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Abstract

:

The aim of this study was to distinguish effects due to diet composition from those triggered by ruminal pH on fermentation patterns and microbial profiles in a continuous culture system (RUSITEC). The study followed a 2 × 2 factorial design, with two diets varying in the proportions of forage and concentrate and two pH levels in the culture medium. RUSITEC fermenters were used to simulate rumen fermentation and feed digestibility, fermentation end-products, microbial protein synthesis, microbial community, and long-chain fatty acid profiles in the digesta were determined. Multivariate analyses were applied to summarize the overall results. High concentrate (34% cereal grain, 32% hay) diets were more digestible (p < 0.05) than high forage (10% cereal grain, 78% hay) diets, resulting in a greater (p < 0.05) formation of most fermentation end-products and microbial protein in the rumen. However, there were no significant (p > 0.05) differences between diets in methane production. Ciliate protozoa, anaerobic fungi, some fibrolytic bacteria, hydrogenation of oleic acid, and relative proportion of conjugated linoleic acid were increased (p < 0.05) with high forage diets. A decline in rumen pH from 6.8 to 6.4 decreased (p < 0.05) feed digestibility, protein degradability, and the daily outputs of some fermentation end-products (gas, VFA, acetate, ammonia) but had no effect (p > 0.05) on the synthesis of microbial protein, and on the output of methane, propionate, butyrate or lactate. Minor changes in microbial community profile or the fatty acid relative proportions were observed within this pH range. The overall multivariate analysis revealed a clear discrimination between high-concentrate and high-forage diets, with subtler and less-defined pH effects on ruminal fermentation and microbial communities.
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1. Introduction


Intensive meat (beef, lamb) and dairy production systems are reliant on the use of high-concentrate diets to meet the nutritional requirements of high-yielding ruminants [1]. The inclusion of starch and protein-rich grains in these diets is increased at the expense of more fibrous feedstuffs aiming to increase the energy and protein concentrations in the ration. Feed efficiency is, in most cases, improved by increasing the consumption of grains by ruminants. As higher levels of production are intended, the inclusion of supplementary fats or oils becomes necessary to reach the high energy density required in these diets [2]. High inclusion levels of these concentrate feedstuffs will increase productivity but may alter the rumen ecosystem, raising the occurrence of undesirable nuisance in the way of ruminal acidosis or milk fat depression in cows [1,3]. The rumen is well-known as an anaerobic microbial fermenter, highly efficient in the degradation of fiber [4,5]. However, this valuable attribute can be endangered under suboptimal conditions, such as a low pH or restricted availability of fiber [6].



The rapid fermentation of starch and sugars in the rumen gives rise to the accumulation of short-chain organic acids (including lactate) and a decline in pH in the rumen. These changes cause a substantial shift in ruminal fermentation [7,8]. In the animal, feeding diets with higher availability of readily fermentable carbohydrates and less fiber is associated with a decline in ruminal pH, and it is challenging to elucidate which factor (diet composition or ruminal pH) is more determinant of the fermentation pattern [6,9]. Additionally, different types of substrate (fibrous or starchy) differentially promote the proliferation of one or other microbial communities, more or less adapted to the enzymatic digestion of the available substrate [9]. In turn, the predominant microbes (those groups or species prevailing under the conditions generated by the type of diet) will constrain the fermentation process to a defined pattern [6]. The situation becomes more intricate when diets are supplemented with unsaturated oils because fat can depress some ruminal microorganisms, the fatty acid biohydrogenation processes will be affected, and the oil-induced effects on fermentation can be different for high-forage or high-grain diets [10,11].



Over the last decades, one of the main challenges in the studies on rumen fermentation has been to distinguish between the effect of the nature of the diet (per se) and that triggered by the ruminal pH on the pattern of fermentation, the microbial composition and the fatty acid hydrogenation in the rumen [12,13]. Calsamiglia et al. [12] concluded that changes in the ruminal fermentation pattern in response to a high-grain diet were caused by the joined effects of the substrate (low fiber) and acidic pH. It is important to elucidate this question for designing the most appropriate feeding strategies in high-yielding ruminants. This goal is difficult to achieve with animals in vivo, as both factors are highly interdependent (pH will decline with a high-grain diet), and any results will be affected by confounding effects [12]. Thus, the use of in vitro continuous cultures simulating rumen fermentation under controlled conditions, such as the RUSITEC system, are valuable models to approach these objectives [14]. In these bioreactors, pH is maintained fairly stable regardless of the composition of the diet by using a strong buffer solution, and all outputs (fermentation gas, undigested residue, outflow of effluent) can be quantitatively collected and precisely sampled for analytical determinations [14]. Our hypothesis is that the forage-to-concentrate ratio in the diet and the ruminal pH can show distinctive effects on the microbiota and the fermentation pattern in the rumen. Thus, the objective of this work was to study the effects of the composition of the diet (high proportion of either concentrate or forage) used as a substrate of fermentation and of the pH at which rumen fermentation occurs on the fermentation pattern, the microbiota, and the relative proportion of long-chain fatty acids (and their hydrogenation) in the rumen. The RUSITEC continuous culture system is used as the model to simulate ruminal fermentation and to study simultaneously both factors discriminating their specific effects (effects of the forage-to-concentrate ratio of the diet regardless of rumen pH, or how a high-forage or a high-concentrate diet is fermented when rumen pH is decreased).




2. Materials and Methods


The in vitro fermenters (single flow continuous culture) used were specifically designed to mimic ruminal fermentation, referred to as RUSITEC (RUmen SImulation TEChnique, [14]).



2.1. Experimental Design


The experiment was planned according to a 2 × 2 factorial design, with two diets varying in the proportions of forage and concentrate (high forage diet F and high concentrate diet C) used as the fermentation substrate and two pH levels (higher or lower) in the culture medium. The ingredients and chemical composition of the experimental diets are shown in Table 1. The experimental diets differed in their forage-to-concentrate ratio, and both were supplemented with 3% sunflower oil to assess the effects of the sources of variation (diet and pH) on long-chain fatty acid hydrogenation. Each diet was prepared every three days and stored at 4 °C until use.



To obtain the two different pH levels in the culture medium, two types of buffer solutions were infused into the fermenters. Thus, half of the fermenters received the mineral solution prepared according to McDougall [15]. This so-called artificial saliva is conventionally used in in vitro rumen fermenters intending to maintain a pH = 6.8 (close to neutral) in the culture medium. Modified saliva was infused into the other units. The composition of this buffer was formulated to reduce the pH, promoting a more acidified medium in the ruminal cultures (pH = 6.4). The composition of the two buffer solutions infused in the fermentation units to reach either high or low pH is shown in Table 2.




2.2. RUSITEC in Vitro Continuous Cultures


Sixteen RUSITEC units arranged in two separate sets were used. Each unit was inoculated with rumen digesta to establish a continuous culture of mixed ruminal microorganisms. Samples of rumen contents from sheep were collected from a commercial abattoir. Four adult sheep from a farm where animals were fed mixed rations composed of forage and concentrates were selected for the collection of samples. When animals were slaughtered and eviscerated, rumina were opened and emptied, collecting well-mixed samples of rumen contents in thermos flasks. These samples were immediately carried to the laboratory so that the time from digesta collection to the culture inoculation was less than one hour. Samples of rumen contents were strained through several layers of gauze to separate the liquid (rumen fluid) and particulate rumen digesta. The inoculum for each fermentation unit consisted of 400 mL of filtered rumen fluid diluted in 250 mL of artificial saliva and 80 g of the particulate digesta remaining in the gauze. After inoculation, each fermenter was operated daily following the procedures described in detail by García-González et al. [16] and Vargas et al. [17]. Incubation was maintained at a stable temperature of 39 °C with a continuous infusion of the corresponding buffer solution at a rate of 556 mL/day in each vessel. Feed was provided in a nylon bag (100 µm pore size) containing 15 g of diet and put in a plastic container placed inside each fermentation vessel. The bag was withdrawn after 48 h of incubation. Therefore, when each fermenter was opened every day, two bags were present in the feed container, one bag that had been incubated for 48 h (which was removed and replaced with a new bag) and the bag that had been incubated for 24 h (which was left in the fermenter for the next 24 h).




2.3. Collection and Analysis of Samples


After a 7-day adaptation period, samples of liquid effluent (overflowing from each fermenter), digesta (incubation residue recovered in each bag), and fermentation gas (released to a tight bag) were collected for a period of 14 days. The volume of fermentation gas produced was measured daily, and a sample was collected to determine methane concentration. The volume of effluent liquid was also measured daily, and samples were taken for subsequent analysis of volatile fatty acids (VFAs), lactate, and ammonia. Dry matter (DM) and nutrient disappearance from the nylon bags after 48 h of incubation was assumed to represent the apparent digestibility (extent of degradation of the substrate by the processes of microbial digestion and fermentation). On day nine, (15NH4)SO4 (95% enriched, Sigma, Madrid, Spain) was infused into each fermenter for four days, and then samples of digesta and effluent were used to isolate a microbial pellet to estimate the synthesis of microbial protein using 15N as a marker [17]. On the last day of the experiment, composite samples (including fermenter supernatant, effluent, and incubation residues in bags) were collected, frozen at −80 °C, and freeze-dried [17]. These samples were prepared for analysis of long-chain fatty acids and DNA extraction [17].




2.4. Chemical Analyses


Feed diets and incubation residues were analyzed for DM content (AOAC method 934. 01), ash (AOAC method 942. 05), N (AOAC method 984. 13), and crude fat (bag filter AOCS procedure Am 5-04) as described by García-González et al. [16]. Determinations of neutral detergent fiber (NDF, AOAC method 2002.04), acid detergent fiber, and lignin (method AOAC 973.18) were made according to Van Soest et al. [18] using an ANKOM220 fiber analyzer (ANKOM Technology Corporation, Macedon, NY, USA). Methane (CH4) in fermentation gas and volatile fatty acid (VFA) in effluent were determined by gas chromatography, ammonia nitrogen and lactate in effluent samples by colorimetry, and non-ammonia N and 15N enrichment in digesta and microbial pellets by isotope ratio mass spectrometry according to the methods described in detail by García-González et al. [16]. Fatty acid profiles in rumen digesta were analyzed by gas chromatography after fat extraction and fatty acid methylation [19].




2.5. Microbial Community Profile by PCR Analyses


Copy numbers of major ruminal prokaryotic and eukaryotic domains (including methanogenic Archaea) and main ruminal bacterial species were determined by real-time qPCR using the Applied Biosystems StepOne PlusTM Real-Time PCR system (Applied Biosystems), with the primers detailed by Vargas et al. [17], and following the procedures described by Vargas et al. [20]. In the case of groups involved in fatty acid biohydrogenation, along with the quantitation of total Butyrivibrio spp. (group), some specific groups were also assessed, such as B. fibrisolvens, assumed to be responsible for the conversion of C18:2 c9c12 first to C18:2 c9t11 (rumenic acid) and then to C18:1 t11 (vaccenic acid) and the species B. proteoclasticus that would cause the complete hydrogenation of unsaturated C18 fatty acids to stearic acid. Standards used for copy number calculations were prepared as described by Andrés et al. [21].




2.6. Statistical Analyses


Data were analyzed using the GLM procedure of SAS [22] as a completely randomized experimental design with a 2 × 2 factorial arrangement: two diets (diet F or diet C) and two pH levels in the fermentation medium (higher or lower). The four experimental treatments were randomly assigned to 16 fermentation vessels. Each vessel was considered an independent experimental unit, resulting in four replicates per treatment. Variables measured at various times during the experiment were averaged across all sampling days to obtain a mean value for each fermenter. The following statistical model was used for the ANOVA:


yijk = μ + αi + βj + αβ(ij) + εijk,








where yijk represents the value for each individual observation, μ is the mean, αi is the effect of diet, βj the effect of rumen pH, αβ(ij) is the interaction between both factors, and εijk is the residual error (variability between replicates within each treatment). The Tukey test was used for multiple comparisons of means.



Hierarchical cluster analysis and principal components analysis (PCA) were used to assess the similarity and grouping of treatments based on all the data recorded in the study (feed digestibility, fermentation end-products, fatty acid profile and hydrogenation, microbial community profile). Multivariate analyses were run using the Paleontological Statistics (PAST) software package, version 4.03 [23].





3. Results


3.1. Ruminal Fermentation


The effects of diet and pH on rumen fermentation are shown in Table 3. The interaction between both factors was not significant (p > 0.05 for all variables).



The rumen pH was lower with diet C (p = 0.031) because of the decrease in pH observed when this diet was incubated at a lower pH. Digestibility of OM, NDF, ADF, and cellulose was significantly higher for diet C than for diet F, with no significant differences between both diets in protein and fat digestibility (p > 0.05). The production of fermentation gas was increased (p < 0.01) when diet C was incubated, but diet had no effect (p > 0.05) on methane production. The production of VFA was also greater (p < 0.01) with diet C, and some differences in the fermentation pattern were observed. The daily production of butyrate, valerate, caproate, isoacids, and L-lactate, and the C2:C3 ratio were higher (p < 0.001) with diet C compared with diet F, whereas there were no significant differences (p > 0.05) between diets in acetate and propionate productions. Both the daily production of ammonia (p < 0.001) and the microbial protein synthesis (p < 0.05) were greater with diet C, but the efficiency of microbial protein synthesis (g/100 g FOM) was not affected (p > 0.05) by diet.



As expected, pH in the medium was affected by the strength of the buffer infused into the culture. The pH had a significant effect (p < 0.05) on the digestibility of OM, CP, and EE, which were decreased with a pH of 6.4 compared with a pH of 6.8. Digestible fiber (NDF, ADF, and cellulose) was not affected (p > 0.05) by pH. The fermentation gas production was higher (p < 0.05) at the higher pH, but pH did not affect (p > 0.05) methane production. Total VFA production tended to be higher (p = 0.05), and the production of acetate, iso-acids, and ammonia and the C2:C3 ratio were greater at pH 6.8 than at pH 6.4, but only when diet C was incubated. Rumen pH had no effect on the production of propionate, butyrate, and L-lactate. Microbial protein synthesis was not affected by pH in the culture medium.




3.2. Long-Chain Fatty Acid Profile in Rumen Digesta


The effects of diet (F or C) and medium pH (high or low) on the fatty acid profile in rumen digesta are shown in Table 4. The interaction between both factors was not significant (p > 0.05) for any variable. Fatty acid profile and hydrogenation rates in continuous cultures were not affected (p > 0.05) by rumen pH. In contrast, the proportions of saturated fatty acids C15:0 and C17:0 were lower (p < 0.01), and the sum of C18 fatty acids was higher (p < 0.05) with diet C than with diet F. As a proportion of total C18 fatty acids, monounsaturated C18:1 c12 and polyunsaturated C18:2 c9t11 and C18:3 c9c12c15 were greater (p < 0.05) with diet F than with diet C. However, C18:1 c9 in the digesta was higher (p < 0.05) with diet C. The biohydrogenation of oleic acid was higher (p < 0.05) with diet F, whereas that of linolenic acid tended to be higher (p < 0.10) with diet C. No significant (p > 0.10) differences were detected between diets in the overall hydrogenation of C18 fatty acids.




3.3. Rumen Microbial Community Profile in Rumen Digesta


Effects of diet and pH in the medium (high or low) on rumen microbial community profile in the digesta of continuous cultures are illustrated in Figure 1a and 1b, respectively. Figure 1a shows the effects of diet as fold-change (in log2 units) of the high forage diet over the high concentrate diet. For total bacteria, methanogenic archaea, and most bacterial species, there were no significant (p > 0.05) differences between diets. There were significantly (p < 0.001) more copy numbers of protozoa, fungi, and Fibrobacter succinogenes and fewer of Streptococcus bovis with the high forage than with the high concentrate diet (Figure 1a). The effects of pH on the microbial community profile are shown as fold-change (in log2 units) of the higher pH (6.8) over the lower pH (6.4) (Figure 1b). There were no significant (p > 0.05) differences between both pH in the incubation medium except for S. bovis whose copy numbers were increased at a higher pH.




3.4. Multivariate Analyses of Diet and pH Effects


Both cluster analysis (Figure 2) and PCA (Figure 3) revealed a clear differential grouping of vessels receiving diet F or diet C and a subtler separation attributed to the effect of medium pH (higher or lower). In the PCA plot, diets were clearly separated along component 1 (explaining more than 81% of the variance), indicating that this principal component would reflect the effects of the level of concentrate in the diet on the ruminal fermentation. Component 2 explained only 6.9% of the variance and did not reflect a clear discrimination of the vessels. From the loadings derived by the PCA, it was observed that the most influential variables on Component 1 were ammonia production and biohydrogenation of C18:3 c9c12c15 (higher on the positive side of the axis, where fermenters fed a high concentrate diet are located) and biohydrogenation of C18:2 c9c12 (higher on the negative side of the axis, where fermenters fed a high forage diet are located).





4. Discussion


4.1. Substrate Digestion, Fermentation Pattern, and Microbial Protein Synthesis in the Rumen


As expected, diet C (34% cereals, 32% forage) was more digestible than diet F (10% cereals, 78% forage) because starchy feeds are digested in the rumen to a greater extent than fibrous forages. Martinez et al. [13] did not observe differences in dry matter digestibility between high-forage and high-concentrate diets, although fiber digestibility was higher in diets with a higher proportion of forage, and concluded that the source of fiber is a factor that affects the extent of fermentation. Beet pulp was more than triple in diet C (7.6%) than in diet F (2.2%), and this feedstuff is rich in soluble fiber, so the degradation of NDF is almost complete after 48 h [24]. The lignin content was higher in diet F than in diet C, and this indigestible fraction hinders the degradation of cell wall polysaccharides [25]. The greater production of fermentation gas and VFA observed with diet C is consistent with its higher digestibility. Kargar et al. [11] found no differences between 40% and 60% concentrate diets supplemented with three different oils (sunflower, pomegranate, or garlic) in ruminal fermentation kinetics and concluded that a less concentrate diet could attenuate the adverse effects of the dietary supplementation with unsaturated fat on ruminal fermentation.



Anaerobic digestion of structural carbohydrates is associated with increased acetate and methane production. In our study, there were no diet effects on the production of methane or acetate. Martínez et al. [13] observed higher acetate production in RUSITEC fermenters fed a high-fiber diet in comparison with a high-concentrate diet, with no differences between both types of diet in the production of propionate. Unexpectedly, the acetate-to-propionate ratio was higher with diet C. Other studies have reported that the acetate-to-propionate ratio decreased with an increasing proportion of concentrate in the diet [13,26]. It seems that not only the proportion of forage in the diet but also the type of forage (alfalfa or grass hay) [13] or the source of inoculum for in vitro cultures [27] can affect the acetate-to-propionate ratio. A lower acetate-to-propionate ratio with a more concentrate diet is also associated with reduced fiber digestibility as the level of starchy feeds in the diet is increased [13,26]. The addition of lactic acid to RUSITEC fermenters fed a 50:50 forage: concentrate diet caused a decrease in the acetate-to-propionate ratio [28]. The unexpectedly high acetate-to-propionate ratio observed with diet C in our study can be associated with an atypical high molar proportion of butyrate relative to propionate [29]. Fuentes et al. [30] reported higher yields of butyrate in vitro in fermenters fed a high concentrate diet compared with a high forage diet, and the difference was larger as the pH was higher. It seems that butyrate-producing bacteria find favorable growth conditions in fermenters with high-concentrate diets, especially in a highly buffered medium that prevents the decrease in pH that normally occurs in the animal. Butyrate-producing bacteria are commonly classified into two groups according to their involvement in fatty acid biohydrogenation [31]. Increased butyrate production has also been associated with moderate levels (up to 10 g/kg DM) of unsaturated fat supplementation [32]. A low-fiber and high-starch diet, along with the addition of sunflower oil, could explain the increased formation of butyrate [33]. In addition to the high production of butyrate (C4), a high production of longer chain (C5 and C6) VFA has been observed in RUSITEC fermenters [2,13], substantially higher than values usually recorded in vivo. There is not an explanation for this observation, although it is possible that, in these fermenters with a highly buffered medium (no pH decline), the shorter-chain VFAs (acetic and propionic) are used as precursors of longer-chain VFAs (butyric, valeric, caproic). In this sense, it has been observed that some rumen bacteria (e.g., Eubacterium pyruvativorans, Clostridium kluyveri, or Megasphaera sp.) are able to synthesize medium-chain fatty acids (from 5 to 8 C) from acetic and propionic acids when cultivated in vitro [34,35]. The use of acetic and propionic acids in these processes would change their molar proportions and the C2:C3 ratio in the continuous cultures. L-Lactate concentration was increased with the high-concentrate diet, likely as the result of increased lactate production and/or reduced utilization of this metabolite [36]. The fermentation of rapidly degraded carbohydrates in the rumen leads to a high production of lactate that is linked to decreased rumen pH [7]. The main lactate-utilizing bacteria is Megasphaera elsdenii (estimated to metabolize 60 to 80% of lactate), a highly sensitive species to decreased pH [37,38]. However, in in vitro fermentation systems, the pH is maintained fairly stable, and any drop is attenuated due to the strong buffering capacity of the medium.



In relation to the nitrogen metabolism, the concentration of ammonia was higher in the high-concentrate diet, with a higher crude protein content, than in the high-forage diet, in agreement with other reports [11,13,26,39]. Additionally, daily microbial protein output (g microbial protein per day) was increased with the high-concentrate diet as a result of the greater availability of nitrogen (higher ammonia concentration) and energy (more fermenter organic matter) for microbial synthesis.



The type of saliva infused into the fermenters did not affect the digestibility of fiber, probably because, with both buffers, the pH was not below 6.2, which is considered the critical point to cause adverse effects on cellulolytic bacteria and feed digestibility [27,40]. Hu et al. [41] observed that cellulose digestibility was higher at pH values between 6.8 and 7.3. Guo et al. [42] reported decreased nutrient degradability in RUSITEC fermenters when pH was decreased from 7.0 to 6.0, using artificial saliva more diluted than that used herein. However, other authors did not observe an effect of pH on digestibility in continuous cultures [43,44]. The negative effect of low pH on microbial fermentation has been associated with the magnitude of the pH drop [45]. Farenzena et al. [46] observed lower ruminal degradability at a pH of 6.5 than at a pH of 7.0, related to a decrease in the adhesion of bacteria to the substrate, with no effect on the activity of fibrolytic enzymes. In agreement with our study, other reports have shown that protein degradability was decreased with a pH decline from 6.2–6.5 to 5.6–6.1 [30,47]. The higher concentrations of ammonia and iso-acids with a higher pH could be related to the greater protein degradability, especially with diet C. This result agrees with Calsamiglia et al. [48], who recorded that with a low pH, the degradation of the protein was reduced and, consequently, the concentration of ammonia in rumen fermenters. The decrease in fat digestibility with decreasing pH suggests a depressing effect of low pH on lipolysis [49], an effect that could be more drastic as the pH falls below 6.0. In addition, this effect can be amplified when oil is added to feed, probably due to a negative synergistic effect on the growth and metabolism of lipolytic bacteria (Anaerovibrio lipolytica), interfering with the activity of their lipases [30].



A decrease in ruminal pH below 5.5 may limit the uptake of H2 by methanogenic archaea [27]. With concentrate diets and at ruminal pH below 5.5, archaea may temporarily lose their ability to convert CO2 and H2 into methane [50]. Some studies have reported that methane is reduced by decreasing ruminal pH [43,44]. However, Hünerberg et al. [51] did not appreciate an effect of rumen pH (decreasing up to 5.2) on methane production in vitro, suggesting that methanogens can tolerate conditions of acidosis for relatively long periods.



Total VFA production, in particular of acetate, was decreased at a lower pH (6.4). A similar effect has been observed in other studies [27,43]. Broudiscou et al. [29] pointed out that the adaptation of the inoculum to the fermentation substrate (forage or starch) affects the VFA production and the molar proportions of the different acids when fermentation occurs in vitro at different pH (5.8, 6.3 or 6.8). Digestibility, gas production, VFA concentration, and acetate to propionate were found to be greater at pH 6.5 than at 5.8 in batch cultures [52]. In our study, the acetate-to-propionate ratio was decreased at the lower pH, significantly with diet C. A similar trend has been reported by other authors [30,43,53]. As in our study, Roman-Garcia et al. [43] observed that decreasing pH caused a reduction in branched-chain VFA (iso-acids), probably as a result of decreased protein degradation, with no significant effect on microbial protein synthesis. Li et al. [44] reported that the use of VFA carbon for microbial synthesis was not affected by ruminal pH.




4.2. Microbial Community Profile


Our study showed that a high-forage diet favored ciliate protozoa, anaerobic fungi, and fibrolytic F. succinogenes, whereas S. bovis was more abundant with diet C. A large study examining the microbial profile of hundreds of digesta samples from different ruminant species fed either forage or concentrate diets revealed that archaeal and protozoal groups were less affected by diet than bacteria, and within these, Bacteroidales and Ruminococcaceae (cellulose degraders) were more abundant in animals fed forages, whereas Prevotella and Succinivibrionaceae (propionate producers) were more abundant in animals fed concentrate-rich diets [54]. Fibrobacter was most abundant with forage diets, and Butyrivibrio with mixed forage and concentrate diets [54]. In RUSITEC fermenters, total bacteria and protozoa, and the relative abundance of Ruminococcus spp., methanogenic archaea, and anaerobic fungi were decreased with a fattening lamb diet (85% concentrate and 15% straw) compared with a dairy sheep diet (50% concentrate and 50% alfalfa hay) [55]. Kargar et al. [11] did not observe differences between 40% and 60% concentrate diets in the number of total protozoa in batch cultures of rumen microorganisms. In Holstein heifers, the forage-to-concentrate ratio of the diet had no effect on anaerobic fungi and archaea, but as the concentrate level was increased, there was a decrease in the relative abundance of cellulolytic bacteria and ciliates [56]. Pickett et al. [57] found that Bacteriodetes was the most abundant phylum in the rumen and increased with a concentrate diet, whereas Prevotella was not affected by the level of forage or concentrate in the diet, in agreement with our results. Increasing the level of concentrate in dairy cow diets led to increased P. ruminicola, B. fibrisolvens, and S. ruminantium in the rumen, whereas F. succinogenes and M. elsdenii were reduced [58]. Key enzymes and bacteria (Bacillus, Prevotella, Ruminobacter, Selenomonas, Vibrio) involved in propionate production were increased with a high-concentrate diet, whereas butyrate was produced by Prevotella in high-concentrate diets and by Bacteroides in high-fiber diets [58]. In Angus cows fed diets with varying forage-to-concentrate ratios, the relative abundances of Bacteroidetes, Fibrobacterota, and Prevotella decreased, and those of Ruminococcaceae, Saccharofermentans, and Spirochaetota increased in rumen digesta with increasing dietary concentrate level [26]. In the rumen of cashmere goats, phyla Actinobacteria and Proteobacteria and genera Prevotella and Selenomonas were increased, whereas the phylum Bacteroidetes and the anaerobic fungi Neocallimastigomycota were decreased when the proportion of dietary concentrate was increased [59]. In Holstein cows, Ramos et al. [39] found that a high-concentrate diet reduced rumen bacterial richness and diversity, increased Firmicutes and Ruminococcus, and decreased Bacteroidetes and Prevotella ruminicola. Wang et al. [60] also found higher microbial diversity in the rumen of dairy cows fed a high forage diet but did not detect differences with a high concentrate diet in the relative abundance of Firmicutes, Bacteroidetes, or Proteobacteria.



Roman-Garcia et al. [61] reported that a low pH was associated with a substantial shift in some bacterial communities, such as increased Prevotella and genera of the phylum Proteobacteria, reducing species within phylum Firmicutes. In contrast, Li et al. [44] observed that with a low pH, the relative abundance of some Firmicutes was increased (Ruminococcaceae), whereas others were decreased (Clostridium spp.). In RUSITEC fermenters, decreasing pH from 7.0 to 6.0 did not change the abundance of the most abundant phyla (Firmicutes, Bacteroidetes, and Proteobacteria) or of the main bacterial genera but decreased the numbers of the main fibrolytic species R. albus, R. flavefaciens, and F. succinogenes [42]. In batch cultures, fibrolytic F. succinogenes and R. flavefaciens were decreased at a lower pH [52]. Compared with a nearly neutral pH (6.8), a low pH (5.5) in RUSITEC fermenters decreased the abundance of fibrolytic R. albus and phylum Actinobacteria and increased the abundances of Prevotella spp., Pseudobutyrivibrio spp., and Selenomonas ruminantium, with no effect on F. succinogenes or Butyrivibrio spp. [62]. In this latter study, Lactobacillus spp. tended to increase at a lower pH, in contrast with our results showing that the abundance of S. bovis was higher at a higher pH.



Butyrivibrio sp. are the main microorganism involved in the processes of rumen biohydrogenation [33], so dietary effects on these bacteria could be behind the fatty acid profile in the digesta. Wanapat et al. [63] observed that with a high forage diet, there was an increase in the abundance of the fibrolytic Fibrobacter succinogenes, the lactate-utilizing Megasphaera elsdenii (producer of C18:2 t10c12) and Butyrivibrio fibrisolvens (considered the main producer of C18:2 c9t11 and C18:1 t11). Similarly, Mrazek et al. [64] observed that diets with a higher fiber content increased the population of Butyrivibrio sp. in the rumen, while with high-energy concentrate feeds, this bacterial group was drastically reduced. Zened et al. [65] concluded that Butyrivibrio fibrisolvens were highly sensitive to the fermentation of starchy diets. Jenkins et al. [66] concluded that all the bacteria that hydrogenate C18:2 c9c12 to C18:2 c9t11 and C18:1 t11 also produce butyrate, but not all butyrate-producing bacteria can form C18:2 c9t11 or C18:1 t11. Goel et al. [67] also concluded that not all butyrate-producing bacteria are active in biohydrogenation.



There seems to be some inconsistency in the multiplicity of results reported, probably due to differences in the diets tested (not only in the forage to concentrate, but also in the types of forage or grains or other ingredients used in each diet) or the levels of pH tested. Methodological aspects (rumen digesta samples used, type of study, molecular biology techniques used) can also be crucial in the comparisons, with a large proportion of phyla and species still to be identified or classified or their enzymatic activities characterized.




4.3. Long-Chain Fatty Acid Profile and Hydrogenation


In our study, the proportion of C18:2 c9t11, but not that of C18:1 t11, was increased with the high-forage diet, suggesting that biohydrogenation may occur through metabolic pathways alternative to the production of C18:1 t11. Gudla et al. [68] observed that a high-concentrate diet increased C18:1 t10, C18:1 c9, and C18:2 c9c12 and decreased C18:2 c9t11 and C18:1 t11. The hydrogenation processes of C18:1 t10, C18:1 t11, and C18:2 c9t11 are highly influenced by the interaction between the type of the forage, and the source of fat supplemented [69]. Wang and Song [70] observed increased hydrogenation of C18:2 c9c12 when starch was the fermentation substrate (in comparison with cellulose), although this effect was linked to increased bacterial synthesis. The addition of sunflower oil rich in C18:2 c9c12 affected fatty acid biohydrogenation [65] so that with less concentrate diets, C18:2 c9t11 and C18:2 t10c12 in the rumen of cows accounted for 80 and 3% of the total conjugated C18:2, respectively. However, feeding a diet with more cereals decreased C18:2 c9t11 and increased C18:2 t10c12 [65]. In dairy cows, fatty acid hydrogenation in the rumen was greater with a low-concentrate diet supplemented with linseed oil, with no effects on the duodenal flow of C18:2 conjugated fatty acids [71]. Conjugated linoleic acid in beef [72] and milk [69,73] can be augmented by increasing the forage-to-concentrate ratio or by feeding sunflower oil or seeds. In our study, C18:2 c9t11 was also increased with diet F.



In addition to the proportions of forage and concentrate, the composition and characteristics of the dietary fiber and the soluble carbohydrates may also have an influence on the long-chain fatty acids profile in the rumen. Ribeiro et al. [74] observed that C18:1 t10 was lower with rations with fresh alfalfa than with grass hay, with no differences between both forages in C18:1 t11. The flow of C18:1 t12 to the duodenum in dairy cows increased linearly, the flow of C18:1 c12 and total C18:1 cis had a quadratic response, and fatty acid hydrogenation decreased linearly in response to sucrose supplementation [74]. The effects of sucrose on biohydrogenation seem to be caused by a change in bacterial communities through mechanisms that are independent of pH. Our results showed that C18:1 c9 hydrogenation was increased with the high-forage diet, regardless of the level of pH. Maia et al. [75] showed that C18:2 c9c12 had some in vitro bacteriostatic effects on B. fibrisolvens. The addition of large amounts of starch together with sunflower oil increased C18:1 t10 at the expense of C18:1 t11, whereas there was less C18:1 t10 than C18:1 t11 when the starchy diet was not supplemented with oil, and these changes were independent of pH [65]. The basal diet is an important determinant of the fatty acid hydrogenation in the rumen upon a dietary supplementation with unsaturated fats. When supplemented with a mixture of sunflower and fish oils, C18:2 c9t11 in milk was reduced when cows were fed a high-concentrate diet, whereas C18:2 t9c11 and C18:2 t10c12 were increased [76]. Fatty acids of microbial origin (iso + odd-chain) were decreased with diet C, in line with the observation that decreasing pH shifted bacterial populations and their fatty acid composition [61]. Zhang et al. [77] found that even-chain, odd- and branched-chain fatty acids, and conjugated linoleic acid were increased, whereas polyunsaturated fatty acids were decreased in the rumen digesta when the relative abundance of cellulolytic bacteria was greater.



Our results did not show any significant effects of ruminal pH (ranging from 6.4 to 6.8) on the fatty acid profile or hydrogenation in the rumen, in line with Wang and Song [70], who did not find significant pH effects on fatty acid hydrogenation in vitro. Other studies have found that, when oilseeds were incubated in vitro, increasing the pH in the culture medium was associated with a decrease in polyunsaturated fatty acids, an increase in C18:1 t11 and C18:2 c9t11, and a faster biohydrogenation rate in the rumen [78]. It has been suggested that bacteria hydrogenating fatty acids to C18:0 and C18:1 in the rumen are more sensitive to acidic conditions than C18:2 c9t11-producers or that decreasing pH promotes isomerization of C18:2 c9t11 [78]. The formation of C18:1 t10 and C18:2 c9c12 increased, and the proportions of C18:0, C18:1 t11, and C18:2 c9t11 decreased with a low rumen pH (at 5.7 compared with 6.4), characteristic of low-forage and high-concentrate diets [30]. Ribeiro et al. [79] reported a decreased biohydrogenation rate of C18:2 and C18:3, but not that of C18:2 c9t11 when pH was reduced from 6.5-7.0 to 5.8-6.6 in in vitro cultures. It is worth mentioning that in these reports, the range of pH was wider, up to a lower and more limiting pH, than that reached in our study. Fuentes et al. [30] observed that with a pH of 5.6, the population of lipolytic bacteria (A. lipolytica) almost disappeared after 5 days. The strain of B. fibrisolvens involved in the formation of C18:1 t11 was also hampered with this acidic pH, to a more extent with a high-concentrate diet. However, pH did not affect the Butyrivibrio sp. responsible for the complete saturation of fatty acids to stearic acid. Fuentes et al. [80] reported that a lower pH depressed both lipolysis and biohydrogenation of C18:2 c9c12 as a result of an inhibitory effect on A. lipolytica and C18:1 t11-forming Butyrivibrio strains at the expense of favoring C18:0-forming Butyrivibrio strains. Troegeler-Meynadier et al. [81] concluded that the isomerization of C18:2 was strongly inhibited by an acidic rumen pH and proposed that C18:2 c9t11 production can be improved with a rumen pH close to neutrality and with the addition of C18:2 c9c12. At a lower pH, both the isomerization of C18:2 c9c12 and the conversion of C18:1 t11 to C18:0 were decreased in vitro [82]. Zened et al. [65] confirmed that the optimal pH for the activity of the enzyme C18:2 c9c12-isomerase of Butyrivibrio fibrisolvens is between 7.0 and 7.2. In our study, pH over a rather narrow range did not affect the formation of C18:2 c9t11.





5. Conclusions


High-concentrate diets are more fermentable in the rumen than high-fiber diets, resulting in a greater formation of most fermentation end-products, such as total gas, total VFA, and some short-chain organic acids (L-lactic, butyric, valeric, caproic). Protein degradation, daily output of ammonia and volatile isoacids, and microbial protein synthesis are also increased when high-concentrate diets are digested in the rumen. However, there were no significant differences between the high forage and the high concentrate diets tested in our study in methane production or in the efficiency of microbial protein synthesis efficiency. A high-forage diet promotes ciliate protozoa, anaerobic fungi, and some fibrolytic bacteria (Fibrobacter succinogenes), and only S. bovis seemed to be favored by a less fibrous diet. By increasing the concentrate feeds in the diet, the hydrogenation of linolenic acid is increased, and that of oleic acid is reduced, with no differences observed in that of linoleic acid. As a result, there are changes in the fatty acid profile in the rumen digesta, in particular in the relative proportion of conjugated linoleic acid (C18:2 c9t11), which is increased with high forage diets.



A decline in rumen pH from 6.8 to 6.4 decreases feed digestibility, and the daily outputs of fermentation gas and short-chain fatty acids, mainly acetate. Protein degradability is also decreased by a lower ruminal pH, decreasing the release of ammonia and the formation of short-chain isoacids. The synthesis of microbial protein and the output of some fermentation end-products (methane, propionate, butyrate, or lactate) were not affected by pH. Within this range of pH (between 6.4 and 6.8), only subtle changes are observed in the microbial community profile or the fatty acid relative proportions in the digesta or in their hydrogenation rates.



With precise control of pH and incubation conditions in the RUSITEC fermenters, it was possible to differentiate dietary and pH effects on fermentation. The overall multivariate analysis reveals a clear discrimination between high-concentrate and high-forage diets, mainly driven by the hydrogenation rates of fatty acids. However, this multivariate analysis shows subtler and less-defined pH effects on ruminal fermentation and microbial communities.
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Figure 1. Effects of diet (a) and pH in the medium (b) on rumen microbial community profile in continuous cultures. In Figure 1a, effects are shown as fold-change (in log2 units) of the high forage diet over the high concentrate diet. In Figure 1b, effects are shown as fold-change (in log2 units) of the higher pH (6.8) over the lower pH (6.4) in the incubation medium. The symbol “*” in the bar represents a significant (p < 0.001) difference; in bars with no “*” the difference between treatments did not reach statistical significance (p > 0.05). The abbreviations used for the microbial groups are MethArch = Methanogen Archaea; Prevot = Prevotella spp.; SelRum = Selenomonas ruminantium; SucDex = Succinivibrio dextrinosolvens; StrBov = Streptococcus bovis; MegEls = Megasphaera elsdenii; FibSuc = Fibrobacter succinogenes; RumAlb = Ruminococcus albus; Butyrib = Butyrivibrio group; ButFib = B. fibrisolvens; ButPrt = B. proteoclasticus. 
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Figure 2. Dendrogram derived from a multivariate hierarchical cluster analysis, showing the grouping of the 16 RUSITEC fermenters according to diet (F = high forage or C = high concentrate) and pH (H = higher or L = lower). The number after the treatment code indicates the RUSITEC system and replicate number (there were two RUSITEC systems and two replicates of each treatment in each system). The y-axis represents the Bray-Curtis similarity measure. 
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Figure 3. Principal components plot derived from the analysis of rumen fermentation, fatty acid biohydrogenation, and microbial community profile data, showing the discrimination along principal components 1 and 2 of RUSITEC fermenters receiving either a high forage (squares) or a high concentrate (circles) under a higher pH (filled symbols) or a lower pH (hollow symbols) in the fermenter. 
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Table 1. Ingredients and chemical composition of experimental diets 1.
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	Diet F
	Diet C





	Ingredients, g/kg dry matter (DM)
	
	



	Maize
	62
	212



	Barley
	38
	128



	Soybean meal
	50
	170



	Grass hay
	728
	146



	Lucerne hay
	50
	170



	Sugar beet pulp
	22
	84



	Beet molasses
	15
	50



	Vitamin/mineral premix
	5
	10



	Sunflower oil 2
	30
	30



	Chemical composition, g/kg DM
	
	



	Organic matter
	919
	912



	Crude protein
	127
	186



	Neutral detergent fiber
	502
	284



	Acid detergent fiber
	273
	154



	Cellulose
	257
	144



	Lignin
	15.8
	9.3



	Non-structural carbohydrates
	245
	386



	Crude fat (ether extract)
	45
	56



	Fatty acid (FA) composition of the diets,

as % of total FA
	
	



	C14:0
	0.5
	0.3



	C16:0
	15.1
	13.9



	C16:1
	2.1
	1.7



	C18:0
	7.6
	6.2



	C18:1 c9
	29.0
	29.9



	C18:2 c9c12
	34.2
	40.4



	C18:3 c9c12c15
	4.9
	3.3







1 Diet F = high forage (grass and alfalfa hay) diet; Diet C = high concentrate diet (maize, barley, and soybean meal). 2 Fatty acid composition of sunflower oil: 8.5% C16:0, 4.9% C18:0, 35.4% C18:1 c9, 47.8% C18:2 c9c12 and 0.3% C18:3 c9c12c15.
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Table 2. Composition of the two buffer solutions infused into the continuous cultures to obtain higher or lower pH in the culture medium.
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	Higher pH
	Lower pH





	Ingredients, g/L
	
	



	NaHCO3
	9.8
	6.5



	Na2HPO4·12H2O
	9.3
	5.0



	NaCl
	0.47
	3.4



	KCl
	0.57
	0.45



	CaCl2·2H2O
	0.053
	0.070



	MgCl2·6H2O
	0.13
	0.10
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Table 3. Effect of diet and pH in the medium (high or low) on rumen fermentation in continuous cultures.
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Diet F 1

	

	
Diet C 1

	

	

	

	
p-Values

	




	

	
High

pH 1

	
Low

pH 1

	
High

pH 1

	
Low

pH 1

	
RSD 3

	
Diet

	
pH

	
Diet × pH






	
Volume of effluent, mL/d

	
442

	
505

	
466

	
463

	
52.0

	
0.721

	
0.269

	
0.226




	
pH

	
6.83 a

	
6.52 b

	
6.81 a

	
6.37 c

	
0.069

	
0.031

	
<0.001

	
0.098




	
Digestibility 2, %

	

	

	

	

	

	

	

	




	
Dry matter

	
52.3 b

	
50.7 b

	
69.0 a

	
64.8 a

	
2.56

	
<0.001

	
0.043

	
0.341




	
Organic matter

	
50.1 b

	
48.2 b

	
68.4 a

	
63.8 a

	
2.72

	
<0.001

	
0.038

	
0.346




	
Neutral detergent fiber

	
26.6 b

	
24.7 b

	
31.1 a

	
28.8 a

	
3.49

	
0.030

	
0.246

	
0.928




	
Detergent acid fiber

	
21.2 b

	
19.5 b

	
25.1 a

	
24.0 a

	
3.54

	
0.038

	
0.438

	
0.858




	
Cellulose

	
23.5 ab

	
21.5 b

	
29.7 a

	
28.3 ab

	
3.25

	
0.002

	
0.308

	
0.875




	
Crude protein

	
67.6 ab

	
63.0 b

	
71.5 a

	
64.6 b

	
2.99

	
0.091

	
0.003

	
0.440




	
Crude fat

	
68.9 ab

	
64.0 b

	
73.2 a

	
62.7 b

	
4.15

	
0.481

	
0.004

	
0.206




	
Fermentation gas production

	

	

	

	

	

	

	

	




	
Total gas, L/day

	
2.01 b

	
1.77 b

	
2.61 a

	
2.21 ab

	
0.235

	
0.002

	
0.025

	
0.533




	
CH4, mL/100 mL gas

	
7.66

	
7.26

	
6.42

	
6.87

	
1.867

	
0.426

	
0.979

	
0.671




	
CH4, mmol/day

	
6.80

	
5.18

	
7.84

	
6.81

	
2.096

	
0.251

	
0.254

	
0.791




	
CH4, mmol/g FOM 4

	
0.961

	
0.756

	
0.834

	
0.773

	
0.216

	
0.635

	
0.267

	
0.538




	
VFA 5, mmol/day

	

	

	

	

	

	

	

	




	
Acetate

	
18.0 ab

	
16.3 b

	
19.2 a

	
16.4 b

	
1.30

	
0.377

	
0.005

	
0.416




	
Propionate

	
8.76

	
8.30

	
8.06

	
7.66

	
0.835

	
0.135

	
0.328

	
0.935




	
Butyrate

	
6.25 b

	
6.01 b

	
8.17 a

	
8.19 a

	
0.381

	
<0.001

	
0.580

	
0.506




	
Valerate

	
3.44 b

	
3.24 b

	
4.39 a

	
4.50 a

	
0.281

	
<0.001

	
0.761

	
0.297




	
Caproate

	
1.63 b

	
1.67 b

	
3.86 a

	
3.36 a

	
0.468

	
<0.001

	
0.347

	
0.265




	
Iso-acids

	
0.88 bc

	
0.72 c

	
1.37 a

	
1.09 b

	
0.112

	
<0.001

	
0.002

	
0.282




	
Total VFA 5

	
39.4 ab

	
36.9 b

	
45.6 a

	
41.2 ab

	
3.12

	
0.007

	
0.050

	
0.576




	
C2:C3 6

	
2.04 bc

	
2.00 c

	
2.46 a

	
2.24 b

	
0.097

	
<0.001

	
0.024

	
0.086




	
L-lactate, mg/d

	
6.4 c

	
7.8 bc

	
13.0 a

	
12.7 ab

	
1.96

	
0.001

	
0.622

	
0.489




	
Nitrogen metabolism

	

	

	

	

	

	

	

	




	
Ammonia, mg/d

	
84.8 c

	
76.4 c

	
143.3 a

	
124.0 b

	
8.19

	
<0.001

	
0.006

	
0.205




	
Microbial protein

	

	

	

	

	

	

	

	




	
g/d

	
0.448 b

	
0.480 ab

	
0.603 a

	
0.539 ab

	
0.0706

	
0.016

	
0.676

	
0.221




	
g/100 FOM 4

	
6.40

	
7.17

	
6.57

	
6.24

	
0.962

	
0.467

	
0.675

	
0.299








1 Diet F = high forage diet; Diet C = high concentrate diet; High pH = higher pH (≈6.8); Low pH = lower pH (6.3-6.5). 2 Apparent digestibility as disappearance of the substrate from the bag (g/100 g incubated). 3 RSD = residual standard deviation; 4 FOM = fermentable organic matter; 5 VFA = volatile fatty acids; 6 C2:C3 = acetate to propionate ratio. a,b,c Within the same row, values not sharing the same superscripts are significantly different (p < 0.05, Tukey test).
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Table 4. Effect of diet and pH in the medium (high or low) on fatty acid (FA) profile and hydrogenation in rumen digesta from continuous cultures.
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Diet F 1

	

	
Diet C 1

	

	

	

	
p-Values

	




	

	
High

pH 1

	
Low

pH 1

	
High

pH 1

	
Low

pH 1

	
RSD 2

	
Diet

	
pH

	
Diet × pH






	
Digesta fatty acids

(as % of total FA)

	

	

	

	

	

	

	

	




	
C14:0

	
1.90

	
2.63

	
1.89

	
1.39

	
0.652

	
0.140

	
0.778

	
0.148




	
C14:1 c9

	
1.89

	
2.90

	
2.23

	
2.19

	
0.766

	
0.643

	
0.232

	
0.201




	
C15:0 iso

	
0.99

	
1.51

	
0.97

	
0.99

	
0.445

	
0.257

	
0.243

	
0.290




	
C15:0

	
2.04 a

	
2.18 a

	
1.18 b

	
1.29 b

	
0.285

	
<0.001

	
0.461

	
0.926




	
C16:0

	
19.7

	
20.3

	
23.2

	
21.1

	
1.79

	
0.058

	
0.452

	
0.215




	
C16:1 c9

	
5.75

	
6.43

	
5.10

	
4.74

	
1.110

	
0.059

	
0.780

	
0.370




	
C17:0

	
1.79 ab

	
2.07 a

	
1.47 b

	
1.28 b

	
0.218

	
0.001

	
0.730

	
0.750




	
C17:1 c10

	
1.01

	
1.56

	
1.00

	
0.96

	
0.585

	
0.318

	
0.411

	
0.340




	
C20:0

	
1.03

	
0.95

	
1.02

	
0.92

	
0.108

	
0.736

	
0.126

	
0.833




	
iso + C odd

	
6.36 a

	
6.94 a

	
4.75 b

	
4.98 b

	
1.054

	
0.009

	
0.479

	
0.758




	
Total C18 FA

	
60.8 ab

	
59.0 b

	
61.6 ab

	
65.3 a

	
2.26

	
0.022

	
0.513

	
0.064




	
C18 profile (as % of total C18)

	

	

	

	

	

	

	

	




	
C18:0 iso

	
1.35

	
1.37

	
0.79

	
0.57

	
0.305

	
0.004

	
0.547

	
0.507




	
C18:0

	
18.9

	
19.4

	
18.4

	
15.7

	
3.57

	
0.096

	
0.221

	
0.837




	
C18:1 t11

	
5.34

	
4.19

	
4.49

	
2.72

	
1.704

	
0.223

	
0.131

	
0.730




	
C18:1 c9

	
28.2 b

	
31.1 b

	
36.0 a

	
38.6 a

	
5.67

	
0.039

	
0.402

	
0.956




	
C18:1 c12

	
7.55 a

	
6.92 a

	
4.82 b

	
5.18 b

	
1.69

	
0.042

	
0.892

	
0.612




	
C18:2 t9t12

	
2.01

	
2.20

	
1.73

	
1.43

	
0.529

	
0.074

	
0.827

	
0.374




	
C18:2 c9c12

	
27.6

	
27.4

	
29.0

	
31.3

	
5.80

	
0.433

	
0.755

	
0.713




	
C18:2 c9t11

	
0.628 a

	
0.652 a

	
0.432 b

	
0.307 b

	
0.1479

	
0.013

	
0.563

	
0.397




	
C18:3 c9c12c15

	
8.59 a

	
7.24 a

	
4.26 b

	
4.21 b

	
1.016

	
<0.001

	
0.249

	
0.276




	
Biohydrogenation rate (%)

	

	

	

	

	

	

	

	




	
C18:3 c9c12c15

	
2.1

	
13.8

	
27.1

	
28.7

	
17.00

	
0.077

	
0.516

	
0.621




	
C18:2 c9c12

	
45.9

	
46.3

	
49.2

	
43.3

	
11.22

	
0.987

	
0.680

	
0.641




	
C18:1 c9

	
9.6 a

	
0.1 a

	
−18.6 b

	
−14.9 b

	
13.70

	
0.026

	
0.719

	
0.432




	
Total unsaturated C18

	
26.7

	
24.8

	
24.1

	
21.9

	
5.66

	
0.424

	
0.562

	
0.961








1 Diet F = high forage diet; Diet C = high concentrate diet; High pH = higher pH (≈6.8); Low pH = lower pH (6.3-6.5). 2 RSD = residual standard deviation. a,b Within the same row, values not sharing the same superscripts are significantly different (p < 0.05, Tukey test).
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