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Abstract
Background

Gut microbiomes are crucial for host nutrition due to their feed energy-harvesting capacity. In the rumen
microbiome Butyrivibrio and Pseudobutyrivibrio dominate and play a key role in harvesting dietary
energy. Within these genera, five rumen species have been classified (Butyrivibrio fibrisolvens, B. hungatei,
B. proteoclasticus, Pseudobutyrivibrio ruminis and P xylanivorans) and more recently an additional sixth
Butyrivibrio sp. group was added. Nonetheless, in recent years the explosion in available
metagenomically assembled genomes (MAGs) offer a new insight into their taxonomy and function.
Consequently, in this study we analysed the pangenome and function of 64 MAGs and 71 culture
representatives of Butyrivibrio and Pseudobutyrivibrio.

Results

Using MASH and ANI we demonstrate that the 135 Butyrivibrio and Pseudobutyrivibrio genomes from
MAGs and pure culture cluster into 59 genera and 75 species. Pangenome analysis of 8 groups
containing >4 strains showed average core genome percentages of between 38.49-76.67%. In turn, the
accessory genome percentages for the 8 groups were between 23.33% and 65.39%. The most abundant
GH families found in the 8 groups were GH13, GH3, GH43, GH2, GH25, GH31, GH36, and GH5 in
descending order. Dendograms of the GH families show extensive variation, and expression of 20.45-
47.11% of the genes is observed in metatranscriptome datasets.

Conclusions

Our findings demonstrate that Butyrivibrio and Pseudobutyrivibrio genomes cluster into 59 genera and 75
species. The 8 groups containing 4 or more genomes that were carried forward possess open genomes
with extensive genomic diversity. The MAGs, alongside genomes for cultured isolates, contained an
expansive repertoire of glycosyl hydrolase isoforms, which likely facilitate the symbiotic breakdown of
plant matter under dietary perturbations allowing a competitive advantage and driving niche
specialisation. This study has enabled a substantial enhancement in our understanding of the functional
capacity and taxonomy of the dominant rumen isolates, Butyrivibrio and Pseudobutyrivibrio by utilising
all recently published rumen MAGs.

Background

The genus Butyrivibrio is composed of bacteria that stain Gram negative, are non-spore forming, strictly
anaerobic, with a straight to curved rod morphology. The cells are 0.3—0.8uym wide by 1.0—5.0pum long
and can occur singly or in chains. They are flagellated, being monotrichous or lophotrichous, and have
polar or sub-polar flagella. They can be motile or non-motile. Bergey’'s Manual of Systematics of Archaea
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and Bacteria [1] states that Butyrivibrio have a chemo-organotropic metabolism that utilises
carbohydrates as a primary substrate group, producing butyrate (and sometimes lactate) as an end
product. 16S rRNA gene sequences place Butyrivibrio strains with cluster XIVa of the Clostridium
subphylum; they are in the family Lachnospiraceae, order Clostridiales, class Clostridia, and phylum
Firmicutes. Willems and Collins (2009) [1] further describe them as being isolated from the rumen, as well
as being found in human, rabbit, and horse faeces, and having a GC% content of 36—-45%. At the time of
their discovery in 1956, Bryant and Small (1956) [2] noted that the variability in the 48 strains determined
to belong to Butyrivibrio was “considerable” in terms of morphological and physiological characteristics.
They stated that this extensive variability would make it difficult to determine what characteristics should
logically be used to define natural species specific patterns.

Sometime later, the genus Pseudobutyrivibrio (i.e., Butyrivibriolike) was named [3] and described as being
similar to Butyrivibrio strains, but sufficiently different, with little proteolytic activity compared with
Butyrivibrio strains, thus warranting the description of a new genus; P ruminis. Meanwhile, a variety of
newly isolated bacteria were being assigned to B. fibrisolvens on the basis of butyrate production, leading
to the expansion and diversification of an already-variegated taxon [4]. Early 16S rDNA phylogenetic
analyses of 40 Butyrivibrio strains found 12 different rDNA types, each of which was thought to represent
at least a separate species, as well as three groups thought to constitute separate genera [5]. At present,
the genera Butyrivibrio and Pseudobutyrivibrio are composed of six species, some of which have been
stipulated to contain multiple genera based on DNA-DNA hybridisation [6, 7]. A recent study [7] analysed
the genomes of 40 Butyrivibrio strains, and 6 Pseudobutyrivibrio strains. They found that, based on full-
length 16S rDNA sequences, all Butyrivibrio strains clustered separately to all Pseudobutyrivibrio strains,
with the former composing 3 groups and the latter a single one; these groups were confirmed with
Functional Genome Distribution (FGD). Average nucleotide identity (ANI) comparing the six
Pseudobutyrivibrio to the 40 Butyrivibrio gave 70—71% sequence identity, indicating the need for separate
genera. They [7] go on to state that this boundary between species within each genus is not as easily
defined; for example, in each of the three Butyrivibrio clusters, some strains formed their own distinct
groupings, demonstrating within-species variability. Our own data [8] were similar to previous findings [7],
finding extensive pangenomic variation within species of Butyrivibrio and Pseudobutyrivibrio, with
evidence of the existence of 32 genera and 42 species across Butyrivibrio and Pseudobutyrivibrio.

However, our taxonomic understanding of the Butyrivibrio and Pseudobutyrivibrio has been elucidated
from pure cultures isolated using traditional microbiological methods. Attempts were made to culture
new organisms by the modification of culture methods, but these still do not allow the full picture [9].
Given that Butyrivibrio and Pseudobutyrivibrio are amongst those which can be difficult to culture [10], the
introduction of Metagenome Assembled Genomes (MAGs) from the rumen allows for a more complete
look at their taxonomy than ever before. MAGs are isolated genomes from metagenomic sequences,
allowing a fuller representation of taxonomic diversity to be investigated without the challenges of
culture. Consequently, this study investigated taxonomy and function of MAGs, which were not publicly
available when our previous analyses were conducted, alongside the data for genomes from pure

cultures of Butyrivibrio and Pseudobutyrivibrio. This allows a significant step-change in our
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understanding of the functional capacity and taxonomy of the dominant rumen isolates, Butyrivibrio and
Pseudobutyrivibrio.

Methods
Metagenomically Assembled Genomes used in study

A total of 17,818 MAGs were included in this study [11-15]. All published datasets from ruminants were
taken where MAGs were publicly available at the time of data collection.

Isolation of Butyrivibrio and Pseudobutyrivibrio MAGs and taxonomic analysis

In order to isolate MAGS pertaining to belong to Butyrivibrio and Pseudobutyrivibrio each dataset used
underwent a Mash v2.0 [16] sequence identity comparison against the initial 71 Butyrivibrio and
Pseudobutyrivibrio genomes (obtained as per [8]), comparing each MAG to each of the 71 genomes. The
MAGs were compiled into a reference.msh file, which was subsequently used as a database to be
compared against each of the 71 genomes on an individual basis. Mash was run with the default
parameter of a k-mer length of 21, but the sketch value was changed from 1000 to 5000 given the
divergent nature of the sequences, as this allowed more diversity to be included rather than risk the
exclusion of MAGs which may belong to Butyrivibrio and Pseudobutyrivibrio at this stage. All hits with a
Mash value of less than or equal to 0.3 (which approximates to an ANI of 70%, indicating that organisms
are within the same family) were retained for further analysis. Mash was used as a faster precursor to
ANI as an initial screen due to the number of MAGs included in this study.

In order to then assess Average Nucleotide Identity and ensure that the MAGs chosen belonged to
Butyrivibrio and Pseudobutyrivibrio, the MAGs identified initially using Mash underwent a similar process
using FastANI V1.32 [17], with each respective group of MAGs forming the query groups, and the 71
Butyrivibrio and Pseudobutyrivibrio genomes being the reference sequences, in order to assess the
comparative identity of the query sequences to the reference sequences. The “—matrix” parameter was
used, creating a phylip-formatted triangular matrix to facilitate analysis of the resulting data, and “-
maxmatch” was used to include all Nucmer options. FastANI only provides output with an ANI of
approximately 80% sequence identity or higher to the reference sequences. All MAGs still pertaining to
Butyrivibrio and Pseudobutyrivibrio following output by FastANI (i.e. by having greater than ~ 80%
sequence identity to a reference sequence) were put forward for analysis via PyANI in order to further
resolve taxonomy. PyANI V0.2.11 [18] was run on the resulting 64 MAGs and 71 Butyrivibrio and
Pseudobutyrivibrio genomes with the options “-g” for graphical output, “-f” to force writing into an existing
directory, and “-m ANIm" to choose MUMmer as the alignment method.

Annotation and Pangenome analysis of Metagenomically-assembled Butyrivibrio and Pseudobutyrivibrio
genomes
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The Butyrivibrio and Pseudobutyrivibrio MAGs were annotated with Prokka V1.12 [19] via the Galaxy [20]
platform, V1.14.6. Following this, annotated nucleotide files (.ffn) were analysed in the 8 groups (having
> 4 representative genomes based on ANI analysis) via Spine V0.3.1 [21], to find core and accessory
percentages. These were obtained for each .ffn file through its respective “coords.txt” file, and a mean
taken to find the average core and accessory percentages for each of the 8 groups. The threshold for
calling a core gene was that it was present in 100% of genomes, minimum NUCmer sequence identity for
an alignment was set to 85%, minimum core genome segment size to output as 10bp, and maximum
distance between core genome segments is 10bp. Functional annotation of the pangenome (split into
core and accessory) was achieved using EggNOG mapper V2.1.7 [22]. Sequences were uploaded in CDS
format, and all parameters were default. The COG categories were visualised as a stacked histogram.
Glycosyl hydrolase (GH) families were also identified for these 8 groups using the dbCAN2 meta-server
[23], selecting to run HMMer with output values having an E-Value < 1e-15 and coverage >0.35.

Carbohydrate Digestion Capability

Glycosyl hydrolase (GH) families were identified using the dbCAN2 meta-server [23], selecting to run
HMMer with output values having an E-Value < 1e-15 and coverage > 0.35 for all Butyrivibrio and
Pseudobutyrivibrio MAG and pure culture genomes. From the output, only GH families were selected to be
visualised using a stacked histogram. Only GH families with more than 50 total instances were included
to facilitate visualisation. GH sequences were extracted using Samtools V1.9 [24], aligned using MUSCLE
V3.8.31 [25] using default parameters, with each alignment containing an outlier sequence from the
respective GH family. To determine which genes were actively expressed and therefore were likely real
and not false genes, Bowtie2 was used to align reads from 13 metatranscriptome samples [26] (SRR IDs:
SRR1138694, SRR1138697, SRR1206249, SRR873450, SRR873451, SRR873452, SRR873453,
SRR873455, SRR873456, SRR873459, SRR873460, SRR873461, SRR873465) to nucleotide sequences of
2,425 GH genes. The ~very-fast —-no-unal -p 1- —reorder” options were used to carry out end-to-end
alignments of the reads to the genes. Subsequently, phylogenetic tree files were created using IQ-TREE
V1.6.1 [27]. These were then visualised using iToL [28], and expression data and sequence origin
displayed using the iToL template sheets.

Results

Isolation and taxonomy of Metagenomically-assembled Butyrivibrio and Pseudobutyrivibrio genomes

From the initial 5 datasets containing a total of 17,818 MAGS, a total of 2,368 MAGs were returned by
Mash as being related on a family level (Family Lachnospiraceae; Supplementary Excel 3.1). Of these, 64
were returned by FastANI, meaning that they were higher than approximately 80% sequence identity to
Butyrivibrio and Pseudobutyrivibrio (Supplementary Excel 3.2). These 64 were combined with the original
71 Butyrivibrio and Pseudobutyrivibrio genomes, giving 135 genomes in the more resolved PyANI
analysis. The resulting sequences, when analysed by PyANI, showed a total of 75 potential species in 59
potential genera (Fig. 1A &B).
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Pangenomics of Metagenomically-assembled Butyrivibrio and Pseudobutyrivibrio genomes

Alongside this taxonomic data, it was shown that eight groups had 4 or more strains within them (7, 10, 4,
5,4, 4, 4, and 5 genomes respectively; Fig. 1A). Coverage was low outside of these groups, indicating a
multitude of genera (Fig. 1B). Pangenomic analysis showed that the 8 groups had average core genome
percentages of 38.49%, 43.24%, 42.15%, 44.78%, 34.61%, 50.20%, 58.44%, and 76.67% respectively. In
turn, the accessory genome percentages for the 8 groups were as follows: 61.51%, 56.76%, 57.85%,
55.22%, 65.39%, 49.80%, 41.66%, and 23.33%.

Functional annotation of Metagenomically-assembled Butyrivibrio and Pseudobutyrivibrio genomes

The eight identified groups underwent functional annotation by EggNOG (Fig. 2) which showed that
approximately 20—30% of each genome was dedicated to unknown functions. Aside from this, the
function with the most genes attributed to it was carbohydrate transport and metabolism, for both the
core and accessory genome, although the latter appears to have a slightly smaller proportion of genes
dedicated to this.

The most abundant GH families found in the 8 groups were GH13, GH3, GH43, GH2, GH25, GH31, GH36,
and GHS5. Within the 8 groups, a total of 474 GH13's were identified, 316 GH3's, 248 GH43's, 242 GH2's,
172 GH25's, 104 GH31's, 95 GH36's, and 88 GH5's (Fig. 3). Whilst variation can be seen between groups,
they appear to have similar proportions of glycosyl hydrolase families overall. Dendograms for GH family
2,3, 5,13, and 43 were produced, and expression data [26] showed that, for the GH2 tree, 114 genes were
found to be expressed to some extent in at least one metatranscriptome dataset. GH3 147 genes, for GH5
18 genes, GH13 207 genes, and GH43 76. This equates to 47.11%, 46.52%, 20.45%, 43.67%, and 30.65%
of the total genes in that GH family respectively (Figs. 4-8).

Discussion

The rumen is a highly divergent habitat, being home to an estimated 7400 species of bacteria and 1400
archaea, as well as various fungi and viruses [29]. Butyrivibrio and Pseudobutyrivibrio (Family
Lachnospiraceae) are thought to make up a considerable proportion of this, reflecting approximately
4.8% and 2.3% of all Clostridia sequences respectively. Lachnospiraceae account for 23.8% of Clostridia
sequences [29]. In this study we analysed the taxonomy of Butyrivibrio and Pseudobutyrivibrio to a level
not previously possible, through the addition of recently available MAG data. We found in comparison
that 13.29% of our 17,818 MAG samples were related to available pure culture genomes of Butyrivibrio
and Pseudobutyrivibrio. Essentially 64 MAGs had greater than 80% sequence identity (as determined by
FastANI) to the cultured 71 strains of Butyrivibrio and Pseudobutyrivibrio, and when analysed via PyANI
these cumulative 135 sequences (64 MAGs and 71 pure culture genomes) had 95% identity thresholds
that indicate that 75 species likely exist. The coverage, in turn, suggests 59 potential genera. The 8
groups formed (which contained >4 strains) are similar to previously determined groups [8], with the
largest group in both studies being formed by B. fibrisolvens strains. Whilst the previous B. fibrisolvens

group contained 8 genomes, the new group adds two MAGs; 557N_min2k_bin.118 [14], and RGIG578 [15].
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Pangenomic analysis of the 8 groups revealed core genome percentages of between 34.61% (group 5) to
76.67% (group 8). Generally, as more genomes are added to a population, the core genome gets smaller
and the accessory genome larger [30]. This is more likely to be the case in “open” pangenomes (whereby
each new addition is likely to add an abundance of accessory genes) than in “closed” pangenomes (in
which new genomes will introduce very few new genes). Given that Butyrivibrio are considered to have an
open pangnome [31], our finding that they have a smaller core genome than, for example, Staphylococcus
lugdunensis, whose core genes represent 86—88% of the entire genome [21] corroborates our hypothesis
that these genera have very open genomes. An open pangenome is proposed to be typical of organisms
that colonise multiple environments, and are more likely to exchange genetic information [32]; given that
Butyrivibrio have been isolated from ruminants worldwide, regardless of geography, host animal, host
feed, etc. [33], it is logical that they require an open pangenome in order to facilitate metabolic function in
a diverse range of habitats. This is supported by previous findings [34], which suggest that the ability to
migrate to new niches is one of the biggest determining factors in pangenome size.

The majority of all genes annotated by EggNOG for the 8 groups were of unknown function, as is typical,
with 40-60% of newly identified genes not being assigned a known function [35]. Of the remaining genes,
most were annotated as being involved with typically core functions, such as carbohydrate transport and
metabolism, amino acid transport and metabolism, cell wall, membrane, and envelope biogenesis etc.
Carbohydrate metabolising and various transport genes have been identified as being part of the core
genome of Butyirvibrio before [8]. This is likely due to the fact that Butyirivbrio and Pseudobutyrivibrio are
capable of degrading a wide range of carbohydrates, necessitating a range of enzymes to facilitate this
[36]. Little variation in proportion of functions between the core and accessory genomes was seen; whilst
this may initially appear surprising, the functional categories are vague, indicating that both the core and
accessory genomes contain genes that orchestrate these functions. This data also suggests that these
are not the same genes, and will catalyse different reactions within that functional bracket, i.e. even if the
enzymes are within the same functional group, they may have varying specificities.

Each of the 8 groups formed by ANIm analysis contained a rich diversity of glycosyl hydrolases. Of all
glycosyl hydrolase families, GH13 was the most abundant. This is consistent with the findings of Neves
et al. (2021) [37], who found GH13 to be the most abundant of 61 families of glycosyl hydrolase
identified in a rumen metatranscriptome. Members of GH13 are primarily amylases, but can also degrade
a broad spectrum of starches [38]. GH13s have been shown to be significantly up-regulated in B. hungatei
MB2003 when grown on pectin [36] and ruminant feed can range from 3-25% pectin content [39].
Therefore these GH13's play a key role in feed degradation, which explains their abundance. GH family 3
enzymes were also present in high abundance; GH3 enzymes are primarily B-glucosidases, which are
capable of hydrolysing the B-glucosidic linkages in complex carbohydrate molecules. GH3 enzymes are
mostly intracellular [40], and have also been found to be abundantly present in newly isolated Butyrivibrio
strains CB08, XB500-5, and X503, which it is suggested facilitates their high levels of cellobiohydrolase
and xylobiohydrolase activity [31]. Alongside endo- and exoglucanases, B-glucosidases play a key role in
the metabolism of cellulose, the most abundant organic biopolymer in the biosphere; endo- and
exoglucanases act synergistically to hydrolyse glucosidic bonds to generate various oligosaccharides.
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These oligosaccharides are hydrolysed in turn, releasing glucose, cellobiose and shorter oligosaccharides;
B-glucosidase then breaks down the cellobiose and short oligosaccharides into glucose [41]. Given that
the primary constituent of plant fibre is cellulose, it is imperative that rumen microorganisms (and
ruminants in turn) are able to efficiently catalyse its breakdown in order to improve metabolic efficiency.
The most abundant endoglucanases were GH5; endoglucanases help catalyse the breakdown of
common cattle feed such as corn silage, ultimately improving cattle productivity [42].

The GH dendograms show extensive sequence diversity in all GH families analysed. In general, proteins
annotated as being of the same type (e.g. cyclomaltodextrinases) grouped together, regardless of source
(i.e. MAG or Hungate), although same-source sequences tended to form sub-groups within these. It is
thought that multiple enzyme isoforms allow a competitive advantage in fluctuating environmental
conditions, with isoform diversity playing an important role in maintaining microbial niche specialisation
[43]. As such, the incredible GH diversity revealed in these sequences is likely to be evolutionarily
advantageous, providing the ruminant with continuous nutrition when faced with dietary perturbations.
The expression of such a high proportion of these GH’s shows that a multitude of dietary enzymes are
being expressed at any one time; this reveals the complex nature of the rumen, and the potential
metabolic processes that it hosts, with a range of organisms contributing to different aspects of feed
metabolism simultaneously [44, 45]. It should be noted that this GH diversity, being derived from MAG
sequences, are only predictions and would require further analysis to determine whether they are an
accurate reflection of natural diversity.

Conclusions

This study allowed a significant step-change in our understanding of the functional capacity and
taxonomy of the dominant rumen isolates, Butyrivibrio and Pseudobutyrivibrio. We focused on
pangenomic and functional analysis of 64 MAGs and 71 culture representatives of Butyrivibrio and
Pseudobutyrivibrio. Our study suggests the existence of 59 genera and 75 species, far beyond what was
previously understood. Not only do our findings demonstrate extensive genomic diversity, but we also
show an expansive repertoire of glycosyl hydrolase isoforms (many of which were found to be
expressed), which are thought to facilitate the symbiotic breakdown of plant matter. Despite extensive
genomic variation, all strains appear to fulfil a similar functional role, supporting the hypothesis that this
heterogeneity lies within degradative enzyme isoforms, allowing a competitive advantage and driving
niche specialisation.
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Figure 1

A and B - ANI comparison of 71 strains of Butyrivibrio and Pseudobutyrivibrio.and 64 metagenome-
assembled genomes using pyani.py (https://github.com/widdowquinn/pyani/tree/version_0_2, [18]) with
the MUMmer alignment option (a) (cells in the heat map that are coloured red have >95% sequence
identity, whilst blue cells have <95% sequence identity, and as nucleotide identity reaches 95% the cells
are coloured white). Alignment coverage of all strains using pyani.py with the MUMmer alignment option
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(b) (cells in the heat map that are coloured red have >50% coverage, whilst blue cells have <50%
coverage, and as coverage reaches 50% the cells are coloured white).
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Figure 2

Functional annotation [22] of 8 groups of Butyrivibrio and Pseudobutyrivibriostrains, split into core and
accessory by Spine vV0.3.1 [21].
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Figure 3

proportions of glycosyl hydrolase (GH) families found in groups of Butyrivibrio and Pseudobutyrivibrio
strains and MAGs. The GHs were identified via the dbCAN metaserver
(https://bcb.unl.edu/dbCAN2/blast.php, [23]), and the groups determined via PyANI
(https://github.com/widdowquinn/pyani/tree/version_0_2, [18]).
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Figure 4

dendogram showing the relatedness of all Glycosyl Hydrolase family 2 genes found in 71 culture-derived
genomes and 64 MAG-derived genomes. Colours denote the origin of the sequence, with blue indicating a
MAG sequence and red a genome from the Hungate collection. The presence of a black square on the
outermost layer indicates that that gene was found to be present in a metatranscriptome dataset [26].
The tree is rooted using a B-galactosidase large subunit sequence from Lactobacillus acidophilus NCFM.
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Figure 5

dendogram showing the relatedness of all Glycosyl Hydrolase family 3 genes found in 71 culture-derived
genomes and 64 MAG-derived genomes. Colours denote the origin of the sequence, with blue indicating a
MAG sequence and red a genome from the Hungate collection. The presence of a black square on the
outermost layer indicates that that gene was found to be present in a metatranscriptome dataset [26].
The tree is rooted using a B-N-acetylhexosaminidase sequence from Lactobacillus acidophilus
NCTC13720.
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Figure 6

dendogram showing the relatedness of all Glycosyl Hydrolase family 5 genes found in 71 culture-derived
genomes and 64 MAG-derived genomes. Colours denote the origin of the sequence, with blue indicating a
MAG sequence and red a genome from the Hungate collection. The presence of a black square on the
outermost layer indicates that that gene was found to be present in a metatranscriptome dataset [26].
The tree is rooted using a B-glucosidase sequence from Lactobacillus mucosae LM1.
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Figure 7

dendogram showing the relatedness of all Glycosyl Hydrolase family 13 genes found in 71 culture-
derived genomes and 64 MAG-derived genomes. Colours denote the origin of the sequence, with blue
indicating a MAG sequence and red a genome from the Hungate collection. The presence of a black
square on the outermost layer indicates that that gene was found to be present in a metatranscriptome
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Figure 8



square on the outermost layer indicates that that gene was found to be present in a metatranscriptome
dataset [26]. The tree is rooted using a B-xylosidase sequence from Lactobacillus mucosae LM1.
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