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Abstract: In this study, we compared the digestibility levels and in vitro fermentation parameters of
total mixed rations (TMRs) containing 20% and 40% defatted black soldier fly (Hermetia illucens) larvae
(BSF) as a substitute for soybean meal (SBM) in the basal ration (60% roughage/40% concentrated
feed) of dairy cows. We evaluated the volatile fatty acid (VFA), total gas production, methane
emission, ammonia, pH, carbon dioxide, in vitro dry matter digestibility (IVDMD), and neutral
detergent fiber digestibility (IVNDFD) of the TMRO (basal), TMR20 (20% BSF included), and TMR40
(40% BSF included) diets at the end of 24 and 48 h of incubation. Significantly lower levels of ammonia
formation were found in the TMR20 and TMR40 groups at 24 and 48 h (p < 0.001). An increase in total
VFA levels was observed in the TMRO group at 24 h (p < 0.001). The highest IVDMD was determined
in TMR20 and TMR40 at 24 h. The highest IVNDFD value was observed in TMR20 at 24 h and
in TMR40 at 48 h. The substitution of 20% and 40% of SBM with BSF positively affected IVDMD
and IVNDEFD (p < 0.001). TMR20 and TMR40 had the highest cumulative gas production at 48 h of
incubation (p < 0.05). In conclusion, the use of BSF had a positive impact on digestibility and in vitro
rumen fermentation. Therefore, we recommend the use of BSF in formulating dairy cow rations.

Keywords: black soldier fly larvae; digestibility; in vitro rumen fermentation; total mixed ration

1. Introduction

It is predicted that the rapidly increasing human population will lead to a 70% rise
in the demand for animal-origin food, such as eggs, meat, and milk by 2050 [1]. This is
expected to further drive the demand for livestock feed [2]. Soybean meal (SBM) is a widely
used protein source in animal nutrition. However, concerns regarding sustainable nutrition
in soybean production have been raised [3]. In recent years, poultry production has shown
the highest growth rate, followed by significant increases in pig production. The growth in
milk and meat production from ruminant animals has been relatively slower. Although
not as much as pigs and poultry, the high demand for high-quality feeds like wheat and
soybean in ruminant feeding, which can also be consumed directly by humans, coupled
with the growing human population, has resulted in deforestation and reduced forest areas
for agriculture [4].

While ruminants primarily rely on legumes, grass, and by-products as feed, they often
require protein sources to optimize the production levels. SBM is commonly used as a
protein source for ruminants due to its richness in essential amino acids such as tryptophan,
threonine, and lysine [5,6]. Additionally, there is a high demand for oilseed by-products,
particularly for monogastric animal species. Therefore, the quest for sustainable alternative
feed sources for ruminant feeding, other than SBM, is gaining momentum.
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The potential applications of insects in industry and biotechnology are vast and
exciting. From agriculture to waste management, from sustainable feed production to
circular economy practices, insects are paving the way for innovative and environmentally
friendly solutions. Insects have emerged as potential alternative feed sources. Due to
their high protein and fat content, insects can serve as protein and energy sources in
animal diets [7]. Nevertheless, their consumption as an alternative source of nutrients
for ruminants is not so widespread and the European Union restriction on ruminants is
probably due to the concern of mad cow disease [8]. In the USA, only the black soldier
fly (Hermetia illucens) is included in aquaculture. In Canada, Hermetia illucens larvae are
authorized in aquaculture and poultry. Brazil has not developed specific legislation in
this respect, and insects are only allowed in non-ruminant animals [9]. In countries such
as China or South Korea, there are no limitations [10]. Also, there may be insect-related
concerns over food safety. But insect contamination with undesirable organic substances
such as PCBs, OCPs, BFRs, PFRs, and dioxin, as well as As, Cd, Co, Cr, Cu, Ni, Pb, Sn, and
Zn, is lower than meat products [11]. In addition to their nutritional quality, insects offer
advantages such as low feed conversion rates, minimal water requirements, and the efficient
conversion of organic waste into body mass within a short timeframe [12]. Several studies
showed that local waste, such as from restaurants, agriculture/crop production, wholesale
markets, or chicken manure, serve as a substrate for insect production [10]. Another positive
aspect of insects is that they can feed on the decomposed substrate and even on difficult-
to-degrade substances. Also, some species utilize plastic waste materials by eating and
digesting. Even though plastics are durable and resistant to damage and biodegradation,
insects can use them as food [13]. Through efficient digestion involving micro-organisms,
the insect mass can be utilized for feed and fertilizer purposes [14]. Various insect species,
including black soldier fly (BSF) larvae, have been evaluated in in vitro studies as potential
alternative feeds for ruminants [2]. However, research on the use of insects in the diet
of ruminant animals is still in its early stages, with only a limited number of articles
published to date. The existing studies primarily focus on evaluating in vitro fermentation
parameters of different insect species [2,15]. The nutritional composition of each insect
varies depending on the species. The review of Makkar et al. [16] describes that the crude
protein (CP) content of insect meals is high, varying from 42% to 63%, similar to that of
soymeal, common in ruminant rations.

Black soldier fly (Hermetia illucens) larvae (BSF) are widely utilized in animal feed
research due to their nutrient composition and potential for reducing feed costs. They have
been reported to contain a protein content of 49-59% and an in vitro protein digestibility of
66—68% [17]. A chemical analysis of the insects showed that they were rich in fat (14-26%)
with a high proportion of unsaturated fatty acids [18]. When the dietary fat content is >10%,
the rumen fermentation of dairy cows is reduced, especially when the dietary unsaturated
fatty acid is more apparent [19]. Unsaturated fatty acids also lead to reduced dry matter
intake, milk yield, and milk fat [20]. For these reasons, defatted BSF larvae meal was
used in this study. While there has been one in vitro fermentation study using BSF as a
substitute for SBM, it was conducted with only one roughage feed source as the basal
diet [2]. However, no study has been conducted on incorporating BSF into standard
ruminant total mixed rations (TMRs). Therefore, the objective of this study was to evaluate
the effects of including 20% and 40% defatted BSF larvae meal instead of SBM in TMRs
on in vitro fermentation parameters (total gas production, ammonia, volatile fatty acids,
methane emission, and CO; production) and TMR digestibility.

2. Materials and Methods
2.1. Rumen Fluid Collection and Donor Cows

Two ruminally cannulated non-lactating Holstein cows (approximately 3 years old,
with average body weight of 530 kg) were used as donors. Approximately 1.5 L of rumen
fluid was collected from different areas in the rumen after 3 h of morning feeding. The
cows were fed TMRs containing 13% crude protein (CP), 93% organic matter (OM), 45%
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neutral detergent fiber (NDF), 28% acid detergent fiber (ADF), and 6% acid detergent lignin,
and had free access to drinking water. Rumen fluid was collected using a catheter, filtered
through two layers of cheesecloth, placed in a pre-warmed thermos flask at 39 °C, and
transferred to the laboratory within 15 min.

2.2. Basal Diet and Black Soldier Fly Larvae

The basal TMR used in the study consisted of corn silage, wheat straw, alfalfa hay,
barley paste, and SBM, with a roughage-concentrated feed ratio of 60:40. BSF larvae were
added as a substitute for SBM in different proportions (0%, 20%, and 40% on dry matter
basis) to the dairy cattle TMR. The TMR was prepared for a 50-month-old Holstein dairy
cow weighing 550 kg, with a body condition score of 3.25 and milk yield of 24 L/day,
in the 9th week of lactation. Defatted black soldier fly larvae meal was obtained from
a commercial company (Hibiotek Biotechnology, Izmir, Turkey, https:/ /en.hibiotek.com;
Accessed on 9 June 2023).

2.3. Determination of Chemical Compositions

The basal and experimental TMRs were dried at 55 °C for 48 h (VWR, Venti-line,
Portland, OR, USA). After drying, they were ground in a mill (Retsch SM100, Diisseldorf,
Germany) using a 1 mm diameter sieve. The chemical and nutrient compositions of basal
(TMRO) and experimental (TMR20 and TMR40) TMRs are given in Table 1. Ash, crude
protein (CP), and ether extract (EE) contents of the three TMR diets were determined
based on the method reported by AOAC [21]. The NDF and ADF contents were analyzed
according to procedure explained by Van-Soest et al. [22]. The soluble nitrogen in borate
phosphate solution, which represents the non-protein nitrogen fraction of CP, was deter-
mined according to Krishnamoorth et al. [23]. The level of non-fibrous carbohydrate (NFC)
was calculated using the following equation given in NRC [24]:

NFC =100 — (NDF% + CP% + EE% + Ash%)

2.4. In Vitro Experimental Design and Incubation Procedure

In order to determine the effects of BSF inclusion on pH, total gas production, volatile
fatty acids (VFAs), ammonia-nitrogen (NH;3-N), metabolic energy, net energy lactation,
methane emission, and carbon dioxide levels of TMR diets, in vitro experiments were
conducted. Three experimental groups were used as substrate (TMR0, TMR20, and TMR40)
and each group had fifteen replicates. This experimental design was repeated in two runs
conducted on different days. Five blanks without substrate (buffered rumen fluid) were
included in each run. Each 120 mL fermentation glass bottle contained 460 mg of the
substrate and was supplemented with 40 mL of fresh buffer mixture at pH 6.8 and 20 mL
of rumen fluid under continuous CO; flushing [25]. The buffer mixture contained distilled
water, macro-mineral solution (0.6 g MgSQOy, 5.7 g Na,HPOy, and 6.2 g KHpPOy, in 1 L of
bi-distilled water), buffer solution (4 g NH;HCO;3; and 35 g NaHCO3 in 1 L of bi-distilled
water), trace mineral solution (10 g MnCl,-4H,0, 13.2 g CaCl,-2H;0, 0.8 g FeCl3-6H,0,
and 1 g CoCl,-6H,0O in 100 mL of distilled water), resazurin solution (0.1 g resazurin in
100 mL of distilled water), and reducing solution (285 mg NayS-7H,O and 4 mL of 1 N
NaOH in 96 mL distilled water) [26]. All bottles were incubated for 48 h at 39 °C, and
manual shaking was performed at specific time intervals during the fermentation period (1
h,3h,5h,7h,15h,23 h, 33 h, and 47 h).
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Table 1. Feed ingredients and chemical composition of experimental total mix rations.

Diets
Item TMRO TMR20 TMR40
Ingredients (% DM)

Corn silage 30 30 30

Wheat straw 15 15 15

Alfalfa hay 15 15 15

Barley, crushed 24 24 24

Black soldier fly 0 32 6.4
larvae meal

Soybean meal 16 12.6 9.6

Chemical composition (DM basis)

TDN, % * 70.13 71.09 71.89
NEL, Mcal/kg * 1.71 1.8 1.87
NEM, Mcal/kg * 1.83 1.95 2.03
NEG, Mcal/kg * 1.19 1.29 1.36

Dry matter, % 50.28 53 52.68
Crude protein, % 16.32 17.2 16.76
Ether extraction, % 3.19 3.74 3.97
NDE, % 36.39 36.54 36.45
ADE, % 23.57 23.06 23.32
NFC, % 27.93 26.33 26.74
Starch, % 19.15 22.17 23.80
Ash% 6.76 6.67 6.01

A fraction, % CP 20.66 18.55 18.56

* Calculated by NRC [14] equations; TDN—total digestible nutrient, NEL—mnet energy lactation, NEM—net
energy for maintenance, NEG—net energy growth, NDF—neutral detergent fiber, ADF—acid detergent fiber, and
NFC—non-fibrous carbohydrate.

2.5. Total Gas Production and Fermentation Parameters

Total gas production and fermentation parameters were measured using an automated
modular in vitro gas system. The system included sensors in the caps of the bottles that
provided gas pressure and bottle temperature data at 5 min intervals. A computer software
displayed the information, performed the calculations, and reported the results. Data on
gas pressure and bottle temperature were simultaneously obtained from 50 in vitro gas
system modules at 5 min intervals. The fermentation kinetics of TMR diet materials were
calculated using the logistic model, specifically the “double-pool logistic equation” model
and “curve subtraction” technique [27,28]. Gas volume were recorded at 6, 12, 24, and 48 h
of incubation. The lag time was computed using the model described by Tunkala et al. [29]:

y = A + Cexp{—exp [-B(X — M)]}

wherein A indicates the y-intercept, B = rate of gas production (mL/h), C = maximum gas
produced (mL/g DM), X = total time (h) of incubation, and M = the time (h) at which the
maximum rate of gas production was reached.

Metabolic energy (ME) and net energy lactation (NEL) of incubated TMR diets were
calculated using equations reported by Menke and Steingass (1988) [30]:

ME (M]/kg DM) = 0.157 x GP + 0.0084 x CP + 0.022 x EE — 0.0081 x ash + 1.06

NEL (MJ/kg DM) = 0.115 x GP + 0.0054 x CP + 0.014 x EE — 0.0054 x ash — 0.36

wherein GP indicates 24 h net gas production (mL/200 mg DM), EE is ether extraction, and
CP is crude protein.
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Microbial biomass production at 24 and 48 h (MBP; mg/g DM) were estimated accord-
ing to Bliimmel et al. [31]:

MBP (mg/g DM) = IVDMD — (GPy4 45 X 2.2)

where GP is the 24 and 48 h net gas production (mL/g DM), and IVDMD is the in vitro
digestibility of dry matter.

2.6. Determination of In Vitro Digestibility of Dry Matter and Neutral Detergent Fiber

In vitro digestibility levels were determined using the ANKOM Daisy!! incubator
(ANKOM Technology Corporation, Macedon, NY, USA). TMR samples weighing approxi-
mately 0.50 g were placed in ANKOM F57 filter bags and heat-sealed. The bags were then
placed in glass jars containing 1800 mL of a buffer solution mixture (A and B) as described
by ANKOM Technology. Each jar received 400 mL of rumen fluid. Digestibility measure-
ments were conducted using one jar for 24 h incubation and another jar for 48 h incubation.
In vitro dry matter digestibility (IVDMD) and in vitro NDF digestibility (IVNDFD) after
24 and 48 h of incubation were calculated as follows:

IVDMD (%DM) = 100 — [(W3 — (W1 x C1)) x 100] (W2 x %DMgeeq)

IVNDEFD (% DM) = 100 x [(W2 X %NDFgeeq) — (W3 — (W1 x C1))]/(W2 X %DMpeeq)

where W1 indicates the weight of the filter bag, W2 is the weight of the sample, W3 is the
final weight (filter bag + sample), NDFggq is % of NDF of feed (%DM), DMgeeq is % of dry
matter contained in the feed, and C1 is the correction factor (blank filter bag NDF value).

2.7. Determination of Volatile Fatty Acids (VFAs) and Ammonia-Nitrogen (NH3-N)

To determine VFAs and NH3-N, fermentation liquid samples were taken at the 24 and
48 h of incubation. Three in vitro bottles were opened and fermentation liquid samples
were taken for volatile fatty acids (VFAs) and ammonia-nitrogen (NH3-N), 1 mL sample
for each opened bottle was mixed with the eppendorfs which contained 0.2 mL of %25
meta-phosphoric acid [32], and another 1 mL sample was mixed with 20 pL of sulfuric
acid containing eppendorf tubes for NH3-N analysis. Samples were kept in a freezer
(=20 °C) until analysis. VFA analysis was performed by gas chromatography (GC-6890N,
Shimadzu®, Tokyo, Japan) equipped with split injector, flame ionization detector, and
capillary column (30 m x 320 um X 1.00 um; Agilent J&W GC column). Short-chain
fatty acid (acetic, propionic, isobutyric, butyric, isovaleric, n-heptanoic, isovaleric, and
valeric acid) mixture (99.5% purity, Chem service, West Chester, USA) was used as a
quantitative external standard. The oven temperature program was 80 °C for 1 min,
80-120 °C increasing by 20 °C/min, and 230 °C for 3 min. Injection port temperature was
250 °C, injection volume 1 pL, and split ratio 10:1. Detector temperature was 250 °C, carrier
gas Hy (purity > 99.998%) flow 30 mL/min, and air flow 300 mL/min. The samples were
thawed at room temperature and centrifuged at 14.500x g for 10 min. The supernatant was
transferred to dry and clean vials before gas chromatography procedure. The NH3-N levels
were elucidated by the spectro-photometric method developed by Weatherburn [33].

2.8. Detemination of pH, Methane Emission, and Carbon Dioxide

The fermentation bottle caps were removed and the pH was immediately determined
at 24 and 48 h. (LAQUA F-72, HORIBA Scientific, Kyoto, Japan). Stoichiometrical models
used for estimating methane [34] and carbon dioxide [35] from VFA composition as follows:

Methane (CHy4), mmol/L = 0.45 x acetate — 0.275 X propionate + 0.40 x butyrate

Carbon dioxide (CO,), mmol/L = acetate/2 + propionate/4 + 1.5 x butyrate
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2.9. Statistical Analysis

Before any statistical analyses were conducted, Kolmogorov-Smirnov test was applied
to check the normality of all data. Levene’s test was used to test the homogeneity of variance.
When normal distribution and homogeneity of variances were met, the experimental data
were analyzed by one-way ANOVA (analysis of variance) of SPSS (SPSS v 22.0, Armonk, NY,
USA. SPSS, Inc.) software. Polynomial contrasts were used to determine the significance of
linear or quadratic models describing the response in the variables to the increasing levels
of insects in the diet. Data were analyzed based on the following model:

Yij = pij + Si + ei, where Yij—overall mean common for each parameter studied,
Si—the effect of black soldier fly larvae on the variables studied, and ei—standard error.
The values are represented as means with standard errors. Tukey’s test was used to estimate
mean differences between experimental groups. At p < 0.05, differences were considered
statistically significant (SPSS 22.0 software, IBM Corp., Armonk, NY, USA).

3. Results

The effects using black soldier fly larvae instead of soybean meal in TMRs on the
24 h in vitro fermentation and digestibility levels determined from a Daisy" incubator are
given in Table 2. TMR20 was found to be higher in terms of in vitro neutral detergent fiber
digestibility IVNDEFD) (p < 0.05). According to the total VFA results, the group without
BSF (TMRO) was found to be higher compared to TMR20 and TMR40 (p < 0.05). The TMR20
group exhibited lower NH3-N levels compared to TMRO and TMR40 (p < 0.05).

Table 2. Effect of different inclusion levels of insects in the basal diet on rumen fermentation (n = 30)
and digestibility (n = 24) parameters from 24 h in vitro incubation (Mean + SEM).

Level of Black Soldier Fly Larvae

Parameters TMRO TMR20 TMR40 Linear Quadratic
pH 6.51 + 0.02 6.56 + 0.01 6.59 =+ 0.02 0.356 0.256
IVDMD, % 48.85 + 2.03 50.47 + 0.55 48.07 + 0.57 0.407 0.312
IVNDED, % 3347 +1.13P 38.63 +1.182 3462 +1.11° 0.012 0.024
Acetate, mmol/L 49.57 + 7.37 45.46 + 7.37 46.11 + 4.47 0.653 0.221
Propionate, mmol /L 24.46 +2.73 21.92 +3.17 22.95 +2.28 0.454 0.224
Butyrate, mmol /L 0.44 + 0.04 0.43 + 0.01 0.46 £+ 0.12 0.667 0.517
Isobutyric, mmol/L 8.96 + 8.75 8.79 + 0.66 9.13 £ 1.13 0.684 0.452
Isovaleric, mmol/L 0.69 + 0.08 0.77 £0.11 0.78 £ 0.02 0.305 0.711
Valeric, mmol/L 1.39 + 0.12 1.44 +0.13 1.50 + 0.31 0.277 0.951
Hexanoic, mmol/L 0.27 £ 0.04 0.28 £ 0.02 0.28 £ 0.05 0.447 0.274
Total VFA, mmol/L 85.80 £ 3.382 79.80 + 3.85 P 81.27 +£2.40° 0.042 0.045
CH,; mmol/L 19.44 + 2.84 17.94 + 3.52 19.01 + 2.67 0.720 0.222
CO, mmol/L 4410 £ 5.36 4139 £59 4352 +3.42 0.803 0.236
Acet/Prop 211+ 0.44 2.06 +0.13 2.09 + 0.04 0.893 0.362
NH;-N, mg/dL 3.04 £ 0.68 2 22040640 294 +0.792 0.017 0.019

IVDMD: in vitro dry matter digestibility, IVNDFD: in vitro neutral detergent fiber digestibility; TMRO: total mixed
ration without BSF larvae meal; TMR20: total mixed ration using 20% BSF larvae meal instead of soybean meal;
TMR40: total mixed ration using 40% BSF larvae meal instead of soybean meal; and SEM: standard error of means.
ab: Different superscripts within the same line are significantly different at p < 0.05.

In Table 3, TMR20 and TMR40 were found to be higher in terms of IVDMD (p < 0.001).
TMR40 exhibited the highest IVNDEFD level (p < 0.001). The TMR20 and TMR40 groups
produced lower NH3-N than TMRO after the 48 h incubation (p < 0.05).

The cumulative in vitro gas production from 6 to 48 h was also evaluated, and only
the total gas production at 48 h was higher in the TMR20 and TMR40 diets compared to the
others (p < 0.05) (Table 4). This is further illustrated in Figure 1, where the use of 20% and
40% BSF instead of SBM in TMR resulted in higher gas production after 48 h of incubation.
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Table 3. Effect of different inclusion levels of insect in the basal diet on rumen fermentation (n = 30)
and digestibility (n = 16) parameters from 48 h in vitro incubation (Mean + SEM).

Level of Black Soldier Fly Larvae

Parameters TMRO TMR20 TMR40 Linear Quadratic
pH 6.45 + 0.03 6.41 +0.02 6.42 +0.03 0.152 0.102
IVDMD, % 57134+ 0.59P 63.44 + 04472 64.54 + 0432 <0.001 <0.001
IVNDEFD, % 49.83 +£0.76 5447 +0.83P 57.40 & 0.68 2 <0.001 <0.001
Acetate, mmol /L 54.29 4 8.54 51.64 + 6.58 48.46 +9.22 0.104 0.457
Propionate, mmol/L 25.02 4 0.82 25.03 + 3.56 22.73 4+ 4.10 0.199 0.363
Butyrate, mmol /L 0.67 + 0.1 0.66 + 0.12 0.63 £ 0.15 0.428 0.516
Isobutyric, mmol/L 9.87 + 8,69 9.97 +1.44 9.42 +1.53 0.513 0.808
Isovaleric, mmol/L 1.17 £ 0.17 1.154+0.23 1.11 £ 0.26 0.589 0.893
Valeric, mmol/L 1.83 +0.28 1.82 +0.26 1.78 +0.29 0.685 0.911
Hexanoic, mmol/L 0.32 + 0.03 0.33 + 0.01 0.31 £0.05 0.864 0.998
Total VFA, mmol/L 93.18 4+ 1.24 90.58 + 1.47 92.23 + 1.95 0.826 0.961
CH4 mmol/L 21.50 + 1.58 2124 + 254 19.32 + 3.52 0.129 0.495
CO, mmol/L 4821 4+ 2.03 48.08 £ 6.11 44.04 + 8.85 0.152 0.446
Acet/Prop 2.17 +0.41 215+ 0.1 2.11+0.16 0.326 0.828
NH;3-N, mg/dL 7.99 + 1.66 2 754+ 1610 7.16 +1.39P 0.041 0.037

IVDMD: in vitro dry matter digestibility, IVNDFD: in vitro neutral detergent fiber digestibility; TMRO: total mixed
ration without BSF larvae meal; TMR20: total mixed ration using 20% BSF larvae meal instead of soybean meal;
TMR40: total mixed ration using 40% BSF larvae meal instead of soybean meal; and SEM: standard error of means.
abe; Different superscripts within the same line are significantly different at p < 0.05.

Table 4. Effect of different inclusion levels of black soldier fly larvae meal in the basal diet on in vitro
profile (Mean + SEM).

Parameters Level of Black Soldier Fly Larvae
TMRO TMR20 TMR40 Linear Quadratic

ME 9.51 £0.11 9.61 £0.15 9.59 £0.19 0.412 0.322
NEL 5.21 4+ 0.03 5.32 4+ 0.02 5.36 4 0.02 0.075 0.062
Lag time, h 434 +25 471 £25 425+20 0.917 0.592
6 h gas, mL 18.78 £ 1.5 1944 +1.7 19.38 £ 0.9 0.764 0.837
12 h gas, mL 4533 £ 1.5 4552 +1.8 48.09 +£ 0.9 0.334 0.464
24 h gas, mL 7279+ 15 7397 £2.7 7450 £1.1 0.132 0.125
48 h gas, mL 83.58 +2.8° 92.82£3.12 90.66 + 3.8 0.041 0.023
MBP 24 h, mg/g 102.66 = 5.7 109.60 £ 6.6 11493 £ 7.9 0.457 0.924
MBP 48 h, mg/g 192.53 +12.3 201.21 £214 203.34 £ 16.8 0.354 0.402

ab: Different superscripts within the same line are significantly different at p < 0.05. TMRO: total mixed ration
without BSF larvae meal; TMR20: total mixed ration using 20% BSF larvae meal instead of soybean meal; TMR40:
total mixed ration using 40% BSF larvae meal instead of soybean meal; ME: metabolizable energy; NEL: net energy
lactation; and MBP: microbial biomass production.
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Figure 1. In vitro cumulative total gas production of TMRs.
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4. Discussion

In the study, we prepared TMRs with similar nutrient levels by replacing SBM with
increasing levels of BSF larvae. The observed difference in NH;3-N production between
TMRs containing BSF and SBM can be attributed to several factors related to the protein
fractions and degradability. SBM is known to have a high level of the rapidly degrading
protein fraction, which leads to increased ammonia production in the rumen [36]. Previous
in vitro studies have shown that reducing the SBM level in substrates resulted in lower
NH3-N production [37]. Although the TMRs with BSF larvae and the TMR containing
only SBM had similar CP levels, the lower NH;3-N in the TMR20 and TMR40 diets can be
explained by the balance between degradable (RDP) and non-degradable protein (RUP)
fractions. The balance of RDP and RUP is a crucial factor influencing protein utilization
in ruminants [38]. Similar to this study, Jayanegara et al. [2] increased the CP levels of
TMRs by adding 50% BSF larvae instead of SBM and observed a decrease in NH3-N levels.
They attributed this to the protein fractions of SBM, which have high levels of B1 (rapidly
degraded protein) and B2 (intermediately degraded protein).

Increasing the carbohydrate level in the diets can lead to a decrease in both ammonia
and microbial protein, but the efficiency of microbial protein synthesis depends on the level
of carbohydrate fermentation [37]. In this study, the A fraction of TMRs prepared using BSF
larvae was lower, and the NFC content was similar to the TMR without BSF larvae. Protein
utilization is known to be proportional to NFC content [39]. A relatively lower ammonia
concentration was observed in an in vitro study where Gryllus bimaculatus was used at
25% inclusion instead of SBM [18]. However, different insect species can exhibit variable
fermentation patterns in the rumen, as highlighted in a study with Blatta lateralis beetles,
which produced more NH;3-N [40]. This variation is attributed to differences in protein,
fat, and chitin levels among insect species. Another study on in vitro fermentation of SBM
and different insect meals reported lower NH3-N, and that the intestinal degradability of
insects may be an important advantage [41]. Decreased ammonia in insect-added TMRs
can also be attributed to protein fractions of BSF that are not degraded in the rumen, such
as neutral detergent insoluble crude protein (NDICP) and acid detergent insoluble crude
protein (ADICP); however, these parameters were not evaluated in this study. This result
can also be attributed to rumen-bacteria-stimulating substances, protein-producing ability,
or changes in the number of micro-organisms with proteolytic activity [42].

Differences in rumen fermentation parameters can be explained by chitin, crude
protein, crude fat contents, and fatty acid profiles present in BSF larvae [41]. Previous
studies evaluating the addition of insects or their oils to ruminant diets have shown that
insects generally have lower nutritional value due to reductions in IVDMD caused by
their chitin and high fat content [2,43]. Interestingly, in this study, the TMR20 and TMR40
groups using BSF larvae exhibited higher IVDMD and IVNDED levels. Chitin, present
in insects, is considered a hard-to-degrade fiber that can reduce nutrient digestibility
and absorption [44]. Therefore, removing chitin content from insect products has been
suggested as a way to improve nutrient availability and digestibility [45]. However, a study
with Jamaican cricket beetles found no difference in in vitro OM digestibility when the
chitin content was manually or chemically removed [2]. Similarly, Phesatcha et al. [46]
reported an increase in the IVDMD rate when cricket beetles were used instead of SBM.
These findings suggest that the negative effect of chitin on in vitro digestibility may not
be consistent and may depend on other factors, such as the overall diet composition and
ratio of roughage to concentrate feeds, rather than the direct inclusion of insects. In some
studies, the decreased IVDMD level with the addition of insect meal was attributed to
the increased crude fat level in the ration caused by insects. The fat can coat the surface
of fiber cells in the ration and impede the microbial breakdown of cellulose particles in
the rumen. In this study, the use of defatted BSF larvae meal instead of soybean meal did
not significantly increase the ether extraction level of the TMRs. The increased IVDMD
and IVNDEFD levels observed in the TMR20 and TMR40 groups may be attributed to
the levels of NFCs and starch in the rations. Pinho et al. [47] found that increasing NFC
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levels influenced in vitro NDF digestibility, and a high NFC/NDF ratio was associated
with reduced NDF digestibility. In this study, the NFC/NDF ratios of the TMRO0, TMR20,
and TMR40 rations were 0.76, 0.72, and 0.73, respectively. Therefore, it is expected that
the TMR20 and TMR40 rations containing BSF larvae had higher IVNDFD rates. A high
NFC/NDF ratio can lead to a decrease in pH, which may negatively affect the growth
of microbial populations responsible for fiber digestion [48]. The higher total VFA level
observed in the TMRO group at the 24 h measurement also supports this finding. It has
been shown in other studies that high VFA levels can negatively affect NDF digestibility
by causing a decrease in pH [49]. Similarly, Jayanegara et al. [2] reported that a ration
consisting of 60% forage, 20% soybean meal, and 20% BSF larvae produced higher total
VFA than the ration containing 60% forage and 40% BSF larvae after a 24 h incubation.
In another in vitro study, it was found that the addition of BSF larvae to the ration at a
level replacing 30% of the concentrated feed resulted in a lower total VFA production
than the ration without BSF substitution [25]. Although the protein and fat contents of the
tested TMRs were similar, this decrease in VFA production may be related to the chitin and
crude protein present in insects, which can affect rumen fermentation. Previous in vitro
studies have emphasized the buffering capacity of proteins, the suppressive effect of fats
on cellulolytic bacteria, and the difficulty of digesting chitin [41,50,51].

The total gas production measured at 48 h was found to be higher in the TMR20 and
TMR40 rations containing BSF larvae than in the TMRO group without BSF larvae. This
increase in gas production may be attributed to the higher starch and carbohydrate levels
in the TMRs containing BSF larvae [2]. The starch level of soybean meal used in TMRs
was determined to be 5.5% and that of BSF larvae meal 6.19%. Glycogen is a form of
starch found in animal tissue and is hence called animal starch. In the polarimetric method
that is used for starch determination, the starch is released from the sample by boiling
in dilute hydrochloric acid. This procedure effectively gelatinizes the starch granules
and simultaneously hydrolyzes the starch to glucose in a single step. Fischer et al. [52]
determined almost 8% glycogen level in BSF larvae. Thus, the polarimetric method might
determine glycogen as starch in the TMRs of this study. Nutrients such as NDF, ADF,
cellulose, and lignin, which are structural components of the feed, tend to decrease gas
production, whereas soluble carbohydrates, starch, and protein increase it [53]. The TMR20
and TMR40 diets had higher levels of starch and, consequently, produced more gas during
the 48 h incubation period. In a previous in vitro study, the total gas production at 24 and
48 h of incubation were lower in the ratio using 50% BSF larvae instead of SBM [2] and
this was associated with the fat content of BSF larvae. Lipids in the ration are converted
into glycerol and various fatty acids in the rumen. The resulting unsaturated fatty acids
undergo biohydrogenation and are converted into the saturated form, which may not be
fully metabolized by rumen micro-organisms [50]. In this study, the fact that the insect-
added TMRs produced more gas could be attributed to the relatively lower fat content, as
the study by Jayanegara et al. [2] reported an increased fat level from 2.3% to 8.7% when
50% BSF larvae were added instead of SBM. Based on the total gas production results, it is
appropriate to use 20% or 40% BSF larvae as a replacement for SBM. Other studies have
also emphasized that higher inclusion levels of insects can result in a decrease in in vitro
total gas formation. Ahmed and Nishida [25] reported that, when Gryllus bimaculatus and
Bombyx mori insects were added at levels exceeding 20% in ruminant diets, in vitro total
gas production was reduced, which was attributed to the high fat content of these insects.
Similarly, in another study, the total gas production at 24 h was found to be similar to
SBM when Brachytrupes portentosus, Acheta domesticus, Gryllus bimaculatus, and Bombyx mori
insects were used as a replacement for SBM [18]. These variations in results across different
species of insects highlight the importance of considering the nutritional profile, growing
environment, and life stage of insects to better understand their potential as feed ingredients
in ruminant nutrition [54].
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5. Conclusions

Regardless of the species, insects appear to be a promising alternative to commonly
used plant protein sources in ruminant nutrition. Although previous studies have sug-
gested that insects are less digestible due to their high fat content, chitin, and fatty acids,
this study found that defatted BSF larvae meal increased the in vitro rumen digestibility of
TMRs and decreased NH3-N formation when used instead of SBM. Therefore, the defatted
BSF larvae meal can be used as a sustainable source to replace 20% and 40% of the soybean
meal without any negative effects. In the current geopolitical and environmental moment,
in which ruminant farming is complicated, the introduction of insects in their ration can
be a viable and reasonable solution. However, due to the lack of available data on rumen
degradation and intestinal digestibility of insects and the inconsistent results across studies,
further research is needed for a more comprehensive assessment. Future studies should
investigate the potential use of insects in ruminant nutrition, with a focus on their effects
on the rumen microbial population. This will contribute to a better understanding of how
insects affect the microbiota and help determine the most suitable insect species to be used
in combination with plant sources.
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