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Supplementary Text 1 

 

Supplementary Methods 

Sample processing pipeline reproducibility and negative controls 

Due to the high number of samples, these were processed in four batches (and 

sequencing rounds at MWG Biotech). We assessed the reproducibility of the DNA 

extraction, PCR, and sequencing steps using 12 rumen samples (sample numbers 

0333-0336, 0468-0471, 0544, and 0546-0548; Supplementary Fig. 8). These 

samples were originally processed in sequencing round 2. In sequencing round 3, 

the samples were reanalysed in three ways: by starting at the DNA extraction step 

using the homogenised rumen sample from sequencing round 2 (DNA.REP); starting 

at the PCR step using the DNA extract from sequencing round 2 (PCR.REP); and re-

sequencing the PCR product from sequencing round 2 (SEQ.REP). Additionally, 

DNA was extracted from these samples using the RBB+C method of Yu and 

Morrison 1 from 30 mg of freeze-dried samples as previously described 2 (RBBC). A 

negative control sample, which was subject to all sample processing steps, was also 

sequenced. 

 

Criteria for sample exclusion 

Samples were excluded from analyses if an insufficient number of sequencing reads 

were obtained. Five samples with less than 500 sequencing reads of bacterial 16S 

rRNA genes were excluded, for archaea 38 samples with less than 100 sequencing 
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reads of archaeal 16S rRNA genes were excluded, and 150 samples with less than 

100 sequencing reads of protozoal 18S rRNA genes were excluded. These 

exclusions were done independently, so that a sample was only excluded in the 

dataset for the microbial group (i. e., bacteria, archaea, or protozoa) that failed to 

reach this minimum, but retained for the others for which sufficient read data were 

obtained. In most of these cases, PCR amplification yielded less PCR product, but 

the amount of this product that was used for sequencing was increased so that it 

was the same for all samples. There were no obvious factors that caused bacterial, 

archaeal, or protozoal reads to be low for some samples. 

 

Differentiation of rare and outlier taxa from noise 

To be included in analyses, microbial taxa (hereafter referred to as groups) had to 

have a relative abundance greater than 0.5% in at least one of the 742 samples. 

Groups that fulfilled this criterion represent 99.6, 100.0, and 100.0% of sequences of 

bacteria, archaea, and protozoa, respectively (Supplementary Tables 1, 3, and 5). 

Groups that did not meet this criterion were summarised as ñother groupsò. The 

relative abundance of these ñother groupsò in any one sample was at most 2.8, 0.5, 

and 0.0% of the bacterial, archaeal, and protozoal communities, respectively.  

Some samples contained high levels of potentially exogenous bacteria that are not 

typically found in the rumen (Supplementary Table 10). Many of these exogenous 

bacteria may have ñlegitimatelyò entered the rumen via the ingestion of feed, water, 

and soil and could thus be considered transient residents of the rumen. However, 

some exogenous bacteria may have increased or been introduced during sample 

processing, for example, due to prolonged storage without adequate cooling, and 
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should thus be considered as sample contaminants. It was difficult to decide whether 

bacterial groups were transient rumen residents or contaminants, thus these were 

summarised as ñexogenous groupsò. On average these ñexogenous groupsò 

comprised 3.0±0.4% of bacterial communities and were found in 88% (n = 737) of 

samples. Samples (n = 53) with a relative abundance of ñexogenous groupsò greater 

than 10% were excluded from further analyses. On the whole, less DNA was 

extracted from these samples, which could be due to degradation of the DNA during 

sample processing or the presence of substances that may interfere with DNA 

extraction. 

Archaeal and protozoal communities of samples that contained high abundances of 

exogenous bacterial groups appeared to be comparable with those of other samples. 

This is possibly because archaea and protozoa are not ubiquitous environmental 

microbes, and they are less likely than bacteria to enter the rumen as transients, 

contaminate the samples, or be introduced during sample processing. For these 

reasons, we used archaeal or protozoal data from these samples. 
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Supplementary Results 

Sample processing pipeline reproducibility and negative controls  

Principal coordinate analysis of microbial community composition was used to 

assess the reproducibility of the DNA extraction, PCR, and sequencing steps of the 

sample processing pipeline (Supplementary Fig. 8). As expected, data generated 

from the same samples were more similar if fewer steps of the pipeline were 

repeated, and if the same rather than a different DNA extraction method was used. 

The smallest difference was observed between different sequencing rounds on the 

same PCR product (SEQ.REP; see Supplementary Fig. 8), with greater differences 

with different PCRs on the same DNA (PCR.REP), even greater with replicate DNA 

extractions using the same (PCQI) method on the same sample (DNA.REP), and the 

greatest with a different DNA extraction method on the same samples (RBBC). Even 

so, overall, reproducibility was high (Supplementary Fig. 8). Samples from pasture-

fed deer, pasture-fed Belgian Blue cattle, and concentrate/silage-fed Icelandic cattle 

generally formed distinct clusters by sample type rather than by variations in sample 

processing and data generation. Data points from the same animals clustered 

together closely in the majority of cases, the few exceptions nonetheless indicating 

that some variability can be introduced during sample processing. For example, the 

protozoal community results were quite disparate for deer rumen sample GRC0467 

(sample ii), possibly due to repetition of the DNA extraction and PCR amplification 

steps resulting in fewer protozoal sequencing reads being obtained. Repeating the 

sequencing on the same PCR sample that had been stored at -20°C for two months 

generally resulted in fewer sequencing reads being obtained. In some cases, e. g., 

archaea in some of the Icelandic cattle and bacteria in some of the deer, samples 
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from different animals processed using the RBB+C DNA extraction method grouped 

more closely together than samples from the same animals. It has previously been 

shown that changes in sample processing and DNA extraction methods can result in 

differences in apparent microbial community compositions 2. This study confirms this 

finding, and it also provides evidence that performing DNA extraction and PCR steps 

on separate days can result in subtle changes being introduced to apparent 

microbial community compositions. However, compared to the variation of the whole 

dataset, these changes were minor. Therefore, despite subtle differences in sample 

processing, the data generated by this study can validly be used to survey the 

diversity of rumen microbial communities. 

No products were observed from negative controls following PCR amplification, and 

no sequencing reads were obtained for archaea or protozoa, and only ten for 

bacteria. These bacterial reads were assigned to the Lachnospiraceae (4 reads), 

Pseudomonas (3 reads), Treponema (1 read), Clostridiales (1 read), and 

Bacteroidales (1 read), and thus possibly stemmed from extremely low-level 

background (rumen) environmental contamination or were due to barcode 

sequencing errors. 

 

Transient bacteria found potentially originating from feed and soil 

Grazing ruminants are observed to ingest soil 3, and soil microbes would thus enter 

the rumen. However, sequences from highly diagnostic groups of soil bacteria were 

very rare in the dataset. Bacteria from classes (subdivisions) 1, 3, 4, and 6 of the 

phylum Acidobacteria, from the classes Acidimicrobiia, Rubrobacteria, and 

Thermoleophilia of the phylum Actinobacteria, from the class Flavobacteria of the 
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phylum Bacteroidetes, and from classes Spartobacteria and 3 of the phylum 

Verrucomicrobia are globally distributed and ubiquitous soil bacteria 4. Sequences 

from these groups made up 32.5% of 16S rRNA gene sequences in soil 4, but only 

0.007% of the sequences from the rumen samples. Bacteria of the order 

Actinomycetales of the phylum Actinobacteria are also considered to be soil bacteria, 

with an abundance of about 4.7% 4. These were far more abundant in the rumen 

samples than other soil bacteria, but still only made up 0.5% of all sequences. The 

discrepancy between their abundance and that of other soil bacteria suggests a 

different source for Actinomycetales. These bacteria are common airborne 

contaminants and feed spoilage organisms 5, and may have been ingested with feed 

rather than soil. Overall, the data suggest that only a very small part of the rumen 

microbial community is made up of transients from feed, and even fewer from soil.  

Members of the class Bacilli, such as Carnobacterium, Enterococcus, Lactobacillus, 

and Streptococcus, were generally not prevalent and abundant, but are known to 

occur in the rumen, are used as silage inoculants, and are sometimes associated 

with acidosis 6.  

 

Additional factors influencing microbial communities (Supplementary Figs. 3, 4, 5, 6, 

and 9) 

Within those animals consuming diets containing at least 30% forage, higher relative 

abundances of unclassified Succinivibrionaceae, Ruminococcus, Prevotella, 

Butyrivibrio, Coprococcus, and Methanomassiliicoccaceae-affiliated group 12 sp. 

ISO4-H5 were characteristic of animals fed preserved whole crops such as silage, 

whereas Pseudobutyrivibrio and Selenomonas were more abundant in animals fed 
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diets comprised of both fresh and preserved whole crops. Grasses were the most 

widely used forage plant and unclassified Clostridiales, Mogibacteriaceae, 

Christensenellaceae, and Ruminococcaceae, as well as the Methanobrevibacter 

gottschalkii clade, were typically found in ruminants fed pasture. When grass forage 

was supplemented with another forage derived from a cereal plant, unclassified 

Lachnospiraceae and Butyrivibrio, Coprococcus, and Prevotella became more 

evident, as did members of the archaeal Methanomassiliicoccaceae. Samples from 

animals on diets with high levels of starch were characterised by Prevotella, 

Methanomassiliicoccaceae group 12 sp. ISO4-H5, and to some extent Entodinium, 

whereas those with high levels of pectin were typified by Succiniclasticum, 

Entodinium, Ophryoscolex, and Methanosphaera sp. ISO3-F5. Pectin is a rich 

source of microbially-available methyl groups 7 and Methanosphaera spp. are known 

to use methyl groups for methane formation 8. Samples from animals on diets that 

contained low levels of starch and pectin could be discriminated by the greater 

relative abundances of unclassified Clostridiales, Christensenellaceae, and 

Ruminococcaceae, the Methanobrevibacter gottschalkii clade, and Eudiplodinium.  

 

Co-occurrence and associations within and between rumen microbial communities 

Prevotella showed strong negative correlations with other major bacterial groups, but 

this is probably because they are a large proportion of the total, and changes in their 

abundance will have arithmetic effects when all data as expressed as proportions of 

the total bacterial community. Similarly, the two main archaeal groups, 

Methanobrevibacter gottschalkii and Methanobrevibacter ruminantium display this 

replacement effect. The same effect was observed within the protozoa, where the 
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abundant genus Entodinium was found to correlate negatively with other abundant 

protozoal groups. 
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Supplementary Fig. 1 

Relative abundances of dominant bacteria, archaea, and protozoa. Boxplots 

represent the 25th to 75th percentiles, lines within boxes depict medians, whiskers 

represent the 10th and 90th percentiles, and outliers are plotted as individual points. 

*indicates unclassified bacteria within an order or family. Mbb., Methanobrevibacter; 

Mmc., Methanomassiliicoccaceae; Msp., Methanosphaera. 
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Supplementary Fig. 2 

Variability of bacterial, archaeal, and protozoal communities. A) Relative abundances 

of microbial groups in individual samples (from 24 cohorts with at least five samples, 

each stacked bar represents one sample, and the colours represent different 

microbial groups within each panel); Samples were from a, giraffes (n = 5); b, deer (n 

= 23); c, goats (n = 37); d, sheep (n = 6); e, bison (n = 5); and cattle (n = 152). B) 

Boxplots showing Bray-Curtis dissimilarities between samples within and between 

cohorts. Boxplots represent the 25th to 75th percentiles, lines within boxes depict 

medians, whiskers represent the 10th and 90th percentiles, and outliers are plotted 

as individual points. 
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Supplementary Fig. 3 

Effect of host species and dietary forage to concentrate ratios on rumen microbial 

communities. Diets were grouped (Supplementary Table 7) as forage-dominated (F), 

mixed forage-concentrate (50-70% forage, FC), mixed concentrate-forage (50-70% 

concentrate, CF), or concentrate-dominated (C). Sparse partial least squares 

discriminant analysis was used to discriminate between groupings and results 

represented as heat maps, where the colour represents the association score. 

Microbial groups (A) bacteria, B) archaea, and C) protozoa) are given on the x-axis, 

and identified by numbers (Supplementary Tables 1, 3, and 5). The number of 

samples in each category is in parentheses.  
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Supplementary Fig. 4 

Effect of forage to concentrate ratios on A) bacterial, B) archaeal, and C) protozoal 

communities. Diets were grouped (Supplementary Table 7) as forage-dominated (F), 

mixed forage-concentrate (50-70% forage, FC), mixed concentrate-forage (50-70% 

concentrate, CF), or concentrate-dominated (C). Sparse partial least squares 

discriminant analysis was used to discriminate between groupings and results 

represented as heat maps, where the colour represents the association score. 

Microbial groups are given on the x-axis, and identified by numbers (Supplementary 

Tables 1, 3, and 5). The number of samples in each category is in parentheses.  
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Supplementary Fig. 5 

Effect of host lineage on A) bacterial, B) archaeal, and C) protozoal communities. 

Sparse partial least squares discriminant analysis was used to discriminate between 

groupings and results represented as heat maps, where the colour represents the 

association score. Microbial groups are given on the x-axis, and identified by 

numbers (Supplementary Tables 1, 3, and 5). The number of samples in each 

category is in parentheses. 
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Supplementary Fig. 6 

Effect of forage type on A) bacterial, B) archaeal, and C) protozoal communities. 

Diets were classified according to forage type (Supplementary Table 7), i. e., 

preserved whole crops (PWC), preserved partial crop residues (PPC), and fresh 

(e. g., pasture, browse) and combinations. Sparse partial least squares discriminant 

analysis was used to discriminate between groupings and results represented as 

heat maps, where the colour represents the association score. Microbial groups are 

given on the x-axis, and identified by numbers (Supplementary Tables 1, 3, and 5). 

The number of samples in each category is in parentheses. 
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Supplementary Fig. 7 

Correlations between major rumen bacteria, archaea, and protozoa. The upper right 

triangle depicts Pearson correlation coefficients colour-coded to the scale on the 

right, and the lower left-hand triangle depicts P values (the larger the circle, the 

greater the significance). Microbial groups are identified by numbers (Supplementary 

Tables 1, 3, and 5). 
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Supplementary Fig. 8 

Reproducibility of the sample processing pipeline. The reproducibility of the DNA 

extraction, PCR and sequencing steps was assessed using three sample cohorts 

(samples 0333-0336, 0468-0471, and 0544, 0546-0548; see Supplementary Data 1) 

of four samples each (i, ii, iii, iv). A) These samples were originally processed in 

sequencing round 2 (ORIGINAL). In sequencing round 3, DNA extraction 

(DNA.REP), PCR (PCR.REP), and sequencing (SEQ.REP) were repeated for these 

samples. Additionally, DNA was extracted using the RBB+C (RBBC) method instead 

of the PCQI method. The resulting B) bacterial, C) archaeal, and D) protozoal 

community data were compared using principal coordinate analysis. The variation 

explained by each coordinate is given in parentheses. Microbial community 

compositions and Bray-Curtis dissimilarity matrices have been provided in 

Supplementary Data 1.  
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Supplementary Fig. 9 

Effect of forage plant on A) bacterial, B) archaeal, and C) protozoal communities. 

Diets were classified according to forage type (Supplementary Table 7) and 

combinations. Sparse partial least squares discriminant analysis was used to 

discriminate between groupings and results represented as heat maps, where the 

colour represents the association score. Microbial groups are given on the x-axis, 

and identified by numbers (Supplementary Tables 1, 3, and 5). The number of 

samples in each category is in parentheses. 

 


