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Integrating data from spontaneous and induced trans-10 shift of ruminal biohydrogenation reveals discriminant bacterial community changes at the OTU level
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Introduction: Microbial digestion is of key importance for ruminants, and disturbances can affect efficiency and quality of products for human consumers. Ruminal biohydrogenation of dietary unsaturated fatty acids leads to a wide variety of specific fatty acids. Some dietary conditions can affect the pathways of this transformation, leading to trans-10 fatty acids rather than the more usual trans-11 fatty acids, this change resulting in milk fat depression in dairy cows.

Materials and methods: We combined data from an induced and spontaneous trans-10 shift of ruminal biohydrogenation, providing new insight on bacterial changes at different taxonomic levels. A trans-10 shift was induced using dietary addition of concentrate and/or unsaturated fat, and the spontaneous milk fat depression was observed in a commercial dairy herd.

Results and discussion: Most changes of microbial community related to bacteria that are not known to be involved in the biohydrogenation process, suggesting that the trans-10 shift may represent the biochemical marker of a wide change of bacterial community. At OTU level, sparse discriminant analysis revealed strong associations between this change of biohydrogenation pathway and some taxa, especially three taxa belonging to [Eubacterium] coprostanoligenes group, Muribaculaceae and Lachnospiraceae NK3A20 group, that could both be microbial markers of this disturbance and candidates for studies relative to their ability to produce trans-10 fatty acids.
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Introduction

Ruminants are highly dependent on ruminal microbiota, which degrades carbohydrates to short chain fatty acids (FA), transforms the majority of dietary nitrogen to microbial proteins, biohydrogenates unsaturated FA and synthesizes vitamins. As a result of this predominant effect on dietary constituents, disturbances of ruminal function can affect health, feed efficiency and quality of products from farm animals. Milk fat depression (MFD) is characterized by a reduction of milk fat content and yield in dairy cows. Although shifts of ruminal short chain FA profile can result in moderate MFD (Lee et al., 2021), the most prevalent hypothesis to explain strong MFD is a shift of biohydrogenation (BH) of linoleic acid (LA; cis-9,cis-12-C18:2) from a trans-11 (t11) to a trans-10 (t10) pathway (Griinari et al., 1998), with a key BH intermediate, trans-10, cis-12 conjugated linoleic acid (t10c12 CLA). This isomer is a strong inhibitor of lipogenesis in the mammary gland (Baumgard et al., 2001), is exported into milk and promotes atherosclerosis in mice (Arbonés-Mainar et al., 2006). Experimental data including induction and recovery studies (Piperova et al., 2002; Weimer et al., 2010; Rico and Harvatine, 2013; Zened et al., 2013b; Pitta et al., 2020) show that the BH shift designated as t10-shift is linked with high dietary fermentable starch and unsaturated FA, and is associated with changes in the bacterial community. However, high starch or high fat diet can induce ruminal microbiota changes without t10-shift (Enjalbert et al., 2017; Plaizier et al., 2017a), which makes it difficult to ascertain what changes are specific to the t10-shift in MFD induction studies.

In culture studies, strains of Megasphaera elsdenii (Kim et al., 2002) and Cutibacterium acnes (formerly Propionibacterium acnes) (Wallace et al., 2007) have been shown to be able to synthesize t10c12 CLA from LA, but their implication in the t10-shift is somewhat controversial because other studies failed to reproduce this capacity for M. elsdenii (Maia et al., 2007), or studies concluded that it is unlikely that C. acnes is the only or predominant species involved in the t10-shift in vivo (Dewanckele et al., 2020). However, culture studies are conducted with available strains, and strain specific variations have been described in biohydrogenating bacteria (Hussain et al., 2016), so that results from such studies can fail to fit with bacterial community changes assessed in vivo.

Relationship between t10-shift and ruminal microbiota have only been studied in experimental conditions, reflecting the effects of heavy dietary changes after a few days or weeks adaptation (Weimer et al., 2010; Zened et al., 2013a,b; Pitta et al., 2018, 2020). In commercial dairy herds, MFD can also be observed in usual feeding conditions and during long periods, and differently affects cows receiving the same diet, reflecting host susceptibility (Conte et al., 2018). As a result, induced and spontaneous MFD could be associated with different microbiota changes. In a previous induction study we investigated changes of ruminal FA (Zened et al., 2013b) and microbiota at phylum to general levels (Zened et al., 2013a) after adaptation of cows. The present study combines data obtain during and after adaptation of cows in this experimental induction of t10-shift and data from a spontaneous MFD in a commercial dairy herd, in order to unravel common discriminant bacterial signatures associated with the t10-shift, at different taxonomic levels including OTU level.



Materials and methods


Animals and experiments

The experimental study used four dry ruminally fistulated Holstein cows that were assigned to a 4 × 4 Latin square design with four 14-days periods separated by two washout weeks, and four different diets based on corn silage and soybean meal. These diets combined two levels of concentrate (20 and 65% on a dry matter basis) and starch (20 and 34%,) obtained via addition of a wheat barley mixture, and two levels of fat (2.8 and 7.5%) obtained by sunflower oil addition. Diets, housing and design have been described in detail by Zened et al. (2013b). One liter of ruminal fluid was collected from each cow at 5 h post feeding at day 0 (last day of the washout weeks), day 2, day 8 and day 12 of each experimental period, resulting in 64 samples. Ruminal fluid was strained through a metal sieve (1.6-mm mesh). A 100 ml subsample was kept for FA determination and stored at −20°C, and 200 mg of filtrate were precisely weighed and stored in a 2-mL sterile Eppendorf tube at −80°C.

The field study was performed in a commercial dairy herd where part of cows exhibited a low milk fat content (33.3 ± 7.0 g/l; 16.5–51.8 range, measured by the dairy herd control laboratory). The 45 Holstein lactating cows with a 2.0 average parity received a total mixed ration providing nutrients for the average 32 kg milk production observed in the herd. The diet was based on corn silage and contained 37% concentrate, 24.5% starch and 3.7% fat (dry matter basis), offered as two equal meals at 07 h00 and 18 h00 and available ad libitum. Rumen and milk samples were taken on 22 cows, selected to be reflect the herd’s milk fat content (32.2 ± 7.2 g/l and 16.5–46.9 range for the selected cows). Ruminal fluid was taken by oral probe sampling between 13 h00 and 15 h00 on the same day for all cows, and was strained and stored as described for the experimental study. Milk was stored at −20°C until analysis.



Analytical methods, 16S rRNA gene amplicon sequencing, and data transformation

Rumen and milk FA profiles were extracted, methylated, and analyzed by gas-chromatography as described by Zened et al. (2011). Briefly, GC analysis (Agilent 6,890 N, Network GC System, equipped with a model 7,683 autoinjector; Agilent Technologies Inc., Palo Alto, CA) was made on a fused silica capillary column (100 m × 0.25-mm i.d., 0.20-μm film thickness, CPSil88; Varian BV, Middelburg, Netherlands). Peaks were identified and quantified by comparison with commercial standards (Sigma Co., St Louis, MO), except C18:1 other than trans-9 C18:1, trans-11 C18:1, and cis-9 C18:1, which were identified by order of elution. The t10-shift of ruminal BH was assessed using the ruminal (t10 C18:1 + t10c12 CLA) / (t11 C18:1 + c9t11 CLA) ratio (t10t11R). Samples were classified as “Low,” “Medium,” or “High” t10t11R using 0.35 and 1.00 thresholds, that maximized area under curves calculated by sPLS-DA at OTU level, as described in the statistical analyses section.

DNA extraction and metabarcoding (using v3-v4 region of 16S RNA gene) of the 86 rumen samples were performed as described by Zened et al. (2013a), using 454 FLX pyrosequencing. Amplicon sequences were demultiplexed and then analyzed using the FROGS pipeline (Escudié et al., 2018). Firstly, they were filtered according to their size (400–500 nucleotides) and sequences presenting a primer mismatch or with one or more ambiguous base were removed as well as the chimeras. Then, kept sequences were clustered using Swarm with a defined difference of d = 1 between sequences in each aggregation step of clustering without exceeding a maximum of 3 different bases with the seed sequence. Finally, clusters with abundances <0.005% of the total number of sequences (Bokulich et al., 2013) were removed. Taxonomy assignment to OTU were done using the reference database Silva138 16S (Quast et al., 2013) with a pintail quality of 100. The mean number of sequences per sample was 2,834. OTUs with over 90% zeros in one of the two datasets or a maximal abundance across samples under 0.2% were filtered out. One sample with aberrant data (one OTU belonging to the Bifidobacterium merycicum species represented 44% of sequences) was discarded.

Because sequencing data have a compositional structure, they were transformed using the ZCompositions R package (Palarea-Albaladejo and Martín-Fernández, 2015) to imputed proportions by a Bayesian-multiplicative replacement of count-zeros (Martín-Fernández et al., 2015), further designated as GBM data. For statistical analyses, data were center log-ratio transformed (Quinn et al., 2019) and will be further designated as GBM-CLR data. GBM and GBM-CLR OTU abundances were agglomerated at the phylum, family, genus and species levels and items with an average relative abundance under 0.05% except 0.02% at species level in the three t10t11R classes were filtered out.



Statistical analyses

Statistical analyses were performed using R-studio software, version 4.1.0. Alpha-diversity indexes were calculated on untransformed counts and were subjected to analysis of variance with fixed effects of study (field or induced), t10t11R class (Low, Medium or High) and their interaction, and the cow as a random effect. When the effect of t10t11R class was significant, a pairwise comparison was performed using the Tukey’s test.

Using GBM_CLR values, most discriminant genera and OTUs were selected using the MINT sPLS-DA procedure of the mixOmics R package (Rohart et al., 2017b). MINT is a multivariate method to integrate independent omics studies by simultaneously correcting for batch effects, classifying samples and identifying key discriminant variables (Rohart et al., 2017a). The number of components and the number of variables used to construct each component were chosen to maximize the area under curve calculated with the perf function. The outputs of mint.splsda analysis were used with the network function to plot relevance networks based on a similarity matrix, whose values can be seen as a robust approximation of the Pearson correlation (González et al., 2012), and to plot receiver operating characteristic curves using the auroc function.

Spearman correlations were calculated at different taxonomic ranks between the GBM-CLR abundances and the t10t11R, and were used for comparison with literature data. To evidence non-linear relationships, analyses of variances were performed with the same statistical model than alpha-diversity. An analysis of GBM data was used for determination of least-square means and their standard errors presented in tables, and GBM-CLR values were used for calculation of significances. p-values obtained from analysis of variance and correlation were adjusted for multi testing false discovery rate by the Benjamini−Hochberg procedure. p < 0.05 was considered significant.




Results

Most samples from the induction study were in the Low t10t11R class (Supplementary Table 1), and rumen samples of the High class in the induction study exhibited a 7.97 t10t11R compared to 1.94 in the field study. In the field study, milk t10t11R were similar to ruminal ratios. Milk fat content was much lower in High than Low and Medium t10t11R classes (p < 0.001) and showed a strong nonlinear relationship with ruminal t10t11R (Figure 1). According to this relationship, our 0.35 and 1.0 thresholds for t10t11R classes corresponded with 37 and 27 g/kg milk fat content, respectively.
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FIGURE 1
 Relationship between rumen trans-10/trans-11 ratio and milk fat content in the field study.


A total of 205,374 sequences regrouped into 1,185 OTUs were identified after filtering and clustering, 799 of them being shared by the two datasets. One OTU (unknown genus of Lachnospiraceae) was found in only three samples of the High t10t11R class whereas 162 OTUS were specific of the Low t10t11R class (Supplementary Figure 1). All sequences were assigned at phylum level (8 phyla), 98% were assigned to 42 families, 77% were assigned to 83 genera and 1.8% were assigned at species level (14 species). Abundances of main phyla, families, genera, and species across datasets and t10t11R classes are shown in Supplementary Figure 2. Among bacteria that are involved in BH or have been suggested to be involved in BH, only the Butyrivibrio genus (7 OTUs) was found in both datasets, and only one OTU could be affiliated at species level (B. hungatei). Alpha-diversity indexes were significantly lower in the Medium and High classes than in the Low class, and were lower in the induction study than in the field study (Table 1).



TABLE 1 Alpha-diversity of rumen microbiota across trans-10/trans-11 ratio classes and studies.
[image: Table1]

At phylum level, only Desulfobacterota and Proteobacteria were significantly correlated with the t10t11R (Supplementary Table 2), and significant differences between the t10t11R classes were only observed for Desulfobacterota, whose relative abundance was around 10 times higher in the High compared to the Low class. Significant correlation or significant differences between the t10t11R classes were observed in 18 families. The most important differences were observed for Eubacteriaceae, Atopobiaceae, Veillonellaceae, Desulfovibrionaceae, and Lachnospiraceae, whose relative abundances increased from the Low to the High class. Bacteroidales RF16 group relative abundance was higher in the Low than the Medium and High classes. Thirty genera and four species (Supplementary Table 3) and 201 OTUs (Supplementary Table 4) showed either significant correlation with t10t11R value or significant differences between t10t11R classes.

At genus level, the best performance of mint.sPLS-DA was obtained with one component and 10 genera. The component explained 13.5% of abundance variance. Figure 2 shows the variables importance in projection of the 10 genera. The relevance network evidenced that five of them were strongly (relevance network value >0.6) positively associated with high t10t11R and negatively associated with low t10t11R.

[image: Figure 2]

FIGURE. 2
 Mint sparse partial least square discriminant analysis on rumen bacterial genera: variable importance in projection (left) and relevance network with a 0.6 cut-off (right).


At OTU level, the best mint.sPLS-DA performance was obtained with three components and eight, seven and one OTUs on components 1, 2, and 3, respectively. Component 1 discriminated between Low and High classes (Figure 3) whereas components 2 and 3 rather discriminated the Medium class. Five OTUs had a positive link with the High class, especially OTU52 as outlined by its 27.8 variable importance in projection (VIP) and its high opposed relations with High (value = 0.91) and Low classes (value = −0.77) in the relevance network. Three OTUs had a positive link with the Low class. Table 2 shows least square means for each t10t11R class for discriminant genera and OTUs and their affiliation groups. OTU52 and OTU21 had very low abundances in the Low class, and 209 and 151 times higher abundances in the High class, respectively. OTUs 21, 32 and 52, that positively linked with high t10t11R represented only a minor part of their affiliation group except in the High class, and these affiliation groups had no significant relationship with the t10t11R. OTUs 984 and 64 were affiliated at species (Olsenella scatoligenes) and genus (Olsenella) level, respectively, and also positively linked with the t10t11R. Two out of the three OTUs (15 and 16) that were negatively linked with the t10t11R were affiliated to Rikenellaceae RC9 gut group, whose abundance was lower in the High than the Low class.

[image: Figure 3]

FIGURE. 3
 Mint sparse partial least square discriminant analysis on rumen bacterial OTUs: sample plot on the sPLS-DA components 1 and 2 (up), variable importance in projection on component 1 (bottom left) and relevance network with a 0.6 cut-off (bottom right).




TABLE 2 Relative abundance (least squared mean percentages ± SE of GBM transformed values) of genera and OTUs selected by sPLS-DA (bold) and their affiliation groups for the three classes of trans-10/trans-11 ratio.
[image: Table2]



Discussion


Biohydrogenation pathways

CLA are the first intermediates of a series of reactions affecting LA, with stearic acid as a final product. The first reaction is an isomerization of LA whose one of the double bonds is displaced and its geometric configuration is changed from cis to trans. Usually, this isomerization affects the Δ12 double-bond leading to c9t11 CLA. B. fibrisolvens and B. hungatei are the best known rumen biohydrogenating bacteria. They isomerize LA to mainly c9t11 CLA and reduce it to t11 C18:1. B. proteoclasticus can also perform these two reactions and is able to reduce t11 C18:1 to stearic acid. In MFD conditions associated with the trans-10 BH shift, the isomerization mainly affects the Δ9 double bond, leading to t10c12 CLA, but involved microorganisms are still controversial. This isomer can in turn be reduced to t10C18:1 by B. fibrisolvens and B. hungatei and to stearic acid by B. proteoclasticus. Only t10c12 CLA has been unequivocally shown to affect mammary metabolism (Baumgard et al., 2001), reducing circulating FA uptake and de novo FA synthesis from acetate and butyrate absorbed at the rumen level, and incorporation of FA into triacylglycerols (Baumgard et al., 2002). However, other minor isomers could be involved (Leskinen et al., 2019). The isomerization and the first reduction are rapid reactions, but the last reduction is slower, so that rumen CLA concentrations are much lower than trans-C18:1 concentrations. As a result, the use of the sum of t10 intermediates is analytically more reliable than t10c12 CLA alone. Moreover, rumen percentage of total trans FA relative to total FA depends on diet and time relative to meal, so that the t10t11R is a better proxy than the t10 percentage to characterize the t10-shift. There is no scientific consensus about a threshold for the different proxys of t10-shift. Recently, Andreen et al. (2021) considered cows having more than 0.6% t10 C18:1 in total milk FA as experiencing MFD. In our field dataset, this corresponded with a 0.45 t10t11R. A 1.0 t10t11R threshold to characterize the t10-shift has been mentioned by Toral et al. (2020). Our 0.35 et 1.0 thresholds of t10t11R are consistent with these values.

The t10t11R range was much higher in the induced than the field dataset. Previous studies inducing MFD in lactating dairy cows also resulted in milk t10t11R that were around 5.0 on average with MFD inducing diets (Rico and Harvatine, 2013; Fougère et al., 2018; Leskinen et al., 2019) and were associated with milk fat contents under 25 g/kg. The 7.97 t10t11R observed in our induction study on dry dairy cows and in published studies on lactating dairy cows makes it possible to consider that our rumen conditions could be studied together with data obtained on lactating cows in our field study. In our field dataset, the average milk t10t11R in the High class was 1.86, and was associated with a 22.6 g/kg milk fat content. Interestingly, as previously reported by Conte et al. (2018) in a field study, cows receiving the same diet exhibited a wide range of t10t11R, suggesting strong individual susceptibility to the t10-shift. Besides, as ours, this study showed that milk production is not associated with this ratio (p = 0.645 between non-MFD and MFD cows in the study of Conte et al. (2018), r = −0.28 and p = 0.201 in our study). Our observed relationship between t10t11R and milk fat content fitted with previous observations showing curvilinear relationship between milk t10 FA and milk fat content (Matamoros et al., 2020).



Bacterial community: Diversity and changes at phylum level

Known biohydrogenating rumen bacteria isomerize either via the t10 or via the t11 pathway, which means that the t10-shift necessarily relates to changes of abundances or activities of these bacteria. However, previous studies (Weimer et al., 2010; Pitta et al., 2018) evidenced much wider ruminal microbiota changes associated with MFD than changes limited to known biohydrogenating bacteria. In our study, richness and alpha diversity indexes were lower in Medium and High classes compared to the Low class. This indicates a predominance of some taxa in high t10 producing rumen samples, and is in accordance with increased observed species and Shannon index during recovery from MFD (Pitta et al., 2018) or MFD alleviation by 2-hydroxy-4-(methylthio) butanoate supplementation (Pitta et al., 2020). The reduction of richness was also evidenced by the much lower number of unique OTUs in the High and Medium classes compared to the Low class (1, 3 and 162, respectively). Similar changes of richness and diversity have also been reported in cows with subacute ruminal acidosis, and associated with lower adaptability, functionality and robustness of the microbiota (Plaizier et al., 2017a).

At phylum level, only Desulfobacterota and Proteobacteria were linked with t10t11R, with higher abundances observed in the High class. MFD is often associated with subacute ruminal acidosis, and t10 FA have been used as a proxy to characterize acidosis (Enjalbert et al., 2008; Jing et al., 2018). Induced subacute ruminal acidosis results in increased abundance of Firmicutes (Plaizier et al., 2017a) and decreased abundance of Bacteroidetes, Proteobacteria, Spirochetes and Actinobacteria (Mao et al., 2013), but this link between Firmicutes:Bacteroidetes ratio and acidosis is not always observed (Callaway et al., 2010). Also differing from our study, Jami et al. (2014), comparing microbiota between cows receiving the same diet, reported that the Firmicutes:Bacteroidetes ratio is positively correlated with milk fat yield. However, they used a diet with 70% concentrate, which strongly differed from our conditions.



Bacteria associated with the trans-10 biohydrogenation pathway

Sparse PLS-DA evidenced that the most strongly positively associated OTU with the High t10t11R class was OTU52, belonging to [Eubacterium] coprostanoligenes group, at family level. Indeed, this OTU had a 27.8 VIP on component 1, and a 0.015% relative abundance in the Low class as opposed to 2.1% in the High class (p < 0.001) on average, but its relative abundance in the Medium class did not differ from that in the Low class (Table 2). In our datasets, its high abundances were always associated with high t10t11R due to both high t10 FA and low t11 FA percentages (Figure 4). At the whole family level, relative abundance of [Eubacterium] coprostanoligenes group did not differ between classes, and this group has not been evidenced in previous studies relative to the t10-shift. OTU52 represented 86% of [Eubacterium] coprostanoligenes group abundance in the High class, as opposed to 1% in the Low class, which suggests that different strains within this group were differently affected by dietary conditions and differently associated with the t10-shift. E. coprostanoligenes is a cholesterol-reducing bacteria. Ruminant’s diet does not contain cholesterol, but the strain studied by Freier et al. (1994) does not require cholesterol for growth which makes its presence in the rumen possible, whereas its functions remain unknown in this digestive compartment. Consistent with our data, the relative abundance of [Eubacterium] coprostanoligenes in the rumen has been reported to be around 1% in the rumen and it is identified in more 93.5% of rumen samples (Holman and Gzyl, 2019). Its abundance is slightly but significantly decreased by linseed oil plus nitrate supplementation (Popova et al., 2017), strongly decreased by rumen by-pass fat (Liu et al., 2019), and is higher in high-yield than low-yield cows receiving the same diet (Tong et al., 2018). Microbial reduction of cholesterol to coprostanol involves four successive reactions: an initial oxidation followed by an isomerization changing the double-bond position, and two reductions (Ren et al., 1996). Liavonchanka et al. (2009) proposed a mechanism involving a transient oxidation of LA for isomerization to t10c12 CLA. Hence, the oxidation and isomerization abilities of [Eubacterium] coprostanoligenes or specific strains of this group could be associated with LA isomerization via the trans-10 pathway. However, both mechanisms of LA isomerization via the t10 pathway and cholesterol oxidation are not sufficiently known to clearly draw a possible involvement of E. coprostanoligenes in t10 isomerization of LA in the rumen. A possible implication of FA oxidation reactions in MFD is also suggested by the results of Ventto et al. (2017) who showed that 10-oxo C18:0 was strongly increased when soybean oil was added to a high concentrate diet inducing a MFD. Toral et al. (2016) hypothesised a putative involvement of Quinella ovalis and unclassified Veillonellaceae in these oxidation processes. Quinella was not found in our dataset, but the Veillonellaceae family was more abundant in the High than in the Medium and Low classes.

[image: Figure 4]

FIGURE. 4
 Scatterplots of the relationship between rumen trans-10/trans-11 ratio, trans-10 an trans-11 fatty acids percentages and GBM-transformed relative abundance of OTU52.


Similarly, OTU21 belonging to Muribaculaceae had a 11.3 VIP and a much higher abundance in the High than the Low and Medium classes. This OTU represented only a minor part of its family, which has already been isolated in the rumen, with changes of abundance associated with dietary transition at weaning in goat kids (Guo et al., 2020) or dietary change after calving in dairy cows (Bach et al., 2018). In rodents, the abundance of Muribaculaceae increases with high fat diets (Gérard, 2020), but no function of this family on FA metabolism has been described (Lagkouvardos et al., 2019) and no association between these bacteria and the t10-shift has been evidenced in previous studies.

OTU32, belonging to the Lachnospiraceae NK3A20 group, was also associated with the High class. This group has 89% similarity with two strains of Butyrivibrio, including one known strain of B. proteoclasticus (Kenters et al., 2011), known to biohydrogenate via the t11 pathway, which is not consistent with our observed positive link with t10t11R.

Two OTUs belonging to Olsenella genus were also found discriminant between t10t11R classes, whereas with lower VIPs than OTU52 and OTU21. At genus level, Olsenella was also among selected discriminant genera and was positively associated with t10t11R. This genus has not been reported in other t10-shift studies, but the Coriobacteriaceae family positively correlated with the t10-shift in previous experiments (Dewanckele et al., 2018; Pitta et al., 2018, 2020). Although Olsenella is now affiliated to the Atopobiaceae family, it was affiliated to the Coriobacteriaceae in the GreenGenes databases used by these authors. Olsenella has already been shown to have a higher abundance with high grain compared to hay diets (Kim et al., 2018) and with fat supplemented diets (Kim et al., 2014). In our dataset, OTU984 was the only OTU affiliated to O. scatoligenes species. It represented a minor part of Olsenella genus and was also positively associated with t10t11R. This species has already been found in rumen samples1 but had not previously been described in MFD or t10-shift studies. Its possible functions in BH remain unknown. The Syntrophococcus genus was also positively associated with the t10t11R and is also known to have a higher abundance with fat supplemented diets in cattle (Kim et al., 2014). S. sucromutans requires C18:1 FA for growth but this species is not involved in BH (Doré and Bryant, 1989).

Biohydrogenation via the t10 pathway has also been explored in culture studies using bacterial strains isolated from the rumen. Megasphaera elsdenii (Kim et al., 2002), Cutibacterium acnes (formerly Propionibacterium acnes) (Wallace et al., 2007), Bifidobacterium pseudolongum and B. thermophilum (Jaglan et al., 2019) have been shown to be able to synthesize t10c12CLA from LA, but their implication is somewhat controversial. Figure 5 reports correlations between genera or species relative abundances and biomarkers of t10-shift (t10t11R or t10 isomers percentage in rumen or milk) in our experiment and published literature based on t10-shift experimental induction. Correlation was strongly positive for Megasphaera genus or M. elsdenii in three experiments where t10-shift was induced using C22:6 n-3 on goats (Dewanckele et al., 2018) or a high grain – high fat diet on cows (Rico et al., 2015; Pitta et al., 2020). High grain diets are known to increase the abundance of M. elsdenii (Plaizier et al., 2017b) so that the high abundance of this species could have been a consequence of the induction diet but not necessarily a cause of the t10-shift. However, Megasphera genus was not found in our datasets, including in the induction study. Bifidobacterium genus was positively correlated with t10 FA in previous experiments (Dewanckele et al., 2018; Pitta et al., 2020), but the correlation was not significant in our datasets. Similar to our results, C. acnes has not been reported in previous studies.
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FIGURE 5
 Correlation coefficients between genera or species and rumen trans-10 / trans-11 ratio in our experiment (a) and the experiment of Dewanckele et al. (2019) (b), or with trans-10 isomers percentage in the liquid (c) or solid (d) phases of the rumen in the experiment of Pitta et al. (2018), or with milk percentages of trans-10 C18:1 in the experiments of Pitta et al. (2020) (e) and Rico et al. (2015) (f). Only taxa analyzed in our study or at least two studies were selected. Color name coding represents the phylum to which each genus belongs: Actinobacteria (green), Bacteroidetes (blue), Desulfobacterota (black), Fibrobacteres (orange), Firmicutes (red), Proteobacteria (purple), Spirochaetae (pink) and Tenericutes (brown). sPLS-DA discriminant genera are underlined.


In our study, Dialister and Pseudoramibacter positively correlated with the t10t11R without being among the most discriminant genera. They have already been shown to positively correlate with t10-shift markers (Figure 5). On the contrary, Eubacterium nodatum, [Eubacterium] ruminantium group, [Ruminococcus] gauvrei group, Shuttleworthia, Synthrophococcus and Succinovibrionaceae UCG-001 have not been yet reported to be positively linked with the t10-shift. Some strains of Roseburia and Eubacterium ruminantium, that positively correlated with t10t11R in our study, can metabolize LA but production of t10 FA was not reported (Devillard et al., 2007).



Bacteria associated with the trans-11 biohydrogenation pathway

Regarding the t11 pathway of ruminal BH, Butyrivibrio is the most studied genus. In our study, the relative abundance of this genus was significantly lower in the High than in the Low class (0.23 and 0.85%, respectively), the Medium class having an intermediate and non-significantly different abundance. Only one OTU could be affiliated at species level (B. hungatei) and its abundance did not differ among t10t11R classes. Enjalbert et al. (2017) hypothesized that the t10-shift could be due to a lower capacity of ruminal bacteria, including Butyrivibrio, to isomerize LA when they are inhibited by starch or oil addition. This is consistent with the present study or that of Rico et al. (2015) who showed a negative correlation between B. fibrisolvens/Pseudobutyrivibrio group and t10 C18:1. However, others showed a positive link between Butyrivibrio abundances and t10 isomers (Figure 5). This lack of consistency can reflect a lack of relationship between abundance and activity, especially for BH which is a detoxification and not a nutritional process. Abundance of biohydrogenating bacteria is probably more strongly linked to their ability to grow on a carbohydrate substrate than to their ability to hydrogenate unsaturated FA (Enjalbert et al., 2017). Sharpea, another t11 producing bacteria (Dewanckele et al., 2019) was not found in our datasets, and, as opposed to this known function, was positively linked with t10-shift markers in previous experiments.

In our study, three OTUs, two of them belonging to Rikenellaceae RC9 gut group (OTU15 and OTU16) and one to the p-251-o5 family (OTU25), discriminated for the Low class, and their relative abundances differed between t10t11R classes. The Papillibacter genus was discriminant and associated with low t10t11R. Its abundance is known to decrease when increasing grain (Mao et al., 2013) or fat (Huws et al., 2014), which are conditions that favour the t10-shift. However, ruminal functions of Rikenellaceae RC9 gut group, p-251-o5 and Papillibacter are largely unknown.



OTUs and genera as markers of biohydrogenation changes

That most discriminant genera identified by sPLS-DA are not clearly involved in the ruminal BH process suggests that ruminal disturbances associated with the t10-shift go far beyond changes of BH bacteria, and that the shift of BH and associated MFD could be only part of changes due to high starch or high unsaturated FA diets. However, genera and OTUs identified by sPLS-DA can be considered as markers of ruminal microbiota biohydrogenating either by the t11 or the t10 pathway. Receiver operating characteristic curves calculated from sPLS-DA showed that OTU level provides a much better sensitivity and specificity to distinguish between the High t10t11R class and others than genus level (Figure 6), consistent with known strain specificity within bacterial species for ruminal BH (Hussain et al., 2016).
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FIGURE 6
 Receiving operator characteristic curves discriminating between trans-10/trans-11 ratio classes at genus (left) and OTU (right) levels.





Conclusion

Based on a shift of rumen function relative to unsaturated FA BH, and associating data from an experimental induction study and a spontaneous field observation, we showed that analysis of ruminal bacterial community at OTU level revealed a much better relationship between biochemical and taxonomic changes than genus level, which is consistent with the known within genus or within species strain specificity. Changes of a low number of OTUs can represent the molecular signature of functional changes, and, although a mathematical link between abundance of a bacteria and t10-shift cannot be univocally interpreted as a cause-effect relationship, some discriminant OTUs can be considered as candidates for culture studies aiming at identifying bacteria responsible of this BH shift.
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