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Abstract

:

Simple Summary


In the last decade, there has been a growing interest in using edible insects as animal feed due to their high nutritive value and environmental advantages over the conventional livestock feeds. Insects have been used in the diets of some animals (poultry, fish, and swine) however, their evaluation in ruminants is still limited. The current in vitro study evaluated the usage of four different kinds of edible insects to partially substitute soybean meal as an example to the conventional high-quality expensive protein sources in ruminants’ diets. This study showed that the evaluated insects had high protein and fat contents. Substitution of 25% of soybean meal with the tested insects in a ruminant diet had no adverse effect on rumen fermentation profile or nutrient digestibility. Moreover, the inclusion of some species in the diet led to a reduction of the methane production up to 16–18% which is an additional environmental benefit. The findings of this study are encouraging for further work in this promising area to improve the sustainability of livestock industry.




Abstract


This study is the first to evaluate the chemical composition and impacts of four different edible insects, Acheta domesticus (A.d), Brachytrupes portentosus (B.p), Gryllus bimaculatus (G.b), and Bombyx mori (B.m), on the digestibility, rumen fermentation, and methane production when used as a substitute for 25% of the soybean meal (SBM) in a ruminant diet through in vitro incubation. The dietary treatments were 100% grass hay, 60% grass hay + 40% SBM, 60% grass hay + 30% SBM + 10% A.d, 60% grass hay + 30% SBM + 10% B.p, 60% grass hay + 30% SBM + 10% G.b, and 60% grass hay + 30% SBM + 10% B.m. The experiment was conducted as a short-term batch culture for 24 h at 39 °C, and the incubation was repeated in 3 consecutive runs. Chemical analysis of the insects showed that they were rich in fat (14–26%) with a high proportion of unsaturated fatty acids (60–70%). Additionally, the insects were rich in protein (48–61%) containing all essential amino acids and the amino acid profiles of the insects were almost the same as that of SBM. The inclusion of insects did not affect nutrient digestibility or the production of volatile fatty acids but did increase the production of ammonia-nitrogen. The addition of G.b and B.m led to decrease in methane production by up to 18% and 16%, respectively. These results reveal that substitution of 25% SBM in the diet with the tested insects had no negative impacts, and their potential to reduce methane production is an environmental benefit.
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1. Introduction


Global food production systems are facing the great challenge of responding to the dramatic increase in the human population and meeting the growing demand for food [1]. According to the United Nations, the world will be home to approximately 9 billion people by 2050; therefore, the demand for meat and milk is expected to increase to levels that are 58% and 70% higher than those in 2010, respectively [2]. Although livestock, especially ruminants, are one of the main important sources of animal products, this sector is responsible for approximately 14–18% of anthropogenic greenhouse gases (GHG), such as methane (CH4) and carbon dioxide (CO2) [3]. Moreover, the livestock industry is considered a hungry resource; it occupies approximately 70% of the agricultural land and consumes 8% of the world’s water [4]. Therefore, any increase in animal products is severely challenged by land degradation and GHG emissions [5]. Additionally, feed cost is one of the major constraints for further development in the livestock production industry. The cost of feed is approximately 70% of the total budget, and the required protein amounts account for over 15% of the total feed cost [6]. Typically, soybean meals are the major protein source and are commonly used in ruminant diets due to their high contents of protein and essential amino acids [7]. However, soybean production is also associated with high environmental impacts [8], and its price has been increasing with some fluctuations [9]. Therefore, to meet the increasing demand for animal products in the near future, innovative solutions and alternative sustainable ingredients to replace the conventional protein in animal diets with a reduced impact on the environment are urgently required.



In recent years, the use of edible insects to substitute or reduce other expensive high-quality feed in animal diets seems to be one of the most promising solutions to the above-mentioned problems [10,11]. The production of insect biomass as animal feed has major environmental advantages over conventional sources, as insects are able to efficiently convert low-value organic by-product wastes from fruits and vegetables into sellable nutrient sources (high feed conversion efficiency), grow rapidly, require less land and water, and produce lower GHG emissions [12,13]. Moreover, insects are characterized by their high protein (42–63%) and fat (10–40%) contents, making them ideal candidates for animal diets [10,14]. Additionally, the use of insects as animal feed is likely to be more widely accepted, as it could provide a valuable opportunity to develop a novel product [15,16]. Research interest in this field is still in its infancy; however, in the last few years, there has been increasing interest in both the economic sector and scientific community [17,18].



Although no data are currently available on the rearing of insects on a commercial scale, the commercial farming of insects such as crickets for the feed market is developing in many countries, and it is projected that insect meal production will increase to 1.2 million tons by 2025 [11]. During the last five years, the number of articles detailing the usage of edible insects in animal diets has substantially increased [12]. Several published papers have shown that insects could be used as a feed ingredient to partially or completely replace soybean meal and fishmeal, such as in broiler chicken [19], laying hen [20], free-range chickens [21], quail [22], rabbit [23], swine [24], as well as carnivorous [25] and omnivorous fish [26] diets. However, evaluation of their utilization in ruminant diets is still limited to date which is related to the potential risk of mad cow disease (Bovine Spongiform Encephalopathy). The European Union regulations prohibit the use of processed animal protein to feed food-producing animals [27]. The European Union allows the usage of insect as a feed in aquaculture since July 2017, with a recent approval from the European parliament and Council, and the Standing Committee on Plants, Animals, Food and Feed in April 2021 for the usage of insects to feed poultry and pig [28]. The prohibition of insect usage as ruminant feed is also currently applied in most of the developed countries (USA, Canada, China, and Japan). In contrast, many countries, including the developing ones, have less clear or no specific laws for the usage of insects as ruminant feed [15]. Legal rules on the use of insects as feed vary across the world, but there is noticeable interest among researchers and feed producers all over the world for further innovation and research in that promising area. This would lead to changes in the countries’ regulations to allow the use of insects as ruminant feed in the near future. Importantly, prior to establish a new livestock industry based on insects as feed, the safety of insects and the substrate on which they are reared should be carefully considered.



To the best of our knowledge, two studies have been conducted in ruminants evaluating the use of black soldier fly larvae (Hermetia illucens), Jamaican field crickets (Gryllus assimilis), and mealworms (Tenebrio molitor) as a substitute for soybean meals on the rumen fermentation profile, digestibility, and CH4 production [29,30]. These in vitro studies reported that substitution of soybean meal with the tested insects reduced CH4 production but had a lower nutritional value in terms of lower in vitro dry matter digestibility and production of volatile fatty acids due to the higher chitin content. Therefore, there is a need to determine the optimal inclusion levels of insects in ruminant diets to achieve favourable nutritional, economic, and environmental benefits. It has been reported that there are many insect species that may be well suited for use as feed ingredients [31,32]. Therefore, the current study was conducted to evaluate the inclusion of different kinds of edible insects, e.g., Acheta domesticus, Brachytrupes portentosus, Gryllus bimaculatus, and Bombyx mori, as partial substitutes for soybean meal. We hypothesized that the inclusion of lower levels of these insect species to partially replace soybean meal might not have adverse effects on the rumen fermentation profile. To the best of our knowledge, this is the first study reporting the comprehensive chemical analysis of these insects and evaluating their effects on the rumen fermentation characteristics, nutrient digestibility, and CH4 production when used as partial substitutes for soybean meal in a ruminant diet.




2. Materials and Methods


This study was conducted in Obihiro University of Agriculture and Veterinary Medicine, Japan during the period from January to February 2021, with an average temperature of −8 °C ± 2 and 70% humidity. The experimental procedures of this study were approved by animal care and ethics committee at the Obihiro University (approval number, 20–201). The donor animals were kept and cared for by the Field Science Center, Obihiro University.



2.1. Basal Diets and Insects


Kleingrass (Panicum coloratum) hay and soybean meal were used as the basal diet. They were ground by a mill to pass through a 1 mm sieve. The chemical composition of kleingrass hay and soybean meal is described in Table 1. Four different kinds of insects in powder form were commercially purchased (Thailand Unique Co., Udon Thani, Thailand). The edible insects used in the current study were as follows: adult house crickets (A. domesticus), adult giant crickets (B. portentosus), adult field crickets (G. bimaculatus), and silkworm pupae (B. mori). The insects were raised on commercial farms (Good Agricultural Practices certified farms) and fed a mixed diet of grains and vegetables under clean, hygienic conditions. The products were heat dried (>100 °C × 9 min) and were natural without added preservatives. More details about the insect products are available on the company website (Thailand Unique Co. Udon Thani, Thailand, https://www.thailandunique.com (accessed on 9 September 2021)).




2.2. Donor Animals and Rumen Fluid Collection


Two ruminally fistulated non-lactating Holstein cows approximately 7 years old with an average body weight of 894 kg were used for rumen fluid collection. The animals were raised in a free stall with rubber mat floors (Bovirex, YPTECH Co., Ltd. Tokyo, Japan) sprinkled with a moisture-absorbing spray (Kumiai Chemical Industry Co., Ltd. Tokyo, Japan). Animals had free access to clean drinking water and mineral blocks (KOEN® E250 TZ, Nippon Zenyaku Kogyo Co., Fukushima, Japan). The cows were fed 30 kg corn silage/day (314 g air dry matter/kg (ADM), 937 g organic matter/kg (OM), 80 g crude protein/kg (CP), 608 g neutral detergent fibre/kg (NDF), 341 g acid detergent fibre/kg (ADF), and 76 g acid detergent lignin/kg (ADL) on a dry matter (DM) basis) supplemented with 1 kg Japanese white birch (Betula platyphylla)/day (ADM, 556 g/kg; OM, 994 g/kg; CP, 7 g/kg; NDF, 654 g/kg; ADF, 642 g/kg; and ADL, 178 g/kg on a DM basis) according to the maintenance level for energy. The requirements were calculated according to the guidelines of Japanese feeding standards for dairy cattle [33]. The cows were fed twice daily at 8:00 and 16:00 h. One hour after the morning feeding, 1.2 L of rumen fluid was collected from both cows at four different locations in the rumen. Then it was strained through four layers of gauze, mixed and placed into a thermos flask that had been pre-warmed at 39 °C and immediately transferred to the laboratory within 20 min. During transportation, the thermos flask was kept in an insulated container filled with warmed water at 37–39 °C.




2.3. Experimental Design and In Vitro Incubation Procedure


Six experimental groups with 4 replicates each were prepared by adding approximately 500 mg of substrate to pre-weighed ANKOM filter bags (F57, ANKOM Technology, Macedon, NY, USA), which were sealed and placed in 120 mL glass bottles. The experimental groups were as follows: 1- 500 mg of Kleingrass hay (100% KG); 2- 300 mg KG + 200 mg soybean meal (SBM) (60% KG + 40% SBM); 3- 300 mg KG + 150 mg SB + 50 mg A. domesticus (A.d) (60% KG + 30% SBM + 10% A.d); 4- 300 mg KG + 150 mg SBM + 50 mg B. portentosus (B.p) (60% KG + 30% SBM + 10% B.p); 5- 300 mg KG + 150 mg SBM + 50 mg G. bimaculatus (G.b) (60% KG + 30% SBM + 10% G.b); and 6- 300 mg KG + 150 mg SBM + 50 mg B. mori (B.m) (60% KG + 30% SBM + 10% B.m).



The experiment was conducted as batch culture as reported by Menke and Steingass [34]. Under continuous CO2 flushing, 40 mL of artificial saliva solution at pH 6.8 prepared according to McDougall [35] with 20 mL of rumen fluid was added to each 120 mL fermentation bottle. Thereafter, the bottles were flushed with CO2 before sealing with butyl rubber stoppers and aluminum caps (Maruemu Co., Ltd., Osaka, Japan) then incubated for 24 h at 39 °C. This batch culture procedure was repeated in three separate runs on three consecutive weeks. In each run, two blanks without substrate were included.




2.4. Incubation Media Sampling


After 24 h of incubation, the total gas production was estimated, and a sample of the headspace gas was collected from each bottle and stored in a vacutainer tube (BD, Becton Drive, NJ, USA), which was stored at room temperature until CH4 and CO2 determination. Afterward, the fermentation bottle caps were removed, and the pH was immediately determined (LAQUA F-72, HORIBA Scientific, Kyoto, Japan). Approximately 1 mL of the culture media was collected into Eppendorf tubes (Eppendorf AG, Hamburg, Germany) and centrifuged at 16,000× g and 4 °C for 5 min. The supernatant was collected and stored at −20 °C until use for volatile fatty acids (VFA) and ammonia nitrogen (NH3-N) estimation. The filter bags were washed with tap water until the effluent was clear. Then, the bags were dried at 60 °C for 48 h to estimate the in vitro dry matter digestibility (IVDMD). Afterwards, the bags were used for estimation of the in vitro organic matter digestibility (IVOMD), in vitro neutral detergent fibre digestibility (IVNDFD), and in vitro acid detergent fibre digestibility (IVADFD).




2.5. Chemical Analysis


Chemical analysis of KG, SBM, the four kinds of insect powder, and the contents in the filter bag was performed according to the AOAC [36] standard procedures. The DM percentage was determined by drying the samples in an air-forced oven at 135 °C for 2 h (method 930.15). The OM and ash were measured by placing the samples into a muffle furnace at 500 °C for 3 h (method 942.05). The ether extract was determined according to method 920.39, while nitrogen was measured according to the method of Kjeldahl (method 984.13) using an electrical heating digester and an automatic distillation apparatus (VELP Scientifica, Usmate (MB), Italy), and then the CP was estimated as nitrogen × 6.25. The NDF, ADF, and ADL were measured and expressed as inclusive residual ash using an ANKOM200 fibre analyser (Ankom Technology Methods 6, 5 and 8, respectively; ANKOM Technology Corp., Macedon, NY, USA). The NDF was measured using sodium sulfite without heat-stable α-amylase. The NDF and ADF analyzes of the insects chemically represented chitin with protein and chitin with amino acids, respectively. The pure chitin content was estimated according to the formula of chitin = ADF − ADL [37].




2.6. Amino Acid and Fatty Acid Composition Analysis


The fatty acid and amino acid profiles of the SBM and insects were analysed by Japan Food Research Laboratories, Japan. The fatty acid composition of the samples was determined by gas chromatography (7890B Agilent Technologies, Inc. Wilmington, DE, USA) equipped with flame ionization detector. The fatty acids were separated on a 30 m × 0.25 mm ID DB-23 capillary column (Agilent J&W, Santa Clara, CA, USA). Hydrogen was used as the carrier gas at an inlet pressure of 115 kPa with splitless injection at 250 °C, and the detector temperature was 250 °C. The following temperature settings were applied: the initial temperature was held at 50 °C for 1 min, increased to 170 °C at a rate of 10 °C/min, and then increased to 210 °C at a rate of 1.2 °C/min. A volume of 1 μL was injected. Peaks were identified by injection of fatty acid methyl ester mixture (SUPELCO 37-Component FAME Mix CRM47885, Sigma-Aldrich, Bellefonte, PA, USA) as a standard. The identification of each fatty acid was calculated based on the standard’s retention time and reported as percentage of the total fatty acids. The amino acid composition, except for tryptophan, histidine, phenylalanine, and leucine, was determined by an automated amino acid analyser (JLC-500/V, JEOL Ltd., Tokyo, Japan; column, LCR-6 with 4 mm × 120 mm ID, JEOL, Co. Ltd., Tokyo, Japan). Tryptophan was analysed by high-performance liquid chromatography (HPLC, LC-40D, Shimadzu, Co., Ltd., Kyoto, Japan). The column was a CAPCELL PAK C18 AQ (4.6 mm ID × 250 mm, Shiseido Co., Ltd., Kyoto, Japan) with fluorescence detection (RF-20Axs, Shimadzu, Co. Ltd., Kyoto, Japan). The mobile phase consisted of perchloric acid and methanol (80:20). The flow rate was 0.7 mL/min, and the fluorescence excitation was at 285 nm at 40 °C. Histidine, phenylalanine and leucine were analysed by HPLC (LA8080, Hitachi High-Tech Corporation, Tokyo, Japan) on a column packed with Hitachi custom ion exchange resin (4.6 mm ID × 60 mm, Hitachi High-Tech Corporation, Tokyo, Japan). The mobile phase was PF-1~4 KANTO (KANTO CHEMICAL CO., INC., Tokyo, Japan), the flow rate was 0.35 mL/min, and fluorescence excitation was at 570 nm. Each amino acid was reported as a percentage of the total amino acid composition.




2.7. Gas Composition Analysis


The concentrations of CH4 and CO2 were determined by injecting 1 mL of each sample into a gas chromatograph (GC-8A, Shimadzu Corp., Kyoto, Japan) using a gastight syringe (Hamilton Company, Reno, NV, USA). Further details on the GC condition were described previously [38].




2.8. Volatile Fatty Acids and Ammonia-Nitrogen Analysis


The concentration of VFA in the culture supernatant was determined by HPLC (Shimadzu Corp., Kyoto, Japan). Details on samples preparation and HPLC specifications were reported in details by Ahmed et al. [39]. The samples used to determine the concentration of NH3-N were diluted 100-fold with 0.1 M phosphate buffer (pH 5.5) and then analysed following a modified procedure of the Fujii-Okuda method [40].




2.9. Statistical Analysis


Data were screened for normality using PROC UNIVARIATE of SAS version 9.4 (SAS Institute Inc., Cary, NC, USA) with the Kolmogorov–Smirnov test. The homogeneity of variances was verified using Proc REG in SAS. Data were then analysed using PROC MIXED of SAS. The model included the treatments as a fixed effect, while the three runs were considered random effects. Least square means and the standard error of the mean (SEM) were calculated, and the differences in means among experimental groups were estimated by Tukey’s test. Significant differences were accepted at p < 0.05 with tendencies detected when the p value was between 0.05 and 0.10.





3. Results


3.1. Chemical Composition


The proximate analysis showed that the four kinds of insects had a higher protein percentage (61.3%, 53.3%, 56.5%, and 52.4% for A.d, B.p, G.b, and B.m, respectively) than KG hay (10.5%) and SBM (48.3%). The results for the fat content were also higher (14.6%, 22.3%, 15.8%, and 26.7% for A.d, B.p, G.b, and B.m, respectively) compared with KG hay (2.8%) and SBM (2.3%) (Table 1 and Table 2).



The fatty acid profile of the insects showed that they were rich in unsaturated fatty acids (63.3%, 60.6%, 66.7%, and 70.4% for A.d, B.p, G.b, and B.m, respectively) (Table 3). The SBM was rich in linoleic acid (52.6%), oleic acid (15.3%), and palmitic acid (15.2%). The A.d was rich in linoleic acid (36.8%), palmitic acid (25.3%), and oleic acid (25%). Similarly, B.p, was rich in linoleic acid (34.3%), palmitic acid (26.3%), and oleic acid (24.8%). The G.b was rich in linoleic acid (37.1%), oleic acid (27.9%), and palmitic acid (24.2%). Finally, B.m was rich in α-linolenic acid (31.7%), oleic acid (31.4%), and palmitic acid (22%) (Table 3). The insects contained all the essential amino acids, and the amino acid profiles of the insects were almost the same as that of SBM (Table 4).




3.2. Gas Production and Composition


The production of total gas, CH4, and CO2 per digestible DM (d.DM) (mL/g) in the 60% KG + 40% SBM diet was significantly higher than that in the 100% KG diet (p < 0.01). Substituting 25% of SBM in the diets with A.d and B.p did not affect gas production/d.DM (mL/g), but gas production was significantly lower when SBM was replaced with G.b and B.m (p = 0.03, Table 5). Moreover, the inclusion of G.b and B.m significantly reduced the production of CH4/d.DM (mL/g) (p < 0.05) by 18.4% and 16.3%, respectively, when compared with 60% KG + 40% SBM diet. The same effect was shown with regards to CO2/d.DM. In contrast, adding A.d and B.p did not show any differences in the amounts of CH4 and CO2 produced when compared with the 60% KG + 40% SBM diet. The ratio of CH4/CO2 (mL/mL) in the produced gas when G.b was used as a supplement was significantly lower (p = 0.004) than that in the 60% KG + 40% SBM diet (Table 5).




3.3. pH, In Vitro Nutrient Digestibility and Ammonia-Nitrogen Production


The inclusion of different insects significantly increased (p < 0.05) the pH compared with the 60% KG + 40% SBM diet. Adding SBM to KG improved the IVDMD and IVOMD (p < 0.05), but it did not show the same effect with regards to IVNDFD and IVADFD (p > 0.05, Table 6). Substituting SBM with different kinds of insects had no effect on IVDMD, IVOMD, or IVADFD when compared with the 60% KG + 40% SBM diet (p > 0.05), while IVNDFD was improved by the inclusion of insects in the experimental diets, especially in the case of added A.d and B.p (p < 0.05, Table 6). Notably, supplementation with insects in the basal diet increased the concentration of NH3-N (p < 0.01), except for when G.b was included, as this value was comparable to the 60% KG + 40% SBM (p = 0.98) and 100% KG (p = 0.36) diets (Table 6).




3.4. Volatile Fatty Acids Production


The 60% KG + 40% SBM diet had an improved fermentation profile in terms of the concentration of different VFA and the production of total VFA, but the A/P ratio decreased when compared with the 100% KG diet (p < 0.01). Substitution of 25% of the SBM in the basal diet with all the tested insects had no effect on either the concentration of different VFA or the total VFA production compared with the 60% KG + 40% SBM diet (p > 0.05, Table 7).





4. Discussion


For eco-friendly livestock production, there is a need for new sustainable nutrient sources for feed production to face the increasing consumer demand for animal products. Great research efforts are being made to find alternative feed ingredients. The use of edible insects in animal diets to substitute expensive high-quality conventional sources is one of the potential avenues to address this problem, as insects are rich in valuable nutrients (protein, fat, energy, vitamins, and minerals) [41]. There is growing research interest in this topic, which is likely to be more widely accepted by consumers [16]. Currently, insects are commonly used in the diets of livestock (poultry, rabbits, and pigs) and aquaculture species [14,42]. However, their usage in ruminant diets is still scarce, with few promising attempts [29,43,44]. The current study evaluated the use of four kinds of edible insects as substitutes for SBM in a ruminant diet (60% grass: 40% SBM), taking into account their effects on nutrient digestibility, rumen fermentation profile, and CH4 production.



The chemical composition analysis performed in the current study confirmed reports from previous studies that insects are rich in protein and contain all of the essential amino acids; therefore, insects are among the potential protein sources for feeding livestock [14,45]. It is important to note that the crude protein content and amino acid profile may vary depending on the species, developmental stage, and nutritional quality of the reared substrate [46,47]. Moreover, the proximate analysis and fatty acid profile of the tested insects in the current study showed that they contain substantial amounts of fat, particularly in the form of polyunsaturated fatty acids, which has also been observed in previous studies [44,48]. Apart from high protein and fat contents, the evaluated insects had high content of fibre due to the presence of chitin. Chitin is a long-chain N-acetylglucosamine polymer and the main component of their exoskeleton (8–9%) [49,50]. This fibre component is well known to be hardly digested by animals and thus may lead to lower IVDMD and IVOMD [10,51].



Previous studies have evaluated the addition of insects or their oils at different inclusion levels to ruminant diets and have shown that the insects have a lower nutritional value, as they lead to a decrease in the IVDMD and IVOMD due to chitin and high fat content, which may lead to inhibition of rumen microbes [29,30,43,44]. In contrast to the previous findings, the inclusion level of insects used in the current study as substitutes for SBM had no adverse effects on nutrient digestibility, which may be attributed to the low inclusion level (10%) used in this study. Consequently, as digestibility was not affected by the inclusion of insects, the rumen fermentation profile in terms of VFA was not affected as well by the substitution of SBM with insects. However, the pH increased slightly with the inclusion of insects in the diet, which may be attributed to the higher amount of NH3-N, which was reported previously when mealworm and Jamaican field crickets (Gryllus assimilis) were evaluated [30].



The higher NH3-N concentration during the incubation of SBM and insects might be related to their high degradable protein content. Diets with higher CP contents activate rumen microbes, especially proteolytic bacteria, to degrade and proteolyze the protein into NH3-N [52]. This nitrogen source is utilized as a precursor of amino acids and microbial protein synthesis in the rumen [53]. The formation of NH3-N in the rumen depends not only on the protein content but also on other important factors, such as the protein fraction and degradation rate [54]. The SBM protein is known to be highly degradable in rumen [55]. Another theory to explain this increase in NH3-N might be related to the lack of highly degradable carbohydrates which in turn inhibited the capability of the microorganisms to utilize the NH3-N for microbial protein synthesis [56]. The relatively low concentration of NH3-N observed in the case of G.b might be attributed to its high content of undegradable proteins, such as neutral detergent insoluble CP (NDICP) and acid detergent insoluble CP (ADICP); however, these parameters were not analysed in this study. It has been reported previously that NDICP slowly degrades and ADICP does not degrade in rumen [57]. The same finding was also observed when Jamaican field crickets were evaluated in in vitro batch culture incubation [30].



Interestingly, inclusion of insects in the diet reduced CH4 production, especially with G.b and B.m (18 and 16%, respectively). This reduction may be derived from the high fat content in these insects. It is well established that the addition of fat, regardless of its source, to the ruminant diet decreases CH4 production [58]. Several meta-analysis studies were conducted to estimate the efficacy of dietary fat to reduce CH4 production. Eugène et al. [59] reported a mean CH4 reduction of approximately 2.2% for each percentage of lipids in the ruminant diet. Beauchemin et al., [60] reported 5.6% reduction of CH4 per 1% addition of dietary lipids. The mode of action by which lipids reduce enteric CH4 might be through reduction of the fermentation of organic matter, thus decreasing the available H2 for methanogens and/or a direct toxic effects on methanogenic archaea and protozoa [61,62]. The theory of reducing CH4 by decreasing nutrient digestibility was confirmed by Jayanegara et al. [44] following the addition of 5% insect oil to high-forage and high-concentrate diets; however, this was not observed in the current study, as nutrient digestibility was not affected. Therefore, direct inhibition of methanogens might be a possible theory in this study. The insects investigated in the current study showed that they have a high content of fat, particularly in the form of unsaturated fatty acids. The greatest reduction in CH4 comes from unsaturated fatty acids through bio-hydrogenation, which serves as an alternative H2 sink [63]. Moreover, it was reported that polyunsaturated fatty acids contribute to CH4 reduction through a toxic effect on cellulolytic bacteria and protozoa through disruption of the cell membrane integrity [64]. The variation in lipids that reduce CH4 is mainly dependent on the type of fatty acids [65]. This might be confirmed with the cases of G.b and B.m, where G.b has a high content of linoleic acid, while B.m has more α-linolenic acid. Jalc et al. [66] reported a reduction in CH4 of up to 13.2% and 8.3% with supplementation of linoleic acid and α-linolenic acid, respectively, to a diet containing 80% lucerne and 20% barley in a Rusitec system. Additionally, palmitic acid (a saturated fatty acid), which showed higher contents in the tested insects, has shown efficacy in suppressing methanogens by increasing cell membrane permeability [67]. Therefore, in the case of G.b and B.m, a synergistic effect of unsaturated and saturated fatty acids might occur to maximize their CH4 reduction power. As the efficacy of lipids to reduce CH4 depends on the level of supplementation [59], further research must be done with higher inclusion levels of these insects to estimate their dose-dependent efficacy for more effective CH4 reduction. Another factor might have played a role in CH4 reduction in the current study could be the chitin. Through studies, chitin and chitosan (derived through chitin deacetylation) showed the ability to modulate the rumen fermentation toward less acetate and more propionate with reducing the CH4 production and the methanogens population [68,69,70].




5. Conclusions


The current study revealed that the evaluated insects were rich in fat and protein with almost the same essential amino acid profile as that found in soybean meal. Substitution of 25% of soybean meal with the four tested insects in the ruminant diet did not adversely affect the fermentation profile or nutrient digestibility. Additionally, inclusion of Gryllus bimaculatus and Bombyx mori in the diet demonstrated the potential to reduce CH4 production by up to 18.4% and 16.3%, respectively. Therefore, the investigated insects could be used as a sustainable source to replace 25% of the high-quality expensive protein source soybean meal without any negative effects. Further studies with increasing inclusion levels of these insects are required to investigate their impacts when used to completely replace soybean meal and as promising candidates for more effective mitigation of CH4 production.
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Table 1. Chemical composition (% in dry matter) of the basal diet used for 24-h in vitro incubation.






Table 1. Chemical composition (% in dry matter) of the basal diet used for 24-h in vitro incubation.





	%
	Kleingrass
	Soybean Meal





	Dry matter (in fresh matter)
	91.69
	88.16



	Organic matter
	88.86
	92.82



	Crude ash
	11.14
	7.18



	Crude protein
	10.54
	48.31



	Ether extract
	2.75
	2.33



	Neutral detergent fibre
	67.40
	19.51



	Acid detergent fibre
	35.65
	9.86



	Acid detergent lignin
	6.59
	1.09
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Table 2. Proximate analysis (% in dry matter) of the insects used for 24-h in vitro incubation.






Table 2. Proximate analysis (% in dry matter) of the insects used for 24-h in vitro incubation.





	%
	Acheta

domesticus
	Brachytrupes

portentosus
	Gryllus

bimaculatus
	Bombyx mori





	Dry matter (in fresh matter)
	95.57
	96.13
	95.55
	96.55



	Organic matter
	94.60
	95.16
	94.81
	94.67



	Crude ash
	5.40
	4.84
	5.19
	5.33



	Crude protein
	61.25
	53.32
	56.54
	52.44



	Ether extract
	14.63
	22.29
	15.82
	26.71



	Neutral detergent fibre
	39.31
	40.38
	37.65
	40.37



	Acid detergent fibre
	17.29
	17.34
	24.21
	20.72



	Acid detergent lignin
	2.64
	4.88
	3.39
	10.89



	Chitin
	14.65
	12.46
	20.82
	9.83
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Table 3. Fatty acids profile (%) of soybean meal and insects.
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	Fatty Acid
	Soybean Meal
	Acheta

domesticus
	Brachytrupes portentosus
	Gryllus

bimaculatus
	Bombyx mori





	14:0
	0.1
	0.6
	0.6
	0.6
	0.2



	16:0
	15.2
	25.3
	26.3
	24.2
	22.0



	16:1 (cis-9)
	0.2
	0.7
	0.6
	0.8
	1.0



	17:0
	0.2
	0.2
	0.2
	0.2
	0.1



	18:0
	4.2
	8.9
	11.0
	7.0
	6.7



	18:1 (cis-9)
	15.3
	25.0
	24.8
	27.9
	31.4



	18:2 n-6 (cis-9,12)
	52.6
	36.8
	34.3
	37.1
	6.3



	18:3 n-3 (cis-9,12,15)
	9.8
	0.8
	0.9
	0.9
	31.7



	20:0
	0.3
	0.3
	0.3
	0.4
	0.3



	unknown
	0.9
	1.5
	1.3
	1.0
	0.4
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Table 4. Amino acids profile (%) of soybean meal and insects.
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Amino Acid

	
Soybean Meal

	
Acheta

domesticus

	
Brachytrupes portentosus

	
Gryllus

bimaculatus

	
Bombyx mori






	
Essential amino acids




	
Arginine

	
7.08

	
7.08

	
7.03

	
6.86

	
5.67




	
Lysine

	
6.31

	
6.01

	
6.02

	
5.89

	
6.88




	
Histidine

	
2.82

	
2.52

	
2.58

	
2.64

	
3.62




	
Phenylalanine

	
5.19

	
3.73

	
3.62

	
3.66

	
5.07




	
Tyrosine

	
3.40

	
5.79

	
5.71

	
5.92

	
6.46




	
Threonine

	
4.07

	
4.18

	
4.07

	
4.05

	
4.65




	
Leucine

	
7.86

	
7.87

	
7.93

	
8.03

	
7.50




	
Isoleucine

	
4.69

	
4.50

	
4.43

	
4.36

	
4.53




	
Methionine

	
1.40

	
1.76

	
1.71

	
1.61

	
3.10




	
Cysteine

	
1.49

	
1.01

	
0.97

	
0.94

	
1.57




	
Valine

	
5.02

	
6.31

	
6.32

	
6.47

	
5.85




	
Tryptophan

	
1.40

	
1.12

	
1.06

	
1.08

	
1.71




	
Non-essential amino acids




	
Alanine

	
4.43

	
9.70

	
10.23

	
10.45

	
5.73




	
Glycine

	
4.37

	
6.09

	
6.14

	
6.14

	
5.73




	
Proline

	
5.21

	
6.21

	
6.29

	
6.33

	
4.75




	
Glutamic acid

	
18.45

	
11.88

	
12.07

	
11.79

	
11.95




	
Serine

	
5.08

	
5.17

	
4.92

	
5.01

	
4.77




	
Aspartic acid

	
11.73

	
9.08

	
8.90

	
8.75

	
10.48
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Table 5. Effect of substituting soybean with insects on gas production and composition from 24-h in vitro incubation (n = 12).
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Parameter

	
Treatments

	
SEM

	
p-Value




	
Kleingrass

	
Soybean Meal

	
Acheta

domesticus

	
Brachytrupes

portentosus

	
Gryllus

bimaculatus

	
Bombyx mori






	
Gas production (mL)

	
30.17 c

	
40.25 a

	
40.29 a

	
40.21 a

	
35.08 bc

	
36.96 ab

	
0.71

	
<0.001




	
Gas production/DM 1 (mL/g)

	
66.30 c

	
89.92 a

	
88.83 a

	
88.33 a

	
77.17 bc

	
81.06 ab

	
1.59

	
<0.001




	
Gas production/d.DM 2 (mL/g)

	
171.36 b

	
198.99 a

	
194.82 a

	
192.43 a

	
177.51 b

	
174.58 b

	
2.12

	
<0.001




	
CO2 (%)

	
95.25 a

	
94.06 c

	
93.97 c

	
93.97 c

	
94.58 b

	
94.36 bc

	
0.09

	
<0.001




	
CH4 (%)

	
4.75 c

	
5.94 a

	
6.03 a

	
6.03 a

	
5.42 b

	
5.64 ab

	
0.09

	
<0.001




	
CO2 (mL)

	
28.72 c

	
37.84 a

	
37.85 a

	
37.77 ab

	
33.16 bc

	
34.84 ab

	
0.65

	
<0.001




	
CH4 (mL)

	
1.45 c

	
2.41 a

	
2.44 a

	
2.44 a

	
1.93 b

	
2.11 ab

	
0.07

	
<0.001




	
CH4/CO2 ratio (mL/mL)

	
0.050 d

	
0.063 ab

	
0.064 ab

	
0.064 a

	
0.057 c

	
0.060 bc

	
0.00

	
<0.001




	
CO2/DM (mL/g)

	
63.11 c

	
84.54 a

	
83.44 a

	
82.97 ab

	
72.93 bc

	
76.42 ab

	
1.45

	
<0.001




	
CH4/DM (mL/g)

	
3.19 c

	
5.37 a

	
5.39 a

	
5.36 a

	
4.24 b

	
4.63 ab

	
0.15

	
<0.001




	
CO2/d.DM (mL/g)

	
163.17 b

	
187.12 a

	
183.01 a

	
180.76 a

	
167.82 b

	
164.64 b

	
1.89

	
<0.001




	
CH4/d.DM (mL/g)

	
8.19 c

	
11.87 a

	
11.81 a

	
11.67 a

	
9.69 b

	
9.94 b

	
0.26

	
<0.001








1 DM, Dry matter. 2 d.DM, Digestible dry matter. SEM: Standard error of the mean. a, b, c, d Values with different superscripts in the same row are significant different (p < 0.05).
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Table 6. Effect of substituting soybean with insects on pH, digestibility, and NH3-N from 24-h in vitro incubation (n = 12).
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Treatments

	

	




	
Parameter

	
Kleingrass

	
Soybean Meal

	
Acheta

domesticus

	
Brachytrupes

portentosus

	
Gryllus

bimaculatus

	
Bombyx mori

	
SEM

	
p-Value






	
pH

	
6.59 bc

	
6.58 c

	
6.62 a

	
6.61 ab

	
6.62 a

	
6.62 ab

	
0.01

	
<0.001




	
IVDMD 1 (%)

	
38.60 b

	
45.14 a

	
45.60 a

	
45.80 a

	
43.28 a

	
46.22 a

	
1.05

	
<0.001




	
IVOMD 2 (%)

	
39.27 b

	
47.51 a

	
46.08 a

	
49.77 a

	
48.15 a

	
45.78 a

	
1.54

	
0.010




	
IVNDFD 3 (%)

	
31.91 c

	
34.28 bc

	
42.99 a

	
45.95 a

	
41.09 ab

	
38.54 abc

	
1.35

	
0.003




	
IVADFD 4 (%)

	
27.50 ab

	
28.69 ab

	
34.76 ab

	
30.70 ab

	
27.26 b

	
35.20 a

	
0.96

	
0.016




	
NH3-N 5 (mg/dL)

	
9.33 b

	
11.68 b

	
23.89 a

	
18.69 a

	
13.03 b

	
19.45 a

	
0.84

	
<0.001








1 IVDMD: In vitro dry matter digestibility. 2 IVOMD: In vitro organic matter digestibility. 3 IVNDFD: In vitro neutral detergent fibre digestibility. 4 IVADFD: In vitro acid detergent fibre digestibility. 5 NH3-N: ammonia-nitrogen. SEM: Standard error of the mean. a, b, c Values with different superscripts in the same row are significant different (p < 0.05).
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Table 7. Effect of substituting soybean with insects on VFA production from 24-h in vitro incubation (n = 12).
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Treatments

	

	




	
Parameter

	
Kleingrass

	
Soybean Meal

	
Acheta

domesticus

	
Brachytrupes

portentosus

	
Gryllus

bimaculatus

	
Bombyx mori

	
SEM

	
p-Value






	
Acetate (mmol/L)

	
78.98 c

	
84.99 ab

	
85.32 a

	
85.12 ab

	
82.47 b

	
84.78 ab

	
1.71

	
<0.001




	
Propionate (mmol/L)

	
21.04 b

	
24.45 a

	
24.48 a

	
24.46 a

	
23.49 a

	
24.57 a

	
0.41

	
<0.001




	
Butyrate (mmol/L)

	
8.08 c

	
9.00 ab

	
9.16 a

	
9.16 a

	
8.71 b

	
8.68 b

	
0.15

	
<0.001




	
Total VFA 1 (mmol/L)

	
108.10 b

	
118.44 a

	
118.96 a

	
118.74 a

	
114.66 a

	
118.02 a

	
2.22

	
<0.001




	
Acetate (mol/100 mol)

	
72.94 a

	
71.64 b

	
71.60 b

	
71.54 b

	
71.78 b

	
71.70 b

	
0.17

	
<0.001




	
Propionate (mol/100 mol)

	
19.53 b

	
20.72 a

	
20.66 a

	
20.70 a

	
20.59 a

	
20.91 a

	
0.13

	
<0.001




	
Butyrate (mol/100 mol)

	
7.54 ab

	
7.65 a

	
7.74 a

	
7.75 a

	
7.62 a

	
7.39 b

	
0.06

	
<0.001




	
A/P 2 ratio

	
3.75 a

	
3.46 b

	
3.48 b

	
3.47 b

	
3.50 b

	
3.44 b

	
0.03

	
<0.001








1 VFA: Volatile fatty acids. 2 A/P: Acetate/Propionate. SEM: Standard error of the mean. a, b, c Values with different superscripts in the same row are significant different (p < 0.05).
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