 2465.0 + 162.3 2418.1 +224.0 2013.7 + 110.9 102.96 0.518
Body weight gain (g) 1 7925.0 £ 517.6 8498.1 + 6274 6439.8 +277.4 319.91 0.186
Data: mean =+ standard error. T Analysis of covariance was performed using the parity number of sows as a
covariate. ¥ Analysis of covariance was performed using the birth litter size as a covariate. C, control group; L,
group supplemented with low concentrations of black soldier fly larval meal; H, group supplemented with high
concentrations of black soldier fly larval meal; SEM, standard error of the mean.
3.2. Piglet Growth Performance
Table 4 presents the data pertaining to the weight gain, feed intake, and feed conversion
rate of the piglets in each group. No discernible variations were observed among the groups
for any of the measured parameters; however, body weight gain during the growth period
from 28 to 35 days of age was comparatively lower in the BSF-fed groups than in the C
group, whereas the feed conversion ratio was higher in the BSF-fed groups compared with
the C group.
Table 4. Growth performance of the piglets (1 = 5).
Items C L H SEM p-Value
Body weight at 28 d (kg) * 8.73 £0.38 9.65 £ 0.67 8.50 £ 0.31 0.24 0.364
Body weight at 35 d (kg) ¥ 10.70 + 0.43 11.20 £+ 0.67 9.79 +£0.24 0.29 0.241
Body weight at 63 d (kg) ¥ 27.09 £+ 1.46 28.91 +£2.27 25.34 +1.43 1.04 0.809
Body weight gain (28-35 d, kg) ¥ 1.97 +0.26 1.53 + 0.30 1.29 +£0.20 0.14 0.241
Body weight gain (35-63 d, kg) 16.39 + 1.49 17.75 £ 1.81 15.54 £ 1.55 0.92 0.786
Body weight gain (28-64 d, kg) ¥ 18.36 + 1.66 19.20 £+ 1.99 16.83 £ 1.70 1.00 0.809
Feed intake (28-35 d, kg) ¥ 344 +0.17 2.96 + 0.34 2.81 +0.09 0.14 0.171
Feed intake (35-63 d, kg) ¥ 33.38 £ 1.10 33.39 £3.71 30.69 £+ 3.19 1.58 0.255
Feed intake (28-63 d, kg) ¥ 36.81 +1.21 36.34 + 3.82 33.50 £+ 3.23 1.64 0.303
Feed conversion rate (28-35 d) ¥ 1.94 £ 0.38 223+ 041 245+ 047 0.21 0.347
Feed conversion rate (35-63 d) ¥ 2.11+£0.20 1.99 £+ 0.32 2.01 £0.17 0.12 0.830
Feed conversion rate (28-63 d) 2.08 £ 0.21 1.99 £0.29 2.02 £ 0.15 0.12 0.899

Data: mean = standard error. ¥ Analysis of covariance was performed using the sex of piglets as a covariate.
+ Analysis of covariance was performed by using the body weight at 28 d and the sex of piglets as a covariate.
C, control group; L, group supplemented with low concentrations of black soldier fly larval meal; H, group
supplemented with high concentrations of black soldier fly larval meal; SEM, standard error of the mean.
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3.3. Hematological Composition and Blood Properties of Sows

Table 5 outlines the blood cell composition of the sows. Two months after insemination,
the lymphocyte counts in the H group were substantially lower than those in the L group.
Nonetheless, no marked disparities were observed in the remaining parameters among
the two groups. Additionally, 2 weeks prior to farrowing, the platelet distribution width
(PDW) in the L group was considerably lower than that in the C group; however, no
statistically significant differences were observed in the other parameters among the groups.
Furthermore, at the weaning phase of the suckling piglets, no notable variations were
observed in the blood cell composition among the groups.

Table 6 depicts the blood properties of the sows. An ANCOVA performed 2 months af-
ter insemination revealed a statistically significant difference in albumin levels; nonetheless,
multiple comparisons of the groups did not portray any notable distinction. Contrarily,
albumin levels at weaning were substantially lower in the H group than in the L group.

Table 5. Selected hematological indices of the sows (1 = 10).

Items C L H SEM p-Value
2 months after AI (60 d)
RBC (x1012) 71403 6.9+ 0.2 6.8+0.3 0.14 0.74
WBC (x10°/L) 144 +14 13.9 + 0.9 12.4 4+ 1.0 0.65 0.47
Lymph (x10°/L) 62408 6.9+ 052 484+04P° 0.36 0.04 *
Mon (x10%/L) 0.8+02 0.5+0.1 05+0.1 0.07 0.12
Gran (x10°/L) 74+ 11 6.5+ 0.6 6.0 £0.7 0.44 0.51
Lymph (%) 442439 50.4 + 2.2 434438 1.88 0.25
Mon (%) 5.0 + 0.4 38+03 42404 0.22 0.07
Gran (%) 50.8 + 3.8 459420 524 +37 1.79 0.30
PLT (x10%/L) 161.1 + 15.0 148.6 + 14.7 185.0 & 17.0 9.13 0.28
HGB (g/L) 141.6 + 4.4 136.6 & 2.8 136.0 + 6.1 2.62 0.66
HCT (%) 451414 435409 436419 0.83 0.72
MCV (fL) 64.0 £ 0.8 629+ 0.9 64.0 = 0.8 0.47 0.42
MCH (pg) 20.0 + 0.3 19.7 +£0.2 19.9 +0.2 0.14 0.66
MCHC (g/L) 3137 + 1.7 3140+ 1.3 3112+ 1.9 0.94 0.24
RDW (%) 15.6 + 0.3 154 + 0.2 15.6 £ 0.3 0.15 0.82
MPV (fL) 95403 92403 95403 0.15 0.59
PDW (%) 16.9 £ 0.2 16.5 + 0.1 16.8 £ 0.2 0.11 0.41
PCT (%) 02+0.0 0.1+0.0 02+0.0 0.01 0.25
2 weeks before farrowing (100 d)
RBC (x10'2) 6.8+04 6.7 402 64402 0.15 0.42
WBC (x10°/L) 13.0 £ 1.0 13.0+1.2 10.5+ 0.8 0.60 0.15
Lymph (x10°/L) 55+ 0.6 6.1+0.6 42403 0.33 0.06
Mon (x10%/L) 0.6 +0.1 0.6 +0.1 04+00 0.04 0.09
Gran (x10°/L) 6.4+08 6.7 + 0.9 49403 0.43 0.21
Lymph (%) 443415 455425 440419 1.19 0.88
Mon (%) 5.0+ 0.3 47 £04 44406 0.24 0.66
Gran (%) 50.8 + 1.6 498 +24 51.6 + 2.1 1.20 0.84
PLT (x10%/L) 111.9 £ 18.1 140.7 + 22.8 154.7 4 23.1 12.4 0.29
HGB (g/L) 138.5 + 6.7 1314 + 2.1 1282 + 4.0 2.70 0.28
HCT (%) 438420 423407 407+ 1.1 0.82 0.30
MCV (fL) 64.6 0.9 63.7 £ 1.0 643+ 0.9 0.53 0.66
MCH (pg) 203+ 0.2 19.7 +£ 0.3 20.1 £ 0.3 0.16 0.33
MCHC (g/L) 3154+ 1.8 310.6 + 2.1 3125422 1.20 0.23
RDW (%) 15.6 + 0.3 16.4 + 0.4 159 £ 0.3 0.19 0.19
MPV (fL) 93402 94402 95403 0.14 0.85
PDW (%) 1724022 165+0.1° 16.6 + 0.1 2P 0.10 0.02*
PCT (%) 0.1+ 0.0 0.1+0.0 0.1+0.0 0.01 0.26
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Table 5. Cont.

Items C L H SEM p-Value

Weaning (142 d)

RBC (x10'2) 58403 6.14+02 594 0.1 0.12 0.61

WBC (x10%/L) 144+ 0.7 139+ 14 13.8 £ 0.9 0.59 0.91

Lymph (x 10%/L) 424+ 0.5 46 +0.6 3.6£04 0.31 0.40

Mon (><109/L) 0.6 £0.1 0.7+0.1 0.6 £0.1 0.04 0.64

Gran (x10%/L) 91+04 8.6 £1.0 89 £0.8 0.46 0.94

Lymph (%) 30.0 £ 2.1 334424 28.3 + 2.8 1.47 0.35

Mon (%) 424+04 5.0+04 454+05 0.26 0.53

Gran (%) 658 £ 1.9 61.6 2.6 67.2 2.8 1.51 0.29

PLT (x 109/L) 166.2 £ 20.3 191.9 £+ 29.5 165.4 4+ 27.6 14.7 0.73

HGB (g/L) 104.8 £ 11.7 120.7 £ 4.3 1184+ 23 4.27 0.29

HCT (%) 36.8 + 1.6 387+1.2 375+ 0.6 0.69 0.57

MCV (fL) 63.8 = 0.8 63.7 £ 0.7 64.4 £+ 0.6 0.40 0.53

MCH (pg) 20.0£0.3 19.8 £0.2 20.0 £ 0.2 0.13 0.51

MCHC (g/L) 3139 +£22 311.1 £ 2.1 3121 +22 1.23 0.69

RDW (%) 154 +£0.3 162 +04 157 £ 04 0.20 0.22

MPV (fL) 8.8 £0.2 9.2+02 89 +£0.2 0.12 0.51

PDW (%) 17.0 £0.2 16.6 £0.2 17.0£0.2 0.13 0.38

PCT (%) 0.1£0.0 02+£0.0 02+£0.1 0.03 0.63
Data: mean = standard error. Analysis of covariance was performed using the parity number of sows as a covariate.
The p-value, denoting significance, is indicated with an asterisk. The values within a row with different superscripts
represent statistical differences in multiple comparisons (p < 0.05). C, control group; L, group supplemented with
low concentrations of black soldier fly larval meal; H, group supplemented with high concentrations of black soldier
fly larval meal; SEM, standard error of the mean; RBC, red blood cell; WBC, white blood cell; Lymph, lymphocyte;
Mon, monocyte; Gran, granulocyte; PLT, platelet; HGB, hemoglobin; HCT, hematocrit; MCV, mean corpuscular
volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; RDW, red cell
distribution width; MPV, mean platelet volume; PDW, platelet distribution width; PCT, platelet count.
Table 6. Selected plasma biochemical parameters of the sows (1 = 10).

Items C L H SEM p-Value

2 months after AI (60 d)

Glu (mg/dL) 84.6 £ 1.8 82.8 £2.3 82.7 £ 3.7 1.50 0.851

T-Cho (mg/dL) 75.7 £3.1 76.7 £ 1.7 78.0 £ 3.7 1.66 0.865

HDL-c (mg/dL) 227+ 1.8 2514+1.3 249 4+ 3.6 1.37 0.681

LDL-c (mg/dL) 53.0£23 51.6 £ 1.6 53.1 +£2.5 1.23 0.760

T-Pro (g/dL) 70+0.1 71+£0.1 70+0.2 0.09 0.984

Alb (g/dL) 41401 44+0.1 42401 0.05 0.045 *

2 weeks before farrowing (100 d)

Glu 90.8 £ 3.3 91.0 £ 2.3 86.0 =24 1.56 0.210

T-Cho 705+t 3.1 70.8 £2.8 68.5 + 34 1.75 0.838

HDL-c 211 +£21 202+ 1.6 20.0 £ 2.3 1.12 0.926

LDL-c 494 +20 50.6 & 1.6 485+ 1.8 1.04 0.736

T-Pro 71+0.1 72+02 6.9 £0.2 0.09 0.659

Alb 41401 42401 4.04+0.1 0.05 0.441

Weaning (142 d)

Glu 854459 84.7 £ 3.3 92.6 + 6.6 3.11 0.483

T-Cho 84.9 + 4.8 89.0+7.1 792 £33 3.06 0.451

HDL-c 432 +4.0 445+ 6.3 36.1 +2.7 2.66 0.420

LDL-c 417 +22 445432 431 4+25 1.49 0.706

T-Pro 6.7 £0.1 6.9 +0.2 6.7 £0.1 0.08 0.472

Alb 40+£012% 414042 3.7+01b 0.07 0.038 *

Data: mean =+ standard error. Analysis of covariance was performed using the parity number of sows as a
covariate. The p-value, denoting significance, is indicated with an asterisk. The values within a row with
different superscripts represent statistical differences in multiple comparisons (p < 0.05). C, control group; L,
group supplemented with low concentrations of black soldier fly larval meal; H, group supplemented with
high concentrations of black soldier fly larval meal; SEM, standard error of the mean; Glu, glucose; T-Cho, total
cholesterol; HDL-Cho, high-density lipoprotein cholesterol; LDL-Cho, low-density lipoprotein cholesterol; T-Pro,
total protein; Alb, albumin.
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Summarily, there were no marked disparities among the groups for any of the pa-
rameters, except albumin, at both the 2-month mark after insemination and weaning.
Additionally, no statistically significant differences were observed among the groups for
any of the parameters measured 2 weeks prior to farrowing.

3.4. Piglets Anatomical Parameters

Table 7 documents the organ weights and digestive tract lengths of piglets at two
distinctive ages, that is, 28 and 63 days. At the 28-day age mark, the organ weights of
the piglets were the highest in the L group and the lowest in the H group, indicating
a statistically significant difference between the two cohorts. The organ weights of the
63-day-old piglets were also highest in the L group and lowest in the H group; however,
there was no significant difference between them. Additionally, kidney weight per piglet
was considerably lower in the H group compared with the C and L groups. No notable
disparities were observed between the groups for any of the other parameters or in any of
the parameters at the 63-day mark.

Table 7. Selected internal organ weights and lengths of the piglets.

Items C L H SEM p-Value
28 d (n =10)
Body weight (kg) * 834047 9.3+0.32 75+03P 0.24 0.032 *
Liver (g/kg) ¥ 241410 228405 2334+ 1.0 0.48 0.541
Spleen (g/kg) ¥ 21402 24402 1.8+0.1 0.12 0.104
Kidney (g/kg) 574022 594022 50+ 02b 0.12 <0.001 *
Gastrointestinal tract (g/kg) 56.1 4+ 3.6 47.7+15 529436 1.83 0.111
Stomach (g/kg) ¥ 54403 49402 46403 0.16 0.077
Small intestinal weight (g/kg) ¥ 32.74+3.1 2624 0.6 321429 1.48 0.110
Small intestinal length (cm) § 787.2 4+ 522 730.4 + 41.1 688.0 + 37.1 25.60 0.157
63d (n=15)
Body weight (kg) ¥ 263+ 1.1 293420 240413 0.89 0.053
Liver (g/kg) ¥ 26.7 + 0.6 292426 26.140.9 0.94 0.324
Spleen (g/kg) ¥ 1.8+02 21402 1.8+0.1 0.11 0.532
Kidney (g/kg) 59403 6.3 +0.7 55403 0.27 0.456
Gastrointestinal tract (g/kg) E 975+ 3.1 94.6 £ 8.6 94.7 £ 4.3 3.30 0.918
Stomach (g/kg) ¥ 7.6 +£0.2 8.1+09 7.7 £ 04 0.33 0.769
Small intestinal weight (g/kg) ¥ 535+28 57.5£53 51.7 £2.5 2.14 0.500
Small intestinal length (cm) $ 1380.8 £ 574  14155+236 131844463 25.92 0.271

* Analysis of covariance was performed using the litter size at the weaning as a covariate. ¥ Analysis of covariance
was performed using the sex of the piglets as a covariate. § Analysis of covariance was performed using the
body weight and sex of the piglets as covariates. The p-value, denoting significance, is indicated with an asterisk.
The values within a row with different superscripts represent the statistical differences in multiple comparisons
(p < 0.05). C, control group; L, group supplemented with low concentrations of black soldier fly larval meal; H,
group supplemented with high concentrations of black soldier fly larval meal; SEM, standard error of the mean.

Table 8 displays the morphological characteristics of the small intestine of 28- and
63-day-old piglets. At the 28-day mark, the crypt depths in the duodenum were sub-
stantially greater in the L and H groups than in the C group. No statistically significant
differences were observed among the groups for any of the other parameters. Although
an ANCOVA revealed no discernible variation in 63-day-old piglets, group H exhibited
considerably higher jejunal villus heights than the C group. Conversely, an ANCOVA
indicated a statistically significant difference in ileal villus height; however, this disparity
was not corroborated by the results of multiple comparison analyses.
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Table 8. Intestinal histomorphometry of the piglets.

Items C L H SEM p-Value
28 d (n = 10)
Duodenum
Villi height 510.6 &+ 58.6 540.7 £ 54.7 543.9 £31.7 22.12 0.654
Crypt depth 196.8 +13.7 264.8 +£ 103" 2612 +135° 6.70 0.002 *
Villi/Crypt 26+£02 20+£02 21+£0.1 0.09 0.226
Jejunum
Villi height 507.8 + 34.1 480.7 £19.0 537.0 £ 34.1 13.88 0.609
Crypt depth 194.7 £ 15.1 184.6 9.4 210.5 £ 14.6 6.01 0.283
Villi/Crypt 27£02 27+02 27+03 0.10 0.919
Ileum
Villi height 330.2 £16.3 328.4 £ 21.0 324.6 £ 18.6 8.29 0.217
Crypt depth 172.0 £ 14.2 1674 £17.0 159.6 £ 5.4 5.46 0.201
Villi/Crypt 20+0.1 21+01 2.0+01 0.06 0.873
63d (n = 15)
Duodenum
Villi height 3753 +13.6 379.9 +£20.2 426.8 £ 31.6 13.46 0.165
Crypt depth 378.7 £ 20.8 368.3 £ 14.4 384.1 £18.3 10.23 0.842
Villi/Crypt 1.0+0.1 1.1+0.1 1.1+0.1 0.04 0.487
Jejunum
Villi height 368.5 +20.82 421.44+19.02 429.0 +26.7° 13.29 0.051
Crypt depth 255.4 £13.0 259.7 £ 6.7 282.3 £ 14.4 6.92 0.396
Villi/Crypt 1.5+0.1 1.6 £0.1 1.6 £0.1 0.06 0.508
Ileum
Villi height 396.4 +27.9 309.7 £ 23.8 3264 £21.1 14.91 0.036 *
Crypt depth 251.5 £10.0 2413+ 64 243.7 £10.8 5.26 0.718
Villi/Crypt 1.6 £0.1 1.3+0.1 14+0.1 0.07 0.223

Data: mean =+ standard error. Analysis of covariance was performed using the body weight and sex of the piglets
as covariates. The p-value, denoting significance, is indicated with an asterisk. The values within a row with
different superscripts represent the statistical differences in multiple comparisons (p < 0.05). C: control group;
L: group supplemented with low concentrations of black soldier fly larval meal; H: group supplemented with

high concentrations of black soldier fly larval meal; SEM: standard error of the mean.

3.5. Hematological Composition and Blood Properties of Piglets

Table 9 depicts the blood cell compositions of 28- and 63-day-old piglets. At the
28-day mark, the ANCOVA outcomes revealed significant differences in platelet counts, but
those of multiple comparisons did not portray any notable disparities among the groups.
Additionally, no statistically significant differences were observed among the groups for
any of the other parameters. At the 63-day mark, the mean corpuscular volume (MCV) and
mean corpuscular height (MCH) were markedly higher in the H group compared with the

L group.

Table 9. Selected hematological indices of the piglets.

Items C L H SEM p-Value

28d (n =10)

RBC (x10'?) 6.1+£02 6.2+02 6.3+0.1 0.11 0.843
WBC (x10°/L) 114 +26 11.7+£13 6.7 +1.0 1.07 0.090
Lymph (x10°/L) 58+15 39+08 34+05 4.07 0.292
Mon (x10°/L) 1.2+£0.3 12+03 05+02 1.67 0.155
Gran (x10?/L) 72430 6.6 +1.5 25+04 3.86 0.162
Lymph (%) 479+79 38.8+8.1 534+27 4.07 0.328
Mon (%) 125+53 92+16 77+19 1.67 0.564
Gran (%) 439+76 520+78 389420 3.86 0.363
PLT (x10°/L) 562.8 £45.7 414.2 £ 46.7 5419 £215 25.27 0.033 *
HGB (g/L) 933 +£4.1 93.6+75 929 +38 3.01 0.817
HCT (%) 312+13 321425 31.8+13 0.99 0.956
MCYV (fL) 517 £2.4 51.8 £3.2 50.6 £ 2.1 1.45 0.792
MCH (pg) 154 £0.8 150+ 1.0 147 £ 0.6 0.45 0.589
MCHC (g/L) 298.1 £3.0 287.7 £ 2.6 291.8 £2.8 1.77 0.059
RDW (%) 21+£17 222+17 229 +1.1 0.84 0.627
MPV (fL) 71+02 75+04 6.6 +0.1 0.16 0.053
PDW (%) 15.8 £ 0.2 29.3 +14.0 153 £0.2 4.65 0.438
PCT (%) 0.392 £+ 0.033 0.300 £ 0.031 0.357 £ 0.01 0.02 0.094
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Table 9. Cont.

Items C L H SEM p-Value
63d (n=15)
RBC (x10'2) 63+02 6.8+02 63+02 0.13 0.268
WBC (x10°/L) 13.0+0.8 155+ 0.9 139 +0.38 0.49 0.104
Lymph (x10° /L) 71405 78405 71405 0.27 0.548
Mon (x10°/L) 0.7+0.1 09401 0.7+ 0.1 0.05 0.195
Gran (x10°/L) 53+05 6.8+0.5 6.0+ 0.4 0.28 0.063
Lymph (%) 549 +22 504 + 1.8 51.5+ 1.6 1.11 0.247
Mon (%) 52403 5.6+ 0.5 52403 0.22 0.652
Gran (%) 40.0 £2.1 4394+ 1.7 433415 1.05 0.266
PLT (x10°/L) 404.6 + 30.9 671.5 +199.1 735.1 + 209.7 97.15 0.348
HGB (g/L) 103.0 £5.2 103.3 £ 54.0 111.9 £2.2 2.61 0.278
HCT (%) 341417 3404+ 1.9 363+ 1.0 0.90 0.517
MCV (fL) 542421 50.2 £2.22 575+ 0.6° 1.11 0.017 *
MCH (pg) 16.3 £ 0.6 2P 152 +£0.72 17.8 £04P 0.37 0.009 *
MCHC (g/L) 301.3 £ 1.6 304.9 + 5.2 309.4 + 5.7 2.61 0.457
RDW (%) 19.8+0.8 221414 20.8+ 1.8 0.79 0.504
MPV (fL) 7.6+03 7.7 +£05 8.8+ 0.6 0.28 0.191
PDW (%) 155+0.2 152 40.2 155+ 0.1 0.10 0.421
PCT (%) 0.304 + 0.020 0.347 £ 0.023 0.339 + 0.024 0.01 0.244

Data: mean =+ standard error. Analysis of covariance was performed using the sex of the piglets as a covariate. The
p-value, denoting significance, is indicated with an asterisk. The values within a row with different superscripts
represent the statistical differences in multiple comparisons (p < 0.05). C, control group; L, group supplemented
with low concentrations of black soldier fly larval meal; H, group supplemented with high concentrations of
black soldier fly larval meal; SEM, standard error of the mean; RBC, red blood cell; WBC, white blood cell;
Lymph, lymphocyte; Mon, monocyte; Gran, granulocyte; PLT, platelet; HGB, hemoglobin; HCT, hematocrit;
MCYV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin
concentration; RDW, red cell distribution width; MPV, mean platelet volume; PDW, platelet distribution width;
PCT, platelet count.

Table 10 documents the blood properties of 28- and 63-day-old piglets. At the 28-day
age mark, the H group displayed the greatest elevation in HDL-c levels; nevertheless, no
notable variation was observed among the groups for any of the parameters. Additionally,
for the piglets at 63 days of age, there were no significant differences among the groups for
any of the items.

Table 10. Selected plasma biochemical parameters of the piglets.

Items C L H SEM p-Value

28d (n =10)

Glu 144.0 £ 9.5 1293 + 6.7 1285+ 4.8 4.28 0.345
T-Cho 1203 +123  1182+£10.8  152.6 £ 144 7.60 0.169
HDL-c 702+43 61.6 54 882+ 6.0 3.58 0.051
LDL-c 50.1£9.6 56.6 £ 6.5 64.4+9.7 4.98 0.388
T-Pro 41+02 44+02 45+01 0.10 0.250
Alb 3.0+02 3.0+02 29401 0.11 0.546
63d (n=15)

Glu 1134 +3.2 1209 £ 5.2 1119+ 35 2.37 0.164
T-Cho 73.6+27 773 +24 80.7 £ 3.6 1.72 0.237
HDL-c 31.7£1.9 320+£23 37.6 £3.3 1.51 0.139
LDL-c 419+15 453+ 1.1 431+13 0.76 0.139
T-Pro 50402 49+01 47+01 0.07 0.372
Alb 3.0+01 3.0+01 29401 0.07 0.734

Data: mean = standard error. Analysis of covariance was performed using the body weight and sex of the piglets
as covariates. C, control group; L, group supplemented with low concentrations of black soldier fly larval meal; H,
group supplemented with high concentrations of black soldier fly larval meal; SEM, standard error of the mean;
Glu, glucose; T-Cho, total cholesterol; HDL-Cho, high-density lipoprotein cholesterol; LDL-Cho, low-density
lipoprotein cholesterol; T-Pro, total protein; Alb, albumin.
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4. Discussion

In this study, we fed sows diets containing fish meal, soybean meal, and soybean oil
with BSF meal for 142 d, starting from the time the sows were inseminated until their suck-
ling piglets were weaned. We investigated the effects on reproductive performance, blood
cell composition, and blood properties of sows and weaning piglets, as well as on the small
intestinal tissues of weaning piglets. Additionally, we raised weaned piglets for 5 weeks
until they reached 63 days of age to evaluate the effects of substituting animal protein with
BSF meal in piglet diets before and after weaning on piglet growth performance, blood cell
composition, blood properties, and small intestinal tissues.

Although there were no significant differences in sow reproductive performance
for any of the parameters, birth litter size and weaning litter size were the highest in
the H group and the lowest in the L group. These results were inconsistent; however,
it is suggested that feeding sows BSF meal does not adversely affect their reproductive
performance. Furthermore, post-weaning piglet mortality has been reported to be in the
3-5% range [35], and no piglets died after weaning in this study. This may be due to the
limited sample size of 30 piglets per group. It is suggested that more field-specific large-
scale rearing experiments are needed to promote the use of BSF meal in swine production.

In the sow diets, we completely substituted fish meal and soybean oil with BSF meal
and replaced 30% of the soybean meal with BSF meal. This led to a 0.4% increase in the crude
fiber content of the diet. Previous research has shown that improving sow reproductive
performance by increasing the crude fiber content requires at least a 3.5% increase from
2.9% to 6.6% [17]. However, in the present study, the increase in dietary crude fiber content
due to the substitution of BSF meal with protein resources was not sufficient to affect sow
reproductive performance. Moreover, although a previous study suggested that 4% BSF
meal feeding improved the finishing pigs’ intestinal environment [21], the diets in this study
might not significantly alter the intestinal environment of the sows. Furthermore, BSF meal,
an animal protein rich in amino acids, did not significantly affect the total protein content of
sow blood, which is an indicator of protein digestion and absorption. There was a significant
difference in albumin, another indicator of protein metabolism, between the L and H groups
at the time of weaning. However, considering the blood albumin concentration ranges
during gestation (3.34.9 mg/dL) and suckling (3.54.9 mg/dL) according to Verheyen
etal. [36], it can be concluded that the blood albumin concentration of the sows in our study
was within appropriate levels. Nevertheless, because the H group, which consumed twice
as much feed during the lactating period as during the gestation period, showed the lowest
albumin values at weaning, it was hypothesized that the quantity of BSF meal fed may
have influenced sow protein metabolism. To further test this hypothesis, it is necessary to
investigate how proteins and amino acids in BSF meal undergo digestion by conducting
in vitro digestion tests.

In the analysis of sow blood cell composition, the lymphocyte count was consistently
low in the H group in all three blood sampling instances. In general, a low lymphocyte
count indicates a weakened immune system. Healthy sows typically have a white blood
cell count ranging from 3.1 to 22.3 x 10? /L, with lymphocyte percentages between 1.3 and
6.7 x 10°/L [37,38]. This indicated that the lymphocyte counts of the sows in this study
were within the expected range. However, as sow immunity significantly affects reproduc-
tive performance, further comprehensive studies incorporating BSF meals into sow diets are
required. Two weeks before farrowing, the PDW was lower in the L group when compared
with the C group. PDW provides insight into the range of platelet size distribution, a factor
known to be lower in aplastic anemia. Although there is no available information on the
typical PDW range in sows, the values observed in this study were considered to be within
the expected range.

Although there were no significant differences in the growth performance of piglets
after weaning, the FCR from 28 to 35 days of age was lower in the BSF-fed groups than in
the C group, suggesting that the substitution rate between animal protein and BSF meal
in the pre-weaning diet may not be adequate. Unlike fish meal and plasma proteins, BSF
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meal contains chitin, which may hinder protein digestion and absorption in weanling
piglets compared with other animal proteins. Acid mammalian chitinase, the enzyme
that degrades chitin in insect meals, is secreted from the stomach tissue of piglets after
suckling [39]. While piglets are not completely unable to digest chitin, there may be an
upper limit to the amount of chitin they can digest. As mentioned in a previous study [40],
it may be necessary to remove insect chitin when feeding BSF meals to piglets during
weaning. This could involve the addition of an approach that effectively eliminates chitin
from insect meals to the current processing method.

In the internal organs of piglets at 28 days of age, the weight of the kidneys was
significantly lower in the H group than in the C and L groups. Previous studies reported that
piglet kidney size is affected by the amount of protein ingested [41]. Although not measured
in this experiment, the weaned litter size of the H group was the highest; therefore, milk
ingestion per suckling piglet was probably the lowest. The amount of digestible protein
they could utilize from the pre-weaning diets provided for 7 days prior to weaning was
also likely lower for the BSF powder than for regular animal protein. This may have
caused the differences in kidney size. Post-weaning diets contained up to 8% BSF meal,
and substituting most animal proteins with BSF powder did not affect body weight gain.
However, it is still unclear whether the 8% BSF meal content in post-weaning diets is
sufficient or whether feeding high concentrations of BSF meal from the early weaning
period changed their intestinal environment and adapted their microbiota to produce
short-chain fatty acids from the undigested substances in the BSF meal, thereby enabling
piglets to gain metabolizable energy. Moreover, it has been suggested that BSF meal may
have a positive impact on the immunity of various animal species [11,12]. As such, further
investigation is warranted to assess the implications of a prolonged dietary inclusion of
BSF meal on the nutritional physiology of piglets.

Regarding the blood cell composition of piglets, significant differences were observed
in MCV and MCH at 63 days of age. However, both values were within normal ranges for
piglets [42]. Although there were no significant differences in any of the blood properties
among the groups, the HDL-C levels at 28 days of age tended to be higher in the H group.
This value (88.2 + 6.0) was above the normal range (29.7-74.5) reported in a previous
study [42]. Several studies have reported that BSF oil contains the highest amount of lauric
acid [43—47], and its fatty acid composition differs significantly from that of soybean oil.
Moreover, research has demonstrated a significant increase in lauric acid in crayfish with
the substitution of fishmeal with BSF meal [48]. This noteworthy effect might extend to
pork, warranting an in-depth investigation into the long-term impact of this dietary choice
on pork quality. The saturated fatty acids from BSF in the pre-weaning diets were likely
used for cholesterol synthesis in the livers of piglets [49,50], possibly resulting in higher
blood cholesterol levels in the H group. Further research is needed to determine how
increased blood cholesterol levels during the suckling period affect the subsequent growth
of piglets. It is important to note that BSF meal production currently faces limitations, with
its predominant usage confined to aquatic and poultry diets. However, to enhance the
sustainability of swine production, rigorous large-scale and long-term feeding trials must
be conducted to evaluate the suitability of BSF meal in swine diets.

5. Conclusions

This study investigated the substitution of animal protein in the dietary regimen
of sows and piglets with BSF meal. The study findings revealed no adverse effects on
the reproductive efficiency or hematological properties of sows. Furthermore, the trial
outcome highlighted that the complete replacement of animal proteins with BSF meal in
pre-weaning diets may induce a reduction in the body weight gain of piglets. However,
substituting a predominant fraction of the animal protein in the post-weaning diets with
BSF was not detrimental to the piglets. These results support the feasibility of using
BSF meal as a substitute for animal protein, soybean meal, and soybean oil in sow and
post-weaning diets, thereby enhancing their sustainability. Notably, even in pre-weaning
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diets, half of the animal protein can be effectively substituted with no notable deterioration.
Potential advancements in BSF meal processing present an imminent prospect of completely
replacing animal-derived proteins with BSF meals. However, practical implementation
should include expanding feeding trials to fattening pigs and continuing insect meal
feeding in piglets after weaning, accompanied by a thorough analysis of their effects on the
nutrition and physiology of piglets.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ani13213410/s1, Table S1. Parity number of the sows; Table S2.
Body weight and sex of the weaned piglets in each pen.

Author Contributions: Draft writing, K.K,; review and editing, K.K. and J.Z.; feeding trial, KK., ].Z.,
N.T., M.S,, TB., M.K,, K.T. and K.Y,; data analysis, K K., ].Z., N.T. and M.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was funded by the Livestock Promotional Subsidy from the Japan Racing
Association:2021-7 and JSPS KAKENHI Grants-in-Aid for Scientific Research (C):22K05953.

Institutional Review Board Statement: This study was conducted following the review and approval
of the Kagawa University Animal Experiment Committee (KU-21671 and KU-22664).

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data used in this study are available from the corresponding
author upon reasonable request.

Acknowledgments: We thank our laboratory members (Hikaru Yamaoka, Kazuki Wada, Asagi Sato,
Moena Ishimaru, Saki Tomozawa, Chinami Ohta, Yoshino Tsutsumi, and Syunya Goto) who assisted
us with sampling during the animal experiments. We would also like to thank Izumi Okabayashi
and Kana Mure for their administrative support in conducting this experiment.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.
12.

13.

Alexandratos, N.; Bruinsma, J. World Agriculture Towards 2030/2050: The 2012 Revision; ESA Working Paper; Food and Agriculture
Organization: Rome, Italy, 2012; Volume 12. Available online: http:/ /www.fao.org/docrep/016/ap106e/ap106e.pdf (accessed on
1 October 2023).

Cho, J.H.; Kim, L.H. Fish meal-nutritive value. J. Anim. Physiol. Anim. Nutr. 2011, 95, 685-692. [CrossRef] [PubMed]

Kerr, B.J.; Urriola, P.E; Jha, R.; Thomson, ].E.; Curry, S.M.; Shurson, G.C. Amino acid composition and digestible amino acid
content in animal protein by-product meals fed to growing pigs. J. Anim. Sci. 2019, 97, 4540-4547. [CrossRef] [PubMed]
Colombo, S.M.; Roy, K.; Mraz, J.; Wan, A.-H.L.; Davies, S.J.; Tibbetts, S.M.; @verland, M.; Francis, D.S.; Rocker, M.M.; Gasco,
L.; et al. Towards achieving circularity and sustainability in feeds for farmed blue foods. Rev. Aquacult. 2023, 15, 1115-1141.
[CrossRef]

Mohanty, A.; Rout, P.R.; Dubey, B.; Meena, S.S.; Pal, P.; Goel, M. A critical review on biogas production from edible and non-edible
oil cakes. Biomass Convers. Biorefin 2021, 12, 949-966. [CrossRef] [PubMed]

Ritchie, H.; Roser, M. Forests and Deforestation. [Online Resource]. 2021. Available online: https://ourworldindata.org/forests-
and-deforestation (accessed on 1 October 2023).

Stabile, M.C.C.; Guimaraes, A.L.; Silva, D.S.; Ribeiro, V.; Macedo, M.N.; Coe, M.T; Pinto, E.; Moutinho, P.; Alencar, A.; Moutinho,
P, et al. Solving Brazil’s land use puzzle: Increasing production and slowing Amazon deforestation. Land. Use Policy 2020, 91,
104362. [CrossRef]

Van Huis, A.; Dicke, M.; van Loon, J.J.A. Insects to feed the world. |. Insects Food Feed. 2015, 1, 3-5. [CrossRef]

Sogari, G.; Amato, M.; Biasato, I.; Chiesa, S.; Gasco, L. The potential role of insects as feed: A multi-perspective review. Animals
2019, 9, 119. [CrossRef]

Lalander, C.; Diener, S.; Zurbriigg, C.; Vinneras, B. Effects of feedstock on larval development and process efficiency in waste
treatment with black soldier fly (Hermetia illucens). J. Cleaner Prod. 2019, 208, 211-219. [CrossRef]

Van Huis, A.; Gasco, L. Insects as feed for livestock production. Science 2023, 379, 138-139. [CrossRef]

Gasco, L.; Biasato, I.; Dabbou, S.; Schiavone, A.; Gai, F. Animals fed insect-based diets: State-of-the-art on digestibility, performance
and product quality. Animals 2019, 9, 170. [CrossRef]

Velten, S.; Neumann, C.; Dorper, A.; Liebert, F. Response of piglets due to amino acid optimization of mixed diets with 75%
replacement of soybean-meal by partly defatted insect meal (H. illucens). In Proceedings of the INSECTA, Berin, Germany, 7-8
September 2017; p. 63.


https://www.mdpi.com/article/10.3390/ani13213410/s1
https://www.mdpi.com/article/10.3390/ani13213410/s1
http://www.fao.org/docrep/016/ap106e/ap106e.pdf
https://doi.org/10.1111/j.1439-0396.2010.01109.x
https://www.ncbi.nlm.nih.gov/pubmed/21198959
https://doi.org/10.1093/jas/skz294
https://www.ncbi.nlm.nih.gov/pubmed/31587052
https://doi.org/10.1111/raq.12766
https://doi.org/10.1007/s13399-021-01292-5
https://www.ncbi.nlm.nih.gov/pubmed/33520587
https://ourworldindata.org/forests-and-deforestation
https://ourworldindata.org/forests-and-deforestation
https://doi.org/10.1016/j.landusepol.2019.104362
https://doi.org/10.3920/JIFF2015.x002
https://doi.org/10.3390/ani9040119
https://doi.org/10.1016/j.jclepro.2018.10.017
https://doi.org/10.1126/science.adc9165
https://doi.org/10.3390/ani9040170

Animals 2023, 13, 3410 150f 16

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Spranghers, T.; Michiels, J.; Vrancx, J.; Ovyn, A.; Eeckhout, M.; De Clercq, P; De Smet, S. Gut antimicrobial effects and nutritional
value of black soldier fly (Hermetia illucens L.) prepupae for weaned piglets. Anim. Feed. Sci. Technol. 2018, 235, 33-42. [CrossRef]
Biasato, I.; Renna, M.; Gai, E; Dabbou, S.; Meneguz, M.; Perona, G.; Martinez, S.; Lajusticia, A.C.B.; Bergagna, S.; Sardi, L.; et al.
Partially defatted black soldier fly larva meal inclusion in piglet diets: Effects on the growth performance, nutrient digestibility,
blood profile, gut morphology and histological features. J. Anim. Sci. Biotechnol. 2019, 10, 12. [CrossRef]

Yu, M;; Li, Z.; Chen, W.; Rong, T.; Wang, G.; Li, ].; Ma, X. Use of Hermetia illucens larvae as a dietary protein source: Effects on
growth performance, carcass traits, and meat quality in finishing pigs. Meat Sci. 2019, 158, 107837. [CrossRef] [PubMed]

Zhuo, Y.; Feng, B.; Xuan, Y,; Che, L.; Fang, Z.; Lin, Y; Xu, S.; Li, J.; Feng, B.; Wu, D.; et al. Inclusion of purified dietary fiber during
gestation improved the reproductive performance of sows. |. Anim. Sci. Biotechnol. 2020, 11, 47. [CrossRef] [PubMed]

Qin, E; Wei, W,; Gao, ].; Jiang, X.; Che, L.; Fang, Z.; Lin, Y.; Feng, B.; Zhuo, Y.; Hua, L.; et al. Effect of dietary fiber on reproductive
performance, intestinal microorganisms and immunity of the sow: A review. Microorganisms 2023, 11, 2292. [CrossRef] [PubMed]
Mohan, K.; Ganesan, A.R.; Muralisankar, T.; Jayakumar, R.; Sathishkumar, P.; Uthayakumar, V.; Chandirasekar, R.; Revathi, N.
Recent insights into the extraction, characterization, and bioactivities of chitin and chitosan from insects. Trends Food Sci. Technol.
2020, 105, 17-42. [CrossRef]

Borrelli, L.; Coretti, L.; Dipineto, L.; Bovera, F; Menna, F,; Chiariotti, L.; Nizza, A.; Lembo, E; Fioretti, A.; Lembo, F,; et al.
Insect-based diet, a promising nutritional source, modulates gut microbiota composition and SCFAs production in laying hens.
Sci. Rep. 2017, 7, 16269. [CrossRef]

Rodriguez, J.; Neyrinck, A.M.; Zhang, Z.; Seethaler, B.; Nazare, J.A.; Robles Sdnchez, C.; Roumain, M.; Muccioli, G.G.; Bindels,
L.B.; Cani, PD.; et al. Metabolite profiling reveals the interaction of chitin-glucan with the gut microbiota. Gut Microbes 2020,
12,1810530. [CrossRef]

Zhao, J.; Ban, T.; Miyawaki, H.; Hirayasu, H.; Izumo, A.; Iwase, S.I; Kasai, K.; Kawasaki, K.; Kawasaki, K. Long-term dietary fish
meal substitution with the black soldier fly larval meal modifies the caecal microbiota and microbial pathway in laying hens.
Animals 2023, 13, 2629. [CrossRef]

Yu, M.; Li, Z.; Chen, W.; Rong, T.; Wang, G.; Ma, X. Hermetia illucens larvae as a potential dietary protein source altered the
microbiota and modulated mucosal immune status in the colon of finishing pigs. J. Anim. Sci. Biotechnol. 2019, 10, 50. [CrossRef]
Campbell, ] M.; Crenshaw, ].D.; Polo, J. The biological stress of early weaned piglets. J. Anim. Sci. Biotechnol. 2013, 4, 19. [CrossRef]
[PubMed]

Gonyou, HW.,; Stookey, ].M. Maternal and neonatal behavior. Vet. Clin. North. Am. Food Anim. Pract. 1987, 3, 231-249. [CrossRef]
Kobek-Kjeldager, C.; Vodolazs’ka, D.; Lauridsen, C.; Canibe, N.; Pedersen, L.J. Impact of supplemental liquid feed pre-weaning
and piglet weaning age on feed intake post-weaning. Livest. Sci. 2021, 252, 104680. [CrossRef]

Vente-Spreeuwenberg, M.A.M.; Verdonk, ] M.A ].; Bakker, G.C.M.; Beynen, A.C.; Verstegen, M.W.A. Effect of dietary protein
source on feed intake and small intestinal morphology in newly weaned piglets. Livest. Prod. Sci. 2004, 86, 169-177. [CrossRef]
Association of Officiating Analytical Chemists (AOAC). Official Method of Analysis, 18th ed.; AOAC: Washington, DC, USA, 2006;
Method 920.39, 934.01, 942.05, 976.06, 978.10, 982.30 E(a,b,c) chp. 45.3.05, and 993.14.

Jonas-Levi, A.; Martinez, ].J.I. 2017. The high level of protein content reported in insects for food and feed is overestimated. J. Food
Compos. Anal. 2017, 62, 184-188. [CrossRef]

Janssen, R.H.; Vincken, ]J.P,; van den Broek, L.A ; Fogliano, V.; Lakemond, C.M. Nitrogen-to-protein conversion factors for three
edible insects: Tenebrio molitor, Alphitobius diaperinus, and Hermetia illucens. ]. Agric. Food Chem. 2017, 65, 2275-2278. [CrossRef]
Boulos, S.; Téannler, A.; Nystrom, L. Nitrogen-to-Protein Conversion Factors for Edible Insects on the Swiss Market: T. molitor, A.
domesticus, and L. migratoria. Front. Nutr. 2020, 7, 89. [CrossRef]

Tsukahara, T.; Kishino, E.; Inoue, R.; Nakanishi, N.; Nakayama, K.; Ito, T.; Ushida, K. Correlation between villous height and
the disaccharidase activity in the small intestine of piglets from nursing to growing. Anim. Sci. J. 2013, 84, 54-59. [CrossRef]
[PubMed]

Kawasaki, K.; Wada, K.; Sato, A.; Zhao, J.; Takao, N.; Sato, M.; Ban, T.; Yano, K.; Yano, K. Effects of dietary bamboo (Phyllostachys
pubescens Mazel) culm powder on blood properties and intestinal environment of rabbits. Anim. Sci. J. 2022, 93, €13774. [CrossRef]
R Core Team. R: A Language and Environment for Statistical Computing. 2023. Available online: https:/ /www.R-project.org
(accessed on 1 October 2023).

Gebhardt, ].T.; Tokach, M.D; Dritz, S.S.; DeRouchey, ] M.; Woodworth, ].C.; Goodband, R.D.; Henry, S.C. Postweaning mortality
in commercial swine production. I: Review of non-infectious contributing factors. Transl. Anim. Sci. 2020, 4, 462—484. [CrossRef]
Verheyen, A.]J.; Maes, D.G.; Mateusen, B.; Deprez, P.; Janssens, G.P,; de Lange, L.; Counotte, G. Serum biochemical reference
values for gestating and lactating sows. Vet. J. 2007, 174, 92-98. [CrossRef]

Sipos, W.; Duvigneau, C.J.; Hartl, R.T.; Schwendenwein, I. Exploratory reference intervals on hematology and cellular immune
system of multiparous Large White sows. Vet. Immunol. Immunopathol. 2011, 141, 307-311. [CrossRef] [PubMed]

Boulbria, G.; Costa, C.T.; Normand, V.; Bachy, V.; Rochel, D.; Brissonnier, M.; Berton, P.; Bouchet, F.; Lebret, A.; Bouchet,
F.; et al. Haematological reference intervals of sows at end gestation in ten French herds, the impact of parity on haematological
parameters and the consequences on reproductive performance. Porcine Health Manag. 2021, 7, 47. [CrossRef] [PubMed]
Kawasaki, K.; Osafune, T.; Tamehira, S.; Yano, K. Piglets can secrete acidic mammalian chitinase from the pre weaning stage. Sci.
Rep. 2021, 11, 1297. [CrossRef]


https://doi.org/10.1016/j.anifeedsci.2017.08.012
https://doi.org/10.1186/s40104-019-0325-x
https://doi.org/10.1016/j.meatsci.2019.05.008
https://www.ncbi.nlm.nih.gov/pubmed/31357027
https://doi.org/10.1186/s40104-020-00450-5
https://www.ncbi.nlm.nih.gov/pubmed/32426131
https://doi.org/10.3390/microorganisms11092292
https://www.ncbi.nlm.nih.gov/pubmed/37764136
https://doi.org/10.1016/j.tifs.2020.08.016
https://doi.org/10.1038/s41598-017-16560-6
https://doi.org/10.1080/19490976.2020.1810530
https://doi.org/10.3390/ani13162629
https://doi.org/10.1186/s40104-019-0358-1
https://doi.org/10.1186/2049-1891-4-19
https://www.ncbi.nlm.nih.gov/pubmed/23631414
https://doi.org/10.1016/S0749-0720(15)31150-6
https://doi.org/10.1016/j.livsci.2021.104680
https://doi.org/10.1016/S0301-6226(03)00166-0
https://doi.org/10.1016/j.jfca.2017.06.004
https://doi.org/10.1021/acs.jafc.7b00471
https://doi.org/10.3389/fnut.2020.00089
https://doi.org/10.1111/j.1740-0929.2012.01039.x
https://www.ncbi.nlm.nih.gov/pubmed/23302083
https://doi.org/10.1111/asj.13774
https://www.R-project.org
https://doi.org/10.1093/tas/txaa068
https://doi.org/10.1016/j.tvjl.2006.04.001
https://doi.org/10.1016/j.vetimm.2011.03.007
https://www.ncbi.nlm.nih.gov/pubmed/21458078
https://doi.org/10.1186/s40813-021-00227-w
https://www.ncbi.nlm.nih.gov/pubmed/34404488
https://doi.org/10.1038/s41598-020-80368-0

Animals 2023, 13, 3410 16 of 16

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

Liu, S.; Wang, J.; Li, L.; Duan, Y.,; Zhang, X.; Wang, T.; Zang, J.; Piao, X.;; Ma, Y.; Li, D. Endogenous chitinase might lead to
differences in growth performance and intestinal health of piglets fed different levels of black soldier fly larva meal. Anim. Nutr.
2023, 14, 411-424. [CrossRef]

Schoknecht, P.A.; Pond, W.G. Short-term ingestion of a high protein diet increases liver and kidney mass and protein accretion
but not cellularity in young pigs. Proc. Soc. Exp. Biol. Med. 1993, 203, 251-254. [CrossRef] [PubMed]

Zhang, S.; Yu, B,; Liu, Q.; Zhang, Y.; Zhu, M,; Shi, L.; Chen, H. Assessment of hematologic and biochemical parameters for healthy
commercial pigs in China. Animals 2022, 12, 2464. [CrossRef]

Leong, S.Y.; Kutty, SR.M.; Tan, C.K,; Tey, L.H. Comparative study on the effect of organic waste on lauric acid produced by
Hermetia illucens larvae via bioconversion. J. Eng. Sci. Technol. 2015, 8, 52-63.

Meneguz, M.; Schiavone, A.; Gai, F; Dama, A.; Lussiana, C.; Renna, M.; Gasco, L. Effect of rearing substrate on growth
performance, waste reduction efficiency and chemical composition of black soldier fly (Hermetia illucens) larvae. J. Sci. Food Agric.
2018, 98, 5776-5784. [CrossRef]

Kawasaki, K.; Hashimoto, Y.; Hori, A.; Kawasaki, T.; Hirayasu, H.; Iwase, S.I.; Hashizume, A.; Ido, A.; Miura, C.; Miura, T.; et al.
Evaluation of black soldier fly (Hermetia illucens) Larvae and Pre-Pupae Raised on Household Organic Waste, as Potential
Ingredients for Poultry Feed. Animals 2019, 9, 98. [CrossRef]

Ewald, N.; Vidakovic, A.; Langeland, M.; Kiessling, A.; Sampels, S.; Lalander, C. Fatty acid composition of black soldier fly larvae
(Hermetia illucens)—Possibilities and limitations for modification through diet. Waste Manag. 2020, 102, 40-47. [CrossRef]
Eggink, KM.; Lund, I; Pedersen, P.B.; Hansen, B.W.; Dalsgaard, J. Biowaste and by-products as rearing substrates for black soldier
fly (Hermetia illucens) larvae: Effects on larval body composition and performance. PLoS ONE 2022, 17, €0275213. [CrossRef]
Alvanou, M.V,; Kyriakoudi, A.; Makri, V.; Lattos, A.; Feidantsis, K.; Papadopoulos, D.K.; Georgoulis, I.; Apostolidis, A.P;
Michaelidis, B.; Mourtzinos, I.; et al. Effects of dietary substitution of fishmeal by black soldier fly (Hermetia illucens) meal on
growth performance, whole-body chemical composition, and fatty acid profile of Pontastacus leptodactylus juveniles. Front. Physiol.
2023, 14, 1156394. [CrossRef] [PubMed]

Ohlsson, L. Dairy products and plasma cholesterol levels. Food Nutr. Res. 2010, 54, 5124. [CrossRef]

Xia, J.; Yu, P; Zeng, Z.; Ma, M.; Zhang, G.; Wan, D.; Gong, D.; Deng, S.; Wang, J.; Deng, S.; et al. High dietary intervention of
lauric triglyceride might be harmful to its improvement of cholesterol metabolism in obese rats. J. Agric. Food Chem. 2021, 69,
4453-4463. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.aninu.2023.05.008
https://doi.org/10.3181/00379727-203-43598
https://www.ncbi.nlm.nih.gov/pubmed/8502665
https://doi.org/10.3390/ani12182464
https://doi.org/10.1002/jsfa.9127
https://doi.org/10.3390/ani9030098
https://doi.org/10.1016/j.wasman.2019.10.014
https://doi.org/10.1371/journal.pone.0275213
https://doi.org/10.3389/fphys.2023.1156394
https://www.ncbi.nlm.nih.gov/pubmed/37051021
https://doi.org/10.3402/fnr.v54i0.5124
https://doi.org/10.1021/acs.jafc.1c00745
https://www.ncbi.nlm.nih.gov/pubmed/33844520

	Introduction 
	Materials and Methods 
	Animals, Diets, and Experimental Procedure 
	Sample Collection 
	Statistical Analysis 

	Results 
	Reproductive Performance of the Sows 
	Piglet Growth Performance 
	Hematological Composition and Blood Properties of Sows 
	Piglets Anatomical Parameters 
	Hematological Composition and Blood Properties of Piglets 

	Discussion 
	Conclusions 
	References

