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Ruminal inocula with distinct fermentation profiles differentially affect the in vitro fermentation pattern of a commercial algal blend
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The in vitro rumen batch technique is widely used for screening novel feed sources; however, it remains unclear to what extent the in vitro fermentability of non-conventional feed sources is affected by non-adapted ruminal inocula. Thus, in this study, we evaluated the effects of distinct ruminal inocula on the in vitro fermentation parameters of a sustainable non-conventional feed, a commercially available algal blend composed of microalgae (Chlorella vulgaris and Nannochloropsis oceanica) and seaweeds (Ulva sp. and Gracilaria gracilis). First, four late-lactation Holstein cows were fed four forage-based diets varying only in the proportions of basal forage (100% corn silage, 70% corn silage and 30% haylage, 30% corn silage and 70% haylage, and 100% haylage) in a 4 × 4 Latin square design with the last square omitted. After 3 weeks of adaptation, haylage-based diets resulted in ruminal fermentation parameters distinct from those promoted by corn silage-based diets, as reflected in increased pH, ammonia-N contents, and acetate proportions. Individual ruminal fluids derived from each of the four diets were further used as inocula in in vitro incubations. Here, a 1:1 mixture of corn silage and haylage was supplemented with 0, 5, 10, or 15% algal blend and incubated with each inoculum for 24 h in a 4 × 4 factorial design. Total gas and methane production decreased with inocula from cows fed haylage-based diets and with increasing algal blend supplementation levels. The fermentation pH increased and the ammonia-N contents decreased with inocula from cows fed haylage-based diets; however, these parameters were not affected by algal blend inclusion levels. The interaction between the ruminal inoculum source and the algal blend supplementation level affected the total volatile fatty acids (VFA) and the proportions of most individual VFA. Total VFA production decreased with increasing algal supplementation levels, particularly with inocula from cows fed 30% corn silage and 70% haylage; the acetate, propionate, and valerate proportions were only affected by algal blend levels under incubation with 100% corn silage inocula. Overall, our findings highlight the importance of the ruminal inoculum source when assessing the fermentability of non-conventional feed as well as the potential of the algal blend as a natural modulator of ruminal fermentation.
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1 Introduction

The number of challenges facing livestock production systems is increasing at an unprecedented rate. There is a growing demand for animal-derived foods in terms of both quality and quantity, particularly in developing countries. Accordingly, there is a need to ensure food and nutrition security to sustain the growth of the human population (1) while simultaneously counteracting the pressures on available resources and the effects of climate change. More sustainable livestock systems, in particular those relating to ruminants, are needed to enhance animal productivity, health, and welfare and increase food production while reducing the negative impact of farms on the environment and food–feed competition (2). Non-conventional (novel or underexploited) feeds are of particular interest as they can effectively contribute to improving ruminant-derived food production, which is in line with the projected transition toward a circular bio-based economy in the European Union. Direct-fed microbial, microalgae, seaweeds, aquatic plants (e.g., duckweed), oilseeds (e.g., camelina), tropical tree and shrub leaves (e.g., cassava, Leucaena sp., and Flemingia sp.), and fruit and vegetable by-products have all been suggested as potential non-conventional ruminant feed resources given their low arable land and water requirements as well as their potential to reduce enteric methanogenesis and promote healthier ruminant-derived foods and more sustainable production systems (3–6).

Feed evaluation studies are needed to fully assess the potential of non-conventional feeds as ingredients or additives in ruminant diets. Studies evaluating production responses and in vivo digestibility require a large number of animals and amounts of feed, require an extensive investment in labor and time, are expensive (7), and raise ethical issues regarding the use of untested non-conventional feeds and the use of animals for experimental purposes. Consequently, in vitro methodologies (e.g., Tilley and Terry method, Ankom Daisy system, Hohenheim gas test, batch culture technique, and rumen simulation technique) are increasingly being used for evaluating the degradability and fermentability of novel feeds, ingredients, and supplements. Despite providing useful data, these methodologies require ruminal microbial inocula to recreate a ruminal fermentation environment and fail to mimic the complete ruminal digestive process (7).

The need for ruminal fluid inocula adds a source of variation owing to differences within and between animals used as rumen digesta donors, which can affect in vitro fermentation results. To reduce this source of variation and error, the ruminal inocula used for in vitro studies should be representative of the in vivo microbiota composition and activity (7, 8), and true replicates must be employed (9). Dietary composition and nutrient availability are the factors that most contribute to variation in rumen microbiota composition and activity (8, 10). Accordingly, the diets of rumen inoculum donors should be similar to those used in in vitro feed evaluation systems (8, 11). However, this finding is difficult to achieve when assessing non-conventional ingredients or additives as feed resources for ruminants, and most in vitro studies use non-adapted ruminal inocula.

Feeding strategies, such as varying the neutral detergent fiber-to-rapidly fermentable carbohydrate ratio [acidogenicity value concept; (12, 13)] or the physically effective neutral detergent fiber content (14) of diets, can effectively modulate rumen function without negatively affecting the health and welfare of animals. Thus, we hypothesized that ruminal inocula with distinct fermentation profiles could be attained by altering the proportion of basal forage in the diets of the ruminal inoculum donors from corn silage to haylage, two of the most commonly used forages in dairy feeding, and that these changes would affect the fermentation profile of non-conventional feeds after 24 h of in vitro incubation with non-adapted ruminal inocula. In this context, increasing levels (0, 5, 10, and 15%, on a dry matter [DM] basis) of a sustainable, non-conventional feed, a commercially available algal blend composed of two microalgal (Chlorella vulgaris and Nannochloropsis oceanica) and two seaweed (Ulva sp. and Gracilaria gracilis) species, were added to a basal substrate (corn silage: haylage, 1:1 DM basis), and each mixture was separately incubated with individual ruminal inocula derived from each of the four diets containing different proportions of corn silage and haylage. The effects on gas and methane production and the fermentation profile were subsequently evaluated after 24 h of in vitro batch incubation.



2 Materials and methods


2.1 Ethics statements

All procedures involving animals were approved by the Animal Ethics Committee of the School of Medicine and Biomedical Sciences, University of Porto (ICBAS-UP) and licensed by the Portuguese General Directorate of Food and Veterinary Affairs (permit #0421/000/000/2021). All the procedures were performed by trained scientists (FELASA category C) in accordance with the European Union Directive 2010/63/EU relating to the protection of animals used for scientific purposes.



2.2 In vivo trial


2.2.1 Animals, diets, and management

Four healthy, primiparous Holstein cows, pregnant and in late lactation (507 ± 17.8 days in milk), were used in the trial, which was conducted between July and September 2022. Each animal was fitted with a ruminal cannula (10 cm in diameter; Bar Diamond Inc., Parma, ID, USA). The cows were housed at the Vairão Agricultural Campus of ICBAS-UP (Vila do Conde, Portugal) in contiguous individual boxes (10–11.5 m2), which allowed and promoted contact, grooming, and socializing and had continuous access to drinking water and mineral salt blocks. The cows had access to an outdoor paddock from 12:00 h to 15:00 h daily.

The animals were randomly assigned to four experimental diets in an incomplete 4 × 4 Latin square design (with the last period omitted). Each experimental period lasted for 3 weeks. The diets were formulated to promote changes in ruminal function by varying the proportions of basal forage (corn silage and/or haylage) but keeping the concentrations of the remaining ingredients unchanged (chopped barley straw, commercial concentrate, and soybean meal) (Table 1). The experimental diets were named according to the proportion of the basal forage used as follows: 100% corn silage, 100CS; 70% corn silage and 30% haylage, 70CS30HL; 30% corn silage and 70% haylage, 30CS70HL; and 100% haylage, 100HL.



TABLE 1 Ingredient and chemical composition (% dry matter [DM]) of the experimental diets and the amount of feed offered (kg DM/day).
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Corn silage was prepared in September 2021. Ensilage was performed in a bunker silo with the use of a silage additive. Haylage (based on ryegrass) was prepared at the end of April 2022. After harvesting followed by a wilting period, the grass was baled in big bales and a silage additive was used.

The cows were milked twice daily at 08:00 h and 18:15 h. At each milking session, the animals received and consumed 2.5 kg of commercial concentrate plus 0.5 kg of soybean meal. Basal forage (corn silage and/or haylage) mixed with barley straw was fed to the animals twice a day (08:30 h and 18:45 h). Orts were collected and weighed daily before morning milking and feeding. Every day during the last week of each experimental period, DM intake was determined for each animal, and samples of experimental diets and orts were collected for chemical composition analysis. At the end of each experimental period, the diets were exchanged between cows, and a new 3-week experimental period began.



2.2.2 In vivo sample collection

On the last day of each experimental period, before morning milking and feeding, ruminal contents were collected from the four quadrants of the rumen into pre-heated (39°C) thermos containers and the pH was immediately measured. The ruminal samples were quickly transported to the laboratory to ensure the viability of the ruminal microbial population and individually filtered through four layers of cheesecloth under anaerobic conditions. Samples of the strained ruminal fluid were collected for ammonia-N and volatile fatty acid (VFA) analyses. Ruminal fluid samples from the second and third experimental periods were further used as inocula in the short-term in vitro incubation trial.




2.3 In vitro trial


2.3.1 Algal blend, substrates, and in vitro incubation

To assess the effect of the ruminal inocula on the in vitro fermentation of a novel feed, the basal forages (corn silage and haylage) of the in vivo trial were used as substrates. The basal substrates were dried at 65°C for 48 h, ground through a 1-mm sieve, and stored at room temperature until incubation. The novel feed evaluated was a commercially available algal blend (Algaessence® feed; Algaessence is a cobranding of microalgae [Allmicroalgae, Pataias, Portugal] and seaweeds [ALGAplus, Ílhavo, Portugal] producers) composed of two microalgal species (C. vulgaris and N. oceanica) and two seaweed species (Ulva sp. and G. gracilis) produced autotrophically in closed tubular photobioreactors and integrated multitrophic aquaculture (IMTA) systems, respectively. Algaessence, commercialized as a spray-dried powder in sealed light-protected bags, was kept at room temperature in the dark until incubation. The commercial algal blend presented (on a DM basis) a high ash content (22.1%); moderate crude protein (36.2%), non-starch polysaccharide (17.1%), and non-structural carbohydrate (14.2%) contents; and a low starch content (2.90%). Palmitic (C16:0, 12.2 mg/g), palmitoleic (C16:1 cis-9, 5.69 mg/g), linolenic (C18:3 n-3, 5.13 mg/g), oleic (C18:1 cis-9, 3.91 mg/g), linoleic (C18:2 n-6, 3.62 mg/g), and eicosapentaenoic (EPA) (C20:5 n-3, 3.52 mg/g) acids were the main fatty acids present in the blend (Table 2).



TABLE 2 Chemical composition (% dry matter) and selected fatty acids (mg/g dry matter) of the basal substrates (corn silage and haylage) and the algal blend used in the 24-h in vitro incubations.
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Four experimental treatments (a 4 × 4 experimental design) were devised based on a basal substrate (corn silage and haylage, 1:1 DM basis) supplemented on top with incremental algal blend levels (up to 15%) and incubated for 24 h in batch culture systems with the four rumen inocula collected in the in vivo trial. Briefly, 250 mg of corn silage and 250 mg of haylage were placed in 150-mL serum bottles (Sigma-Aldrich Inc., St. Louis, MO, USA) and supplemented with (DM basis) 0% (A0), 5% (A5), 10% (A10), or 15% (A15) algal blend. Individual strained ruminal fluids (100CS, 70CS30HL, 30CS70HL, or 100HL) were mixed with the Mould buffer solution (8) at a 1:4 (v/v) ratio and kept at 39°C under O2-free CO2. In total, 50 mL of buffered ruminal inoculum was added, under an O2-free CO2 stream, to the serum bottles containing the experimental treatments. The bottles were sealed with butyl rubber septa and aluminum caps (Sigma-Aldrich Inc., St. Louis, MO, USA) and placed in a water bath at 39°C for 24 h under orbital agitation. Bottles without substrate (corn silage, haylage, or algal blend) but containing buffered ruminal inocula (blank samples) were incubated in parallel. All experimental treatments were incubated in duplicate per inoculum and per each of two incubation runs.



2.3.2 In vitro sample collection

After 24 h of incubation, the fermentation was immediately halted by placing the bottles in an iced water bath for 30 min. The bottles were then gradually warmed to 25°C, and the total gas production was measured using a pressure transducer (Bailey & Mackey Ltd., Birmingham, UK), as described by Maia et al. (6). The fermentation gas produced was collected with an air-tight glass syringe (SGE International PTY Ltd., Ringwood, Victoria, Australia), and the methane composition was determined by gas chromatography (15). Subsequently, bottles were opened, and the pH of the fermentation medium was immediately measured (GLP 22+ pH meter; Crison, Barcelona, Spain). Samples of the fermentation medium were further collected and kept at −20°C for the analysis of VFA production and ammonia-N contents.




2.4 Analytical determination


2.4.1 Proximate composition analysis

The proximate composition of ground (through a 1-mm sieve) dietary ingredients, orts, forages used as in vitro substrates and the algal blend were analyzed according to previously described official methods (16). All the samples were assessed for DM (method 934.01), ash (method 942.05), ether extract (method 920.39), and Kjeldahl N (method 954.01) contents. The crude protein content was calculated as N × 6.25 (method 990.03). In addition, the neutral detergent fiber (with α-amylase and without sodium sulfite) content (17, 18) was determined in all samples and expressed without residual ash. Owing to the small size of the microalgal species present in the algal blend (<25 μm in diameter), the filtration step in neutral detergent fiber determination was modified; that is, glass microfiber filters (Whatman GF/A, 1.6-μm porosity, Merck KGaA, Darmstadt, Germany) were used instead of P2 crucibles (40–100-μm porosity). The starch content was determined in 0.5-mm ground samples after hydrolysis to glucose and reaction with the glucose oxidase–peroxidase (GOPOD) reagent (Megazyme, Wicklow, Ireland) and determined spectrophotometrically at 505 nm (Synergy HT Multimode plate reader, BioTek Instruments, Bad Friedrichshall, Germany) (19). All analyses were performed in duplicate.



2.4.2 Fatty acid analysis

The fatty acids in corn silage, haylage, and the algal blend were transesterified by acid-catalyzed methylation (20) using nonadecanoic acid (C19:0, Matreya LLC, State College, PA, USA) as the internal standard. The resulting fatty acid methyl esters were analyzed using a Shimadzu GC-2010 Plus gas chromatograph (Shimadzu Europe GmbH, Duisburg, Germany) equipped with a capillary column (Omegawax 250, 30 m × 0.25 mm internal diameter, 0.25 μm film thickness; Supelco, Bellefonte, PA, USA) and a flame ionization detector, as described by Mota et al. (21). The identification of fatty acids was done by comparison with commercial standards (Supelco 37 Component FAME Mix, BAME Mix, PUFA No. 1, PUFA No. 2, PUFA No. 3, Sigma-Aldrich Co. LLC; GLC-110 Mixture, Matreya LLC) and quantified based on the internal standard (C19:0). Analyses were run in duplicate.



2.4.3 Fermentation end-products

Total VFA production and the individual VFA profile of the strained ruminal fluid and fermentation medium were determined as previously described (15). Briefly, 1 mL of ruminal fluid or fermentation medium and 0.25 mL of 25% ortho-phosphoric acid solution with 16 mM 3-methylvaleric acid (internal standard; Sigma-Aldrich, Inc.) were mixed and centrifuged at 19,800 × g for 15 min at 4°C. The supernatant was collected and analyzed using a gas chromatograph (Shimadzu GC-2010 Plus, Shimadzu Corporation, Kyoto, Japan) equipped with a flame ionization detector and a capillary column (HP-FFAP, 30 × 0.25 mm; 0.25 μm film thickness; Agilent Technologies, Santa Clara, CA, USA). Individual VFA were identified by comparing their retention times with that of a commercially available standard (Volatile Free Acid Mix, Sigma-Aldrich, Inc.) and quantified using the internal standard.

Strained ruminal fluid and fermentation medium samples were also analyzed for ammonia-N content following the method of Chaney and Marbach (22). Briefly, 1 mL of sample and 0.25 mL of 25% ortho-phosphoric acid solution were homogenized and centrifuged at 12,000 × g for 20 min at 4°C; a volume of 40 μL of the supernatant was added to 40 μL of water, 2.5 mL of phenol solution, and 2 mL of alkaline hypochlorite solution. The mixture was homogenized and incubated at 37°C for 10 min. The absorbance was subsequently read in a spectrophotometer at 550 nm (Synergy HT). The ammonia-N content was quantified using a calibration curve of an ammonia solution (0–32 mg/dL).




2.5 Statistical analysis

Statistical analysis of DM intake averaged by period and fermentation data for the in vivo and in vitro trials was performed with SAS software (2023; SAS OnDemand for Academics, SAS Institute Inc., Carry, NC, USA) using the general linear model procedure. The in vivo data were analyzed according to a Latin square design, with the model including the fixed effects of cow, period, and diet, as well as the residual error. The in vitro data were analyzed according to a 4 × 4 factorial design. The model included the fixed effects of cow, period, ruminal inoculum source, algal blend inclusion level, the interaction between ruminal inoculum and algal blend inclusion level, and the residual error. Orthogonal polynomial contrasts were used to test the linear and quadratic effects of ruminal inoculum source and the algal blend inclusion level on in vitro fermentation parameters. Orthogonal polynomial coefficients for non-equal (ruminal inoculum source) and equal (algal blend level) were computed using the Interactive Matrix Language procedure (SAS OnDemand for Academics). Multiple comparisons of means were carried out using Tukey’s post-hoc test. Significance was set as a p-value of <0.05, and a tendency was set at p ≥ 0.5 and < 1.0.




3 Results


3.1 In vivo trial

Although dietary treatments were offered in similar amounts to the late-lactation dairy cows (17.5–17.8 kg/day DM; Table 1), the DM intake was greatly affected by the basal forage (p < 0.001; Table 3); cows fed corn silage-based diets (100CS and 70CS30HL) had the highest DM intake, followed by those fed 30CS70HL; the lowest DM intake was recorded in cows fed 100% haylage.



TABLE 3 Dry matter intake and ruminal fermentation parameters for cows fed the experimental diets.
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The proportion of corn silage and/or haylage as basal forage also affected most of the ruminal fermentation parameters (Table 3), reflecting the differences in the chemical composition of experimental diets (Table 1). Ruminal pH was lowest in cows fed corn silage-based diets (100CS and 70CS30HL) and was highest in those fed the 30CS70HL diet (p < 0.001). The ammonia-N content was highest in cows fed haylage-based diets (30CS70HL and 100HL), followed by those fed 70CS30HL, and was lowest in cows fed 100% corn silage (p < 0.001). Dietary treatment tended to affect ruminal total VFA concentrations (p = 0.088) and significantly affected the molar proportions and ratios of most of the individual VFA. The molar proportion of acetate gradually increased as the proportion of haylage in the basal forage increased (p < 0.001). The proportion of butyrate was highest in cows fed 100CS and lowest in those fed 100HL; cows fed a mixture of corn silage and haylage (70CS30HL and 30CS70HL) had intermediate levels of butyrate (p = 0.001). The ruminal molar proportion of valerate was lower in cows fed corn silage-based diets (100CS and 70CS30HL) than in those fed haylage-based diets (30CS70HL and 100HL) (p < 0.001). The molar proportions of the branched-chain VFA isobutyrate and isovalerate were lowest when the basal forage contained only corn silage (p < 0.001). The experimental diets did not affect propionate (p = 0.090), isocaproate (p = 0.236), or caproate (p = 0.281) proportions. The highest acetate-to-propionate ratio was observed in the ruminal fluid of cows fed the 30CS70HL diet, while the lowest was recorded in cows fed corn silage-based diets (100CS and 70CS30HL) (p = 0.012); no difference was observed between 100HL and the other diets. The highest propionate-to-butyrate ratio was recorded with the 100HL diet and the lowest with the 100CS diet (p = 0.019); the mixture of basal forages led to intermediate values similar to 100 CS and 100HL. The acetate-to-propionate plus butyrate ratio was lowest with 100% corn silage as the basal forage (100CS) and gradually increased with increasing haylage proportions (p < 0.001).



3.2 In vitro trial

The linear and quadratic effects of the addition of ruminal inocula sourced from the different diets (100CS, 70CS30HL, 30CS70HL, and 100HL) and algal blend supplementation of differing proportions (A0, A5, A10, and A15) to a basal substrate (corn silage and haylage, 1:1 DM basis) on gas and methane production and fermentation parameters after 24 h of in vitro incubation are presented in Table 4. The interaction between the ruminal inoculum source and algal blend supplementation level is shown in Supplementary Table S1 and Figure 1. Total gas and methane production followed similar linear (p < 0.001) and quadratic (p < 0.001) patterns, that is, the highest values were observed with ruminal inocula from cows fed corn silage as the basal forage and the lowest with ruminal inocula from cows fed diets with 70 and 100% haylage (p < 0.001; Table 4). In addition, total gas and methane production exhibited a linear decrease (p < 0.001) with increasing algal blend supplementation levels. No effect of interaction between the ruminal inoculum source and the algal blend supplementation level was observed for total gas (p = 0.332) or methane (p = 0.463) production (Supplementary Table S1).



TABLE 4 The effects of ruminal inocula derived from the forage-based diets and algal blend supplementation levels on fermentation parameters after 24 h of in vitro incubation.
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FIGURE 1
 The effect of the interaction between ruminal inoculum derived from forage-based diets and algal blend supplementation levels on (A) total volatile fatty acids (mmol/g dry matter [DM]), (B) acetate (% mol), (C) propionate (% mol), (D) isobutyrate (% mol), (E) isovalerate (% mol), (F) valerate (% mol), (G) acetate-to-propionate ratio, and (H) acetate-to-propionate plus butyrate ratio after 24 h of in vitro incubation. Ruminal inocula are named according to the proportions (DM basis) of corn silage (CS) and haylage (HL) used as basal forage in the experimental diets; 100CS, 100% CS; 70CS30HL, 70% CS and 30% HL; 30CS70HL, 30% CS and 70% HL; 100HL, 100% HL. Algal blend supplementation levels are named according to the proportion (DM basis) of algal blend added to the basal substrate (CS: HL, 1:1); A0, 0% algal blend (control; white bars); A5, 5% algal blend (light grey bars); A10, 10% algal blend (dark grey bars); and A15, 15% algal blend (black bars). A–k Different superscript letters above the bars denote that the respective mean values differ significantly (p < 0.05).


Fermentation pH was only affected by ruminal inoculum source (p < 0.001; Table 4), increasing linearly and quadratically (p < 0.001) when corn silage was replaced by haylage as the basal forage in the diets of ruminal inocula donors. Ammonia-N contents displayed a linear decrease (p < 0.001) in fermentation media following incubation with inocula from cows fed diets containing increasing haylage replacement levels; no linear (p = 0.123) or quadratic (p = 0.660) effects on ammonia-N contents were observed for the algal blend inclusion level (Table 4) or ruminal inoculum source and algal blend supplementation level interaction (p = 0.660; Supplementary Table S1).

Total VFA production and the molar proportions and ratios of most individual VFA were affected (p < 0.05) by the interaction between the ruminal inoculum source and the algal blend supplementation level (Supplementary Table S1 and Figure 1). After 24 h of in vitro incubation, total VFA production decreased with increasing algal blend supplementation levels with all inoculum sources (p < 0.001); the lowest production was found when A15 was incubated with the 100HL inoculum, while the highest VFA production was observed with incubation of A0 with the 30CS70HL inoculum. Compared with the control (A0), algal blend supplementation at the 10 and 15% levels increased the molar proportion of acetate under incubation with 100CS (p = 0.009); no differences were observed among algal blend supplementation levels when incubated with inocula from other sources. The molar proportion of propionate was lower with A15 than with A0 and A10 supplementation when the 100CS inoculum was used (p = 0.006), but not under incubation with inocula derived from cows fed haylage-containing diets. Isobutyrate (p = 0.001) and isovalerate (p = 0.018) molar proportions followed similar patterns, with the lowest and highest contents being recorded with the 15% algal blend supplementation level under incubation with the 100CS and 70CS30HL inocula, respectively. The molar proportion of valerate was lower with the A15 than the A0 supplementation level with the 100CS inoculum (p = 0.001); no differences were observed among algal supplementation levels with other inoculum sources. The acetate-to-propionate ratio was higher with the A10 and A15 supplementation levels than when no algal blend was added (A0) under incubation with the 100CS inocula (p < 0.001); no differences were detected among algal blend supplementation levels with other inoculum sources. The lowest acetate-to-propionate plus butyrate ratio was recorded with the A0 inclusion level under incubation with the 30CS70HL inoculum and the highest was observed with the A15 inclusion level under incubation with the 100CS inoculum (p = 0.041).

Conversely, the interaction between the ruminal inoculum source and the algal blend supplementation level did not affect butyrate (p = 0.922) and caproate (p = 0.249) proportions or the propionate-to-butyrate ratio (p = 0.809) but tended to affect the isocaproate proportion (p = 0.050; Supplementary Table S1). The molar proportion of butyrate exhibited a linear decrease with increasing haylage proportions in the diets of ruminal inoculum donors (p = 0.016) and algal blend supplementation levels (p = 0.016; Table 4). No linear or quadratic effect of inoculum source (p = 0.129 and 0.505) or algal blend supplementation level (p = 0.471 and 0.067) was observed on the isocaproate proportion (Table 4). Ruminal inoculum source had a quadratic effect on the caproate molar proportion (p = 0.019), that is, caproate proportions were highest under incubation with the 70CS30HL inoculum and lowest under incubation with the 30CS70HL inoculum; meanwhile, increasing algal blend supplementation levels led to a linear decrease in caproate proportion (p < 0.001; Table 4). The ruminal inoculum source exerted a quadratic effect on the propionate-to-butyrate ratio (p = 0.024), with the lowest value found in fermentation medium incubated with the 100CS inoculum and the highest values observed in fermentation medium containing the 70CS30HL or the 100HL inoculum (Table 4).




4 Discussion

In vitro rumen batch culture is a technique widely used for predicting the degradability and nutritive value of feed sources (23, 24). It is also used to screen the potential of non-conventional additives and feeds, such as biochars, microalgae, and seaweeds (6, 25, 26), to modulate ruminal fermentation and, in particular, to reduce methane production. Despite its simplicity and the possibility of testing multiple samples at a single batch under similar conditions and without interference from the metabolic process of the host, several factors may influence the consistency of results (11, 23). Among these factors, the ruminal inoculum plays a major role.

Variations in in vitro gas production and fermentability due to the ruminal inoculum have been attributed to differences in the microbiota population profile and activity, among and within donor animals, between days, in sampling times (before or after feeding), and in the dietary composition and nutrient and energy intake of the host animals (7, 8, 27). In our study, we focused on the impact of the composition of the basal forage of diets on the ruminal inoculum of late-lactation cannulated cows. Four diets were formulated with similar ingredients, varying only in the proportions of two types of basal forage of differing chemical composition and particle size. Proper forage particle size is crucial for normal ruminal function and host health as it promotes a stable digesta mat, which increases the retention time of fiber particles, thereby promoting their fermentation by the rumen microbial community and stimulating reticulorumen motility, rumination, and salivation, neutralizing excessive acid production, and preventing a pH drop below levels required for optimal fermentation (28, 29). Along with other factors, particle size also plays an important role in feed intake and, thus, in dietary nutrient and energy digestibility. In the current study, a decrease in DM intake was observed when cows were fed diets with increasing proportions of haylage in substitution of corn silage, with cows fed the 100HL diet consuming 1.6 kg/day less than animals fed the 100CS diet. These differences may be due to the longer time required for eating and chewing haylage-containing diets, greater rumen fill effects, and longer retention times (30). Indeed, one study noted that, in early-lactating cows, the DM intake was reduced by 2.8 and 3.5 kg/day with 50% replacement of corn silage by long chop and short chop ryegrass silage, respectively (31). In contrast, a different study reported that the replacement of 0, 35, 65, and 100% ryegrass silage with corn silage had no impact on DM intake in cows during late lactation (32). These contrasting results highlight the importance of silage chop length on feed intake and performance (31).

Changing the acidogenicity value and the physically effective neutral detergent fiber contents of diets are complementary dietary formulation strategies for effectively manipulating the ruminal acid load (14, 33), with the carbohydrate type (starch vs. fiber) greatly influencing the ruminal microbial population and the fermentation profile (29, 34, 35). In the present study, these changes were reflected in the alterations in the ruminal fluid fermentation profiles observed when corn silage was replaced with haylage and in the concomitant increase in the neutral detergent fiber-to-starch ratio (1.8 to 10.5). These changes resulted in increases in pH values, the acetate molar proportion, and the acetate-to-propionate plus butyrate ratio, consistent with a higher fiber content (36). The ammonia-N content was 1.9 times higher in the ruminal fluid of cows fed 100HL than in that of cows fed 100CS, reflecting the higher crude protein content of the 100HL diet, further suggesting that corn silage-based diets improve the synchronization of energy and N release [synchronism concept, (37)]. Indeed, fermentable carbohydrates have been shown to reduce ammonia production by enhancing the capture of released ammonia-N or amino acids by ruminal microbiota or by reducing amino acid deamination (38, 39). While the total VFA content reflects the ruminal fermentation efficiency, the dietary treatment showed only a tendency (p = 0.088) to affect ruminal total VFA concentrations in the current study. The similar total VFA concentrations found may have been due to the ruminal fluid being collected before the morning meal when VFA production is lower (40) and the microbiota population is more stable (34).

High biomass productivity, a low carbon and water footprint, and significant nutritive and functional values have influenced the interest in the use of algae as a non-conventional and sustainable animal feed. Several studies have assessed the effects of microalgal and seaweed species as supplements and/or ingredients for ruminant feeding [see reviews (41, 42)]. Recently, the combination of microalgae (43, 44) and of seaweeds (45, 46) was reported to improve ruminant nutrition and milk quality. However, to the best of our knowledge, only one recent study evaluated the effects of a mixture of one microalgal (Euglena gracilis) and one seaweed (Asparagopsis taxiformis) species on in vitro ruminal fermentation parameters (47), and none of the studies have investigated the potential effects of combining two microalgal and two seaweed species. Thus, in this study, we assessed, for the first time, the effects of increasing supplementation levels (0, 5, 10, and 15%, DM basis) of a commercially available algal blend composed of two microalgal and two seaweed species on gas and methane production, pH, ammonia-N contents, and total VFA production and the proportion of individual VFA after 24 h of incubation with ruminal inocula obtained from cows fed forage-based diets with different proportions of two basal forages. A wide range of algal supplementation levels are reported in the literature, with microalgae being included at lower levels (up to 10%, 26) and seaweeds at higher levels (up to 25%, 6, 15, 47). As the commercially available algal blend used in the present study was composed of both microalgae and seaweeds, low (5%), average (10%), and high (15%) supplementation levels were assessed to gain further insights into the potential of this non-conventional and sustainable feed in ruminant nutrition.

In short-term in vitro systems such as batch culture technique, the microbiota of the ruminal inoculum cannot adapt to the substrate provided; thus, the rate, extent, and parameter profile of fermentation greatly depend on the composition and activity of the microbial population in the ruminal inoculum. Consequently, although not always feasible, the current recommendations are that the basal substrate should be similar to that in the diets of the donor animals (8, 11). Thus, in the present study, the basal substrate used was a combination (1:1) of the two base forages (corn silage and haylage) of the diets of the ruminal content donors supplemented with increasing algal blend levels; following incubation, in vitro fermentability was evaluated. The ruminal inoculum source was found to have a stronger impact than algal blend inclusion levels of up to 15% (DM basis) on short-term in vitro fermentation parameters. Inocula from cows fed diets in which corn silage was replaced with haylage effectively reduced total gas and methane production by 10.7 and 17.9%, respectively, while increasing the algal blend supplementation level contributed to reductions of 9.3 and 6.2%, respectively. Methane is the predominant greenhouse gas produced by ruminants. In addition to a high energetic cost for the animal, methane production is associated with a high environmental burden (48); indeed, it has been estimated that to limit the global temperature increase to 1.5°C, it is necessary to decrease enteric methane emissions by 20% by 2030, using 2020 as the baseline (49). In addition to reducing methane production, the algal blend used in this study is a sustainable feed as microalgae and seaweeds are produced autotrophically in local photobioreactors and IMTA systems, respectively, in which energy is derived from solar power, and nutrients are obtained from fish aquaculture wastewaters (50, 51). However, owing to the recalcitrant nature of the cell walls of microalgae and seaweeds, the fermentability of the algal blend may have been impaired, as complex algal cell wall polysaccharides are absent in conventional feeds and the microbial populations of the ruminal inocula were not adapted to this unconventional feed source (6, 26). Meanwhile, the effect of the ruminal inoculum source was greater than expected. Although studies have reported great effects of ruminal inocula source on fermentation rates, the extent of fermentation, and, thus, gas production, is often not affected, or only mildly so (52). In addition, in a review of the factors that affect in vitro gas production, Rymer et al. (27) concluded that above a minimum activity level of the microbiota, the ruminal inoculum source did not affect gas production, as long as a diet containing forage and concentrate, ideally in a 60:40 ratio, was fed to the ruminal fluid donors. Even though such a forage-based diet was provided to the ruminal fluid donor animals in the current study, microbial population activity may have been affected as the ammonia-N concentrations after 24 h of incubation was below the minimum level required for efficient microbial production and cellulolytic activity [50 mg/L; (53)].

In this study, the interaction between ruminal inoculum source and algal blend supplementation level affected total VFA production and the proportions of most individual VFA. Total VFA production was found to decrease with increasing algal supplementation levels with all inocula, with the strongest reduction being observed with inocula from cows fed the 30CS70HL diet. Given that VFA are the primary energy source of the ruminant host (54), feed sources with methane mitigation potential that do not reduce ruminal fermentation and total VFA production are of particular interest (49, 55). Acetate, propionate, and butyrate are the main VFA produced in the rumen, and their ratios mainly reflect the fermentation of non-structural and structural polysaccharides. In the current study, the molar proportions of acetate and propionate were, respectively, higher and lower after 24 h of incubation with the algal blend at the 15% supplementation level compared with those observed with the 0 and 5% inclusion levels, but only when the inoculum was derived from cows fed 100% corn silage as the base forage; no interaction effect was observed for butyrate. Higher acetate and butyrate and lower propionate production have been associated with increased gas production (56) and thus also with enhanced fermentability and microbiota production and activity; however, such an association was not observed in our study. The supplementation of corn silage or haylage substrate with microalgal (26) or macroalgal (6) species resulted in different fermentation profiles, with haylage showing lower fermentability. As previously mentioned, diet is known to greatly affect the composition and activity of the ruminal microbiota. Although changes in the ruminal microbiota can partly explain the results obtained in our study, Jami and Mizrahi (57) reported that differences in ruminal bacterial populations among animals fed the same diet were substantially higher than those promoted by different diets. Moreover, the authors concluded that despite the variation in bacterial taxa among animals, the microbiota was phylogenetically highly similar (82%) and thus did not affect fermentation ability. Hua et al. (58) compared the effects of glucogenic and lipogenic diets on ruminal bacterial community structure, fermentation intermediary metabolites, and methane production following 48 h of incubation with a ruminal inoculum. Although several amylolytic and cellulolytic bacteria were found to be sensitive to dietary differences, most highly abundant bacteria were stable or were only marginally affected, thus highlighting the relevance of the microbiota profile of ruminal inocula in short-term in vitro fermentation studies.



5 Conclusion

Ruminal inoculum source markedly affected the in vitro fermentability of the algal blend, supporting the importance of the diet of rumen donors in the modulation of the microbial ecosystem and its impact on the in vitro evaluation of non-conventional feeds for ruminants. Indeed, the replacement of corn silage with haylage as the basal forage in the diet of late-lactation dairy cows decreased gas and methane production and modified the ruminal fermentation profile after 24 h of in vitro batch incubation. Gas and methane production was also reduced with algal blend supplementation levels of up to 15% (DM basis). The interaction between the ruminal inoculum source and the algal blend supplementation level exerted an effect only on total VFA production and the profiles of most individual VFA; this observation highlights the need to consider the diet of ruminal inoculum donors and the algal blend inclusion level when evaluating the optimal supplementation strategy for promoting ruminant nutrition and production sustainability without impairing ruminal function. Overall, our results highlight the importance of ruminal inocula when assessing the fermentability of a non-conventional feed. Our findings further highlight the potential of the algal blend as a natural modulator of ruminal fermentation in vitro; however, further in vivo studies are needed to reveal its full potential.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.



Ethics statement

All procedures involving animals were approved by the Animal Ethics Committee of the School of Medicine and Biomedical Sciences, University of Porto (ICBAS-UP) and licenced by the Portuguese General Directorate of Food and Veterinary Affairs (permit #0421/000/000/2021). All the procedures were performed by trained scientists (FELASA category C) in accordance with the European Union Directive 2010/63/EU relating to the protection of animals used for scientific purposes.



Author contributions

CM: Formal analysis, Investigation, Writing – original draft, Writing – review & editing. MM: Formal analysis, Investigation, Writing – original draft, Writing – review & editing, Conceptualization, Validation. IV: Investigation, Writing – review & editing, Conceptualization. AC: Formal analysis, Writing – review & editing, Conceptualization. AF: Funding acquisition, Writing – original draft, Writing – review & editing, Conceptualization, Resources, Supervision, Validation.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study received financial support from project R&W Clean: New solutions for sensing environmental and biological parameters to help demedicalize the agricultural sector (POCI-010247-FEDER-70109) supported by PORTUGAL 2020 program through the European Regional Development Fund. MM and IV thank FCT for funding through program DL 57/2016—Norma transitória (SFRH/BPD/70176/2010 and SFRH/BPD/11181/2015, respectively), and CM PhD grant (PD/BDE/150585/2020) is acknowledged to FCT, SANFEED Doctoral Programme, ALGAplus and Allmicroalgae, and FCT/FSE. CM declares that her PhD grant was partly funded by ALGAplus and Allmicroalgae. The funders were not involved in the study design, collection, analysis, interpretation of data, the writing of this article, or the decision to submit it for publication.



Acknowledgments

This work received support from FCT/MCTES (LA/P/0008/2020 doi: 10.54499/LA/P/008/2020, UIDP/50006/2020 doi: 10.54499/UIDP/50006/2020, and UIDB/50006/2020 doi: 10.54499/UIDB/50006/2020) through national funds. The authors are thankful to ALGAplus and Allmicroalgae for the kind offer of the commercial algae blends. The authors also thank Sílvia Azevedo, from ICBAS-UP, for the valuable technical assistance in the in vitro incubation trials and analytical determinations, and Pedro Maia, António Leal, and Maria Rosa Silva, from ICBAS-UP, for animal keeping and care assistance.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fvets.2024.1346683/full#supplementary-material



References

 1. FAO, IFAD, UNICEF, WFP, WHO. The State of Food Security and Nutrition in the World. Repurposing food and agricultural policies to make healthy diets more affordable. Rome: FAO (2022).

 2. FAO. The future of food and agriculture – Alternative pathways to 2050. Rome, Italy: FAO (2018).

 3. Halmemies-Beauchet-Filleau, A, Rinne, M, Lamminen, M, Mapato, C, Ampapon, T, Wanapat, M , et al. Review: alternative and novel feeds for ruminants: nutritive value, product quality and environmental aspects. Animal. (2018) 12:S295–309. doi: 10.1017/S1751731118002252 

 4. Beauchemin, KA, Ungerfeld, EM, Abdalla, AL, Alvarez, C, Arndt, C, Becquet, P , et al. Invited review: current enteric methane mitigation options. J Dairy Sci. (2022) 105:9297–326. doi: 10.3168/jds.2022-22091 

 5. Jalal, H, Giammarco, M, Lanzoni, L, Akram, MZ, Mammi, LME, Vignola, G , et al. Potential of fruits and vegetable by-products as an alternative feed source for sustainable ruminant nutrition and production: a review. Agriculture. (2023) 13:286. doi: 10.3390/agriculture13020286

 6. Maia, MRG, Fonseca, AJM, Oliveira, HM, Mendonça, C, and Cabrita, ARJ. The potential role of seaweeds in the natural manipulation of rumen fermentation and methane production. Sci Rep. (2016) 6:32321. doi: 10.1038/srep32321 

 7. Mould, FL. Predicting feed quality - chemical analysis and in vitro evaluation. Field Crop Res. (2003) 84:31–44. doi: 10.1016/S0378-4290(03)00139-4

 8. Mould, FL, Kliem, KE, Morgan, R, and Mauricio, RM. In vitro microbial inoculum: a review of its function and properties. Anim Feed Sci Technol. (2005) 123–124:31–50. doi: 10.1016/j.anifeedsci.2005.04.028

 9. Udén, P, Robinson, PH, Mateos, GG, and Blank, R. Use of replicates in statistical analyses in papers submitted for publication in animal feed science and technology. Anim Feed Sci Technol. (2012) 171:1–5. doi: 10.1016/j.anifeedsci.2011.10.008

 10. Mavrommatis, A, Skliros, D, Sotirakoglou, K, Flemetakis, E, and Tsiplakou, E. The effect of forage-to-concentrate ratio on Schizochytrium spp.-supplemented goats: modifying rumen microbiota. Animals. (2021) 11:2746. doi: 10.3390/ani11092746 

 11. Yáñez-Ruiz, DR, Bannink, A, Dijkstra, J, Kebreab, E, Morgavi, DP, O’Kiely, P , et al. Design, implementation and interpretation of in vitro batch culture experiments to assess enteric methane mitigation in ruminants—a review. Anim Feed Sci Technol. (2016) 216:1–18. doi: 10.1016/j.anifeedsci.2016.03.016

 12. Wadhwa, D, Beck, NFG, Borgida, LP, Dhanoa, MS, and Dewhurst, RJ. Development of a simple in vitro assay for estimating net rumen acid load from diet ingredients. J Dairy Sci. (2001) 84:1109–17. doi: 10.3168/jds.S0022-0302(01)74571-7 

 13. Dewhurst, RJ, Wadhwa, D, Borgida, LP, and Fisher, WJ. Rumen acid production from dairy feeds. 1. Effects on feed intake and milk production of dairy cows offered grass or corn silages. J Dairy Sci. (2001) 84:2721–9. doi: 10.3168/jds.S0022-0302(01)74726-1

 14. Mertens, DR. Creating a system for meeting the fiber requirements of dairy cows. J Dairy Sci. (1997) 80:1463–81. doi: 10.3168/jds.S0022-0302(97)76075-2 

 15. Maia, MRG, Fonseca, AJM, Cortez, PP, and Cabrita, ARJ. In vitro evaluation of macroalgae as unconventional ingredients in ruminant animal feeds. Algal Res. (2019) 40:101481. doi: 10.1016/j.algal.2019.101481

 16. AOAC. Official methods of analysis. 17th ed. Gaithersburg, MD: Association of Official Analytical Chemists (2000).

 17. Van Soest, PJ, Robertson, JB, and Lewis, BA. Methods for dietary fiber, neutral detergent fiber, and nonstarch polysaccharides in relation to animal nutrition. J Dairy Sci. (1991) 74:3583–97. doi: 10.3168/jds.S0022-0302(91)78551-2 

 18. Robertson, JB, and Van Soest, PJ. The detergent system of analysis In: WPT James and O Teander, editors. The analysis of dietary fiber in food. New York: Marcel Dekker Inc. (1981). 123–58.

 19. Salomonsson, AC, Theander, O, and Westerlund, E. Chemical characterization of some Swedish cereal whole meal and bran fractions. Swed J Agr Res. (1984) 14:111–7.

 20. Sukhija, PS, and Palmquist, DL. Rapid method for determination of total fatty acid content and composition of feedstuffs and feces. J Agric Food Chem. (1988) 36:1202–6. doi: 10.1021/jf00084a019

 21. Mota, CSC, Pinto, O, Sá, T, Ferreira, M, Delerue-Matos, C, Cabrita, ARJ , et al. A commercial blend of macroalgae and microalgae promotes digestibility, growth performance, and muscle nutritional value of European seabass (Dicentrarchus labrax L.) juveniles. Front Nutr. (2023) 10:1165343. doi: 10.3389/fnut.2023.1165343 

 22. Chaney, AL, and Marbach, EP. Modified reagents for determination of urea and ammonia. Clin Chem. (1962) 8:130–2. doi: 10.1093/clinchem/8.2.130

 23. Vinyard, JR, and Faciola, AP. Unraveling the pros and cons of various in vitro methodologies for ruminant nutrition: a review. Transl Anim Sci. (2022) 6:txac130. doi: 10.1093/tas/txac130

 24. Foster, JL, Smith, WB, Rouquette, FM, and Tedeschi, LO. Forages and pastures symposium: an update on in vitro and in situ experimental techniques for approximation of ruminal fiber degradation. J Anim Sci. (2023) 101:skad097. doi: 10.1093/jas/skad097 

 25. Rodrigues, ARF, Maia, MRG, Cabrita, ARJ, Oliveira, HM, Bernardo, M, Lapa, N , et al. Assessment of potato peel and agro-forestry biochars supplementation on in vitro ruminal fermentation. PeerJ. (2020) 8:e9488. doi: 10.7717/peerj.9488 

 26. Meehan, DJ, Cabrita, ARJ, Silva, JL, Fonseca, AJM, and Maia, MRG. Effects of Chlorella vulgaris, Nannochloropsis oceanica and Tetraselmis sp. supplementation levels on in vitro rumen fermentation. Algal Res. (2021) 56:102284. doi: 10.1016/j.algal.2021.102284

 27. Rymer, C, Huntington, JA, Williams, BA, and Givens, DI. In vitro cumulative gas production techniques: history, methodological considerations and challenges. Anim Feed Sci Technol. (2005) 123–124:9–30. doi: 10.1016/j.anifeedsci.2005.04.055

 28. Zebeli, Q, Aschenbach, JR, Tafaj, M, Boguhn, J, Ametaj, BN, and Drochner, W. Invited review: role of physically effective fiber and estimation of dietary fiber adequacy in high-producing dairy cattle. J Dairy Sci. (2012) 95:1041–56. doi: 10.3168/jds.2011-4421

 29. Zhou, J, Xue, B, Hu, A, Yue, S, Wu, M, Hong, Q , et al. Effect of dietary peNDF levels on digestibility and rumen fermentation, and microbial community in growing goats. Front Microbiol. (2022) 13:950587. doi: 10.3389/fmicb.2022.950587 

 30. Nasrollahi, SM, Imani, M, and Zebeli, Q. A meta-analysis and meta-regression of the effect of forage particle size, level, source, and preservation method on feed intake, nutrient digestibility, and performance in dairy cows. J Dairy Sci. (2015) 98:8926–39. doi: 10.3168/jds.2015-9681 

 31. Tayyab, U, Wilkinson, RG, Charlton, GL, Reynolds, CK, and Sinclair, LA. Grass silage particle size when fed with or without maize silage alters performance, reticular pH and metabolism of Holstein-Friesian dairy cows. Animal. (2019) 13:524–32. doi: 10.1017/S1751731118001568

 32. Bernard, JK, West, JW, and Trammell, DS. Effect of replacing corn silage with annual ryegrass silage on nutrient digestibility, intake, and milk yield for lactating dairy cows. J Dairy Sci. (2002) 85:2277–82. doi: 10.3168/jds.S0022-0302(02)74307-5

 33. Heering, R, Baumont, R, Dickhoefer, U, and Selje-Aßmann, N. Effect of physically effective fibre on chewing behaviour, ruminal fermentation, digesta passage and protein metabolism of dairy cows. J Agric Sci. (2024) 161:720–33. doi: 10.1017/S0021859623000539

 34. Belanche, A, Doreau, M, Edwards, JE, Moorby, JM, Pinloche, E, and Newbold, CJ. Shifts in the rumen microbiota due to the type of carbohydrate and level of protein ingested by dairy cattle are associated with changes in rumen fermentation. J Nutr. (2012) 142:1684–92. doi: 10.3945/jn.112.159574 

 35. Fernando, SC, Purvis, HT II, Najar, FZ, Sukharnikov, LO, Krehbiel, CR, Nagaraja, TG , et al. Rumen microbial population dynamics during adaptation to a high-grain diet. Appl Environ Microbiol. (2010) 76:7482–90. doi: 10.1128/AEM.00388-10 

 36. France, J, and Dijkstra, J. Volatile fatty acid production In: J Dijkstra, JM Forbes, and J France, editors. Quantitative aspects of ruminant digestion and metabolism. 2nd ed. Wallingford, UK: CABI (2005). 157–75.

 37. Cabrita, ARJ, Dewhurst, RJ, Abreu, JMF, and Fonseca, AJM. Evaluation of the effects of synchronising the availability of N and energy on rumen function and production responses of dairy cows - a review. Anim Res. (2006) 55:1–24. doi: 10.1051/animres:2005045

 38. Agle, M, Hristov, AN, Zaman, S, Schneider, C, Ndegwa, PM, and Vaddella, VK. Effect of dietary concentrate on rumen fermentation, digestibility, and nitrogen losses in dairy cows. J Dairy Sci. (2010) 93:4211–22. doi: 10.3168/jds.2009-2977 

 39. Hristov, AN, Ropp, JK, Grandeen, KL, Abedi, S, Etter, RP, Melgar, A , et al. Effect of carbohydrate source on ammonia utilization in lactating dairy cows. J Anim Sci. (2005) 83:408–21. doi: 10.2527/2005.832408x

 40. Welkie, DG, Stevenson, DM, and Weimer, PJ. ARISA analysis of ruminal bacterial community dynamics in lactating dairy cows during the feeding cycle. Anaerobe. (2010) 16:94–100. doi: 10.1016/j.anaerobe.2009.07.002 

 41. Cabrita, ARJ, Valente, IM, Oliveira, HM, Fonseca, AJM, and Maia, MRG. Effects of feeding with seaweeds on ruminal fermentation and methane production In: L Pereira, K Bahcevandziev, and NH Joshi, editors. Seaweeds as plant fertilizer, agricultural biostimulants and animal fodder. Boca Raton, FL: CRC Press (2019). 187–210.

 42. Valente, LMP, Cabrita, ARJ, Maia, MRG, Valente, IM, Engrola, S, Fonseca, AJM , et al. Microalgae as feed ingredients for livestock production and aquaculture In: CM Galanakis, editor. Microalgae - cultivation, recovery of compounds and applications. Cambridge, MA: Academic Press (2021). 239–312.

 43. Lamminen, M, Halmemies-Beauchet-Filleau, A, Kokkonen, T, Jaakkola, S, and Vanhatalo, A. Different microalgae species as a substitutive protein feed for soya bean meal in grass silage based dairy cow diets. Anim Feed Sci Technol. (2019) 247:112–26. doi: 10.1016/j.anifeedsci.2018.11.005

 44. Lamminen, M, Halmemies-Beauchet-Filleau, A, Kokkonen, T, Simpura, I, Jaakkola, S, and Vanhatalo, A. Comparison of microalgae and rapeseed meal as supplementary protein in the grass silage based nutrition of dairy cows. Anim Feed Sci Technol. (2017) 234:295–311. doi: 10.1016/j.anifeedsci.2017.10.002

 45. Newton, EE, Pétursdóttir, ÁH, Ríkharðsson, G, Beaumal, C, Desnica, N, Giannakopoulou, K , et al. Effect of dietary seaweed supplementation in cows on milk macrominerals, trace elements and heavy metal concentrations. Food Secur. (2021) 10:1526. doi: 10.3390/foods10071526 

 46. Rey-Crespo, F, Lopez-Alonso, M, and Miranda, M. The use of seaweed from the Galician coast as a mineral supplement in organic dairy cattle. Animal. (2014) 8:580–6. doi: 10.1017/S1751731113002474 

 47. Ahmed, E, Suzuki, K, and Nishida, T. Micro- and macro-algae combination as a novel alternative ruminant feed with methane-mitigation potential. Animals. (2023) 13:796. doi: 10.3390/ani13050796 

 48. Gerber, PJ, Steinfeld, H, Henderson, B, Mottet, A, Opio, C, Dijkman, J , et al. Tackling climate change through livestock – A global assessment of emissions and mitigation opportunities. Rome, Italy: Food and Agriculture Organization of the United Nations (FAO) (2013).

 49. Ungerfeld, EM, Beauchemin, KA, and Muñoz, C. Current perspectives on achieving pronounced enteric methane mitigation from ruminant production. Front Anim Sci. (2022) 2:795200. doi: 10.3389/fanim.2021.795200

 50. Peter, AP, Koyande, AK, Chew, KW, Ho, S-H, Chen, W-H, Chang, J-S , et al. Continuous cultivation of microalgae in photobioreactors as a source of renewable energy: current status and future challenges. Renew Sust Energ Rev. (2022) 154:111852. doi: 10.1016/j.rser.2021.111852

 51. Khanjani, MH, Zahedi, S, and Mohammadi, A. Integrated multitrophic aquaculture (IMTA) as an environmentally friendly system for sustainable aquaculture: functionality, species, and application of biofloc technology (BFT). Environ Sci Pollut Res. (2022) 29:67513–31. doi: 10.1007/s11356-022-22371-8

 52. Hervás, G, Frutos, P, Giráldez, FJ, Mora, MJ, Fernández, B, and Mantecón, ÁR. Effect of preservation on fermentative activity of rumen fluid inoculum for in vitro gas production techniques. Anim Feed Sci Technol. (2005) 123–124:107–18. doi: 10.1016/j.anifeedsci.2005.05.004

 53. Satter, L, and Slyter, L. Effect of ammonia concentration on rumen microbial protein production in vitro. Br J Nutr. (1974) 32:199–208. doi: 10.1079/BJN19740073

 54. Russell, JB, and Rychlik, JL. Factors that alter rumen microbial ecology. Science. (2001) 292:1119–22. doi: 10.1126/science.1058830 

 55. Wang, K, Xiong, B, and Zhao, X. Could propionate formation be used to reduce enteric methane emission in ruminants? Sci Total Environ. (2023) 855:158867. doi: 10.1016/j.scitotenv.2022.158867 

 56. Getachew, G, Blümmel, M, Makkar, HPS, and Becker, K. In vitro gas measuring techniques for assessment of nutritional quality of feeds: a review. Anim Feed Sci Technol. (1998) 72:261–81. doi: 10.1016/S0377-8401(97)00189-2

 57. Jami, E, and Mizrahi, I. Composition and similarity of bovine rumen microbiota across individual animals. PLoS One. (2012) 7:e33306. doi: 10.1371/journal.pone.0033306 

 58. Hua, D, Hendriks, WH, Zhao, Y, Xue, F, Wang, Y, Jiang, L , et al. Glucogenic and lipogenic diets affect in vitro ruminal microbiota and metabolites differently. Front Microbiol. (2022) 13:1039217. doi: 10.3389/fmicb.2022.1039217 


Copyright
 © 2024 Mota, Maia, Valente, Cabrita and Fonseca. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fvets-11-1346683-t004.jpg
Parameter Ruminal inoculum?® Algal blend?

100Cs 70CS30HL 30CS70HL 100HL A5 A10

Gas, mL/g DM 187 173 168 167 20 <0.001 <0.001 183 177 170 166 16 <0.001 0.607
Methane, mL/g

- 19.6 179 158 16.1 023 <0.001 <0.001 179 17.8 169 168 0.19 <0.001 0.463
pH 6.08 6.17 6.19 6.20 0.005 <0.001 <0.001 6.16 6.16 6.17 6.16 0.004 0.114 0.366
gzmamm-N‘ add 30.3 26.1 284 244 0.41 <0.001 0731 27.7 27.7 27.0 268 033 0.123 0.660
“Total VFA, mmol/g

M 7.97 7.70 817 7.68 0.024 0.020 <0.001 855 8.08 7.65 7.24 0.020 <0.001 0.237
Acetate, % mol 64.8 64.7 639 647 0.18 0.185 0.009 64.0 64.2 64.7 652 0.21 <0.001 0.388
Propionate, % mol 165 174 17.7 178 014 <0.001 0.002 174 175 173 17.1 012 0033 0.284
Isobutyrate, % mol 0893 101 0976 104 00193 <0.001 0.140 0.969 0.988 0.976 0983 00158 0,691 0701
Butyrate, % mol 142 130 137 128 028 0016 0.561 138 135 133 131 022 0016 0977
Isovalerate, % mol 1.68 1.83 172 163 0.049 0.283 0.003 172 173 170 171 0.040 0777 0.950
Valerate, % mol 141 150 155 157 0017 <0.001 0012 152 152 150 149 0014 0122 0753
Tsocaproate, % mol 00183 00207 00228 00230 000207 0129 0505 00187 00229 00227 00206 000169 0471 0067
Caproate, % mol 0.494 0.541 0416 0503 0.0101 0.230 0.019 0520 0.505 0474 0455 0.0082 <0.001 0.782
AP ratio 396 374 362 364 0033 <0.001 <0.001 368 369 375 383 0027 <0.001 0.153
P: B ratio 117 140 129 140 0.031 0.210 0.024 1.28 131 133 1.34 0.026 0.110 0.804
A: (P+B) ratio 215 215 202 212 0.022 0.042 0.013 2.06 2.08 213 218 0018 <0.001 0.348

‘Ruminal inocula are named afier experimental diets according to the proportions (dry matter [DM] basis) of corn silage (CS) and haylage (HL) used as basal forage; 100CS, 100% CS; 70CS30HL, 70% CS and 30% HL; 30CS70HL, 30% CS and 70% HL; 100HL, 100%
HL.

‘Supplementation levels are named according to the proportion (DM basis) of algal blend added to the basal substrate (CS: HL, 1:1): A0, 0% algal blend (control); A5, 5% algal blend; A10, 10% algal blend; A15, 15% algal blend.

L, linear orthogonal polynomial contrast; Q, quadratic orthogonal polynomial contrast; VEA, volatle fatty acids; A: P ratio, acetate-to-propionat ratio; P: B ratio, propionate-to-butyrate ratio; A: (P+ B) rato, acetate-to-propionate plus butyrate ratio; SEM, standard
error of the mean.
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Corn Haylage Algal

silage blend

Chemical composition

Ash 241 973 21
Crude protein 530 13 362
Neutral detergent

fher 419 597 199
Ether extract 331 187 467
Starch 414 nd. 290
Nsp' 471 174 17.1

NsC? 568 174 142
Fatty acids

C160 478 225 122
CI6:1 cis9 0036 0145 569
Cl8:1 cis9 394 0343 391
Ci82n6 945 161 362
Ci83n3 127 308 513
Cig4n3 nd nd. 0,660
C204 16 nd. nd. 253
€205 n-3 (EPA) nd. nd 352
2503 nd nd. 0124

'NSC, non-structural carbohydrates = 100 - (neutral detergent fiber + crude protein + ether
extract +ash).

'NSP. non-starch polysaccharides = non-structural carbohydrates - starch.

EPA, eicosapentaenoic acid; n.d., not detected.
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Diets'

100Cs 70CS30HL 30CS70HL

Dry matter intake, 7.3 7.2 163" 157 010 <0001
ke/day

Ruminal parameters ‘
pH 6.54° 6.57" 6.95° 6.78" 0.020 <0.001
Ammonia-N, mg/dL 581" 824" 10.19° 10.96° 0.261 <0.001
“Total VFA, mmol/L 192 193 181 186 33 0.088
Acetate, % mol 628" 633" 64.1° 64.6' 0.09 <0.001
Propionate, % mol 184 186 178 184 0.21 0.090
Isobutyrate, % mol L3 130" 1310 1320 0015 <0001
Butyrate, % mol 143 133" 13.0 ny 029 0.001
Isovalerate, % mol 167 190 195" 1.91° 0.025 <0.001
Valerate, % mol 116 L1s 1.30" 137" 0.018 <0.001
Tsocaproate, % mol 0.006 0017 0010 0012 0.0034 0236
Caproate, % mol 0491 0435 0.481 0.481 0.0203 0.281
A: P ratio 3410 3.40° 3.60° s 0.035 0012
P: B ratio 130" 144" 139* 1.54" 0.043 0.019
A: (P+B) ratio 192 199 2.08° Pt 0.009 <0.001

“*<4Values in the same row with different superscript letters differ significantly (p>0.05)

‘Diets are named according to the proportions (dry matter [DM] basis) of corn silage (CS) and haylage (HL) used as the basal forag
30CS70HL, 30% CS and 70% HL; 100HL, 100% HL.

VFA, volatie fatty acids; A: P raio, acetate-to-propionate rato; P: B ratio, propionate-to-butyrate rato; A (P-+ B) atio, acetate-to-propionate plus butyrate ratio; SEM, standard error of the
mean.

00CS, 100% CS; 70CS30HL, 70% CS and 30% HL;
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70CS30HL 30CS70HL

Ingredient composition

Corn silage 535 373 158 00

Haylage 00 165 383 542
Chopped barley straw 155 154 153 153
Commercial concentrate 259 257 255 255
Soybean meal 51 51 50 50

Chemical composition

Dry matter, % 448 507 611 722
Ash 47 56 68 77

Crude protein 133 138 146 151
Ether extract 29 27 23 21

Neutral detergent fiber 446 167 494 515
Starch 249 189 108 49

NsC? 15 312 268 26
Nsp! 96 124 160 187
Amount offered, kg DM/day 175 176 17.7 17.8

‘Diets are named according to the proportions (DM basis) of corn silage (CS) and haylage (HL) used as the basal forage; 100CS, 100% C:
CS and 70% HL; 100HL, 100% HL.

'NSC, non-structural carbohydrates = 100 - (neutral detergent fiber + crude protein + ether extract +ash).

NSP, non-starch polysaccharides = non-structural carbohydrates - starch.
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