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Milk products are an important component of human diets, with beneficial effects for human health, but also one of the major sources of nutritionally undesirable saturated fatty acids (SFA). Recent discoveries showing the importance of the rumen microbiome on dairy cattle health, metabolism and performance highlight that milk composition, and potentially milk SFA content, may also be associated with microorganisms, their genes and their activities. Understanding these mechanisms can be used for the development of cost-effective strategies for the production of milk with less SFA. This work aimed to compare the rumen microbiome between cows producing milk with contrasting FA profile and identify potentially responsible metabolic-related microbial mechanisms. Forty eight Holstein dairy cows were fed the same total mixed ration under the same housing conditions. Milk and rumen fluid samples were collected from all cows for the analysis of fatty acid profiles (by gas chromatography), the abundances of rumen microbiome communities and genes (by whole-genome-shotgun metagenomics), and rumen metabolome (using 500 MHz nuclear magnetic resonance). The following groups: (i) 24 High-SFA (66.9–74.4% total FA) vs. 24 Low-SFA (60.2–66.6%% total FA) cows, and (ii) 8 extreme High-SFA (69.9–74.4% total FA) vs. 8 extreme Low-SFA (60.2–64.0% total FA) were compared. Rumen of cows producing milk with more SFA were characterized by higher abundances of the lactic acid bacteria Lactobacillus, Leuconostoc, and Weissella, the acetogenic Proteobacteria Acetobacter and Kozakia, Mycobacterium, two fungi (Cutaneotrichosporon and Cyphellophora), and at a lesser extent Methanobrevibacter and the protist Nannochloropsis. Cows carrying genes correlated with milk FA also had higher concentrations of butyrate, propionate and tyrosine and lower concentrations of xanthine and hypoxanthine in the rumen. Abundances of rumen microbial genes were able to explain between 76 and 94% on the variation of the most abundant milk FA. Metagenomics and metabolomics analyses highlighted that cows producing milk with contrasting FA profile under the same diet, also differ in their rumen metabolic activities in relation to adaptation to reduced rumen pH, carbohydrate fermentation, and protein synthesis and metabolism.

Keywords: rumen microbiome, microbial genes, cow, milk fatty acids, metagenomics, metabolomics, rumen stress


INTRODUCTION

In Western industrialized countries, human diets are generally characterized by saturated fatty acid (SFA) intakes which exceed nutritional recommendations, with milk and dairy products providing from 27 to 57% of all SFA intake in the UK (Givens, 2010). Excessive consumption of SFA has been associated with increased risk of cardiovascular diseases (CVD) in humans (Givens, 2010) whilst the source of fatty acids (FA) also has an effect on CVD risk [World Health Organization (WHO), 2003; Givens, 2010]. However, in addition to SFA, milk and dairy products provide a range of monounsatured FA (MUFA) and polyunsaturated FA (PUFA) that are beneficial for human health (Haug et al., 2007; Barcelo-Goblijn and Murphy, 2009; Swanson et al., 2012). Therefore, health organizations (FAO, 2008; EFSA Panel on Dietetic Products, 2010; Bates et al., 2014; SACN, 2018) and recent studies (Kliem and Shingfield, 2016; Nettleton et al., 2017) have urgently recommended the substitution of SFA in human diets, with cis-monounsaturated FA (cis-MUFA) and cis-polyunsaturated FA (cis-PUFA), in order to reduce the mortality from, and risk of, CVD (Givens, 2008). Given that milk fat is the largest single contributor of SFA in the UK (Bates et al., 2014), producing milk (a product widely consumed by all age groups) where part of its SFA has been replaced with cis-MUFA and/or cis-PUFA might be an effective means of contributing to the dietary targets, without requiring changes in consumer eating habits. Cow diets influence milk FA profile and provide opportunities to reduce milk SFA content, but proposed dietary interventions for the reduction of milk SFA content increase production costs [e.g., oil or oilseed supplementation (Stergiadis et al., 2014; Kliem and Shingfield, 2016)] or risk productivity of high-yielding cows [e.g., increased pasture intake (Chilliard et al., 2007; Ferris, 2007; Glasser et al., 2008; Stergiadis et al., 2012, 2015)]. As a result, these strategies are scarcely used in UK dairy systems and the % SFA in total FA in UK retail milk has changed little since 2006 [68.9% in 2016–2017 (Stergiadis et al., 2019); 70.7% in 2006–2007 (Butler et al., 2011)].

Milk fatty acid profiles generally present much higher concentrations of SFA and lower concentrations of PUFA than the FA profile in ruminant diets. This is partly due to the fat synthesis in the mammary gland, which produces a substantial amount of SFA with 4–16 atoms of carbon (Harfoot and Hazlewood, 1988). In addition, the presence of specific microbial species within the rumen microbiome perform lipolysis and subsequent biohydrogenation of the FA in the rumen (Lourenco et al., 2010); a process that result in C18:0 as the finite end product whilst producing a large amount of new unsaturated FA as intermediates (Jenkins et al., 2008; Ferlay et al., 2017). The rumen microbiome is a complex ecosystem, mainly composed of anaerobic bacteria and completed by archaea, ciliate protozoa and anaerobic fungi (Huws et al., 2013). These communities play different, but also interacting roles, which are essential for their maintenance and cooperative metabolic activities such as plant fiber degradation, carbohydrate fermentation, protein digestion, and synthesis of volatile fatty acids, amino acids, microbial protein and ammonia (Huws et al., 2013; Jami et al., 2014). The rumen microbiome is recognized for having an impact on animal performance traits such as health, methane emissions and feed efficiency (Russell, 1998; Jami et al., 2014; Auffret et al., 2017). In addition, there is large variation in phenotypic responses within ruminant breed and diet groups (Henderson et al., 2015; Roehe et al., 2016) but information explaining variation in milk FA profile, as well as the microbial communities and mechanisms behind such variation, are still, to our knowledge, limited. Buitenhuis et al. (2019) demonstrated the beneficial effect of adding rumen bacterial microbiome information to host genetic data for breeding purposes, and the impact on milk FA composition, but discussion on the potential mechanistic functions was not developed.

The overall aim of our work was to (i) compare the rumen microbiome between Holstein cows which, under the same diet, produce milk with contrasting FA profile, (ii) identify the rumen microbial taxa and genes impacting on individual FA and FA groups which are associated to human health, and (iii) identify metabolic-related microbial mechanisms controlling milk FA content. We hypothesized that differing microbial communities in the rumen of cows fed the same diet will influence the extent of rumen biohydrogenation and so potentially affect the milk FA profile. Given the overarching importance of diet in shaping rumen microbiome composition and its activity (Karisa et al., 2013; Petri et al., 2013; Rooke et al., 2014), we considered that combining metagenomics and metabolomics for studying the rumen fluid ecosystem provides an opportunity to identify microbial mechanisms associated with animals producing extreme contents of milk SFA (e.g., representing the lowest and the highest range). Both omic methodologies are considered complementary to better understand biological interaction networks and biological mechanisms associated with the variation in important traits in livestock production (Karisa et al., 2013; Pitta et al., 2016).



MATERIALS AND METHODS


Ethics Approval

The animal experiment was conducted at the Centre for Dairy Research (CEDAR), University of Reading, UK; all experimental procedures used were licensed, regulated, and inspected by the UK Home Office under the Animals (Scientific Procedures) Act, 1996.



Animals, Experimental Design and, Samples Collection

Four hundred and fifty two Holstein lactating cows were housed in a purpose built cubicle yard with sand as bedding, and water supplied throughout the day via self-filling drinking troughs. Cows were in mid-lactation between days 90 and 210 in milk. They received the same total mixed ratio (at forage:concentrate ratio of 63:37 on a dry matter basis), throughout the study. Forage was comprised of 71% maize silage and 29% grass silage (on a dry matter basis). Concentrate feed was made of commercial pellet (blend), sodagrain (sodium hydroxide-treated wheat), Megalac (rumen-protected fat supplement; Volac Wilmar Feed Ingredients, Hertfordshire, UK) and salt. Nutrient composition, digestibility, metabolisable energy (ME) content, volatile compounds and fatty acid profiles are presented in Supplementary Table 1. Dry matter intake (DMI) was back-calculated from ME requirements (Agricultural Food Research Council, 1993; Thomas, 2004) and ME content of the diet. Milk yield was automatically recorded in the milking parlor. Initially, the whole herd was screened for milk composition and FA profiles by Fourier Transform InfraRed spectroscopy (FTIR; MilkoScanTM 7RM; FOSS, Denmark), at the National Milk Laboratories (Wolverhampton, UK); using a composite morning and afternoon milk sample per cow. Based on the FTIR results, two groups of cows were created to represent the lowest range (low-SFA, n = 24 cows, 60.2–66.6% total FA) and highest range (high-SFA, n = 24 cows, 66.9–74.4% total FA) of milk SFA contents within this population. After 5 days, milk samples were collected from these cows (n = 48) and sent for immediate analysis of fat and protein content by FTIR, whilst an aliquot was stored in −20°C until FA analysis by gas chromatography (GC). Simultaneously, ~50 mL of rumen liquid were taken from the same 48 cows by inserting a stomach tube (16 × 2,700 mm Equivet Stomach Tube, Jørgen Kruuse A/S, Langeskov, Denmark) nasally and aspirating manually. This liquid was filtered through two layers of muslin and 5 mL strained rumen fluid still containing small particles were mixed with 10 ml phosphate buffered saline containing glycerol (30% v/v). These samples were stored at −80°C between collection and analysis. This technique is a practical means to sample a large number of cows for subsequent microbial community profiling, gene abundance analysis, and metabolite profiling; as well as previously presented sample preparation and storage techniques (Claus et al., 2008; Wallace et al., 2014; Firkins and Yu, 2015; Snelling et al., 2019). The technique has shown high microbiome similarity between rumen fluid samples collected using stomach tube and rumen digesta collected at the abattoir (Wallace et al., 2014; Snelling et al., 2019). Results from the FA analysis by GC were used to classify animals in two ways for subsequent data analysis (i) 24 cows with the lowest SFA concentrations vs. 24 cows with the highest SFA concentrations (Supplementary Table 2) and (ii) 8 cows with the extreme-low SFA concentrations (60.2–64.0% total FA) vs. 8 cows with the extreme-high SFA concentrations (69.9–74.4% total FA) (Supplementary Table 3).



Milk Fatty Acid Profiles Analysis

Milk FA profiling was performed using GC coupled with flame ionization detection (Bruker 350 GC, Bruker, Germany) according to previously described methods of esterification and methylation (Viant, 2007), and techniques of peak identification and quantification (Chilliard et al., 2009; Kliem et al., 2013). A combined correction factor, to account for carbon deficiency in the response of flame ionization detector for FA methyl esters with 4–10 atoms of carbon was used (Ulberth et al., 1999). Milk FA were expressed as proportion of individual FA or FA group in total FA. In order to confirm that both experimental groups (24 vs. 24 and 8 vs. 8 separately) had significant differences for FA profile and potentially for other milk characteristics, one-way ANOVA with adjustment for multiple comparisons using the Bonferroni correction (SPSS Statistics 22, IBM, USA) applied.



Genomic Analysis

DNA was extracted from the rumen fluid samples; all 48 samples were prepared for sequencing. Illumina TruSeq libraries were prepared from genomic DNA and sequenced on a NovaSeq 6000 instrument by Edinburgh Genomics (Edinburgh, UK). Paired-end reads (2 × 150 bp) were generated, resulting in between 10 and 24 GB per sample (between 33 and 80 million paired reads). A metadata file indicating the correspondence between animal and metagenomics IDs as well as grouping information based on milk SFA is summarized in Supplementary Table 4. Analysis of the functional content of the metagenomic data by comparing to the KEGG database (http://www.kegg.jp) followed the same procedure as previously described in Wallace et al. (2015) and Roehe et al. (2016). Statistical analysis of the metagenomics samples was based on the complete sample profiles, as expressed by the pattern of metagenomic reads classified within KEGG ortholog groups with >90% similarity and belonging to a single KEGG ortholog (KO) groups and the relative abundance (percentage) of individual KO group in each profile to normalize the data between animals. The alignment of the reads generated by whole metagenomic sequencing to the KEGG genes database resulted in identification of 4,660 microbial genes for each animal. Microbial genes with a relative abundance >0.001% (n = 1,630) were carried forward for downstream analysis.

For taxonomic annotation, we constructed a custom database using Kraken (v.0.10.5) (Wood and Salzberg, 2014). The database consisted of 7,318 complete bacterial genomes, 229 fungal genomes, 585 archaeal genomes and 75 protozoan genomes (all from RefSeq; 09/2018) augmented with 410 genomes from the Hungate collection and recently published 913 RUG genomes (Stewart et al., 2018). This database was used to assign reads to entries in the NCBI taxonomy database at the level of Kingdom, Phylum, Family, and Genus. Results with zero counts in 3 or more of the 48 animals were removed from the analysis to avoid statistical limitations due to interferences in the study of correlations. Following this step, 1,630 genes, 42 phyla, and 849 genera were selected for the statistical analysis.

Statistical analysis of the metagenomic data was based on the complete sample profiles as expressed by the pattern of metagenomic variables (taxonomic level or genes) and the relative abundance (percentage) of individual variable in each profile. Unless otherwise stated, all parameters used were the default.

Taxonomic and gene abundances were compared individually or within a functional group (e.g., all genes associated with low SFA) using a general linear model with adjustment for multiple comparisons using the Bonferroni correction (SPSS Statistics 22, IBM, USA).

In order to identify the rumen microbial species and genes on individual FA and FA groups which are associated to human health (and in particular SFA), we used partial least squares (PLS) analysis (Version 9.1 for Windows, SAS Institute Inc., Cary, NC, USA) to identify the most important genes associated with the milk SFA content. For the metagenomics analysis, the PLS analysis accounts for multiple testing and the correlation between taxonomic levels or microbial genes as variables. The model selections were based on the variable importance for projection (VIP) criterion (Wold, 1995), whereby variables with a VIP <0.8 contribute little to the prediction. Importance of a particular taxon or gene identified by PLS analysis within 8 extreme-low or 8 extreme-high animals to explain variation in a specific milk fatty acid was also determined by heatmaps. In order to identify the microbial origin of the genes that influence the concentrations of milk SFA, we used partial least squares (PLS) analysis (Version 9.1 for Windows, SAS Institute Inc., Cary, NC, USA) to identify microbial genera mostly correlated with each specific gene.



Metabolomics Analysis of Rumen Fluids

A Bruker Avance HD 700 MHz (Bruker Biopsin, Rheinstetten, Germany) was used to acquire the NMR spectra from the ruminal biofluids (Saleem et al., 2013). The NMR was equipped with a TCI CryoProbes from the same manufacturer and was operating at 7,000 Hz. 1H NMR spectra was obtained using a standard 1D noesypr1d pulse sequences with a total acquisition time of 3.34 s with noesypr1d 90° pulse length of 7.7 μs (Meiboom and Gill, 1958; Aue et al., 1975). Water pre-saturation was applied for 3 s. The mixing time was set up at 50 or 100 ms. In total 64 scans per sample were accumulated into 64 K data points.

For the metabolomics analysis, all spectra were pre-processed in MestReNova version 11.0.2–18,153 (Mestrelab Research S.L., Spain) where it was phased and baseline corrected. The algorithm used for the baseline correction was Whittaker smoother; multipoint baseline correction was used if necessary (Dieterle et al., 2006). TSP (3-(trimethylsilyl)-propionic acid-d4; δ 0.00) was used for the calibration of all the samples. Residual water (δ 4.70–5.10) and noise regions (spectra before δ 0.5 and after δ 9.5) were removed in MestReNova before importing the data into MATLAB. Version R2015b of MATLAB (Mathworks, UK) equipped with Korrigan Toolbox version 0.1 (Korrigan Sciences Ltd., U.K.) was used to carry out the data analysis. Relationships between milk FA in the rumen and milk were evaluated from the loading plots of Principal Component Analysis (PCA) using Gen-Stat 16th edition (VSN International Ltd., UK). In order to correlate microbial genes with specific rumen metabolites and explain their metabolic mechanisms that have a positive effect on milk FA profile, the statistical approach started with a preliminary unsupervised Principal Component Analysis to evaluate the variability of the data. This was followed by a supervised pairwise Orthogonal Projection to Latent Structures Discriminant Analysis (O-PLS DA) (Cloarec et al., 2005; Bylesjö et al., 2006). This algorithm allowed the identification of specific modulations produced by metabolic changes associated with the relative abundance of specific genes previously identified as important to explain a trait. Models were evaluated for coefficient of determination (R2Y value) and goodness of prediction (Q2Y value, calculated using 7-fold cross-validation). The best models (R2 close to 1, Q2 positive and small overfit between R2 and Q2) were included in a second step of the pipeline where a selection of the samples with the lowest and highest concentration of the gene (n = 16) were used to identify metabolomics changes associated with the gene, used as predictor in each case. Metabolomic annotation was carried out using publicly available literature (Saleem et al., 2013), Chenomx NMR Suite 8.2 from Chenomx Inc (Edmonton, Canada) and online publicly available databases such as the Biological Magnetic Resonance data bank (BMRB, http://www.bmrb.wisc.edu) and the Bovine Metabolome Database (http://www.cowmetdb.ca/cgi-bin/browse.cgi).




RESULTS


Variation in Animal Performance and Milk Fatty Acids

Dry matter intake was slightly higher (ANOVA, P = 0.042) for High-SFA cows than Low-SFA cows (Supplementary Figure 1A; 24 vs. 24 cows). This result was more pronounced with the 8 vs. 8 extreme cows (P = 0.013; results not shown).

The total SFA content in milk, produced animals in the 24 v 24 dataset, was 66.9 ± 3.06% whilst cis-MUFA and cis-PUFA represented 25.5 ± 2.30% and 3.0 ± 0.64%, respectively (Supplementary Table 2). The total SFA content in milk, produced by the 16 animals in the 8 vs. 8 dataset, was 66.9 ± 4.92% whilst cis-MUFA and cis-PUFA represented 25.5 ± 3.64% and 2.8 ± 0.87%, respectively (Supplementary Table 3). The cis n-3, which were represented by 72% α-linoleic acid (ALNA, C18:3 c9, c12, c15) across the data, were 0.63 ± 0.08% of total FA for the 48 animals dataset and 0.62 ± 0.09% of total FA for the extremes 16 animals dataset (Supplementary Tables 2, 3, respectively). A principal component analysis to elucidate metabolic relationships between rumen and milk fatty acids (Supplementary Figure 2, Supplementary Tables 2, 5) showed in general a similar grouping of each fatty acid groups except for cis-MUFA. This difference was mainly explained by the first axis explaining >99% of variability. The most abundant individual SFA (C12:0, C14:0, and C16:0) were found in higher concentrations (P < 0.01) in milk from the High-SFA than from Low-SFA cows (Figure 1). Unsaturated fatty acids (UFA) were more abundant for Low-SFA than High-SFA cows (P < 0.01). ALNA and n-3 were both higher for Low-SFA milk whilst the relative difference in n-3 was smaller (P < 0.05). The transfer of linoleic acids (LA, C18:2 c9, c12), but not ALNA, from diet to milk was 1.19-fold higher in Low-SFA compared with High-SFA cows (Supplementary Figure 1B). This transfer difference was stronger in extreme animals with the transfer of dietary LA 1.49-fold higher in Low-SFA compared with High-SFA cows. There was no significant difference in parity or milk yield between the Low-SFA and High-SFA groups (Supplementary Figures 1A,C) or when comparing the extreme cows. Furthermore, there was no significant difference in stage of lactation between the Low-SFA (166 ± 37 days) and High-SFA (153 ± 34 days) groups.
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FIGURE 1. Variation in milk saturated (SFA, C12, C14, C16) and unsaturated (cis-MUFA, cis-PUFA, ALNA, and n-3) fatty acids (as a percentage of total fatty acids) for 48 animals grouped between Low-(L) and High-(H) milk SFA. *P < 0.05, **P < 0.01.




Variation in the Abundance of Rumen Microbial Communities in Cows With Contrasting Milk SFA Content

The rumen microbial communities were mainly composed of Firmicutes, Bacteroidetes and Proteobacteria corresponding on average to 61, 22, and 4%, respectively. Euryarchaeota, mostly composed of methanogens, represented about 3% of the total community. At the phylum level, no significant differences were observed between Low-SFA and High-SFA groups for the 48 animals (Supplementary Figure 3A) even when the comparison was performed in the extreme SFA groups (Supplementary Figure 3B). The Firmicutes-to-Bacteroidetes ratio was not correlated (P > 0.1) with milk FA content.

Comparison of microbial population relative abundances differed (ANOVA, P < 0.05) between SFA groups using the 48 (n = 37) and extreme animals with 37 and 18 genera, respectively, and showing a limited number of shared genera (n = 5) mostly within Actinobacteria (4/5), Denitrobacterium and the Firmicutes Jeotgalibacillus sp. (Table 1). Genera that were more abundant (P < 0.05) in High-SFA animals, within the 48 animals, included low abundant Actinobacteria (<0.01%; n = 12) and other bacteria and archaea. In addition, three methanogens (Methanobrevibacter, Methanobacterium and Methanothermus sp.), and two highly abundant genera (>0.01%), the protist Nannochloropsis and the Proteobacteria Burkholderia showed higher abundance (P < 0.05) in High-SFA animals (Table 1). Furthermore, 13 genera were more abundant (P < 0.05) in High-SFA animals, but only when the 16 extreme cows were compared, and were composed of 3 Actinobacteria including Mycobacterium, 3 lactic acid bacteria (LAB) within Firmicutes (Lactobacillus, Leuconostoc and Weissella), 3 Proteobacteria (Kozakia, Hafnia and Komagataeibacter) and fungi (5/13) such as Cutaneotrichosporon and Cyphellophora (Table 1). Megasphaera and Selenomas genera known to contain lactic acid-degrading species were not significantly different in any of the comparisons.


Table 1. ANOVA (Bonferroni corrected) results for genera significantly different between Low- compared to High-SFA groups (based on all 48 animals).
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Correlations Between Microbial Communities and Milk Fatty Acid Composition

Microbial genera explaining most of the variability (between 64 and 86%) for a particular group of FA was determined using PLS analysis (VIP > 0.8). Different profiles of genera were identified within SFA (total SFA, C12:0, C14:0 and C16:0) and UFA groups (ALNA, cis-MUFA, cis-PUFA and n-3) based on PLS coefficients with one main branch grouping saturated FA and the second branch unsaturated FA together (Figure 2A, Supplementary Figure 4, Supplementary Table 6). Within 69 genera identified as being important to explain the variability observed for FA groups, 9 genera including Dehalococcoides, Denitrobacterium, Desulfobacula, Lactobacillus, Leuconostoc, Nannochloropsis, Punctularia, Rhodotorula, and Weissella were all significantly positively correlated (positive PLS coefficient) with SFA groups and negatively correlated (negative PLS coefficient) with unsaturated FA groups (Figure 2A, Supplementary Figure 4, Supplementary Table 6). Dehalococcoides, Desulfobacula, Punctularia, and Rhodotorula were strongly positively correlated with C16:0 and in some cases with SFA whilst Denitrobacterium, and the LAB Lactobacillus, Leuconostoc, and Weissella were strongly positively correlated with C12:0, C14:0 and total SFA. Dehalococcoides, Denitrobacterium, and Rhodotorula were all negatively correlated with the unsaturated FA studied. The LAB Leuconostoc and Weissella were all negatively correlated with cis-MUFA and cis-PUFA whilst Lactobacillus only showed a negative correlation with cis-MUFA. The protist Nannochloropsis showed negative correlations with cis-MUFA and n-3 including ALNA, but a strong positive correlation with SFA (Figure 2A, Supplementary Figure 4, Supplementary Table 6).


[image: Figure 2]
FIGURE 2. Heatmap of the microbial genera indicating their partial least square coefficient for each fatty acid. (A) Unsaturated or saturated FA groups correlated with a particular genus. (B) Individual FA groups correlated with a particular genus. Blue color indicates a negative PLS coefficient between the genus and the fatty acid, whilst red indicates the opposite.


Individual FA groups were correlated with a particular genus (Figure 2B, Supplementary Figure 4, Supplementary Table 6), such as Providencia (positive with n-3 and negative with SFA), Jeotgalibacillus (positive with C12:0 and C14:0), Kozakia (positive with C16:0 and negative with cis-PUFA), Cutaneotrichosphoron (negative with cis-MUFA), Cyphellophora (negative with ALNA and n-3 and positive with C16:0), and Sutterella (positive with cis-PUFA). Hafnia and Acetobacter genera showed contrasting correlation results within SFA or unsaturated FA. For example, Hafnia was positively correlated with C16:0 and cis-PUFA and negatively correlated with cis-MUFA. The two methanogen genera Methanobrevibacter and Methanotorris were negatively and positively correlated with n-3, respectively. Although Mycobacterium showed a positive correlation with SFA, this genus was negatively correlated with C16:0, n-3, ALNA, and cis-MUFA.



Variation in the Abundance of Rumen Microbial Genes in Cows With Contrasting Milk SFA Content

From the 1,630 microbial genes with a relative abundance above 0.001%, 273 and 40 genes were significantly different (P < 0.05) between Low-SFA and High-SFA animals (48 animals) and also between extreme–low SFA and extreme-high SFA animals (16 animals), respectively (Supplementary Table 7). Within these two sets of genes, only 19 genes were shared between the 48 or the extreme animals with a majority of genes involved in translation, ribosomal structure and biogenesis (n = 6) or energy production and conversion (n = 4) but none directly related to FA biohydrogenation. Genes involved in methanogenesis, and encoding for formylmethanofuran dehydrogenase (K00200-204), methyl-coenzyme M reductase (K00399-402) and tetrahydromethanopterin S-methyltransferase (K00577, K00580, K00581, and K00584) were only significantly different when using the 48 animals.

In term of general functions (COG database), the enriched functions related to higher relative abundance of genes in extremes–low SFA compared to extreme-high SFA (Supplementary Figure 5), were carbohydrate transport and metabolism, intracellular trafficking, secretion, and vesicular transport and nucleotide transport and metabolism; mostly because of the genes involved in starch degradation (K00688), preprotein translocase synthesis (K03070), and genes encoding for adenylosuccinate synthase (K01939) and associated with purine metabolism. Although the general function group translation, ribosomal structure and biogenesis was enriched in extreme-low SFA animals, contrasting results were obtained depending on the genes constituting this group. For example, genes encoding for seryl-tRNA synthetase and GTP-binding protein LepA were significantly more abundant in extreme-low SFA animals and had a relative abundance above 0.1% whilst less abundant genes (<0.05%) were significantly more abundant in extreme-high-SFA animals and encoding for ribosomal subunit (K02956).

A total of 39 genes were highly correlated with FA groups (VIP > 0.8), explaining from 76% (C14:0) to 94% (C16:0) of the variability in milk FA by PLS analysis (Supplementary Table 8), and were associated with different pattern of responses as showed in the heatmap (Figure 3, Supplementary Figure 6). Contrasting with microbial genera, cis-PUFA did not group in the same main branch as other UFA. The genes which were significantly correlated with cis-PUFA by PLS were different for all FA tested and the gene with the highest VIP-value (>1.25) was involved in intracellular sulfate transport (K06020).
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FIGURE 3. Heatmap of the most significant microbial genes indicating their partial least square coefficient for each fatty acid. Blue color indicates a negative PLS coefficient between the genus and the fatty acid, whilst red color indicates the opposite.


Within the 39 genes, the 8 genes which were positively correlated with SFA, and in general negatively correlated with unsaturated FA, were associated with stress resistance (K00383 and K07482), lactate metabolism (K03778), adaptation to new environments (K01126 and K06148), and cell division (K00525, K02334, and K03569). On the other hand, 3 other genes which are involved in no stress responses (K03070 and K03596) and protein synthesis (K01875) were strongly positively correlated mostly with cis-MUFA.



Links Between the Rumen Microbial Genes and Rumen Metabolome

In total, rumen microbial genes which were significantly correlated to milk SFA concentrations were used to compare the metabolome of cows that they had high vs. low (8 vs. 8) abundance of the gene (Figures 4A–E). The best models were obtained for the genes K01126 (R2Y = 0.74, Q2Y = 0.63) and K03778 (R2Y = 0.74, Q2Yc 0.71) and K06148 (R2Y = 0.69, Q2Y = 0.54). In all cases, higher levels of the gene were associated principally with butyrate, propionate, tyrosine and NADP+ production. Conversely, these individuals had lower levels of hypoxanthine and xanthine in the rumen fluid (see Figures 4A–C). The model produced by the gene K00383 showed the same pattern as the genes described above, but in this case the model was not as strong (R2Y = 0.60, Q2Y = 0.39, Figure 4D). Interestingly, higher levels of the gene K00525 were associated with high propionate, tyrosine and NADP+, but lower levels of butyrate (Figure 4E). However, this model was even weaker (R2Y = 0.55, Q2Y = 0.39).
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FIGURE 4. (a) Plot of the scores against the cross validated scores generated from the O-PLS DA model calculated using 16 samples of the spectra as a matrix of independent variables and high vs. low gene index as predictor. (b,c) Aliphatic and aromatic regions of ruminal fluid spectra showing metabolomics differences between groups with high and low levels of the genes K01126 (A), K03778 (B), K06148 (C), K00383 (D), and K00525 (E).


Microorganisms strongly correlated with these 5 genes (VIP > 0.8) were mostly composed of the 3 LAB (Lactobacillus, Leuconostoc, and Weissella), as well as acetogenic bacteria such as Acetobacter and Kozakia, and to a lesser extend Pediococcus (LAB), Komagataeibacter (Acetogen), Hafnia (Phytate degrader) and other genera (Babesia, Bacillus, and Oribacterium). These genera explained between 67 and 88% of the variability of each gene using PLS analysis (Table 2) and the presence of these genes was also confirmed in their genome.


Table 2. Partial Least Square results identifying the most correlated genera with one of the genes identified as of interest explaining metabolomics results (K00383, K00525, K01126, K03778, and K06148).
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DISCUSSION

The present study is the first, to our knowledge, to describe rumen microbial communities and genes and their associated mechanisms (using metagenomics), as well as the abundance of rumen metabolites in cows carrying these genes (metabolomics), which explain variation in the main milk SFA and UFA, using data and samples from 48 dairy cows. The present work also increases the number of rumen microbiome and metagenome results for dairy cattle and provides further information on possible mechanisms impacting milk FA profile (Saleem et al., 2012; Pitta et al., 2016; Golder et al., 2018). Milk FA originate by direct transfer from the diet, de novo synthesis in the mammary gland (using VFA produced in the rumen as substrate), rumen microbial biohydrogenation of dietary FA, desaturase enzyme activity in the mammary gland, and release from body fat stores (when the cow is in negative energy balance) (Chilliard et al., 2007). Although this manuscript mainly focused on understanding the importance of the rumen microbiome to explain variation in milk FA profile in dairy cattle, host parameters such as host genetic variation, fat mobilization, volatile fatty acids (VFA) absorption across the rumen wall or mammary gland activities are also important to explain the variability on milk fat profile (e.g., cis-MUFA) (Bielak et al., 2016; Ibeagha-Awemu et al., 2016). However, the impact of the rumen bacterial community on odd chain FA and PUFA with 18 carbon atoms in milk was previously confirmed, and it was notably a better predictor than host genotype information in Holstein cattle (Buitenhuis et al., 2019). As further rumen metagenomic datasets become available, it is likely that the predictive power of such analyses will increase and the role of rumen microbiome and their genes on milk FA profile will further unravel (Stewart et al., 2019).


The Relation Between Rumen Microbiome Communities and Milk Fatty Acid Profile

A number of rumen microorganisms, have been found at higher abundance in the rumen of cows that produced milk with higher concentrations of SFA and were also positively correlated to SFA, C12:0, C14:0, or C16:0 and/or negatively correlated to cis-MUFA, cis-PUFA or n-3 PUFA. These were mainly LAB (Lactobacillus, Leuconoctoc, and Weissella), Proteobacteria (Acetobacter and Kozakia) and Actinobacteria (Mycobacterium), fungi (Cutaneotrichosporon, Cyphellophora), and to a lesser extent (e.g., significant when the 48 cows were used in the analysis but not when the extreme 16 cows were used) protists (Nannochloropsis), and methanogens (Methanobrevibacter).

The abundance of LAB, especially Lactobacillus, is higher in animals fed high-grain diets, and associated with lower rumen pH, because of the intake of rapidly fermentable carbohydrates, such as starch (Oetzel, 2003; Cremonesi et al., 2018). LAB are natural inhabitants of the rumen (Oetzel, 2003; Chen et al., 2012) and in this study were more abundant in extreme High-SFA animals (showing positive and negative correlations on SFA and unsaturated FA, respectively). This may reveal a relationship between slight changes in rumen pH and microbiome adaptation to lower pH, which further impacts milk SFA profile; as microorganisms which explain most of the variation in milk SFA profile are also those which are favored by lower rumen pH. It is however still unclear what is the extend of pH reductions that can trigger such microbiome responses. Lactobacillus species and other LAB are currently proposed as probiotics by Pophaly et al. (2012) to enhance gastrointestinal health in dairy cattle (with contrasting effectiveness between studies) and further studies may be necessary to identify beneficial LAB, that improve gastrointestinal health but also maintain rumen pH homeostasis and milk nutritional quality (Davidson et al., 2008).

Proteobacteria (in particular Acetobacter and Kozakia), which were found at higher concentrations in the rumen of cows producing High-SFA milk, are known to be involved in acetate production (Kersters et al., 2006). Fungi are known to improve fiber fermentation of the feed mainly by complementing mastication effects to break down feed particles and open up the structure (Akin and Borneman, 1990), whilst fermentation of fibrous material (e.g., forage) enhances the synthesis of acetate, at expense of propionate in the rumen (McDonald et al., 2011). It is therefore likely that the higher abundance of acetate-producing bacteria, and also potentially to a lesser extent, fiber-fermenting fungi, increase acetate synthesis, absorption and transfer to mammary gland. Acetate is extensively used by the mammary gland for the de novo synthesis of milk fat via the cytosolic malonyl-CoA pathway, while the main source of acetate in the mammary gland is the acetate which is produced in the rumen and subsequently absorbed and circulated in blood (McDonald et al., 2011). Given that de novo fat synthesis in the mammary gland includes solely SFA (all milk SFA from C4:0-C14:0 and 50% of milk C16:0 concentrations) (Chilliard et al., 2007), it is likely that higher supply of acetate would increase milk SFA synthesis and secretion to milk.

Previous work has shown that methanogens may enhance the ability of fungi to ferment fiber and well shift electron use toward the transformation of lactate and ethanol to methane via hydrogen; which is in turn converts to methane and carbon dioxide (Mountfort et al., 1982); while an overall increase in acetate abundance in the rumen may also be enhanced by such increase in fiber fermentation process. In the present study, methanogens were correlated with high concentrations of milk SFA when the 24 high-SFA vs. 24 low-SFA cows were compared. This may reveal a complementary role that methanogens play in increasing synthesis of acetate, as shown above for Proteobacteria and fungi, and potentially also adapting to slight reductions in rumen pH, as shown above for LAB; which further supports the suggestion that milk SFA content relates to such microbial activities.

In addition, the fungi, Cutaneotrichosporon (more abundant in the rumen of cows producing less cis-MUFA) is a lipase producing yeast (Kuncharoen et al., 2020), which may therefore enhance the hydrolysation of ester linkages in lipids causing the breakdown of triacylglycerols into glycerol and free fatty acids. This process will subsequently increase the availability of free fatty acids for ruminal biohydrogenation, the transformation cis-PUFA to a great range of trans-MUFA and trans-PUFA, and the saturated FA C18:0, and eventually reduce the flow of cis-UFA in the small intestine for absorption (Jenkins et al., 2008). The higher concentrations of Nannochloropsis in the rumens of cows that produced High-SFA milk (when the 24 high-SFA vs. 24 low-SFA cows were compared) was rather surprising given that Nannochloropsis is known to synthesize and store high concentrations of long chain n-3 PUFA in their triacylglycerol (Ma et al., 2016). It is likely that the negative correlation with milk n-3 is a result of the increased production of pyruvate, via the carbohydrate catabolic activity of Nannochloropsis (Li et al., 2014), which is the source of VFA (including acetate) in the rumen.

As previously shown in beef cattle, a stress on the rumen microbiome, caused by low pH, also increases the relative abundance of pathogens (Auffret et al., 2017). In this study, abundances of Mycobacterium were significantly more abundant in High-SFA animals and several species within the Mycobacterium genus are obligatory or opportunistic human and animal pathogens (Rastogi et al., 2001). Therefore, cows producing milk with more SFA in this study were also increasingly exposed to internal pathogens; although cows in this work did not experience any health incidences, this finding highlights that health benefits (e.g., reduced risk of disease) and improvement of milk nutritional quality may be related.



The Relation Between Rumen Microbial Genes and Milk Fatty Acid Profile

The findings in the present study support a strong correlation between rumen microbial genes and FA profile, as the composition of microbial genes explained from 76 to 94% of the variation in certain individual FA and FA groups. In this study, K00688, a gene involved in starch degradation was more abundant in extreme High-SFA animals (positive and negative effects on SFA and unsaturated FA, respectively). In addition, microbial genes explaining most of the variability in milk FA, included those associated with lactic acid metabolism (K03778), and genes related to stress resistance and environmental adaptation by the synthesis of glutathione (K00383), which were mainly carried in LAB. This was coupled with the higher abundance of the cofactor NADPH/NADP+ (which was also identified by metabolomics as significantly higher in cows carrying more of these genes), and cell wall modification (K01126) or ABC transporter (K06148), which are important for LAB survival in lower pH environments (Pophaly et al., 2012; Zehavi et al., 2018). Therefore, the findings further support that microbial genes that may increase the synthesis of lactate in the rumen as well as enhance the adaptation of rumen microbiome in reduced pH conditions are also highly associated with higher concentrations of SFA in milk. This is potentially due to the subsequently increased de novo synthesis of SFA in the mammary gland by using the additional acetate (Chilliard et al., 2007), as described above.

As an outcome of the potential pH adaptation and effective lactate metabolism by rumen microbes, the concentrations of lactic acid were not significantly different between animals that had high concentrations vs. low abundances of these genes. The main explanation may be that lactate is easily metabolized by the rumen microbiome to produce propionate during the digestion of carbohydrates; a process which is also positively correlated with rumen pH (Plaizier et al., 2008; Saleem et al., 2012). Similarly, acetate concentrations in the rumen were not significantly different between animals with extreme abundances in these genes, and this can be partly explained by the fact that the two acetogenic bacteria, Acetobacter, and Kozakia, were positively correlated with the contrasting groups of FA (SFA and cis-MUFA, respectively); although the mechanisms controlling acetate concentration in the rumen, an important source for milk FA synthesis, are still unclear (McDonald et al., 2011).

Although based on the discussion above, it would be expected that acetate concentrations would be higher in the rumen of cows that produced High-SFA milk or carrying more of the correlated microbial genes, this was not observed. However, there is generally a lack of significant relationship between acetate concentrations in rumen fluid and plasma (McDonald et al., 2011), thus revealing that higher concentrations in plasma and mammary gland (that would increase milk SFA synthesis) do not necessarily reflect higher concentrations in rumen fluid. In addition, the rumen microbial genes associated with High-SFA milk were also correlated with increased concentrations of butyrate and propionate, rather than acetate. Their higher concentrations further support the suggestion that cows producing High-SFA milk may undergo higher rates of carbohydrate fermentation, because butyrate and propionate also represent, together with acetate, the major end products of rumen carbohydrate digestion (McDonald et al., 2011). However, the extent of metabolism of acetate during absorption via the rumen wall is lower than that of butyrate and propionate (Bergman and Wolff, 1971; Kristensen et al., 2000) and therefore it is likely that the relative proportions of these VFA in the rumen does not necessarily reflect the relative proportions of these VFA in the blood and mammary gland.

Interestingly, genes identified as important to explain milk SFA variation were associated with lactic acid metabolism, environmental adaptation and stress resistance but not FA biohydrogenation. Ventto et al. (2017) suggested that milk FA profile was under the control of multiple mechanisms in the rumen and the mammary gland and contributing to the regulation of fat synthesis. All milk SFA with carbon chains between C4-14, and 50% of C16:0, originate from de novo synthesis in the mammary gland using VFA as a substrate, while stearic acid, the end-product of rumen hydrogenation of dietary lipids, would partly convert to oleic acid in the mammary gland under the influence of Δ9 desaturase (Chilliard et al., 2007). It therefore seems that rumen hydrogenation, which is expected to play vital role in the concentrations of unsaturated fatty acids which are direct intermediate products of it (Chilliard et al., 2007), is not necessarily the most influential pathway for changes in milk SFA content as their synthesis are largely dictated by the activity in the mammary gland, and the supply of VFA substrates in the mammary gland. It appears that the effort of the microbial population to adapt to lower pH conditions in cows consuming the same diet, relates with the abundance of microbial communities and some of their genes responsible for such adaptation; many of which are also associated with milk SFA content. This demonstrates a potential indirect effect of rumen pH on specific microbial taxa adapted to environments with lower pH and impacting through their metabolism on rumen metabolites, lipolysis and eventually milk SFA content. The same genes which were associated with butyrate, propionate and the purine metabolites xanthine and hypoxanthine were more abundant in cows that produced milk with lower concentrations of SFA and higher concentrations of cis-MUFA.

Although challenging to speculate on any metabolic associations based on the findings of the present work, xanthine and hypoxanthine are known to be of microbial origin and their higher concentrations in the rumen also represent activities related to adaptation mechanisms to rumen pH changes (Saleem et al., 2012). The potential role of these metabolites to support rumen pH homeostasis should be investigated in the future. In addition, the fact that that microbial genes correlated with higher concentrations of milk SFA were also negatively correlated with rumen concentrations of hypoxanthine and xanthine [related to protein metabolism, e.g., protein synthesis and conversion of inosinic acid to uric acid; (McDonald et al., 2011)], may indicate an indirect association between rumen protein metabolism and milk fatty acid profiles; which may be explored further in future.

Tyrosine and propionate (which are contributing to milk and protein synthesis) were identified by metabolomics as highly correlated with microbial genes which were abundant in High-SFA animals, but milk yield between Low-SFA and High-SFA animals was similar. Differences in microbial and liver metabolisms related to tyrosine and propionate could explain this lack of effect on milk yield, in contrast with previous results (Rae and Ingalls, 1984; Xue et al., 2018) but further work is needed to clarify these mechanisms.

To conclude, the present study revealed that some microbial taxa, genes and their activities within the rumen microbiome differ substantially between cows which, under the same diet and housing conditions, produce milk at the high range (66.9–74.4% total FA; 24 cows) than in the low range (60.2–66.6% total FA; 24 cows) of the nutritionally undesirable SFA concentrations; while simultaneously show higher concentrations of the nutritionally beneficial cis-MUFA, cis-PUFA and/or n-3 PUFA. Rumens of cows producing milk with more SFA were characterized by higher abundances of several lactic acid bacteria and acetogenic bacteria, Mycobacterium taxa, fungi, and at a lesser extent methanogens and protists. Rumen microbial genes positively correlated with higher concentrations of SFA in milk were associated with increased activity of adaptation to lower pH, by the presence of xanthine and hypoxanthine, and synthesis of acetate and butyrate (which increases their supply for saturated fatty acid synthesis in the mammary gland). The diversity and abundances of rumen microbial genes explained from 76% (for C14:0) to 94% (for C16:0) of the variation in milk fatty acid profiles, thus highlighting that the rumen microbial environment is highly correlated with milk nutritional quality.
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