Insights into the bovine rumen plasmidome
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Plasmids are self-replicating genetic elements capable of mobiliza-
tion between different hosts. Plasmids often serve as mediators of
lateral gene transfer, a process considered to be a strong and
sculpting evolutionary force in microbial environments. Our aim
was to characterize the overall plasmid population in the environ-
ment of the bovine rumen, which houses a complex and dense
microbiota that holds enormous significance for humans. We de-
veloped a procedure for the isolation of total rumen plasmid DNA,
termed rumen plasmidome, and subjected it to deep sequencing
using the lllumina paired-end protocol and analysis using public and
custom-made bioinformatics tools. A large number of plasmidome
contigs aligned with plasmids of rumen bacteria isolated from dif-
ferent locations and at various time points, suggesting that not only
the bacterial taxa, but also their plasmids, are defined by the ecol-
ogical niche. The bacterial phylum distribution of the plasmidome
was different from that of the rumen bacterial taxa. Nevertheless,
both shared a dominance of the phyla Firmicutes, Bacteroidetes, and
Proteobacteria. Evidently, the rumen plasmidome is of a highly mo-
saic nature that can cross phyla. Interestingly, when we compared
the functional profile of the rumen plasmidome to two plasmid
databases and two recently published rumen metagenomes, it be-
came apparent that the rumen plasmidome codes for functions,
which are enriched in the rumen ecological niche and could confer
advantages to their hosts, suggesting that the functional profiles of
mobile genetic elements are associated with their environment, as
has been previously implied for viruses.
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Wide analysis of prokaryotic genomes has revealed that lat-
eral gene transfer (LGT) greatly accelerates the rate of
novel gene introduction into these genomes (1). Hence, LGT
significantly contributes to prokaryotic genome novelty and evo-
lution (2). The driving force for LGT is mobile genetic elements
that serve as vehicles in the communal gene pool (3). Plasmids, as
mobile genetic elements, are self-replicating, extrachromosomal
genetic elements that operate as “gene ferries” (4). Plasmids have
been considered key vectors of genetic exchange between bacte-
rial chromosomes, both recently and in the past (5). Furthermore,
plasmids are thought to have major ecological functions because
they are found with high abundance in bacterial populations of
many habitats (6). Plasmids usually carry conserved backbone
functions of DNA replication and mobilization, important for
maintenance within their host and transfer among hosts. In ad-
dition, plasmids carry a variable assortment of accessory genes,
which make them an important evolutionary force, as these
functions often contribute to their host’s phenotypic diversity.
Plasmids isolated thus far from different ecological niches encode
a versatile array of accessory functions, ranging from antibiotic
resistance to nitrogen fixation. These functions may confer an
advantage to their host in its ecological niche, making the burden
of carrying the plasmid worthwhile (3, 6-10). Therefore, accessory
functions carried by plasmids in a specific ecological niche may be
enriched by requirements that are relevant for that niche. Because
of their important role in shaping microbial habitats, un-
derstanding and characterizing plasmids is of high importance to
understanding microbial environments. To date, several studies
have attempted to look at uncultured plasmid communities,
overcoming host dependency, albeit allowing the isolation of only
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a small number of plasmids or resulting with chromosomal DNA
contamination (11-13).

The reticulorumen environment, which is part of the ruminant
digestive system, is a highly intriguing environmental niche that
accommodates complex and important microbial populations
responsible for the ruminants’ remarkable ability to convert in-
digestible plant mass into food products (14). The high microbial
density in the rumen (10'°-10""/mL) favors LGT among rumen
microorganisms (15). Therefore, understanding the reticuloru-
men microbial niche is tightly linked to an understanding of LGT
and the plasmids residing within this niche.

There have been several reports on the isolation of plasmids
from rumen bacterial isolates and the transfer of genes between
rumen microbes (16-24). Plasmids isolated from rumen bacteria
have been characterized as having replication and mobilization
functions, and some contain accessory genes (25-28). As most
reticulorumen microorganisms cannot be cultured, the ability to
study their resident plasmids is limited by the constraints of tra-
ditional microbiology methods. A metagenomic approach, en-
abling the sequencing and study of rumen plasmids as a whole,
might offer a solution to this problem. Nevertheless, to date, no
broad metagenomic study has been performed on rumen plas-
mids, possibly because of challenging limitations, such as difficulty
distinguishing them from chromosomal DNA, their low copy
number, and very small fraction of the microbial DNA content.

In this study, we characterize the rumen plasmidome (overall
rumen plasmid population) for its potential hosts, functions, and
mosaic nature using a deep-sequencing approach. We developed
a plasmid-extraction procedure that overcomes the aforemen-
tioned challenges, and extracted plasmid DNA from 16 cows.
The rumen plasmid DNA was deep-sequenced via an Illumina
paired-end protocol and analyzed using a public and custom-
developed bioinformatics pipeline. This pipeline, named Blast
Report Plasmid Aggregator (BRPA), is capable of classifying
and sorting the different generated contigs according to the lo-
calization of their annotated functions. We present a character-
ization of the rumen plasmidome for the mobility of its genes,
potential hosts, and coding functions.

Results and Discussion

Rumen Sampling, Extraction, and Sequencing of Plasmid DNA. Tra-
ditionally, the study of plasmids and mobile genetic elements
from the environment has been restricted to culture-dependent
methods or molecular PCR-based screens of known plasmid
sequences. Here we sought to overcome the culture dependency
by using a recently standardized procedure that uses the ability of
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an exonuclease (plasmid-safe DNase) to digest chromosomal
DNA. The chromosomal DNA is sheared during the extraction
procedure and its linearized form is then exposed to exonuclease
digestion, leaving the plasmid DNA intact. The circular plasmid
DNA is then selectively amplified. During this procedure, con-
tamination with chromosomal DNA is monitored by PCR of the
16S rRNA gene. We used this procedure to amplify the total
rumen plasmidome. To achieve maximum plasmidome coverage,
16 animals were sampled for their rumen fluid and total rumen
microbial populations were isolated from these samples, as
previously described (29). To purify the most divergent plasmid
DNA from rumen bacteria, we used three different plasmid-
purification methods that vary in their lysis abilities and are
applicable to both Gram-negative and Gram-positive bacteria
(30-32), with minor adjustments. The purified DNA of the 16
different samples was pooled together, in equal ratios (Fig. S1B),
and subjected to digestion by plasmid-safe DNase. The purified
plasmids were amplified with phi29 DNA polymerase (Fig. S1C),
previously used for viral DNA amplification (33, 34). This pro-
cess was carried out in parallel with an Escherichia coli plasmid
(8 kb) as a positive control. The phi29 amplification product was
digested with a unique enzyme to give its designative length (Fig.
S1A). After verifying that our amplified DNA samples were free
of genomic DNA contamination (Fig. S1D), they were subjected
to deep sequencing via the Illumina paired-end protocol to en-
hance the de novo assembly process.

Roughly 34 million reads were generated and subjected to de
novo assembly, using two assembly programs: Velvet (35) and
SOAP de novo (SDN) (36). Whereas Velvet yielded a higher
number of contigs, SDN yielded a higher mean contig length (the
two assembly outputs are summarized in Table S1). Further-
more, when aligning the two sets of contigs, almost all of the
Velvet contigs aligned with SDN contigs (98%), whereas only
90% of the SDN contigs aligned with the Velvet contigs. Given
the longer contig lengths, we selected the contig set generated by
SDN for further analyses. Overall, the SDN contig set included
5,771 contigs with a mean contig length of 469 bp and GC
content of 47.4%. This relatively short contig length may suggest
that the rumen plasmidome has extensive diversity, and that even
34 million reads do not cover a significant part of it.

Phylogenetic Analysis of the Rumen Plasmidome. We investigated
the potential hosts of the plasmid-originated contigs using their
phylogenetic assignment by the SEED database (using a maxi-
mum E-value of 510‘5). Most of the contigs were assigned to the
domain Bacteria, with minor representation of the Archaea and
Eukarya (Fig. S2). We selected the Bacteria domain for further
analysis. The distribution of the dominant bacterial phyla within
the rumen plasmidome was: Firmicutes (47%), Bacteroidetes
(22%), Proteobacteria (20%), and Actinobacteria (9%) (Fig. 1).
This distribution was significantly different from the phylum
distribution of all plasmids available at the Integrated Microbial
Genome (IMG) and ACLAME (A Classification of Mobile
Genetic Elements) databases: notably, Bacteroidetes and Fir-
micutes were more abundant in the rumen plasmidome and the
phylum Proteobacteria was more abundant in the plasmid
databases (Fig. S3). Next, we sought to evaluate the phylogenetic
distribution of the rumen plasmidome compared with the rumen
microbiome. We analyzed metagenomic DNA extracted from
the same rumen samples using 16S rRNA gene amplicon pyro-
sequencing. The Quantitative Insights Into Microbial Ecology
(QIIME) pipeline was used to analyze the 172,000 quality-fil-
tered reads generated, revealing a significantly different phylum
distribution of Firmicutes (44%), Bacteroidetes (50%), and
Proteobacteria (5%) (Fig. 1). This difference was also apparent
at lower taxonomical levels (Fig. S4).
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Fig. 1. Phylogenetic analysis of the rumen plasmidome. The relative
abundance of each bacterial phylum (established for the same 16 cows) is
shown for the bovine rumen plasmidome, as revealed by MG-RAST analysis
using similarity to the SEED database with a maximum E-value of <107>, and
for the bacterial populations in the same samples as revealed by amplicon
pyrosequencing of the V2 and V3 regions of 165 rRNA gene sequences. All
phyla that were less abundant than 1% in both datasets are included in the
“Others” category. Differences in the relative abundance of each of the
phyla were measured using y? statistics. *P < 0.05.

Functional Analysis. Using a maximum E-value of <107>, the
functional SEED assignment of the rumen plasmidome revealed
the most highly represented subsystems to be “Amino Acids”
and “DNA Metabolism.” The next most represented subsystems
were “Cofactors, Vitamins, etc.,” “Carbohydrates,” and “Protein
Metabolism.” These subsystems were more abundant than
“Virulence,” which is considered to be highly represented in
plasmids. High representation was also observed for the “Cell
Wall and Capsule” subsystem (Fig. 2). We further analyzed the
functional distribution of the rumen plasmidome in comparison
with known plasmid databases (37, 38) and previously published
rumen metagenomes (39, 40), to determine whether the rumen
plasmidome harbors functions relevant to the rumen ecological
niche. We assumed that features specific to the rumen niche
would be abundant in the rumen metagenomes and plasmidome
relative to the plasmid databases. Indeed, the functional distri-
bution of the rumen plasmidome shared some similarities with
the rumen metagenomes and exhibited a significantly higher (P <
0.05) proportion of representation of certain functional sub-
systems compared with the plasmid databases (Table S2). These
subsystems included “Cofactors, Vitamins, etc.,” “Cell Wall and
Capsule,” “Carbohydrates,” “Respiration,” “Amino Acids,” and
“Protein Metabolism.” Overall, the rumen plasmidome contains
a unique distribution of functions that does not match the
plasmids, which have been isolated and sequenced to date. This
distribution profile represents a mixture of plasmid-associated
functions and functions unique to the rumen ecological niche.

Proximity of Plasmidome Functions on the Contigs. As the SEED
functional assignment does not refer to the arrangement of
functions within each contig, we devised a bioinformatics pipe-
line that enables the analysis of functions carried by each of the
contigs and their proximity to each other. This pipeline, termed
BRPA, screens generated BLAST reports and maps the assigned
functions according to their coordination within the contigs.
Next, using sets of search strings and rules, BRPA aggregates
contigs according to their assignment (a general scheme of the
pipeline is given in Fig. S5). A similar bioinformatics approach
was recently used to study metagenomics of microbial traits
within oceanic viral communities (41).
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Briefly, we compared our data, using a maximum E-value of
<1073, to the National Center for Biotechnology Information-
protein nonredundant (NCBI-NR), NCBI-nucleotide (NT), Con-
served Domain Database (CDD), ACLAME, and IMG databases
(only genes of ACLAME and IMG plasmids were used). In this
step, 40% of the contigs had at least one hit against one of the
databases, leaving roughly 60% of the data unannotated. This
finding is consistent with the findings in virome studies that used
the same E-value cutoff where the percentage of annotated
contigs varied between 1 and 30 (42-44). The proportion of
contigs annotated by the different databases is listed in Table S3.
Manual inspection of the annotated contigs revealed the presence
of plasmids previously extracted from rumen bacterial isolates (a
list of these plasmids is given in Tables S4 and S5). We used
BRPA to explore the datasets for contigs that carry a plasmid
backbone function in proximity to accessory rumen-associated
functions, as revealed by the rumen functional analysis. The ru-
men-enriched subsystems and plasmid origin of each contig were
determined using specific search strings (Materials and Methods).
In this classification, 86% of the annotated contig dataset re-
ceived a plasmid assignment, verifying their plasmid nature. Us-
ing this approach, we were also able to locate contigs carrying
functions related to these rumen-enriched subsystems carried in
proximity to the plasmid backbone genes (Fig. 3).

Mosaic Nature of the Rumen Plasmidome. To assess the extent of
mosaicism of the rumen plasmidome, we determined the phy-
logenetic association of ORFs on contigs carrying more than one
OREF. Their analysis was carried by the Phylogenie pipeline (45)
for automated phylome generation and analysis implemented
with the maximum likelihood RXaML program (46). We could
confidently determine the mosaic nature of 84 of the 220 contigs
that carried at list two ORFs with annotations in the NCBI-NR.
This proportion was because of unclear determination of the
phylogeny association by the Phylogenie pipeline (Materials and
Methods). This analysis revealed 74% of the contigs to be mosaic
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within the phyla level and 14.3% exhibited cross-phylum mosa-
icism (Table S6).

Discussion

In this study, we were able to distinguish and amplify a large
number of high-quality, pure rumen plasmid DNA using exo-
nuclease treatment, phi29 DNA polymerase amplification and
genomic DNA monitoring through 16S rRNA PCR. We used
this procedure to extract plasmid DNA from the rumen of 16
animals, thus allowing for high plasmid diversity because of the
possibility that different plasmids reside in different individuals.
We also used three different plasmid-purification methods, each
with a different lysis procedure, to allow for maximum diversity
and quantity of plasmid DNA.

Most of the hosts of the rumen plasmidome could be attrib-
uted to three bacterial phyla (Firmicutes 47%, Bacteroidetes
20%, and Proteobacteria 22%). However, when comparing our
data to that generated for the same cows using 16S amplicon
pyrosequencing, the proportions of the different phyla varied
significantly. These differences in proportions could be explained
by variations in plasmid-bearing bacteria from each of the phyla:
it is possible that in the rumen, phyla such as Proteobacteria and
Actinobacteria host more plasmids than Bacteroidetes. Another
possibility is database bias, supported by the scarce representa-
tion of Bacteroidetes and the high representation of Proteobac-
teria in the plasmid databases (Fig. S3), or technical bias created
by the plasmid-extraction methods. The BRPA computational
pipeline designed for this study provided the ability to focus on
the arrangement of the annotated functions within the plasmid-
originated contigs: over 86% of our annotated contigs were de-
termined to be of plasmid origin, reinforcing the validity of the
plasmid purification and amplification method. Interestingly, 338
of the plasmid-encoded contigs aligned with rumen plasmids
previously isolated from different locations and at different time
points, whereas rumen plasmidome alignment with other datasets
of plasmids isolated from terrestrial and aquatic environments
was significantly lower (P < 0.05) (Tables S4 and S5). This finding
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Fig. 3. Selected contigs carrying plasmid elements together with rumen-enriched functions. The plasmidome contigs were compared with five different
databases with a maximum E-value of < 1073. The BLAST reports were combined using BRPA, which mapped the hits to each of the contigs. Contigs carrying
plasmid backbone functions (shown in dark gray) with selected accessory functions (shown in light gray) of the rumen-enriched SEED subsystems (Materials
and Methods) are shown. The BRPA best-hit selection process allows for overlapping hits (illustrated by overlapping boxes) to coexist only if the reading
frames or strands are not shared among the two. The lengths of the gray line and boxes represent their relative proportions. PRE, plasmid

recombination enzyme.

suggests that not only are bacterial taxa selected by the ecological
niche, but the plasmids that they carry are as well. Furthermore,
this finding implies that the rumen plasmidome is a recurring
outcome of natural selection and evolution with a certain degree
of heredity: the rumen plasmidome occurs again and again, with
variations, but also remarkable regularities in its genetic content.
Inheritance of the rumen plasmidome between animals is likely
carried out by a set of hosting bacteria, although the exact source
of the rumen plasmidome and what reconstitutes it within each
cow remain elusive. Nevertheless, previous studies have specu-
lated that the origin of rumen bacteria stems from contact be-
tween the newborn and its mother (47). The remaining contigs,
not classified as “plasmid” by BRPA, might still be of plasmid
origin but might lack the plasmid features recognized by BRPA.

Whereas most studies examining the identity and extent of
laterally transferred genes focus on identifying the tracks of such
events in bacterial genomes, this study presents the opportunity
to examine the identity of such genes and the phylogenetic
barriers they cross on the transfer “vehicles.” By assigning the
phylogenetic association of ORFs residing in the same contig
using the Phylogenie pipeline, we determined that 74% of the
examined contigs are mosaic within the phylum level, which is
consistent with a recent report of LGT frequency at different
phylogenetic levels (48). Contigs exhibiting cross-phyla mosai-
cism amounted to 14.3%, possibly implying that in a dense mi-
crobial habitat, such as the rumen, gene mobility across phyla
commonly occurs (Tables S6 and S7).This theory was also sug-
gested in a recent study where gene-sharing events among spe-
cies from different taxa were observed to be more frequent in the
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same habitat (49), which could provide an additional explanation
for the differences in the proportion of bacterial phyla in the
rumen revealed by the 16S rRNA gene versus the plasmid con-
tigs, as it suggests that some plasmids might be carried by very
different host phyla and therefore have more than one phylum
designation.

Evidently, the rumen plasmidome encodes a wide array of gene
functions (Fig. 2), strongly supporting the notion that most bac-
terial genes are capable of LGT (50). For functions to be fixated
on plasmids they ought to confer their host with an advantage in
the ecological niche. Interestingly, when we compared the func-
tional profile of the rumen plasmidome to those of the rumen
metagenomes and plasmid databases, it became apparent that
except for the intrinsic plasmid-coding functions, there are
functions that are significantly enriched in the rumen plasmidome
compared with the plasmid databases (P < 0.05). Using BRPA,
we mapped some of these rumen-enriched functions in proximity
to plasmid backbone functions, such as glycosyltransferase of the
“Cell Wall and Capsule” subsystem (Fig. 3). This enzyme and
other members of this subsystem have been recently reported to
be laterally transferred in the human gut from bacteria into ar-
chaeal genomes (51). It was speculated that these genes give their
host an advantage in the gut niche, enabling it to vary surface
structures, especially capsular polysaccharides, in vivo. Other
enriched subsystems included “Amino Acids” and “Protein Me-
tabolism,” which were predominantly constituted of biosynthetic
pathway functions, which may grant their hosts an advantage in
the rumen, as recently suggested (51). On the other hand, the
“Carbohydrates” subsystem was composed mainly of sugars using
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enzymes that might give their host an advantage in the carbo-
hydrate-rich rumen environment. Overall, these findings support
the notion that the mobile genetic elements show distinct profiles
that are associated with their environment, something that has
been previously shown for viruses and phages (41, 52, 53). Fur-
thermore, by isolating and examining the plasmid population of
the rumen environmental niche we could capture the trafficking
of plasmid gene mobilization. The validity of the reported results
and findings for plasmids in other ecological niches remains to be
confirmed. The plasmids’ heredity and distribution between
animals, as well as the functions they carry in the rumen envi-
ronment, also warrant further investigation under changing
conditions, such as diet and age. These questions can now be
addressed using the unique procedures and computational
pipeline developed here.

Materials and Methods

Sample Preparation. The experimental procedures used in this study were
approved by the Faculty Animal Policy and Welfare Committee at the Ag-
ricultural Research Organization’s (ARO) Volcani Center and were in accor-
dance with the guidelines of the Israel Council of Animal Care.

Israeli Holstein cows (n = 16) were housed at the ARO dairy farm in one
shaded corral with free access to water and to a diet consisting of 70%
concentrated food, mineral, and vitamin mix and 30% roughage, 17% of
which was dietary natural detergent fiber. Samples were taken 1 h after the
morning feeding: 500 mL of ruminal contents were collected via the cow’s
mouth using a stainless-steel stomach tube with a rumen vacuum sampler.
Samples were transferred to CO,-containing centrifuge bottles to maintain
anaerobic conditions and kept on ice. The ruminal samples were processed
immediately after collection.

Microbes were isolated from the rumen samples using a protocol pre-
viously described by Stevenson and Weimer (29): following 2 min of ho-
mogenization using an ice-cold blender, the homogenate was centrifuged at
10,000 x g and the pellet was dissolved in ice-cold extraction buffer (100 mM
Tris-HCl, 10 mM EDTA, 0.15 M NaCl pH 8.0); 1 g of the pellet was dissolved in
4 mL buffer and incubated at 4 °C for 1 h. The suspension was then centri-
fuged gently at 500 x g for 15 min at 4 °C to remove ruptured plant particles
while keeping the bacterial cells in suspension. The supernatant was then
passed through four layers of cheesecloth, centrifuged (10,000 x g, 25 min,
4 °C), and the pellet was kept at —20 °C until plasmid DNA extraction.

Plasmids were purified from the bacterial pellet by three different methods,
with some minor adjustments, to maximize lysis as different bacteria require
different lysis methods (30-32). Equal amounts of the DNA purified from the
16 rumen samples were pooled together and 10 pg of the pooled, purified
DNA was subjected to Plasmid Safe DNase (Epicentre) digestion. The reactions
were incubated overnight at 37 °C, following DNase inactivation at 70 °C for
30 min, and chilled on ice as previously described (54). The presence of ge-
nomic DNA was tested by PCR using 16S rRNA universal primers (BAC338F: 5'-
ACTCCTACGGGAGGCAG-3’ and BAC8B05R: 5'-GACTACCAGGGTATCTAATCC-
3’) (29). When 16S rRNA PCR product was visible on an electrophoretic DNA
gel, another overnight digestion reaction was performed until 165 rRNA PCR
product could no longer be visualized.

To selectively amplify circular DNA in the plasmid samples, phi29 DNA
polymerase (New England Biolabs) was used. Reactions contained: 5 uL of the
plasmid DNA as template, 1.5 pL of 10 uM exonuclease-resistant random
hexamers (Fermentas), 3 pL phi29 DNA Polymerase Reaction Buffer (New
England Biolabs), and 15.7 pL double-distilled water. Reactions were in-
cubated at 95 °C for 5 min and immediately chilled on ice. Following 5 min on
ice, 1.6 pL phi29 DNA polymerase was added along with 0.2 uL pyrophos-
phatase, inorganic (yeast) (New England Biolabs) and 3 uL dNTPs (10 mM).
Reactions were incubated at 30 °C for 16 h. Finally, 3 uL from each reaction was
loaded onto a 1% agarose gel with ethidium bromide staining for analysis.
Following the amplification, the reaction product was used as the template for
another 16S rRNA PCR to determine genomic DNA contamination. Only
samples which failed to produce a 16S rRNA PCR product were sequenced.

Sequencing and Bioinformatics. The pure amplified plasmid DNA was sub-
jected to deep sequencing via lllumina (lllumina GAIIX sequencer). To account
for gaps that might occur during the assembly process because of repetitive
DNA motifs, such as insertion sequence elements, we used the paired-end
protocol, which increases the odds of overcoming such gaps during de novo
assembly. The reads were assembled using two different assembly programs:
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Velvet (35) and SDN (36). The two sets of assembled contigs were compared
using the BWA program (with standard parameters) (55).

We analyzed the taxonomic and functional compositions of our dataset
with the MG-RAST server (56) using similarity to the SEED database with
a maximum E-value of <107 (57). The relative abundance of the SEED
subsystems in our data were compared with that in two previously published
rumen metagenomes (39, 40), as well as to that in the IMG and ACLAME (37,
38) plasmid databases using the same method. For the data published by
Brulc et al. (39), we pooled all four metagenomic samples together and used
them as a whole metagenome.

Contig Function Localization, Classification, and Sorting. The SDN-generated
contig set was compared with five different databases: NCBI-NR (BLASTX),
CDD (RPS-BLAST), NCBI-NT, ACLAME, and IMG (TBLASTX) using an E-value
cutoff of <1073, The BRPA pipeline was designed to map and arrange
functional annotations on the contigs and sort them according to function.
The essence of BRPA is to inspect and integrate the hits generated by the
different BLAST reports into the different contigs and divide them into se-
lected categories according to key words or specified parameters. BRPA is
trained using the custom-made “hifdisk.pl” tool that searches for charac-
teristic high-frequency keywords in a specific database, compared with
a general database. For our purposes, the comparison was between the
ACLAME plasmid database and NCBI-NR database. Of the main suggested
keywords, we manually chose the most plasmid-oriented ones and added
the “plasmid” or “conj” strings, as mentioned below. Because overlap be-
tween hits is expected, BRPA was directed to choose the best hit from all
overlapping hits when the overlapping regions shared the same frame;
other cases were considered nonoverlapping to enable the detection of two
genes on opposite strands or different frames. Plasmid functions were de-
fined by BRPA using the following rules: (i) a hit is generated by similarity to
one of the plasmid databases (ACLAME or IMG plasmids); (i) The description
of the hit contains one of the following strings that we produced and added
with the “hifdisk.pl” tool: “rep,” “mob,” “tra,” “plasmid,” or “conj” (some
of the shorter strings contained a space character, filtering out false-pos-
itives). The functions of the rumen-enriched subsystems were defined by
BRPA using the following strings: “NADH"” (58), “ATP synthase” (59-61),
"glycosyltransferase” (51), “glycosyl hydrolase” (40). Representatives of
other subsystems could not be found in proximity to plasmid backbone
functions using BRPA. Finally, the general collection of contigs carrying
plasmid backbone functions near accessory functions was manually inspec-
ted to validate their plasmid origin and the integrity of their annotation.
Following this manual inspection, we were also able to locate functions of
the “Cofactors, Vitamins, etc.” subsystem, which are represented by poly-
ketide synthase function.

Phylogenetic Assignment of ORFs. For the phylogenetic assignment of ORFs
we used the previously described Phylogenie pipeline (45), which was
implemented with the maximum likelihood RXaML program (46) using
NCBI-NR as database and 100 bootstrap replicates. We analyzed 220 contigs
that had at least two ORFs with NCBI-NR annotations. The taxonomic as-
signment of each ORF was determined using bootstrap support of 80% or
higher. We excluded contigs that failed to generate a tree, as well as those
carrying ORFs with bootstrap support of less than 80% (30% of the contigs)
or ORFs, the taxonomic assignments of which, were not in agreement (17%
of the contigs, which were considered mosaic).

454 Tag Amplicon Pyrosequencing and Data Analyses. Samples from the same
16 cows were also used for metagenomic DNA extraction as previously de-
scribed (29). 454 amplicon pyrosequencing of metagenomic DNA was per-
formed by the Research and Testing Laboratory (Lubbock, TX) using primers
covering the 103- to 530-bp region of the 16S rRNA gene sequence, corre-
sponding to regions V2 and V3 (107 F: 5-GGCGVACGGGTGAGTAA-3’ and
530 R: 5-CCGCNGCNGCTGGCAC-3'). The tagging and sequencing protocol
was as described previously (62). Data quality control and analyses were
mostly performed using the QIIME pipeline (63). First, reads were assigned to
their designated rumen sample using the split_library.py script, which also
performs quality filtering based on length (<200 bp) and quality of the
reads. The Uclust default method was used and the degree of similarity
between sequences was defined as >97% to obtain operational taxonomic
unit (OTU) identity at the species level. OTUs that clustered single reads were
manually removed. After constructing an OTU table, taxonomy was assigned
using the BLAST algorithm and the reference database, found at http://blog.
giime.org, designated “most recent Greengenes OTUs.”
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Fig. S1. Phi29 polymerase amplification of plasmid DNA. (A) Phi29 polymerase amplifies circular DNA in a selective manner. 1, Phi29 polymerase amplification
of plasmid pME6031 extracted from Escherichia coli TG1 (E. coli vector, ~8,300 bp) treated with Plasmid Safe DNase; 2, digestion of the phi29 amplification
product of pME6031 plasmid with BamHlI, a unique site in plasmid pME6031; M, 1-kb ladder; 3, Phi29 polymerase amplification of E. coli TG1 genomic DNA
treated with Plasmid Safe DNase. (B) Purification of the plasmid population from rumen-isolated bacteria (Materials and Methods). M, 1-kb ladder; 1, rumen-
purified plasmids. (C) Phi29 polymerase amplification of rumen-purified plasmids. M, 1-kb ladder; 1, Phi29 polymerase-amplified rumen plasmid DNA; 2,
negative control, water as template. (D) 16S rRNA PCR analysis. 1, Phi29 polymerase-amplified plasmid DNA; 2, negative control (water as template); 3, rumen
plasmid DNA untreated by DNase or Phi29.
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Fig. S2. Domain analysis of the rumen plasmidome by MG-RAST using similarity to the SEED database with a maximum E-value of <107°.
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Fig. S3. Taxonomic assignation of the rumen plasmidome vs. the plasmid databases. The relative abundance of each bacterial phylum is shown for the rumen
plasmidome and the ACLAME (A Classification of Mobile Genetic Elements database) and IMG (Integrated Microbial Genome database) plasmid genes, as
revealed by MG-RAST analysis using similarity to the SEED database with a maximum E-value of <107°. The difference in phylum distribution was tested using
x? statistics and the distributions were found significantly different from one another (rumen plasmidome vs. ACLAME, P = 9.88E-09; rumen plasmidome vs.

IMG, P = 2.49E-05; ACLAME vs. IMG, P = 0.001141).
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Fig. S4. Taxonomic assignation of the rumen plasmidome. The relative abundance of each bacterial class (4) and order (B) (established for the same 16 cows)
is shown for the bovine rumen plasmidome, as revealed by MG-RAST analysis using similarity to the SEED database with a maximum E-value of <107°, and for

the bacterial populations in the same samples as revealed by amplicon pyrosequencing of the V2 and V3 regions of 16S rRNA gene sequences. Asterisk (*)
indicates significant difference at P < 0.05.
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Fig. S5. A general scheme of BRPA (Blast Report Plasmid Aggregator). The computational analysis pipeline was designed for analysis of the rumen plasmi-
dome. (A) First, the generated sequences are compared with five different databases using different BLAST algorithms. Next, the different hits from each of
the databases are mapped on each contig, using a best-hit selection mechanism. After all hits have been mapped to contigs, the program summons contigs
according to their classifications via string search for several purposes. (B) Here, we used BRPA to select contigs for a downstream application of contigs that
carry both a plasmid backbone gene and an accessory gene in a certain functional category.

Table S1. Summary of the assembly data obtained from two
different assembly methods using the total 33,874,912 reads
generated

Assembly data Velvet SOAP de novo
Total number of contigs 13,018 5,771
Mean contig length (bp) 182 469
Longest contig length (bp) 4661 7779
Number of reads in contigs 12,344,320 12,457,888
Percentage of reads in contigs (%) 36.4 36.8
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Table S2. 2 statistic P values for the comparative functional analysis of the rumen plasmidome
vs. rumen metagenomes and plasmid databases (Fig. 2)

SEED subsystem Brulc et al. (1) Hess et al. (2) ACLAME IMG
Amino acids NS NS 1.79E-05 4.51E-05
Carbohydrates NS NS NS 0.016049
Cell division and cell cycle NS NS NS NS
Cell wall and capsule NS NS 0.00017 0.000212
Cofactors, vitamins, etc. NS NS 0.000583 0.000212
DNA metabolism 0.046556 NS 0.002345 0.000342
Fatty acids and lipids NS NS NS NS
Membrane transport 0.040827 NS NS 3.64E-05
Aromatic compounds NS NS NS NS
Motility and chemotaxis NS NS NS 0.018521
Nitrogen metabolism NS NS NS NS
Nucleosides and nucleotides NS NS NS NS
Mobile genetic elements NS NS 1.48E-14 0.019629
Protein metabolism NS NS 3.98E-08 1.59E-06
RNA metabolism NS NS NS NS
Regulation and cell signaling NS NS NS NS
Respiration NS NS NS 0.035336
Stress response NS NS NS NS
Sulfur metabolism NS NS NS NS
Virulence NS NS NS NS

Differences in the abundances of the each SEED subsystem compared with the rumen plasmidome were tested
using x? statistics. The P values for differences of each subsystem between the rumen plasmidome and the other
datasets are mentioned. NS, not significant.

Table S3. Proportion of annotated contigs

Protein ACLAME IMG
Database cDD NR Nucleotide NR (only genes) (only plasmid genes)
Percentage of contigs 22.3% 28.7% 3.8% 23.3% 26%

with annotation

The percentage of SOAP de novo contigs with annotations in each of the five databases: ACLAME, A Clas-
sification of Mobile Genetic Elements; CDD, Conserved Domain database; IMG, Integrated Microbial Genome
database; Nucleotide NR, National Center for Biotechnology Information (NCBI) nucleotide nonredundant; Pro-
tein NR, NCBI protein nonredundant.

Brown Kav et al. www.pnas.org/cgi/content/short/1116410109

1. BrulcJM, et al. (2009) Gene-centric metagenomics of the fiber-adherent bovine rumen microbiome reveals forage specific glycoside hydrolases. Proc Nat/ Acad Sci USA 106:1948-1953.
2. Hess M, et al. (2011) Metagenomic discovery of biomass-degrading genes and genomes from cow rumen. Science 331:463-467.
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Table S4. Previously isolated plasmids from terrestrial aquatic and rumen environment

Source Bacterial species Plasmid Reference
Rumen-isolated bacteria Selenomonas ruminantium pONE430 GI32455406
Selenomonas ruminantium pONE429 GI32455408
Selenomonas ruminantium pJW1 GI14809199
Selenomonas ruminantium pSR1 Gl 5739173
Selenomonas ruminantium pSRD191 GI150659892
Selenomonas ruminantium pJDB23 Attwood and
Brooker (1)
Prevotella ruminicola pRAM4 GI10956058
Lactobacillus plantarum pLD1 Gl225166856
Butyrivibrio fibrisolvens pRJF1 G1209808771
Butyrivibrio fibrisolvens pRIF2 GI1209808768
Butyrivibrio fibrisolvens pOM1 Gl468363
Ruminococcus flavefaciens pBAW301 Gl:726294
Terrestrial-isolated bacteria Ralstonia solanacearum pJTPS1 GI10954629
Ralstonia solanacearum pRSI13 GI300698618
Burkholderia cenocepacia pBCJ2315 Gl206479926
Pseudomonas putida pDTG1 GI32469878
Pseudomonas putida pYQ39 GI32469969
Pseudomonas putida pPP81 GI10954624
Bacillus subtilis p1414 GI10956512
Bacillus subtilis pTA1015 GI110956497
Bacillus subtilis pTA1040 GI110956489
Bacillus subtilis pTA1060 GI10956503
Bacillus licheniformis pFL7 Gl40445271
Bacillus licheniformis pFL5 GI140804652
Corynebacterium diphtheriae pNG2 GI32470491
Staphylococcus aureus pUB110 GI150521
Aquatic-isolated bacteria Synechococcus sp. pAQ1 GI170079460
Synechococcus sp. pPAQ3 GI170079464
Synechococcus elongatus pUH24 Gl32455412
Eromonas salmonicida pAsa3 GI32186818
Eromonas salmonicida pAsa2 GI32186830
Eromonas salmonicida pAsa1l GI32186809
Vibrio fischeri pES213 GI142794283
Vibrio sp. pPS41 GI5817769
Methylophaga thalassica pMTS1 GI110956807
Vibrio vulnificus pMP1 GI82791436
Synechococcus sp. pSY10 GI216847
Methylophaga thalassica pMTS1 G110956807
Shewanella sp. pSFKW33 GI222692192
Leptolyngbya sp. pRF1 GI32455760

The sequences of plasmids previously isolated from three different environments were downloaded from the
NCBI nucleotide database. Three different datasets were generated: rumen-isolated plasmids, terrestrial-iso-
lated plasmids and aquatic-isolated plasmids (Table S5). Each of the datasets were compared with the rumen
plasmidome using TBLASTX with a maximum E-value of <1073, When hits overlapped, the best hit (lowest E-
value) was selected. Finally, the number of contigs of the rumen plasmidome which were hit by the different
plasmids in the dataset was counted.

1. Attwood GT, Brooker JD (1992) Complete nucleotide sequence of a Selenomonas ruminantium plasmid and definition of a region necessary for its replication in Escherichia coli.

Plasmid 28(2):123-129.

Table S5. Number of rumen plasmidome contigs with hits in the different plasmid datasets

Aquatic Terrestrial Rumen

Number of contigs with hits from each dataset 20* 59* 338*

See legend for Table 54. The difference in the number of hits for each contig was measured using 2 statistics
and was found to be significantly different. Asterisk (*) indicates significant difference at P < 0.05.

Brown Kav et al. www.pnas.org/cgi/content/short/1116410109
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Table S6. Mosaic nature of contigs and the phylogenetic association of their ORFs

Contig Mosaic nature ORF 1 ORF 2 ORF 3 ORF 4
C48430 Nonmosaic Bacteroidetes; Bacteroidia; Bacteroidetes; Bacteroidia;
Bacteroidales; Bacteroidaceae; Bacteroidales; Bacteroidaceae;
Bacteroides Bacteroides
Scaffold883 Nonmosaic Bacteroidetes; Bacteroidia; Bacteroidetes; Bacteroidia;
Bacteroidales; Bacteroidaceae; Bacteroidales; Bacteroidaceae;
Bacteroides Bacteroides
C46542 Nonmosaic Bacteroidetes; Bacteroidia; Bacteroidetes; Bacteroidia;
Bacteroidales; Prevotellaceae; Bacteroidales; Prevotellaceae;
Prevotella Prevotella
C48422 Nonmosaic Bacteroidetes; Bacteroidia; Bacteroidetes; Bacteroidia;
Flavobacteriia; Flavobacteriales; Flavobacteriia; Flavobacteriales;
Flavobacteriaceae Flavobacteriaceae
Scaffold737 Nonmosaic Firmicutes; Bacilli; Lactobacillales; Firmicutes; Bacilli; Lactobacillales;
Enterococcaceae; Enterococcus Enterococcaceae; Enterococcus
Scaffold19 Nonmosaic Firmicutes; Clostridia; Firmicutes; Clostridia; Clostridiales;
Clostridiales; Lachnospiraceae; Lachnospiraceae; Butyrivibrio
Butyrivibrio
C48342 Nonmosaic Firmicutes; Clostridia; Clostridiales; Firmicutes; Clostridia; Clostridiales;
Ruminococcaceae; Ruminococcus Ruminococcaceae; Ruminococcus
Scaffold 44 Nonmosaic Firmicutes; Clostridia; Clostridiales; Firmicutes; Clostridia; Clostridiales;
Ruminococcaceae; Ruminococcus Ruminococcaceae; Ruminococcus
Scaffold755 Nonmosaic Proteobacteria; Gammaproteobacteria;  Proteobacteria; Gammaproteobacteria;
Pseudomonadales; Moraxellaceae; Pseudomonadales; Moraxellaceae;
Acinetobacter Acinetobacter
Scaffold521 Nonmosaic Spirochaetes; Spirochaetia; Spirochaetes; Spirochaetia;
Spirochaetales; Spirochaetales;
Spirochaetaceae; Spirochaetaceae; Treponema
Treponema
Scaffold326 Genus Firmicutes; Clostridia; Clostridiales; Firmicutes; Clostridia; Clostridiales;
Lachnospiraceae; Oribacterium Lachnospiraceae; Butyrivibrio
C47816 Family Bacteroidetes; Bacteroidia; Bacteroidetes; Bacteroidia;
Bacteroidales; Prevotellaceae Bacteroidales; Bacteroidaceae
C48410 Family Firmicutes; Bacilli; Bacillales; Firmicutes; Bacilli; Bacillales;
Bacillaceae Paenibacillaceae
C48346 Family Firmicutes; Clostridia; Clostridiales; Firmicutes; Clostridia; Clostridiales;
Clostridiaceae Lachnospiraceae
Scaffold352 Family Firmicutes; Clostridia; Clostridiales; Firmicutes; Clostridia; Clostridiales; Firmicutes; Clostridia;
Clostridiaceae Lachnospiraceae Clostridiales;
Lachnospiraceae
Scaffold654 Family Firmicutes; Clostridia; Firmicutes; Clostridia; Clostridiales;
Clostridiales; Clostridiaceae Ruminococcaceae
C48428 Family Firmicutes; Clostridia; Firmicutes; Clostridia; Clostridiales;
Clostridiales; Eubacteriaceae Clostridiaceae
Scaffold593 Family Firmicutes; Clostridia; Firmicutes; Clostridia;
Clostridiales; Ruminococcaceae Clostridiales; Lachnospiraceae
C48424 Family Firmicutes; Clostridia; Firmicutes; Clostridia; Clostridiales;
Clostridiales; Ruminococcaceae Lachnospiraceae
C47544 Family Firmicutes; Clostridia; Firmicutes; Clostridia; Clostridiales;
Clostridiales; Ruminococcaceae Lachnospiraceae
Scaffold792 Order Bacteroidetes; Bacteroidia; Bacteroidetes; Bacteroidia;
Bacteroidales Flavobacteriia
Scaffold1084 Order Bacteroidetes; Bacteroidia; Bacteroidetes; Bacteroidia;
Bacteroidales Flavobacteriia
C48408 Order Bacteroidetes; Bacteroidia; Bacteroidetes; Bacteroidia;
Bacteroidales Flavobacteriia
Scaffold628 Order Bacteroidetes; Bacteroidia; Bacteroidetes; Bacteroidia;
Bacteroidales Flavobacteriia
C48448 Order Bacteroidetes; Bacteroidia; Bacteroidetes; Bacteroidia;
Bacteroidales Flavobacteriia
Scaffold252 Order Bacteroidetes; Bacteroidia; Bacteroidetes; Bacteroidia; Bacteroidetes;
Bacteroidales Bacteroidales Bacteroidia;
Cytophagia
Scaffold814 Order Bacteroidetes; Bacteroidia; Bacteroidetes; Bacteroidia;
Bacteroidales Flavobacteriia
Brown Kav et al. www.pnas.org/cgi/content/short/1116410109 70of 9


www.pnas.org/cgi/content/short/1116410109

L T

/

1\

BN AS  PNAS D)

Table S6. Cont.

Contig Mosaic nature ORF 1 ORF 2 ORF 3 ORF 4
Scaffold651 Order Bacteroidetes; Bacteroidia; Bacteroidetes; Bacteroidia;
Bacteroidales Flavobacteriia
C48060 Order Bacteroidetes; Bacteroidia; Bacteroidetes; Bacteroidia;
Bacteroidales Flavobacteriia
Scaffold657 Order Bacteroidetes; Bacteroidia; Bacteroidetes; Bacteroidia;
Flavobacteriia Bacteroidales
Scaffold565 Order Bacteroidetes; Bacteroidia; Bacteroidetes; Bacteroidia;
Flavobacteriia Bacteroidales
Scaffold1048 Order Bacteroidetes; Bacteroidia; Bacteroidetes; Bacteroidia;
Flavobacteriia Bacteroidales
Scaffold306 Order Firmicutes; Bacilli; Lactobacillales Firmicutes; Clostridia;
Clostridiales
Scaffold584 Order Firmicutes; Bacilli; Lactobacillales Firmicutes; Bacilli; Bacillales
caffold504 Order Firmicutes; Bacilli; Lactobacillales Firmicutes; Bacilli; Bacillales
Scaffold279 Order Firmicutes; Bacilli; Lactobacillales Firmicutes; Bacilli; Bacillales
Scaffold617 Order Firmicutes; Clostridia; Clostridiales Firmicutes; Clostridia;
Thermoanaerobacterales
Scaffold415 Order Proteobacteria; Proteobacteria;
Epsilonproteobacteria; Epsilonproteobacteria;
Campylobacterales Nautiliales
C48432 Class Firmicutes; Bacilli Firmicutes; Clostridia
Scaffold121 Class Firmicutes; Bacilli Firmicutes; Clostridia
Scaffold799 Class Firmicutes; Bacilli Firmicutes; Clostridia
C48416 Class Firmicutes; Bacilli Firmicutes; Clostridia
C48434 Class Firmicutes; Bacilli Firmicutes; Clostridia
Scaffold66 Class Firmicutes; Bacilli Firmicutes; Clostridia
Scaffold155 Class Firmicutes; Bacilli Firmicutes; Clostridia
Scaffold128 Class Firmicutes; Bacilli Firmicutes; Clostridia
C48366 Class Firmicutes; Clostridia Firmicutes; Bacilli
Scaffold559 Class Firmicutes; Clostridia Firmicutes; Erysipelotrichi
Scaffold1082 Class Firmicutes; Clostridia Firmicutes; Erysipelotrichi
Scaffold381 Class Firmicutes; Clostridia Firmicutes; Bacilli
C48234 Class Firmicutes; Clostridia Firmicutes; Bacilli;
Scaffold294 Class Firmicutes; Clostridia Firmicutes; Bacilli
C48384 Class Firmicutes; Clostridia Firmicutes; Negativicutes
C48404 Class Firmicutes; Clostridia Firmicutes; Bacilli
Scaffold562 Class Firmicutes; Clostridia Firmicutes; Bacilli Firmicutes; Clostridia Firmicutes;
Clostridia
Scaffold713 Class Firmicutes; Clostridia Firmicutes; Negativicutes
Scaffold695 Class Firmicutes; Clostridia Firmicutes; Bacilli
C48344 Class Firmicutes; Clostridia Firmicutes; Bacilli
C48286 Class Firmicutes; Clostridia Firmicutes; Bacilli
Scaffold406 Class Firmicutes; Clostridia Firmicutes; Bacilli
C48438 Class Firmicutes; Clostridia Firmicutes; Bacilli Firmicutes; Bacilli
Scaffold64 Class Firmicutes; Clostridia Firmicutes; Clostridia Firmicutes;
Erysipelotrichi
Scaffold269 Class Firmicutes; Clostridia Firmicutes; Clostridia Firmicutes; Bacilli
Scaffold782 Class Firmicutes; Clostridia Firmicutes; Bacilli
Scaffold980 Class Firmicutes; Clostridia Firmicutes; Bacilli
Scaffold181 Class Firmicutes; Clostridia Firmicutes; Bacilli
Scaffold335 Class Firmicutes; Negativicutes Firmicutes; Bacilli
caffold1034 Class Firmicutes; Negativicutes Firmicutes; Bacilli
Scaffold206 Class Firmicutes; Negativicutes Firmicutes; Clostridia
Scaffold453 Class Firmicutes; Negativicutes Firmicutes; Clostridia
C48394 Class Firmicutes; Negativicutes Firmicutes; Bacilli
Scaffold413 Class Proteobacteria; Proteobacteria;
Alphaproteobacteria Gammaproteobacteria
C48392 Phylum Actinobacteria Firmicutes
caffold1076 Phylum Actinobacteria Firmicutes
C48360 Phylum Actinobacteria Firmicutes Firmicutes
Scaffold900 Phylum Actinobacteria Proteobacteria
C48340 Phylum Actinobacteria Firmicutes
C48316 Phylum Actinobacteria Firmicutes
Scaffold166 Phylum Actinobacteria Firmicutes
Brown Kav et al. www.pnas.org/cgi/content/short/1116410109 8of9


www.pnas.org/cgi/content/short/1116410109

PNAS

Table S6. Cont.

Contig Mosaic nature ORF 1 ORF 2 ORF 3 ORF 4
Scaffold463 Phylum Firmicutes Actinobacteria

Scaffold533 Phylum Firmicutes Actinobacteria Firmicutes

Scaffold433 Phylum Firmicutes Bacteroidetes

Scaffold600 Phylum Proteobacteria Firmicutes

Scaffold721 Phylum Spirochaetes Proteobacteria

The mosaic nature of each contig was determined by the agreement in taxonomic assignment between its ORFs. The lowest level at which the ORFs on each
contig did not exhibit the same phylogenetic affinity, and the taxonomic lineage up to this level, are shown for each of the contigs.

Table S7. Interactions between five major phyla that were detected in mosaic contigs

Phyla Firmicutes Proteobacteria Spirochaetes Actinobacteria Bacteroidetes

* * *

Firmicutes
Proteobacteria
Spirochaetes

Actinobacteria
Bacteroidetes

* *

Boxes with asterisks indicate the existence of ORFs from these phyla residing on the same contig. Shading
indicates the same type of interaction as described in the white boxes.
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