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Ruminants have co-evolved with their gastrointestinal microbial communities that digest
plant materials to provide energy for the host. Some arctic and boreal ruminants have already
shown to be vulnerable to dietary shifts caused by changing climate, yet we know little about the
metabolic capacity of the ruminant microbiome in these animals. Here, we use meta-omics
approaches to sample rumen fluid microbial communities from Alaskan moose foraging along a
seasonal lignocellulose gradient. Winter diets with increased hemicellulose and lignin strongly
enriched for BS11, a Bacteroidetes family lacking cultivated or genomically sampled representa-
tives. We show that BS11 are cosmopolitan host-associated bacteria prevalent in gastrointestinal
tracts of ruminants and other mammals. Metagenomic reconstruction yielded the first four BS11
genomes; phylogenetically resolving two genera within this previously taxonomically undefined
family. Genome-enabled metabolic analyses uncovered multiple pathways for fermenting
hemicellulose monomeric sugars to short-chain fatty acids (SCFA), metabolites vital for ruminant
energy. Active hemicellulosic sugar fermentation and SCFA production was validated by shotgun
proteomics and rumen metabolites, illuminating the role BS11 have in carbon transformations
within the rumen. Our results also highlight the currently unknown metabolic potential residing in
the rumen that may be vital for sustaining host energy in response to a changing vegetative
environment.
The ISME Journal (2017) 11, 691–703; doi:10.1038/ismej.2016.150; published online 13 December 2016

Introduction

Ruminants are herbivorous mammals that depend on
their microbial symbionts for the degradation of
plant biomass, providing the host with energy in the
form of short-chain fatty acids (SCFA; Van Soest,
1994). A recent census of microbial membership
from over thirty ruminant species from across the
globe revealed seven core bacterial groups conserved
across 94% of the samples (Henderson et al., 2015).
Notably three of these seven bacterial taxa (the BS11
gut group, BF311 and an unclassified Bacteroidales
family) represent uncultivated families with the

phylum Bacteroidetes. Although the Bacteroidetes
are inferred to have key roles in rumen carbon
transformations (Dodd et al., 2010; Rosewarne et al.
2014), these prevalent three lineages remain elusive
due to a lack of genomic sampling and physiological
characterization.

Due to recent genomic efforts we have gained new
metabolic insight into ruminant microbes. The
Hungate 1000 project was critical in advancing our
knowledge of ruminant physiology, sequencing
the genomes of over hundreds of isolated rumen
microorganisms (Creevey et al., 2014). Recent meta-
genomics studies have focused on the vast carbon
degradation potential that lies within the rumen
microbiome from a variety of hosts (Brulc et al. 2009;
Findley et al. 2011; Hess et al. 2011; Pope et al.,
2012; Naas et al., 2014; Singh et al., 2014). However,
with a few exceptions (Hess et al. 2011), most rumen
metagenomics projects have not reconstructed
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genomes from metagenomic information, and thus we
have little insight into the uncultivated, but prevalent
Bacteroidetes families distributed across ruminants.

Given the abundance of unclassified Bacteroidales
in browsing ruminants (Henderson et al., 2015), we
selected moose as our model, as the diet of these
animals naturally spans a gradient of carbon com-
plexity (from highly digestible grasses and leaves in
spring to predominantly woody biomass in winter).
This diet variability offers a greater opportunity for
uncovering understudied rumen microbial taxa,
which may be enriched under specific diet regimes.
We used Alaskan moose fitted with rumen cannulae
that were naturally foraging along a seasonal ligno-
cellulose gradient, gaining real-time access to the
rumen microbiome. Using metagenomics, we uncov-
ered the first four genomes from the BS11 gut group.
Metaproteomic data, in tandem with measured
rumen NMR metabolites, confirmed that members
of the BS11 gut group have the potential and express
genes for degrading hemicellulose monomeric sugars
in the rumen. These results shed further light on the
metabolic versatility of the rumen, and link unculti-
vated Bacteroidetes members to essential carbon
degradation processes.

Materials and methods
Experimental design and sample collection
Moose of good health and body condition were
released into a 12-acre enclosure for two weeks during
the spring (May), summer (August) and winter
(January) in 2014–2015 at the University of
Alaska’s Matanuska Research Center (Supplementary
Figure S1). Two of these naturally foraging moose are
fitted with rumen cannulae, offering a unique, first of
its kind opportunity to continuously sample rumen
fluid in real-time and in response to diet. On the basis
of prior studies (Spalinger et al., 2010) moose were
allowed to acclimate to the new diet for 7 days before
our first sample collection. Rumen fluid was collected
at three time points during the second week of the diet,
with corresponding fecal samples collected at the same
time. Samples were collected via two copper tubes
cemented into the plug of the rumen cannula. These
tubes were each attached to a tygon hose placed inside
the rumen either 10 cm long (to sample the dorsal sac)
or 30 cm long (sampling the ventral sac). These
samples were combined for microbial and chemical
analyses. Samples were immediately frozen and stored
at −20 °C until shipment fromAlaska, and −80 °C until
DNA extraction and corresponding analyses in Ohio.
Tissue collection from wild and captive animals is
described in detail in the Supplementary Methods.

DNA extraction and 16S rRNA gene sequencing
Genomic DNA was extracted from rumen fluid,
feces and tissue samples (0.5 g each) using a
MoBio PowerSoil DNA Isolation Kit following

manufacturer’s protocol, with the additional pre-
paration of initially pre-heating PowerBead tubes at
70 °C for 10min before placing in a Thermomixer
at 2000 r.p.m. for 10min. DNA was sequenced
at Argonne National Laboratory at the Next Genera-
tion Sequencing facility with a single lane of
Illumina MiSeq using 2 × 251 bp paired end reads
following established HMP protocols (Caporaso
et al., 2011). Data processing was performed
using QIIME 1.9.0 unless otherwise noted, with
analyses details included in Supplementary
Methods. Our QIIME pipeline and NMDS workflow
in R are available on github (https://github.com/
lmsolden/Qiime-pipeline, https://github.com/lmsol
den/NMDS-with-loadings).

Forage and rumen chemical characterization
Following visual observation of plant species con-
sumed by moose, representative samples were
collected from leaves, stems or whole plants,
immediately frozen and subsequently lyophilized.
Sequential detergent fiber analyses (neutral deter-
gent fiber (NDF), acid detergent fiber (ADF) and acid
detergent lignin (ADL)) were performed on all plants
following the procedure outlined by Spalinger et al.
(2010), with only lignin corrected for ash (see
Supplementary Methods for more details). For
rumen content chemical analyses, lyophilized
digesta samples were chopped and ground by mortar
and pestle to obtain a uniform particle size. Sub-
samples previously dried at 105 °C were analyzed for
CP (N×6.25) by Kjeldahl determination using a Foss
Tecator digestion system (Foss Tecator AB, Höganäs,
Sweden). Subsamples previously dried at 55 °C were
analyzed sequentially for NDF, ADF and ADL using
standard protocols (AOAC, 1990), described in detail
in the Supplementary Methods. Lignin was deter-
mined as the fraction of ash-free ADF insoluble in
72% sulfuric acid. Cellulose and hemicellulose were
estimated as the mass loss from ADF to ADL and
NDF to ADF, respectively. The entire ADF filtrate
from one winter rumen fluid was concentrated to
10ml for 1H NMR analyses of hemicellulosic mono-
mers. SCFA in filtered (0.2 μm) rumen fluids were
detected on a Shimadzu HPLC fitted with an Aminex
HPX-87H organic acid column using manufacturer’s
protocol.

Hemicellulose metabolites identified by 1H NMR
Filtered (0.2 μm) rumen fluid samples from each
season were sent to EMSL at the Pacific Northwest
National Laboratory for NMR metabolite analysis.
A total of 270 μl of the filtered sample (rumen fluid or
hemicellulose acid extraction fluid) was mixed with
30 μl of 5mM 2,2-dimethyl-2-silapentane-5-sulfonate
(DSS) in D2O (Weljie et al., 2006). NMR data was
acquired on a Varian Direct Drive 600 MHz spectro-
meter operating VNMRJ 4.0 software (Agilent/Varian
Inc., Palo Alto, CA, USA). On each sample, a one
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dimensional 1H nuclear Overhauser effect spectro-
scopy with presaturation experiment was collected
following standard Chemomx data collection
guidelines (see Supplementary Methods for more
details). These 1D 1H spectra were collected with
either 512 transients (filtered rumen fluid) or 2048
transients (hemicellulose acid extraction). Col-
lected spectra were analyzed using Chenomx 8.1
software with quantification based on spectral
intensities relative to the 0.5 mM DSS internal
standard. Two-dimensional spectra were acquired
on the rumen fluid samples and aided the 1D 1H
assignments.

Metagenomic assembly, annotation and binning
One winter rumen fluid sample was separated into
a pellet of plant material (gentle centrifugation for
5 mins at 3000 g) and the supernatant was sequen-
tially filtered through a 0.8 μm filter and then onto
a 0.2 μm filter. DNA was extracted from four
fractions: the pellet (1 g), half of the biomass
retained on each of the 0.8 and 0.2 μm filters, and
the filtrate that passed through the 0.2 μm filter.
DNA was sequenced with Illumina Hi-Seq 2500
(Columbus, OH, USA) at The Ohio State University.
16S rRNA gene sequences were reconstructed from
the Illumina trimmed unassembled reads using
EMIRGE (Miller et al., 2011). Trimmed reads were
assembled de novo to generate genome fragments
using IDBA-UD (Peng et al., 2012). Genes were
called, annotated and analyzed as previously
described by Wrighton et al. (2012) (see
Supplementary Methods for details). A combina-
tion of phylogenetic signal, coverage and GC
content was used to identify BS11 genomic bins
(Sharon et al., 2013). Additional assembly and
binning methods and validation information are
available in the Supplementary Methods. Genomic
completion of the BS11 bins was assessed based on
the presence of a core gene set that typically occurs
only once per genome and is widely conserved
among bacteria and archaea (Wu and Eisen, 2008).
For sequence-based comparison, average amino
acid identity (AAI) and average nucleotide identity
(ANI) values were calculated using the ANI and
AAI calculators from the Kostas lab calculator
(http://enve-omics.ce.gatech.edu/).

Existing reference datasets for the 11 ribosomal
proteins chosen as single-copy phylogenetic marker
genes (RpL2, 3, 4, 6, 14, 15, 16 and 18, and RpS8, 17
and 19) were augmented with sequences mined from
sequenced genomes from the Bacteroidales phyla
from the NCBI and JGI IMG databases (August 2015).
Each individual protein dataset was aligned using
MUSCLE 3.8.31 and then manually curated to
remove end gaps (Edgar, 2004). Alignments were
concatenated to form an 11-gene, 63 taxa alignment
and then run through ProtPipeliner, a python script
developed in-house for generation of phylogenetic
trees (https://github.com/lmsolden/protpipeliner).

The pipeline runs as follows: alignments are curated
with minimal editing by GBLOCKS (Talavara and
Castresana, 2007), and model selection conducted
via ProtTest 3.4 (Darriba et al., 2011). A maximum
likelihood phylogeny for the concatenated alignment
was conducted using RAxML version 8.3.1 under the
LG model of evolution with 100 bootstrap replicates
(Stamatakis, 2014) and visualized in iTOL (Letunic
and Bork, 2007). Identified glycoside hydrolases of
selected functional classes (for example, chitin,
hemicellulose and debranching) were identified by
a Pfam HMM search. Briefly, Pfam search was
performed and parsed into an output table organized
by function per genome. In addition, we manually
identified genes for central carbonmetabolism, moti-
lity and fermentation product generation in all
genomes.

Metaproteomic extraction, spectral analysis and data
acquisition
The other half of the same filter used for meta-
genomics was selected for metaproteomic analyses.
Filters were sonicated in SDS-lysis buffer and
water bath sonication. Proteins in the supernatant
were precipitated with protein pellets washed
twice with acetone, and the pellet lightly dried
under nitrogen. Filter Aided Sample Preparation
(FASP) kits were used for protein digestion accord-
ing to the manufacturer’s instructions. Resultant
peptides were snap frozen in liquid N2, digested
again overnight and concentrated to ~ 30 μl using a
SpeedVac (Labconco, Kansas City, MO, USA). Final
peptide concentrations were determined using a
bicinchoninic acid (BCA) assay. All mass spectro-
metric data were acquired using a Q-Exactive Pro
(Thermo Scientific, Waltham, MA, USA) connected
to an ACQUITY UPLC M-Class liquid chromato-
graphy system (Waters, Milford, MA, USA) via in-
house column packed using Phenomenex Jupiter
3μm C18 particles (Torrence, CA, USA) and in-
house built electrospray apparatus. MS/MS spectra
were compared with the predicted protein collections
using the search tool MSGF+ (Kim and Pevzner, 2014).
Contaminant proteins typically observed in proteomics
experiments were also included in the protein collec-
tions searched. The searches were performed using
±15 p.p.m. parent mass tolerance, parent signal isotope
correction, partially tryptic enzymatic cleavage rules
and variable oxidation of Methionine. In addition, a
decoy sequence approach (Elias and Gygi, 2010) was
employed to assess false discovery rates. Data were
collated using an in-house program, imported into a
SQL server database, filtered to ~1% FDR (peptide to
spectrum level) and combined at the protein level to
provide unique peptide count (per protein) and
observation count (that is, spectral count) data. Protein
identification was based on two or more peptides per
protein, however we reported single peptides
with low confidence in gray that were manually
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confirmed by examining the spectra. Details are
included in supplementary text.

Results and discussion
Microbial members respond to increases in woody
biomass
We assessed dietary plant chemistry, rumen con-
tent chemistry and rumen microbial membership
from moose foraging along a seasonal lignocellu-
lose gradient. Across all time points, the diet
was composed primarily of deciduous shrubs
(for example, birch and willow) (Supplementary
Dataset S1). Winter plants were statistically differ-
ent in chemistry, with threefold higher lignin, 40%
higher cellulose and hemicellulose and 63% lower
protein concentrations compared with spring
plants (Figure 1; Supplementary Figure S2).
Reflecting winter increases in dietary woody
biomass, rumen fluid transitioned from green
colored fluids in spring to brown fluids in winter
(Supplementary Figure S1). Winter rumen fluid
samples also had significantly higher cellulose and
lignin concentrations with lower crude protein
concentrations than spring rumen fluid samples
(Supplementary Table S1).

16S rRNA gene analyses showed that microbial
communities in rumen fluids and feces changed in
response to seasonal plant chemistry (Supplementary
Figure S3). Winter rumen microbial communities were
statistically different from spring and summer, and
all three treatments could be distinguished from
pelleted rations (P=0.001) (Figure 2a; Supplementary
Figure S3). Notably, spring and summer microbial
communities could not be statistically differentiated
from one another. Increased dietary woody biomass
(for example, cellulose and lignin) and decreased
SCFA concentrations were correlated to changes in
microbial structure, not alpha diversity metrics, in
winter (envfit, Po0.05).

We noted that four operational taxonomic units
(OTUs) demonstrated the largest change in relative
abundance on the winter diet compared with
spring. Of these four OTUs, which all represented
at least 0.8% average relative abundance across the
winter samples, the two most dynamic OTUs were
members of the ‘uncultivated BS11 gut group’,
whereas the other two OTUs were members of the
Prevotella genus. The most enriched OTU, a BS11,
increased 800 fold from spring (0.005% abundance)
to winter (4.4%) (Figure 2b). This OTU was a
low abundant member in spring rumen fluids
(1026 OTU rank) and became the third most
abundant OTU detected in winter rumen fluid
(Supplementary Dataset 2). Here we targeted the
BS11 for genomic reconstructions, given that this
prevalent ruminant bacterial family lacks any
physiological or phylogenetic information. In addi-
tion, these uncultivated organisms represent con-
ditionally rare members of the rumen community

that responded to the increase in dietary woody
biomass suggesting a unique role in rumen carbon
cycling (Figure 2b).

Members of the BS11 are poorly described, yet
prevalent in mammalian gastrointestinal tracts
On the basis of our findings in Alaska, we sampled
the entire gastrointestinal intestinal tracts (GIT)
from deceased moose from different geographic
regions to better understand the biogeography of
BS11. A majority of these GIT were from wild
animals opportunistically collected in Minnesota as
part of a study identifying factors involved in the
58% decline in moose over the past decade
(Wunschmann et al., 2015). We demonstrated
that BS11 is present in rumen fluids from
Ohio and Minnesota moose, in addition to Alaska
(Supplementary Dataset S3).

Similar to the results of the seasonal diet experi-
ment, the BS11 were the most dominant members in
five wild Minnesota moose and moose from the
Columbus Zoo whose cause of death was inferred to
be illness, and all appeared nutritionally deprived
(Supplementary Information). This increase at the
family level was driven largely by changes in one
OTU that was not highly similar (o90% identical) to
the OTUs enriched on the Alaskan winter diet
(Figure 2). The increased relative abundance of the
BS11 family in rumen fluids in the sick moose
(Supplementary Figure S4) could not be attributed to
season due to lack of sampling but was shown to be
independent of host geography, captivity status, diet,
age and sex but was higher with more complex
dietary carbon (Alaska winter) or diminished health

Figure 1 Winter plants have lower protein and higher lignin,
cellulose and hemicellulose concentrations compared with spring
and summer. Data includes the average of insoluble fiber
determined by sequential fiber analyses on primary plant species
consumed across all seasons, with s.d. shown. Values are reported
as a percent of dry matter that was remaining at each sequential
step. Significant differences (Po0.05, students t-test) between
spring and summer compared with winter is denoted by
*, whereas significant differences between spring and summer
are denoted by **.
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status (wild MN and Columbus Zoo) (Supplementary
Dataset S3).

Alternatively, the BS11 family was not enriched in
four healthy wild Minnesota moose where vehicle
collisions were the cause of death (2.1%±1), nor was
it prevalent in rumen fluids from a dairy cow
(Supplementary Figure S4). The abundance of
BS11 in our sampled cow rumen (3%) was similar
to the abundance of BS11 in a microbial community

analysis of 394 cattle (1.4%; Henderson et al., 2015).
In addition to the rumen fluids, we also examined
the GIT tissue for BS11 and found that high
abundances were confined to reticulum tissue from
moose that died of illness, but were not significantly
enriched in other tissues from the rumen, omasum,
abomasum, small intestine or colon and feces from
healthy or cachectic moose (Supplementary Figure
S5; Dataset S3). The low abundance of BS11 in

Figure 2 Rumen fluid microbial communities are statistically different in winter. (a) Non-metric multidimensional scaling (NMDS) of
Bray–Curtis similarity metric shows a statistically significant (mrpp P=0.001) separation of rumen microbial communities from winter to
spring in both moose. Diet is indicated by color, with spring (light green), summer (dark green) and winter (orange) denoted. Vectors are
fitted with envfit and the length represents strength of the correlation (solid lines significant at Po0.005, dotted lines P40.05). See
Supplementary Table S1 for raw data. (b) Rank abundance of the all OTUs in spring and the corresponding abundance of the same OTUs
on winter diet. The top two most enriched OTUs in winter are starred, with the third and fourth most enriched OTUs in winter highlighted
with a dotted line. (c) Log-fold change from spring of most enriched OTUs in winter (x-axis). Corresponding OTU taxonomy is represented
on the y-axis. Red and blue stars correspond to increasing OTUs in the winter diet in rank abundance curve (b).
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moose rumen tissue is consistent with a survey from
hunter kills (Ishaq and Wright, 2014). The increase in
BS11 under specific conditions is further support
that these bacteria may represent dormant metabolic
potential that respond to nutritional, environmental
or health related stressors in ruminants.

Given that a microbial rumen census reported
BS11 as the fifth most abundant taxon sampled
in rumen fluid, and prevalent in 94% of 32
different hosts, this family appears highly adept at
colonizing rumen fluids (Henderson et al., 2015).
We mined the dominant BS11 16S rRNA gene
in our Alaska samples (Figure 2b) from other
ruminant datasets. This OTU was detected in
rumen fluid surveys from reindeer, elk, white
tailed deer and muskoxen, as well as yak, cow,
camel, goats and sheep (Koike et al., 2003; Kong
et al., 2010; Pope et al., 2012; Gruninger et al.,
2014; McCann et al., 2014; Guo et al; 2015;
Gharechahi et al., 2015). Analogous to our findings,
these ruminants consumed a high fiber diet, with
the BS11 often associated with the plant adherent
fraction of the rumen (Koike et al., 2003; Gruninger
et al., 2014). BS11 also colonized monogastric hosts
and was detected in feces from a wide variety of
zoo animals consuming a plant-based diet (for
example, elephants, orangutans and gorillas) (Ley
et al., 2008; Yamono et al., 2008), as well as in
human feces (Leach et al., 2012) and periodontal
disease pockets (Silva accession number,
HE681238). On the basis of our analysis, BS11 is
likely host associated (Quast et al., 2013), as we
failed to identify 16S rRNA gene sequences origi-
nating from a non-animal source; that is, no
sequences were found from other high woody
biomass anoxic habitats, such as wetland soils

(see Supplementary Information for additional
details).

BS11 remain enigmatic due to poor taxonomic
assignment and a lack of metabolic information.
On the basis of the ARB Silva (v123) database, the
BS11 family contains 3,344 unique 16S rRNA gene
sequences (resolved at 497% identity) but lacks any
finer level of taxonomic resolution (for example,
genera) (Quast et al., 2013). Other 16S rRNA gene
databases fail to recognize the BS11, for example
commonly assigning sequences as ‘unclassified
members of the phylum Bacteroidetes’ (RDP)
(Wang et al., 2007). This inconsistent taxonomic
assignment across databases may contribute to the
misidentification of BS11 in 16S rRNA surveys in
hosts. Furthermore, the metabolic roles for the BS11
are unknown. For example, the most enriched BS11
OTU in our dataset shared only 85% 16S rRNA gene
identity with the nearest isolated bacterium
(a member of Porphyromonadaceae). Despite the
lack of genomic sampling in the BS11, the broad host
distribution in animals consuming a vegetarian
based diet suggests a role in the degradation of
plant-based compounds.

Multiple near-complete genomes resolve the family
BS11 and identify two new candidate genera
To define the phylogeny and metabolic role of BS11,
we sequenced four different size fractions from a
winter rumen fluid sample (a loosely-centrifuged
pellet of plant material, biomass contained on a
0.8 μm filter, biomass on contained on a 0.2 μm filter
and a post-0.2 μm filtrate). Near full-length 16S rRNA
genes were reconstructed from metagenomic reads
(Miller et al., 2011) and phylogenetic analyses showed

Figure 3 Different BS11 populations in rumen fluid are associated with different size fractions. Maximum likelihood tree of the
reconstructed near full-length BS11 16S rRNA gene OTUs (circles, 97% similarity). Branches are named by corresponding Silva accession
number, with Prevotella (EU259391) as the outgroup. Network analyses (right) highlight the distribution of the reconstructed 16S rRNA
sequences in the different size fractions (diamonds). Circle size represents the 16S rRNA gene average relative abundance across the
detected fractions (detailed in Supplementary Table S2). The gray box indicates sequences corresponding to Candidatus Alcium, whereas
the white box indicates sequences corresponding to Candidatus Hemicellulyticus. The blue and red stars indicate the EMIRGE 16S
sequence that match identically over the V4 region to the enriched BS11 OTUs in Figure 2b (blue and red stars, respectively). In addition,
the red starred sequence was also recovered from the Candidatus Alcium genome scaffolds (Supplementary Text; Supplementary
Figure S11).
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that two BS11 genera were dominant in these samples
(Figure 3). In our metagenomic dataset, the most
dominant BS11 OTU (EU381891) was detected in the
plant pellet and the 0.8 μm filter fractions and not on
smaller sized soluble contents, whereas the second
most abundant BS11 OTU (EU470401), constituting a
different genus, was recovered from all size fractions
greater than 0.2 μm in the rumen fluid (Figure 3;
Supplementary Table S2). Both dominant OTUs
were identical to the two OTUs in our amplicon
sequencing (highlighted in Figure 2b with red and
blue stars) that responded to the winter diet treatment
(Supplementary Figure S6). Our metagenomic find-
ings show that the two dominant BS11 genera in
moose rumen fluid are associated with different size
fractions, suggesting a possible niche partitioning.

We reconstructed four BS11 genomes with an
estimated completion of 87–499% and an average
genome size of 2.9Mbp (Supplementary Table S3;
Supplementary Figure S7). We also recovered a BS11
scaffold containing 28 ribosomal proteins (0.155Mbp),
and a separate bin that contained BS11 scaffolds that
could not be confidently assigned to one of the four
BS11 genomes (1.2Mbp). To evaluate the presence of
BS11 in other rumen systems, we searched assembled
ruminant metagenomes publically available (img.jgi.
doe.gov) for BS11 ribosomal genes, identifying puta-
tive BS11 genomic fragments in sheep, cow and
reindeer rumen fluids (Supplementary Discussion;
Supplementary Figure S8) (Hess et al., 2011; Pope
et al., 2012; GOLD project ID Ga0008901). However,
these genomic fragments and the functional properties
contained on the scaffolds were unbinned and not
taxonomically assigned to the BS11 because of a lack
of available reference genomes.

Phylogenetic analyses using concatenated align-
ments of 11 ribosomal proteins from the four near-
complete genomes and the one scaffold supported
the BS11 as a monophyletic family within the order
Bacteroidales (Figure 4a; Supplementary Figure S9).
This topology was also confirmed in single gene
analyses. The average amino acid identity across the
genomes (Supplementary Figure S10) and 16S rRNA
gene linkages (Supplementary Text; Supplementary
Figure S11) revealed these four genomes could be
assigned to the two BS11 genera identified in our
reconstructed 16S rRNA phylogeny (Figure 3;
Supplementary Text). The Candidatus Alcium genus
includes the OTU that most increased in abundance
in response to a winter diet (red star corresponding
to red star in Figure 2), whereas the Candidatus
Hemicellulyticus genus is the second most enriched
OTU relative to the spring diet (blue star, Figures 2c
and 3). Following the recent naming protocol for
near-complete (495%) genomes from metagenomics
(Konstantinidis and Rossello-Mora, 2015), we pro-
pose the name Candidatus Alcium based on the
mammalian source (Alces alces) for this widely
distributed OTU. For the second genus, composed
of two near-complete genomes (496%) and one
partial genomic fragment, we propose the name

Candidatus Hemicellulyticus based on the inferred
metabolism described below.

BS11 ferments hemicellulosic monomers to produce
SCFA
We infer a fermentation-based lifestyle for the four
sampled BS11, as these genomes lack c-type cyto-
chromes, a linked electron transport chain, a
complete tricarboxylic acid cycle and pyruvate
dehydrogenase. The metabolic capabilities for one
Candidatus Hemicellulyticus genome (F08-3) may
be more extensive, as this genome had a partial
NADH dehydrogenase (subunits D, E, F, C, B, A),
succinate dehydrogenase and a putative b1 oxidase.
We note however, that the NADH dehydrogenase
may be an annotation artifact as the homologs
identified had a low identity to known proteins
and the remaining required subunits (M, N, L, J, K, H,
I and G) were not detected in the genome. Members
of Candidatus Hemicellulyticus and Alcium had
bacterioferritin (cytochrome b1 oxidase), but given
the lack of other electron transport chain complexes,
we suggest this enzyme may have a role in iron
assimilation (Carrondo, 2003). All four genomes are
inferred to have a gram-negative cell envelope and
lacked flagella, but encode an 11-gene gliding
motility complex that in other organisms enables
attachment and movement across surfaces with low
water tension (for example, biofilm) (Mignot et al.,
2007; McBride and Zhu, 2013). This attachment-
based motility may be a physiological adaptation to
adhere to plant material in rumen fluid.

To put the global carbon-degrading metabolism of
BS11 in a phylogenetic context, we profiled the
glycoside hydrolases (GH) in genomes from across
the Bacteroidales order. Although we report the
average GH genes per genome of each family
(Figure 4), a detailed analyses for each genome is
included (Supplementary Table S5). Each BS11
genome encodes up to 25 GH, which when com-
pared with other families is less than the average
(mean 52.875 ±38.6) (Supplementary Dataset S4).
The BS11 genomes contained up to 11 chitin
associated genes, which is the most sampled across
the order. Although chitin is not commonly asso-
ciated with a plant-based diet in ruminants, several
of these genes (shown in red) confer the degradation
of glycoproteins (for example, human mucin) in
other gut bacteria (Macfarlane and Gibson, 1991;
Roberts et al., 2000; Etzold and Juge, 2014). Thus, it
is possible these genes may have an alternative role
in BS11 as well (Fredericksen et al., 2013). Like most
other members of the Bacteroidales, all members of
the BS11 sampled to date encode the capacity for
releasing hemicellulosic monomeric sugars.

In contrast to other families in this order, the BS11
lack a single genome representative with the capacity
for cellulose degradation (Supplementary Dataset S4).
However, similar to the gene prevalence in the
Bacteroidetes, both Candidatus Hemicellulyticus
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genomes contained Sus-like polysaccharide utilization
loci (PULs) (Supplementary Text). The gene organiza-
tion was similar to prior reports from rumen metagen-
omes or Bacteroidetes isolate genomes (Naas et al.,
2014; Rosewarne et al., 2014), with SusC and SusD co-
localized. Each Candidatus Hemicellulyticus genome
contained two scaffolds with this structure and the Sus
genes were surrounded by either peptidases or glyco-
side hydrolases (Supplementary Table S4), suggesting
these loci may be involved in coordinating plant
biomass degradation.

Given the increase in dietary hemicellulose when
BS11 were enriched and the presence of GH for
releasing hemicellulose, we used proton NMR to
identify the sugar compositions associated with the
different size fractions on the winter diet. Unlike
cellulose (glucose subunits), hemicelluloses are

heterogeneous plant polymers containing multiple
monomeric sugar units (for example, xylose, man-
nose, galactose, rhamnose and arabinose) arranged
in different proportions (Scheller and Ulvskov,
2010). The polymeric properties of hemicelluloses
vary depending on plant species and phenological
progression (Van Soest, 1994), with much less
known about the structural characteristics of arctic
or boreal forages. Our NMR results show that
soluble rumen fluids and plant materials contain
a different combination of hemicellulosic sugars.
Specifically the soluble fraction contained fucose
(37%), galactose (24%), arabinose (19%), xylose
(14%) and rhamnose (7%), whereas solidified
plant material contained xylose (79%), arabinose
(12%), fucose (7%) and galactose sugars (2%)
(Figures 5a and b).

Figure 4 BS11 is a novel family in the Bacteroidales. (a) Concatenated ribosomal protein tree of the four BS11 genomes and one BS11
scaffold in comparison to the other 45 known genomic representatives from the order Bacteroidales with the six other families besides
BS11 noted (gray box). An additional 18 reference genome sequences from other Bacteroidetes, Chlorobi and Fibrobacteres (outgroup) are
also included. The number of genomes in each Bacteroidales family is denoted in parentheses next to the name. The near-complete BS11
sequences are shown in light blue with Candidatus Alcium highlighted with a red star to represent the recovery of a full-length 16S rRNA
sequence in these genomic bins. Numbers on the node represent bootstrap support, using 100 bootstraps. The full maximum likelihood
tree is provided in Supplementary Figure S8. (b) Glycoside hydrolase (GH) genes in genomes belonging to the order Bacteroidales are
reported as the average number of GH genes/per genome for each family. The x-axis denotes the number of GH genes per genome, with
specific Pfams clustered into functional category (denoted by color gradient). Gene names in bold were detected in the BS11 genomes. The
cluster labeled as ‘other’ includes α-amylase, pectinesterase, concanavalin and polyphenol oxidoreductase laccase. The complete dataset
from all genomes and accompanying PFAM numbers used to construct Figure 4b is included (Supplementary Dataset S4).
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Our data suggest that the two BS11 genera are
specialized for the fermentation of different hemi-
cellulosic monomers. Although all four BS11 gen-
omes are inferred to ferment mannose, the
Candidatus Alcium genomes exclusively contain
genes for releasing and utilizing more accessible
hemicellulosic side-chain residues (for example,
rhamnose and fucose) (Scheller and Ulvskov,
2010). Fucose fermentation may be particularly
important to energy generation, as the most complete
Candidatus Alcium genome has four copies of
α-L-fucosidase, two fucose permeases and a fucose
isomerase. Consistent with the distribution of
Candidatus Alcium genomes in all size fractions (that

is, not necessarily associated with plant biomass), the
genomes encode the capacity to ferment hemicellulose
monomers most abundant in the bulk rumen fluid
(fucose and rhamnose) (Figure 5a).

Unlike the broadly distributed Candidatus
Alcium, the Candidatus Hemicellulyticus genomes
were recovered primarily from fractions containing
solid plant biomass (Figure 3). Metabolite analysis of
this plant biomass fraction revealed enrichment of
xylose relative to fucose and rhamnose, likely
reflecting the xylose backbone in hardwood hemi-
cellulose (Scheller and Ulvskov, 2010). Consistent
with the metabolite and abundance data from the
plant fractions, the Candidatus Hemicellulyticus

Figure 5 Genome-enabled metabolic potential of uncultivated BS11 Candidatus Alcium. (a) 1H NMR analyses of hemicellulose sugars
detected in raw filtered rumen fluid from winter sample. (b) 1H NMR analyses of rumen fluid acid extract to specifically release
hemicellulose sugars from solid plant material. (c) Metabolic predictions for BS11 Candidatus Alcium with putative pathways
displayed in different colored boxes. Hemicellulose structures are displayed on the outside of the cell membrane (red oval), with
concentrations of sugars detected with 1H NMR listed in red. The metabolic pathway of each hemicellulose sugar is represented in
orange (mannose), purple (rhamnose) or blue (fucose). Genes detected are represented by numbers in colored boxes. White boxes
indicate presence of the enzyme in the genome, red boxes indicate absence, black boxes indicate genomic and proteomic support, and
grey boxes indicate the presence in two pathways. For full enzyme annotation see Supplementary Table 6 Abbreviations: M1P:
mannose-1-phosphate, M6P: mannose-6-phosphate, GDP-D-M: GDP-D-mannose, F6P: fructose-6-phosphate, G3P: glyceraldehyde-3-
phosphate, DHAP: dihydroxyacetone phosphate, Oaa: oxaloacetate, Cit: citrate, Iso: isocitrate, 2-oxo: 2-oxoglutarate, Suc-CoA: succinyl-
CoA, Succ: succinate, Fum: fumarate, Mal: malate, Gln: glutamate, Glu: glutamine, Pyr: Pyruvate. A detailed comparison of the
metabolic capacities in Candidatus Alcium and Hemicellulyticus is provided in Supplementary Table S5.
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genomes exclusively encoded genes for xylose
fermentation, but lacked genes for fucose or rham-
nose fermentation, sugars in higher abundance
in the soluble fractions (Supplementary Table S5).
Specifically these BS11 may utilize the xylose
isomerase pathway to convert xylose to xylulose
5-phosphate, which is ultimately degraded by a
complete pentose phosphate pathway also present
in the most complete Candidatus Hemicellulyticus
genome (Supplementary Table S5). Taking the
genomic insights together, the preference for differ-
ent hemicellulosic monomers by Candidatus Alcium
(mannose, fucose and rhammnose) and Candidatus
Hemicellulyticus (mannose, galactose and xylose)
likely explains the distribution of these two genera in
the rumen fractions (Figure 3).

In BS11, we predict hemicellulose sugars are
shunted to a complete glycolysis pathway in Candi-
datus Hemicellulyticus, whereas both Candidatus
Alcium genomes have a partial EMP-pathway lack-
ing enolase, pyruvate kinase and triose-phosphate
isomerase homologs (Figure 5c; Supplementary
Table S5). This missing functionality in Candidatus
Alcium is likely rescued via the full methylglyoxal
detoxification pathway, in a proposed pathway
similar to bovine rumen Butyrivibrios (Kelly et al.,
2010; Hackman and Firkins, 2015). This alter-
native pathway, present in only the Candidatus
Alcium genomes is consistent with the selective
ability of this genus to use rhamnose, as inter-
mediates from the degradation of this sugar yield
dihydroxyacetone phosphate, the intermediate
of the methylglyoxal detoxification pathway. The
absence of triose-phosphate isomerase and the
presence of D-lactate dehydrogenase suggest that
rhamnose may be degraded fully to pyruvate via
this metabolism. Together, the metabolite and
genomic data support the degradation of hemicel-
lulosic monomers as a shared metabolic feature of
BS11 (Figure 5c), which explains the increase in
BS11 during winter when woody plant tissue (and
hemicellulose) comprises a much greater propor-
tion of the moose diet. In addition, organismal
distributions on different size fractions and sugar
metabolite profiles suggest the two genera may be
functionally specialized for specific hemicellulose
monomers.

We infer the Rnf complex identified in all four
BS11 genomes supports reverse electron flow
(Biegel and Muller, 2010), using the sodium
gradient to oxidize NADH and generate reduced
ferredoxin. These reducing equivalents can then be
disposed of by the generation of hydrogen (Schut
and Adams, 2009) via FeFe hydrogenases. In
addition to hydrogen generation, BS11 genomes
also encode the production of SCFA to generate
ATP via substrate-level phosphorylation. Candida-
tus Hemicellulyticus has the potential to produce
butyrate, propionate and acetate, whereas Candi-
datus Alcium can only produce propionate and
acetate.

The production of SCFA by microbial symbionts is
vital to ruminant nutrition, and supplies as much as
80% of the host energy and gluconeogenic substrates
(Van Soest, 1994). Although the BS11 may contribute
to SCFA, the lower absolute concentration produced
on the winter diet is likely a result of the poorer
quality diet. This capacity for metabolic exchange
with the host hints at why BS11 may be maintained
across a broad host exchange.

Metaproteomics supported functional genomic
interpretations; the key genes in metabolic pathways
identified by metagenomics were expressed in the
rumen (Supplementary Table S5 and Dataset S5;
Figure 5c). In Candidatus Alcium, proteins for
rhamnose degradation, methylglyoxyl shunt
and acetate production were detected (Figure 5c).
Alternatively, in Candidatus Hemicellulyticus, we
detected proteins for butyrate and hydrogen produc-
tion, but not acetate (Supplementary Table S5).
Surprisingly, many genes annotated as proteins of
unknown function were highly expressed compris-
ing three of the five most highly detected proteins in
Candidatus Alcium. This large number of highly
expressed but unannotated genes indicates the large
portion of metabolic information still to be discov-
ered in relatively well-annotated phyla like the
Bacteroidetes.

Conclusion

In summary, we uncovered important functional
qualities for uncultivated, yet ubiquitous host-
associated Bacteroidetes. Using 495% complete
genomes we resolved at least two new genera within
the BS11 family, here named Candidatus Alcium
and Candidatus Hemicellulyticus. Together, our
metagenomic, metaproteomic and metabolomic data
indicate BS11 are specialized to ferment many
different hemicellulosic monomers (xylose, fucose,
mannose and rhamnose), producing acetate and
butyrate for the host. In the context of adaptation to
changing environmental conditions, we have identi-
fied BS11 that become dominant in the rumen when
the host consumes a high woody biomass diet.
Furthermore the release and use of hemicellulosic
monomeric sugars may help explain broad distribu-
tion in other animals, as this represents one of the
most abundant foods sources on this planet consti-
tuting the fiber in foliage, fruits, vegetables and
grains (Baker et al., 1979).

Keystone ruminants such as the North American
moose (Alces alces) and caribou (Rangifer tarandus)
are experiencing nutritional limitation and severe
population declines in response to climate related
changes in the plant chemical landscape (Lenart
et al., 2002; McArt et al., 2009). Climate change in
artic and boreal ecosystems is increasing the abun-
dance of woody deciduous shrubs (Tape et al., 2006)
and potentially making the carbon more recalcitrant
via the production of secondary metabolites like
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condensed tannins, which may impact rumen
microbial metabolism (Kaarlejärvi et al., 2012;
Lavola et al., 2013), Currently, the connection
between dietary carbon composition, rumen micro-
bial metabolism and host nutrition is largely unex-
plored in wild ruminants from climate-sensitive
regions (Ishaq and Wright, 2014). The fact that
necessary host metabolites are produced under new
dietary regimes suggest conditionally rare taxa like
BS11, which are generally concealed within the
metabolic reservoir of the rumen, may be one of the
many important, yet understudied players enabling
wild herbivores to nutritionally adapt to a rapidly
changing world.
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