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Although the Prevotella are commonly observed in high shares in the mammalian hindgut and rumen
studies using NGS approach, the knowledge on their actual role, though postulated to lie in soluble fibre
degradation, is scarce. Here we analyse in total 23, more than threefold of hitherto known rumen and
hindgut Prevotella species and show that rumen/hindgut Prevotella generally possess extensive reper-
toires of polysaccharide utilization loci (PULs) and carbohydrate active enzymes targeting various plant

Keywords: polysaccharides. These PUL repertoires separate analysed Prevotella into generalists and specialists yet a
I;Legjoetsua finer diversity among generalists is evident too, both in range of substrates targeted and in PUL combi-
Hindgut nations targeting the same broad substrate classes. Upon evaluation of the shares of species analysed in
Polysaccharide utilization locus this study in rumen metagenomes we found firstly, that they contributed significantly to total Prevotella
CAZYme abundance though much of rumen Prevotella diversity may still be unknown. Secondly, the hindgut Pre-
Metagenome votella species originally isolated in pigs and humans occasionally dominated among the Prevotella with
surprisingly high metagenome read shares and were consistently found in rumen metagenome samples
from sites as apart as New Zealand and Scotland. This may indicate frequent passage between different

hosts and relatively low barriers to their successful establishment in rumen versus the hindgut.
© 2018 Elsevier GmbH. All rights reserved.
Introduction and reached the astonishing 48% of amplicon NGS reads by two

The rumen is a forestomach with the principal function to sup-
ply the animal with short chain fatty acids and microbial protein,
which are absorbed through the rumen wall and digested in the
abomasum, respectively. Both are the products of a largely bac-
terial fermentation of ingested plant material, the composition of
which may vary according to animal feeding strategy, cattle being
one of the most efficient plant fibre utilizers [16]. It became appar-
ent in a recent large scale study [13] which assayed samples from
various, mainly domesticated ruminants that some bacterial gen-
era were abundant in rumens all over the world thus constituting
the core rumen microbiome. One of the most prominent among
these was the genus Prevotella of the phylum Bacteroidetes. Pre-
votella were detectable already in the rumen samples of three
days old animals in a cattle rumen community succession study

Abbreviations: PUL, polysaccharide utilization locus; CAZYme, carbohydrate act-
ing enzyme.
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months [17]. The Prevotella were also shown to be efficient primary
colonizers of ryegrass [28]. The large intestine of humans also har-
bours the anaerobic microbial community involved in breakdown
of plant fibre, which is commonly dominated by the members of
bacterial phyla Bacteroidetes and Firmicutes. Of the Bacteroidetes in
humans, genus Prevotella tends to be dominant in rural populations
depending on plant rich diets while members of the genus Bac-
teroides dominate when diet is richer in protein and fat [12]. The
Prevotella are believed to be important mainly in the non-cellulose
plant fibre degradation using the products of polysaccharide uti-
lization loci (PULs) genes to sense, bind and degrade various glycans
[26]. The central part of PULs are the paralogues of Bacteroides
thetaiotaomicron VPI-5482 susC and susD genes which are always
found together and code for the TonB-dependent transporters
and carbohydrate-binding lipoproteins respectively [10]. The PUL-
encoded polysaccharide utilization apparatus displays specificity
for different polysaccharide targets already at the SusD-like protein
binding step [19,20]. In the case of xylan and fructan, the SusD-
like protein is even specific for their subtypes e.g. glucuronoxylan
versus more complex arabinoglucuronoxylan and inulin versus
levan respectively [36,43]. The research published till now has
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mainly been focused on xylan and partly glucomannan utiliza-
tion capabilities of a single Prevotella species, Prevotella bryantii
[7,11,29,37], while less data is available for other three described
ruminal species [4]. In fact, the genus Prevotella comprises over 50
species in total, the majority of these being of oral origin while
at the time of writing seven have been described from rumen
and hindgut. Clear evidence exists for the rumen at least, that
the described species do not encompass the complete Prevotella
diversity in this ecosystem, and many new strains have already
been cultured and targeted for sequencing [6]. Given the numer-
ical importance and prevalence of Prevotella in much researched
gut and rumen ecosystems and the almost total lack of insight into
diversity of their metabolic capabilities, the analysis of their dom-
inant feature, i.e. the ability to degrade various polysaccharides, is
in our opinion more than timely. Recent bioinformatic analysis of
predominantly oral Prevotella species revealed large differences in
glycan degradation capabilities indicating niche specialization: (i)
some species were predicted to use starch only, (ii) most oral and
urogenital species relied on host glycans, (iii) some oral species
were apparently able to live off both host and plant glycans, and
finally (iv) certain rumen/hindgut/oral species seemed adapted to
use plant polysaccharides only [1]. What is the situation in the
larger rumen/hindgut Prevotella species sample is the scope of this
study. Beside the recognized Prevotella species, also the ruminal
Prevotella strains sequenced by the Hungate 1000 project [6] and
pig hindgut strains isolated and sequenced recently in our labora-
tory were included in this analysis. The repertoires of carbohydrate
acting enzymes (CAZYmes), PULs, and ability to utilize various
polysaccharides for growth were catalogued. Additionally, the sig-
nificance of these species in major rumen metagenomes originating
from across the world has been assessed.

Material and methods
Strains and genomes

The new pig hindgut Prevotella strains are a portion of hith-
erto undescribed Bacteroidetes, which were isolated in a targeted
cultivation study, and have been sequenced and annotated as
described previously in the case of Prevotella pectinovora [32].
Altogether 18 pig gut Prevotella strains were sequenced, five
of them belonging to P. pectinovora [32], and the rest repre-
senting novel, still undescribed Prevotella species. Additionally
P. bryantii TC1-1, the only Prevotella strain, for which limited
genetic manipulation techniques exist and are used in our lab rou-
tinely [2,41], was also sequenced. The genomes were deposited
at DDBJ/ENA/GenBank under the accessions NPIZ00000000,
NPJA00000000, NPJBO0000000, NPJCO0000000, NPJD0O0000000,
NPJEO0000000, NPJFO0000000, NPJGO0000000, NPJHO0000000,
NPJI00000000, NPJJOO000000, NPJKOO000000, NPJLOOO00000 and
NPJMO00000000. Prevotella genomes from the Hungate 1000 rumen
strains collection were downloaded from the genome portal of the
Joint genome institute (http://jgi.doe.gov/) and annotated using
Prokka [40]. Strains were classified into species (Table S1) using
the Average nucleotide identity (ANI) metric ANIb as implemented
in JSpecies [34]. The average nucleotide identity is obtained by first
extracting the stretches of similar sequence from a genome pair
(in the case of ANIb using blast) and then calculating their average
similarity. The ANI is one of primary tools for species description,
used particularly to confirm genomic coherence of strains of the
proposed species, the other two prerequisites which must be ful-
filled being monophyly and phenotypic coherence [38]. When the
number of genomes was large (>100), the ANIb was calculated using
pyani (https://github.com/widdowquinn/pyani). Rumen Prevotella
strains KHP1, Ga6B6, AGR2160, MA2016, KHP7, KH1P2, P6B11,

HUN102, TC2-28, TF2-5 and NE3005 were a kind gift of the Rumen
microbiology team of AgResearch, NZ (http://www.agresearch.co.
nz/), while the rumen strains GA33, B14, TC1-1, TF1-3 and all of the
pig gut strains were from our collection. Bacteroides ovatus ATCC
8483 and B. thetaiotaomicron VPI5482 were obtained from DSMZ,
Germany, as DSM 1896 and DSM 2079, respectively. The 16S rRNA
genes of all strains were amplified and sequenced to confirm the
strain identity.

PUL and CAZYme repertoires

The genes coding for SusD-like glycan binding proteins were
earlier shown to be suitable PUL indicators since they are always
found beside the susC-like coding genes and produced almost
the same results as were obtained in other studies [1]. Further-
more, their phylogeny showed that they separate into neat clusters
with homogeneous ligand glycan partners as deduced by transfer
of transcriptomic functional studies performed in Bacteroides [1].
Thus by finding the susD genes both the PUL locations and their
putative target glycans may be revealed. The PUL finding work-
flow was essentially the same as described earlier [1]. Briefly: to
find the susC-like genes, we used hidden Markov models (hmm)
SusD.hmm, SusD-like_2.hmm and SusD-like_3.hmm obtained from
protein families database (PFAM) [9] on all predicted proteins of the
genome. Protein hmms are probabilistic models derived from mul-
tiple sequence alignment of related protein domains summarising
the probabilities for a particular amino acid (or insertion) at the
particular site of a protein domain. As such they are sensitive tools
for general function prediction of amino acid sequence. All vs all
SusD-like protein blastp search was then performed and SusD-like
protein clusters were subsequently obtained using Markov cluster
algorithm (mcl) [8], which essentially divides proteins into clus-
ters based on their similarity. These clusters correspond to PULs
with different target glycans as shown recently [1]. For each strain,
the presence or absence of SusD-like protein clusters was exam-
ined thus yielding strain SusD-like protein/PUL profiles. We then
assigned putative substrates to PULs by manually inspecting the
PULs using Artemis [5] and comparing them to the experimen-
tally verified PULs described in the related genus Bacteroides [ 25,27
using the blastp search. Protein families data from PFAM, CDD and
dbCAN was used to evaluate the blastp results [9,24,50]. The above
sequence-based PUL predictions were later tested using growth
experiments. The CAZY annotation by dbCAN and ordination anal-
ysis using R packages vegan [33] and pvclust [45] was performed
as described earlier [1].

Growth experiments

The strains were cultivated in Hungate tubes using the liquid
modified DSMZ medium 330 [3] or the rumen fluid reinforced
medium M2 [15] in the case of poor growth in M330 (Table S1).
The strains were grown to the early stationary phase and then sub-
cultured into media containing: (i) no sugars, (ii) glucose or (iii)
one of various hemicellulose, pectin or storage polysaccharide sub-
strates (Table S2). The polysaccharides were added during media
preparation to 0.5% while stirring after the initial boiling and the
media were then autoclaved. Strain growth was monitored spec-
trophotometrically at 600 nm for ten days, at least three times in
separate experiments. The ODggg value of the tube containing no
sugars was subtracted for every polysaccharide containing tube at
each time point. The average maximum ODggg of every substrate
was then normalized relative to growth on glucose for each strain
by dividing by the maximum ODggg obtained on glucose. A heatmap
without scaling was then produced in R.
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Metagenome read classification

The DNA metagenome datasets of New Zealand methane sheep
study [18,42], Scottish cattle methane and large scale metagenome
binning study [44,46], plant fibre adherent bacteria study [14]
and pig gut gene inventory study [49] were downloaded from
EBI (http://www.ebi.ac.uk/). The metagenome reads were then
classified by Kraken [48] using k-mer length of 31 and custom
library made out of the genomes analysed in this study, genomes
representative for different oral Prevotella nutritional groups [1],
common hindgut Bacteroidetes and the Prevotella and Bacteroidetes
metagenome derived genomes (genomic bins) obtained by the Hess
and Stewart studies [14,44]. Since Kraken classifies reads on vari-
ous taxonomical levels, we used Bracken [23] to estimate species
abundance from Kraken result.

Results
CAZYme Prevotella genomes analysis

Our sample consisted of 50 Prevotella genomes encompassing
in total eight hindgut, 15 rumen and two free living species accord-
ing to ANIb metric (Table S1). The pig hindgut strains contributed
five yet undescribed species while 11 tentatively novel ruminal
species were recognized from the genomes sequenced by Hun-
gate 1000 project [6]. The genomes were mainly of the expected
size for the members of the genus Prevotella, i.e. 2.5-3.5 Mbp,
except for the two pig hindgut strains harbouring slightly larger
genomes of around four Mbp. The majority of species possessed
high (>35) number of genes encoding the CAZYmes per Mbp (Table
S3). Slightly lower was the number in P. pectinovora and Prevotella
stercorea isolated from pig and human feces, respectively, while
rumen strain HUN102 showed extensive reduction in CAZYme
number. The CAZYme repertoires were compared using non-metric
multidimensional scaling which included also oral, urogenital and
clinical strains analysed previously [ 1] (Fig. S1, data in File S1). The
rumen strains mainly grouped together with the exception of two
strains: HUN102, which presumably belongs to the Prevotella group
with reduced ability to degrade polysaccharides, and KH1P2 which
is similar to oral strains utilizing both host and plant glycans [1].
Hindgut species appear to have rather variable CAZYme repertoires,
yet some of them group with the ruminal species, e.g. P. bryantii and
Prevotella brevis. Among the CAZYme families, some are monospe-
cific, that is, they target only one class of substrate, starch or xylan
for example. Exploiting this, preliminary predictions of capability
to degrade several substrates commonly encountered by hindgut
and rumen Prevotella can be made (Table S3).

PUL repertoires

In total more than 1100 SusD-like proteins were found to be
encoded in genomes of hindgut/rumen/free living strains and were
divided by mcl [8] into 157 groups that contained at least 2 mem-
bers. The numbers encoded per genome varied widely (Table S3).
Only moderate correlation among SusD-like protein and CAZYme
number encoded per genome was found when all species includ-
ing oral, urogenital and clinical were analysed (Pearson’s r=0,63),
which is lower than reported earlier [1]. This was mainly caused
by species harbouring many CAZYmes (>150) and low numbers of
SusD-like proteins (<20), exemplified by strains 5-50, BPI-145, TF2-
5,3-122 and TC2-28. When these were omitted, the r was 0.74. The
variability of SusD-like protein repertoires as deduced by pvclust
and binary distance metric between strains can be seen in Fig. S2A.
In general, the SusD-like protein repertoires are in accordance with
groups seen on CAZYme NMDS plot (Fig. S1) or pvclust CAZYme

dendrogram (Fig. S2B), and the Prevotella groups observed earlier
[1] are evident. The group that harboured three rumen species in
that study is now much expanded and it is noteworthy that it is
split into two clusters, one of which includes P. bryantii (blue) and
the other Prevotella ruminicola (green). These two clusters’ mem-
bers resemble quite closely those found in the CAZYme NMDS
plot. Also the strains HUN102 and KH1P2 differ from other rumen
strains in the manner very similar as seen for CAZYmes. The former
may well be an oral strain recently introduced during rumination.
Thus, CAZYme and SusD-like protein repertoires appear to be in
agreement. Of all the 1100 SusD-like proteins encoded in genomes
analysed, we managed to assign putative glycan binding partners
and consequently define PULs to 545 of them. Only 35 of these
were predicted to bind host glycans. Additional 104 were further
identified as putatively binding to plant glycans, but exact nature
of the latter is beyond (our) bioinformatic prediction capabilities.
Of the top 20 mcl groups (encompassing 420 proteins) 15 are pre-
dicted reliably in our opinion: three target storage polysaccharides
(starch and fructan), another three xylan, six various pectins, two [3-
glucan and one a-mannan. Of the remainder, three target unknown
plant glycans and the targets of two are completely unknown.
Table 1 gives the expected glycan degradation capability of ana-
lysed Prevotella strains based on the annotated PULs (detailed in
Table S5, the SusD-like protein sequences are in Supplementary file
1). Overall, the ability to degrade storage polysaccharides is almost
universal as reported earlier for oral species, yet as expected the
rumen/hindgut Prevotella seem strongly oriented towards hemi-
cellulose and pectin which is in stark contrast to the majority of
oral species [1]. Rumen/hindgut Prevotella are not uniform, how-
ever, as there is much variability in PUL repertoires. Even between
P. bryantii and P. ruminicola, which otherwise seem to be capa-
ble to degrade almost all major hemicellulose/pectin substrate
classes, the PUL repertoires differ: P. bryantii lacks the a-mannan
PUL, for example. Even more pronounced is the PUL variability of
rumen/hindgut species in the case of P. brevis, P. stercorea, P. pecti-
novora and the undescribed species represented by the strain 5-64,
which all seem to possess a narrow specialist PUL repertoires. We
have often found several PULs targeting one substrate class (xylan,
B-glucan, gluco/galactomannan, rhamnogalacturonan, homogalac-
turonan) in the same strain which is a situation similar to the one
described in genus Bacteroides [25,27,36,43]. On few occasions hith-
erto unknown PUL diversity was also found: e.g. we identified three
starch PULs (Table S5) coding for almost identical CAZYme con-
tent (2x GH13, GH97, GH97/CBM20) but very different SusD-like
binding proteins which displayed less than 40% amino acid identity
(also clearly separated in phylogeny reconstruction dendrograms).
While one starch PUL variant was dominant (18 species), the other
two were found in six species of mixed rumen and gut origin. These
additional starch PULs are not the same as putative accessory starch
PULs previously identified [ 1] of which one is strongly represented
also in rumen/gut Prevotella (Table S5, mcl cluster 9). Similarly, a
third, novel xylan PUL was identified in rumen species represented
by the strain BPI-145.

Strain growth in media with various plant polysaccharides

The growth on both M330 and M2 media containing no sug-
ars was very poor with maximum ODggg less than 0.1 and 0.2,
respectively, while all strains achieved ODggg of above 1 for at
least one substrate. Only strains HUN102 and 5-64 grew to ODggq
of 0.25 without the added carbohydrates. The strains from the
genus Bacteroides which served as controls behaved as reported
previously [27] for all substrates tested. The average growth and
predicted degradation capabilities are shown in Table 2. Overall,
we find good correspondence (84% accurate) between bioinfor-
matic prediction and observed growth, especially for starch and
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Table 1

Overview of the PUL repertoires found in studied Prevotella strains. The strains grouped by a thick border are representatives of the same species or yet undescribed species,
while others are the sole representatives of their species. ++, more than one SusD-like protein for specific substrate present, effectors (CAZYmes, regulator, transporter)
forming clearly recognizable PUL in at least one case; +, as ++ but only one SusD-like protein; +/—, either SusD-like protein or clearly recognizable effectors (anywhere in the

genome) are present, but not both; blank, no SusD-like protein or effectors.

substrate | starch fructan xylan B- xylo gal/glu ma:mn homo rhamno ) arabino | oo host
strain glucan glucan mannan (yeast) galacturonan | galacturonan | arabinan | galactan glycans

3-122 + +/- + ++ + +/-
P. brevis ATCC 19188 + +/- ++
P. brevis P6B11 + +/- ++
4-51 + +/- + ++
5-108 + +/- + +
4-67 + +/- + +
5-64 + +/- + ++
5-119 + + ++ +
5-125 + + ++ +
4-65 + + ++ +
4-76 + + ++ +
5-60 + + T+ +
P. albensis DSM 11370 + + ++ ++ + +/-
AGR2160 + + + + + +
P. copri DSM 18205 + + ++ ++ + ++ +
P. oryzae DSM 17970 + ++ ++ ++ ++ + +/- + +/-
P. paludivivens bsm 17968 + + ++ ++ + ++ ++ ++ ++ +
5-92 + + + + + + + +
2-180 + ++ ++ + + + + + ++
TC2-28 ++ ++ + + + +/- ++ +
TF2-5 + + ++ + + + +
3-120 +/- ++ + + +
4-98 +/- ++ + + +
3-92 +/- ++ + + +
4-119 +/- ++ + + +
5-126 +/- ++ + + +
5-50 +/- ++ + + +
P. bryantii B14 + + ++ + + ++ ++ ++ + +
P. bryantii C21a + ++ + + ++ ++ ++ + +/-
P. bryantii TC1-1 + ++ ++ + + ++ ++ ++ + +/-
FB3001 + + ++ + + ++ ++ ++ + +/-
BPI-162 + ++ ++ ++ + ++ ++ ++ + + +
BPI-34 + ++ ++ ++ + ++ ++ ++ + + +
KHP1 + ++ ++ ++ ++ ++ ++ ++ + +
P. ruminicola 23 + ++ ++ ++ ++ ++ + ++ +
Ga6B6 + ++ ++ + ++ ++ ++ + ++ +
RM4 + ++ ++ ++ ++ ++ + + +
MA2016 + ++ ++ ++ + + ++ ++ ++ + + +
NE3005 + ++ ++ + +/- + + + ++
P6B1 + + ++ ++ + ++ ++ ++ +
P6B4 + + ++ ++ +/- ++ ++ ++ +
KHP7 + + ++ ++ ++ + ++ +
FD3004 + + ++ ++ ++ + ++ +
LC2012 + + ++ ++ + 4 N
TC2-24 + + ++ ++ + ++ +
BP1-145 + +
BP1-148 + + +
HUN102 + +
KH1P2 ++ ++ ++ + + +
P. stercorea DSM 18206 +

xylan, whereas there were false negative results observed for 3-
glucan and especially xyloglucan. This may be the result of one of
the following: (i) protein sequences are not conserved enough to
transfer the data from Bacteroides transcriptomic profiling or the
PUL is fragmented in Prevotella, (ii) some PULs of Prevotella may

not be present in Bacteroides, and (iii) there are no monospecific
CAZYme families whose members would act solely on these sub-
strates to use as markers. On the other hand, false positives were
rare implying the PUL annotation was conservative and they were
concentrated mainly in the a-mannan PUL. In this case, four strains
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Table 2

Assessment of the bioinformatic prediction accuracy. The first column in each substrate class indicates bioinformatic prediction according to the same legend as in Table 1
(for readability — substitutes blank here), while an average growth (ODggo) is given in the second column (see Table S6 for details). The second column may also state further
details of substrates used in growth experiments. The growth results deviating from predictions are underlined and in bold. P. bryantii TF1-3 was included as a control,
because of growth variability of P. bryantii TC1-1 in medium containing beechwood xylan.

substrate beechwood/ homo rhamno
strain starch  soluble | fructan inulin | xylan arabino B-glucan xyloglucan gal/glu galacturonan galacturonan
3-122 + 1.12 + 0.47 +/- 0/0.86 + 063 - 0 - 0/0 - 0 ++ 0.16 + 0.64
P. brevis ATCC19188 + 1.42 + 1.32 +/- 0.13/0.12 - 0 - 0 - 0/0 + 139 | ++ 0.29 + 1.05
P. brevis P6B11 + 1.61 + 0.85 +/- 0.08/0.14 - 0 - 0 - 0/0 + 1.42 | ++ 0.36 + 0.83
5-64 + 0.99 - 134 - 0/0 - 0 - 0 - 0/0 - 0 - 0.14 +/- 0
4-65 + 1.01 + 1.01 - 0/0 - 0 - 0 - 0/0 - 0 ++ 0 + 0.22
AGR2160 + 1.58 + 1.59 - 0/0 + 176 | + 1.74 + 1.61/1.27 - 0 + 1.1 - 0.43
2-180 + 1.33 ++ 1.09 ++ 0.92/1.17 + 121 | o+ 0.94 + 1.49/1.06 - 0 + 0.83 + 0.69
TC2-28 ++ 1.01 ++ 1.1 + 0/0.84 + 0.77 + 0.7 +/- 0.67/0.71 - 0 ++ 0.7 + 0.75
TF2-5 + 1.6 + 1.58 ++ 0.99/1.42 + 153 - 1.27 - 1.5/1.01 - 0 + 0 + 0
5-50 +/- 0 - 0.68 ++ 0.68/1.16 - 115 | - 11 + 1.12/0.8 - 0 + 0.67 + 0.19
P. bryantii B14 + 1.54 + 1.35 ++ 0.67/1.24 - 148 | + 1.43 + 0.58/1.05 - 0 ++ 1.09 + 081
P. bryantii TC1-1 + 1.24 ++ 1.39 ++ 0/0.98 - 1.44 + 1.15 + 1.12/0.98 - 0 ++ 0.83 ++ 0.87
P. bryantii TF1-3 1.42 1.53 1.07/1.45 1.71 1.63 1.32/1.23 0 1.02 0.98
KHP1 + 1.66 ++ 1.72 ++ 1.03/1.42 ++ 1.75 - 1.8 - 0.2/1.32 ++ 0 + 0.96 ++ 0.21
GabB6 + 1.73 + 1.34 ++ 0.77/1.34 ++  1.83 - 1.76 + 0.25/1.06 ++ 0 + 0.67 ++ 025
MA2016 + 1.42 + 1.55 + 1.12/1.28 163 | + 1.5 + 1.25/1.12 ++ 0 + 0.64 ++ 019
NE3005 + 1.24 ++ 1.05 ++ 0.23/0.64 + 0.9 - 073 | +/- 0.7/0.22 - 0 + 0.43 + 0.28
KHP7 + 1.69 + 1.63 ++ 0.96/1.53 ++ 196 - 1.59 - 0.48/0.85 ++ 0 + 0.59 + 0.33
HUN102 + 0.94 + 1.54 - 0/0.23 + 0 - 0 - 0/0 - 0 - 0.18 - 0
KH1P2 + 0.97 ++ 0.95 - 0/0 ++ 092 - 0.59 - 0.92/0.71 ++ 021 + 0.16 - 0
B. thetaiotaomicron 0.85 0.91 0 0 0 0/0 0.7 0.61 0.33
B. ovatus 0.86 0.78 0.31/0.78 0.74 0.66 0.76/0.48 0.25 0.63 0.66
True positives 18 17 12 11 6 9 3 15 15
False positives 0 0 0 1 0 0 4 2 1
True negatives 1 0 7 4 6 6 12 0 2
False negatives 0 2 0 3 7 4 0 2 1
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Fig. 1. Growth of Prevotella and Bacteroides strains measured as ODggo in media containing various polysaccharide substrates normalized to growth in glucose (value of 1
indicates the same ODgqp, i.e., 100%).

were predicted to degrade a-mannan based on the presence of two
or even three PULs, yet failed to grow on yeast a-mannan. We pro-
pose that these species may in fact use mannan different from the
one found in yeast, possibly a-mannan of ruminal origin, e.g. from
anaerobic fungi. Growth using various substrates was normalized

to growth on glucose and is presented in Fig. 1 (data in Table S6). As
expected, storage polysaccharides were utilized almost universally
with the (predicted) exception of strain 5-50. Overall, strains were
divided into two groups: one which could not utilize any of the
hemicelluloses tested and the other whose members were gener-
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ally proficient, yet at the same time diverse in the hemicellulose
utilization. Both groups were able to utilize pectin, but none of
the strains grew on pectin as well as seen on hemicelluloses or
glucose. Beechwood xylan also proved to be harder to utilize than
arabinoxylan as all the strains grew poorer in the former and some
strains even showed no growth on it while growing well on arabi-
noxylan (TC2-28,3-122,TC1-1). Finally, some diversity was evident
within the species in P. bryantii despite almost identical repertoires
of CAZYmes and SusD-like proteins.

Presence of Prevotella species analysed in this study in rumen
metagenomes

We were interested how common the described and tentative
new Prevotella species of rumen and hindgut origin (our sample)
may be in the rumen: whether they are detectable but rare, or
attain shares comparable to those seen for dominant bacteria. To
approximate this, we used metagenome data from several recent
rumen and pig studies [18,42,44,46,49]. In the Stewart cattle study,
hundreds of metagenome data derived bacterial genomes were
retrieved with high completeness. 67 of them, which were identi-
fied as belonging to the genus Prevotella [44], were used as markers
for highly abundant bacteria. By using the ANIb metric we noted
that some of these genomes actually belonged to the same species
thus resulting in 40 putative novel uncultured Prevotella species,
while two of the genomes actually belonged to gut dwelling Pre-
votella copri and the undescribed rumen species represented by
Prevotella strain NE3005 from our sample (Table S7). We then clas-
sified the metagenome reads using Kraken/Bracken against the
custom library made of our sample, “Stewart Prevotella genomes”,
and common gut Bacteroidetes of the genera Bacteroides (including
rumen strains), Parabacteroides, Odoribacter, Barnesiella and Alis-
tipes. The total results are in Table S8 while the summary can be
seen in Table 3 and Fig. 2. Several conclusions can be made: (i) the
“Stewart Prevotella genomes” are commonly found in high propor-
tions in all of the above metagenome studies and may therefore be a
good representation of hitherto uncultured Prevotella diversity (pri-
marily) in the rumen. (ii) the Prevotella share in all metagenomes is
significant and the range of medians is 7.9-11.3% with maxima up
to around 30% of reads in some samples. The medians obtained for
Prevotella in rumen are roughly one fifth relative to those obtained
by Stewart et al. [44] using the same Kraken approach for Bacte-
ria and Archaea (including all of the Hungate1000 genomes and
913 of their genomic bins) on their own metagenome data and
on data of the New Zealand sheep study [18,42]. The Prevotella
shares are notably low, around 2%, in Chinese pig gut samples
(excluding the Ba Ring breed) where antibiotics were added in daily
feed [49]. (iii) the ratio of metagenome reads classified to cultured
Prevotella strains (our sample) versus the uncultured “Stewart Pre-
votella genomes” is around 0.3 for rumen and 0.66 for the sheep
metagenome implying that although information gained from our
sample is meaningful, much Prevotella functional diversity may still
be uncovered even in the rumen. (iv) Although Prevotella species
that were isolated (or their genomes computationally derived) from
the rumen and gut dominate their respective metagenomes, there
are metagenome samples, especially in the Stewart et al. study [44],
where reads classified to pig hindgut strains isolated in 2014 in
Slovenia predominate and may reach more than 7%. These strains
(5-50, 3-122, but P. copri, too) are also consistently found in rumen
samples of New Zealand sheep [ 18,42] and Scottish cattle [46]. Fur-
thermore, the “Stewart Prevotella genomes” RUG457 and RUG782,
which may be genomes of the same species according to ANIb and
provisionally termed R10 here, are actually much more common
in the pig metagenome samples [49] than in the rumen where
they were collected. Interestingly, the reads belonging to genomes
RUG101, RUG753 and R8 affiliated RUG073 and RUG541, are spo-

radically found in both the pig hindgut and rumen metagenomes in
shares over 1%. A simple control was carried out for rumen sample
ERR2027904 [44], where 7.7 and 1.2 percent of all reads classified
to pig and human hindgut species represented by strain 5-50 and P.
copri respectively. The reads recruited to these genomes were indi-
cated from the Kraken result using kraken-translate of the Kraken
package [48], extracted from the metagenome reads and mapped
to P. copri DSM18205 and 5-50 genomes using Bowtie 2 [21]. The
metagenome reads mapped evenly along the genomes indicating
that high classification percentages indeed did not arise from some
sort of multiplying horizontal transfer element but are rather the
reflection of the ubiquity of the whole genome in the sample.

The metagenomes analysed above were derived from cow
digesta [44,46] and sheep rumen content obtained using stomach
intubation [ 18], which both apparently contain liquid and particu-
late fractions. In contrast, the Hess et al. study [14] obtained cattle
rumen metagenomes of the switchgrass adherent microbes after
three day incubation. In that study, five Bacteroidetes genomic bins
of high coverage, second only by small margin to two Clostridi-
ales bins, were discovered [14]. We estimated the share of these
genomic bins in the Hess metagenome reads and compared them
to shares of Prevotella from our sample and other Bacteroidetes as
above. We found that the rumen tentative species represented by
strains LC2012 and 5-50 from our sample and one of the “Stewart
Prevotella genomes”, RUG751, had comparable shares suggesting
they may be efficient switchgrass late colonizers (Table S9).

Discussion

While polysaccharides of the plant feed entering the rumen
are complex and diverse, it seems plausible, given the number
of species found in the rumen, that capability for its degrada-
tion is found in many bacterial species (is redundant) and mainly
competitive interactions may shape the polysaccharide degrad-
ing microbial community [47]. On the other hand, the wealth
of different monomers, linkages and substituents making up the
polysaccharides and further their inhomogeneity across plant taxa
and their tissues are being appreciated lately along with the special-
ization of the enzymatic systems breaking them down [26]. Thus,
not only competition but also niche specialization may drive the
genome evolution of the major rumen and hindgut plant glycan
degraders, such as Prevotella. We observed in fact much diversity
in glycan degrading potential among Prevotella genomes analysed
in this study on several levels. First, the classic specialist/generalist
dichotomy is exhibited by P. brevis, P. pectinovora, P. stercorea and
tentative species represented by strain 5-64 versus other Prevotella
species where the former cannot use any of the hemicelluloses but
only storage polysaccharides, pectin or yeast mannan. The general-
ist Prevotella species were exceedingly competent at hemicellulose
breakdown, frequently growing on all substrates tested (apart from
a-mannan) and the growth occasionally surpassed that seen on
glucose (Fig. 1). Also, the ability to degrade xyloglucan, which is
rare in genus Bacteroides [22], was routinely seen in growth exper-
iments while less so in bioinformatic prediction of xyloglucan PULs
(probably owing to an unsure annotation of a single PUL, see Table
S5, unidentified plant glycan sheet, 8. mcl cluster). Second, there
was variation among generalists also, e.g. strain AGR2160 was not
predicted and it actually did not grow on xylan while being capa-
ble of using many other hemicelluloses. Similarly, tentative new
species represented by strains 5-50 and BPI-145 lacked capability
to degrade starch, which is otherwise almost universally used by
members of the genus Prevotella. Third, several PULs dedicated to
the degradation of one major substrate class were often present in
a singular species, yet the combination of PULs differed between
species, e.g. P. bryantii and P. ruminicola possess markedly differ-
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Table 3

113

The mean, median and maximum percentages of classified metagenomic reads in the samples of three major rumen and a pig metagenome study. The hindgut and rumen
Prevotella are coloured brown and green respectively while the rest are the metagenome derived Prevotella genomes obtained by Stewart et al. [44] which were delineated
into species using ANIb (R1-R18). (For interpretation of the references to colour in this table legend, the reader is referred to the web version of this article.)

Wallace et al., 2015 | Shi etal., 2014 Stewart et al., 2018 Xiao et al., 2016 Wallace Shi Stewart Xiao
cattle rumen sheep rumen cattle rumen pig feces

average | median | average | median | average | median | average | median max max max max
Prevotella 10.16 9.71 8.67 8.12 13.10 11.29 8.66 7.90 20.71 13.63 28.07 33.24
P. copri 0.11 0.02 0.02 0.02 0.12 0.02 1.21 0.57 0.03 1.77
2-180 0.03 0.03 0.04 0.04 0.11 0.03 0.60 0.32 0.04 0.05 1.03 4.58
3-122 0.04 0.04 0.06 0.04 0.32 0.19 0.55 0.37 0.06 0.32 1.68 240
4-65 (P. pectinovora) 0.02 0.02 0.03 0.03 0.02 0.02 0.61 0.40 0.02 0.04 0.05 2.94
5-50 0.06 0.05 0.06 0.06 0.35 0.04 0.92 0.59 0.08 0.10 7.66
5-64 0.04 0.04 0.04 0.04 0.05 0.05 0.18 0.13 0.05 0.05 0.16 0.66
5-92 0.02 0.02 0.04 0.04 0.03 0.03 0.55 0.38 0.03 0.05 0.05 3.96
P. stercorea 0.03 0.02 0.04 0.04 0.03 0.02 0.42 0.37 0.04 0.05 0.05 1.56
P. albensis 0.06 0.05 0.03 0.03 0.03 0.02 0.02 0.01 0.17 0.05 0.07 0.06
P. brevis 0.12 0.10 0.15 0.14 0.11 0.10 0.02 0.02 0.26 0.21 0.25 0.04
P. bryantii 0.07 0.08 0.31 0.09 0.11 0.09 0.03 0.03 0.11 2.22 0.65 0.10
P._ruminicola 0.31 0.32 0.52 0.40 0.30 0.26 0.02 0.02 0.61 1.08 0.88 0.05
AGR2160 0.06 0.03 0.02 0.02 0.06 0.02 0.02 0.01 0.18 0.03 0.51 0.16
HUN102 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.03 0.01 0.03
KH1P2 0.01 0.01 0.04 0.04 0.02 0.02 0.01 0.01 0.02 0.08 0.05 0.05
MA2016 0.05 0.05 0.11 0.10 0.05 0.05 0.01 0.01 0.08 0.26 0.11 0.03
NE3005 0.12 0.10 0.20 0.16 0.22 0.17 0.01 0.01 0.24 0.84 1.46 0.02
TC2-28 0.16 0.15 0.54 0.37 0.25 0.19 0.01 0.01 0.34 1.52 0.72 0.02
TF2-5 0.08 0.08 0.46 0.39 0.18 0.15 0.01 0.01 0.16 1.52 1.07 0.04
BPI-145, BPI-148 0.39 0.21 0.14 0.14 0.32 0.27 0.01 0.01 1.01 0.27 1.65 0.03
KHP7, FD3004 0.06 0.06 0.07 0.08 0.06 0.07 0.01 0.01 0.12 0.12 0.12 0.02
LC2012, TC2-24 0.05 0.05 0.07 0.07 0.08 0.07 0.01 0.01 0.12 0.11 0.56 0.02
P6B1, P6B4 0.10 0.10 0.12 0.11 0.09 0.08 0.01 0.01 0.18 0.20 0.19 0.02
R1 0.07 0.07 0.12 0.12 0.21 0.12 0.03 0.03 0.10 0.27 0.69 0.06
R10 0.13 0.07 0.04 0.04 0.17 0.06 0.91 0.55 0.32 0.06 1.75 4.07
R12 0.40 0.40 1.07 0.50 0.60 0.42 0.01 0.01 0.85 4.62 3.41 0.02
R13 0.05 0.02 0.02 0.02 0.06 0.01 0.01 0.01 0.20 0.03 1.10 0.06
R14 0.48 0.24 0.25 0.16 0.77 0.30 0.02 0.01 1.84 1.13 6.53 0.13
R15 0.44 0.28 0.60 0.43 0.65 0.47 0.01 0.01 1.58 2.03 2.87 0.03
R16 0.33 0.22 0.76 0.44 0.65 0.38 0.01 0.01 0.67 2.39 5.92 0.03
R17 0.21 0.14 0.33 0.32 0.50 0.36 0.01 0.01 0.46 0.58 2.95 0.03
R18 097 | 015 | 004 | 004 | 097 | 007 | o006 | 003 | 383 | o005 |[NESIESM os2
R2 0.31 0.16 0.17 0.13 0.16 0.08 0.02 0.02 1.19 0.57 1.09 0.04
R3 0.15 0.14 0.24 0.19 0.29 0.24 0.02 0.02 0.26 0.75 1.26 0.07
R4 0.06 0.05 0.09 0.08 0.09 0.04 0.02 0.02 0.13 0.20 0.59 0.10
R5 0.53 0.35 0.07 0.07 0.49 0.11 0.09 0.05 1.41 0.12 4.67 0.67
R6 0.03 0.03 0.16 0.08 0.10 0.05 0.01 0.01 0.05 0.98 0.64 0.03
R7 0.07 0.07 0.06 0.06 0.12 0.08 0.01 0.01 0.14 0.11 0.81 0.02
R8 0.36 0.04 0.03 0.03 0.29 0.03 0.14 0.02 1.67 0.04 5.92 1.53
R9 0.20 0.06 0.02 0.02 0.21 0.02 0.04 0.01 0.52 0.02 7.66 0.70
RUG069 0.09 0.07 0.11 0.12 0.22 0.10 0.01 0.01 0.28 0.19 3.57 0.02
RUG101 0.01 0.01 0.01 0.01 0.15 0.01 0.08 0.01 0.03 0.02 2.86 1.01
RUG106 0.06 0.02 0.03 0.02 0.03 0.02 0.01 0.01 0.15 0.07 0.20 0.03
RUG116 0.62 0.30 0.11 0.11 0.81 0.50 0.01 0.01 2.09 0.18 3.58 0.02
RUG137 0.13 0.05 0.03 0.03 0.07 0.02 0.03 0.01 0.43 0.04 0.59 0.24
RUG212 0.05 0.02 0.01 0.01 0.06 0.01 0.03 0.01 0.27 0.01 1.03 0.64
RUG273 0.06 0.03 0.19 0.10 0.21 0.08 0.01 0.01 0.18 1.33 1.91 0.03
RUG301 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.23 0.02
RUG430 0.04 0.02 0.02 0.02 0.02 0.01 0.02 0.01 0.12 0.02 0.07 0.05
RUG473 0.90 0.43 0.19 0.13 0.92 0.56 0.01 0.01 2.64 1.17 5.53 0.02
RUG536 0.00 0.00 0.02 0.01 0.01 0.01 0.00 0.00 0.01 0.03 0.04 0.01
RUG647 0.14 0.11 0.14 0.14 0.20 0.17 0.01 0.01 0.36 0.23 0.90 0.02
RUG751 0.03 0.01 0.05 0.02 0.05 0.02 0.01 0.01 0.10 0.27 0.65 0.02
RUG753 0.57 0.19 0.02 0.02 0.57 0.05 0.31 0.02 277 0.03 5.7/ 3.50
RUG759 0.44 0.21 0.04 0.04 0.13 0.05 0.03 0.02 1.10 0.05 1.12 0.28
RUG765 0.08 0.07 0.07 0.07 0.10 0.08 0.01 0.01 0.20 0.14 0.73 0.01
RUG827 0.04 0.03 0.16 0.12 0.10 0.06 0.01 0.01 0.11 0.46 1.03 0.03
RUG838 0.04 0.04 0.07 0.05 0.04 0.03 0.00 0.00 0.08 0.17 0.48 0.01
RUG839 0.02 0.01 0.02 0.02 0.02 0.01 0.01 0.01 0.08 0.02 0.10 0.01
hRUG878 0.01 0.01 0.01 0.01 0.01 0.01 0.03 0.02 0.05 0.01 0.08 0.15
hRUG905 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.06 0.09
hRUG908 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.03 0.11

ent PULs that target homogalacturonan and rhamnogalacturonan
(Table S5). Finally, in the case of starch degradation, there is usu-
ally only one PUL per Prevotella genome, yet we have found three
variants encoding very different SusD-like starch binding proteins.
Regarding the last two points, it was shown previously that PUL
variants may be specialized for specific representatives of broad

substrate classes, for example inulin vs levan in the case of fruc-
tan, and glucuronoxylan vs more complex arabinoglucoronxylan
for xylan. This specificity is conferred jointly by SusD-like binding
proteins and degradative enzymes [36,43]. Thus, there is plenty of
evidence for niche specialization already on the genomic level. It
has to be stressed, however, that an additional layer of niche spe-
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Fig. 2. Overview of the shares of metagenome reads classified as Prevotella in the samples of three major rumen studies [42,44,46] originating in Scotland and New Zealand.
The metagenome derived Prevotella genomes obtained in the study of Stewart et al. [44] are present in all three studies and are usually predominating (vertical axis).

cialization exists: the prioritization of some glycans over others
as has been observed in B. thetaiotaomicron [35], which is likely
to exist also in Prevotella. Taken together this suggests that there
is solid foundation for many Prevotella species to coexist in the
rumen or gut at the same time. Interestingly, although the gen-
eralist species (P. ruminicola and species represented by strains
BPI-145, TC2-28 and TF2-5) dominated among cultured Prevotella
in the studied rumen metagenomes, the specialist P. brevis was not
far behind. Yet the metagenome data also suggests that although
Prevotella species analysed in this study may be an important com-
ponent of rumen microbiota and the knowledge gained from them
useful, much of the Prevotella diversity remains unexplored as the
cultured Prevotella were outnumbered according to Kraken read
classification by a an average factor of 3.3 and 1.5 in cattle and
sheep metagenomes respectively by the Prevotella genomic bins
recovered by the Stewart study (Fig. 2) [44]. As mentioned in the
“Results” section, the latter may indeed correspond to real species
waiting to be isolated and together with the cultured ones make
up one fifth (regarding the medians) of the total classifiable Bacte-
ria and Archaea in two major rumen studies [42,44| by using the
Kraken approach. Interestingly, this number is comparable to the
Prevotella shares obtained in the worldwide rumen 16S rRNA gene
metagenomic sequencing [13]. Prevotella of our sample and one of
the “Stewart Prevotella genomes” were also common in the switch-
grass adherent bacteria metagenome [ 14] adding weight to a notion
that some Prevotella may in fact colonise the insoluble fibre [28].
Interestingly, the dominant species in the adherent metagenome,
represented by strains 5-50, LC2012 and RUG751, were not domi-
nant in other rumen metagenomes analysed, which were derived
mostly from (though probably not exclusively) the rumen fluid.
The major finding of this study is also the apparent ease of transfer
and sporadic establishment in the cattle rumen of Prevotella species
originally isolated in the hindgut of humans and pigs. P. copri and
the strains isolated in 2014 in Slovenia from pig feces, for exam-
ple, were among or even the most dominant Prevotella species in
some cattle metagenome samples reaching almost 10% of all reads
in one case. Further, one of the metagenome bins found by Stewart
et al. [44] actually belongs to P. copri and another is much more

abundant in pig metagenome samples [49] than in the rumen. That
the transfer of Prevotella and its relatives may proceed efficiently
among the anaerobic habitats they usually inhabit in the same host
was showed in fact indirectly many years ago by the Salyers’ group
while monitoring tetQ alleles from rumen and oral Prevotella and
colonic Bacteroides [31]. There, the practically identical alleles were
found in oral Prevotella intermedia and colonic Bacteroides fragilis
strain “with ease, using relatively small number of isolates” as the
authors reported. Thus, if animals are cohoused, e.g. pigs and cattle,
the transmission may be possible between pig hindgut and rumen,
explaining the above findings. In the case of human species P. copri
this raises concern as there may not exist any major species bar-
riers in spreading of the antimicrobial resistance genes between
humans, pigs and domestic ruminants via the Bacteroidales species
and their numerous conjugative transposons [39].

The growth of the Prevotella strains on various polysaccharides
was in agreement (not complete, see results) with the bioinfor-
matic prediction thus largely validating it. PULs, which seemed to
be involved in yeast mannan degradation as judged from their Bac-
teroides counterparts have probably evolved for a distinct type of
this glycan in ruminal Prevotella. In addition, P. pectinovora, which
contains many PULs and numerous CAZYmes supposedly involved
in pectin breakdown (Tables S3 and S5), grew surprisingly poorly on
rhamnogalacturonan and not at all on homogalacturonan prompt-
ing that wider range of substrates should be used to assess the
degradation potential. The bioinformatic prediction is thus appar-
ently not precise enough in certain cases as some PULs may be
very specific. The results presented above are an attempt to gain a
broader perspective on rumen/hindgut Prevotella species polysac-
charide degradative ability, which is in our opinion one of major
foundations why these somewhat less researched bacteria feature
prominently in almost every gut or rumen study using NGS. Yet,
given the above Prevotella adeptness to grow well on various sub-
strates which may actually greatly overlap that of the Bacteroides
species, other factors favouring one or the other genus in anaerobic
habitats may play key roles in determining their relative shares,
e.g. like bile acids in the hindgut [30]. In addition, these results
may guide more detailed and focused analyses of Prevotella PULs
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and given that the feed entering the rumen is essentially not predi-
gested as in the case of the hindgut, PULs targeting novel substrates
may still be uncovered in Prevotella.
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