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Accessing bacterial mobilomes of any given environment enables the investigation of genetic traits
encoded by circular genetic elements, and how their transfer drives the adaptation of microbial com-
munities. Here we take advantage of Illumina HiSeq sequencing and report, for the first time, the soil
mobilome sampled from a well-characterized field in Hygum, Denmark. Soil bacterial cells were obtained
by Nycodenz extraction, total DNA was purified by removing sheared chromosomal DNA using exonu-
clease digestion, and the remaining circular DNA was amplified with the phi29 polymerase and finally
sequenced. The soil mobilome represented a wide range of known bacterial gene functions and high-
lighted the enrichment of plasmids, transposable elements and phages when compared to a well-
characterized soil metagenome that, on the other hand, was dominated by basic biosynthesis and
metabolism functions. Approximately one eighth of the gene set was of plasmid-intrinsic traits, including
replication, conjugation, mobilization and stability based on Pfam database analysis. Resistance de-
terminants toward aminoglycosides, beta-lactams and glycopeptides as well as multi-drug functions
indicated that a substantial fraction of the soil resistome is plasmid-encoded and potentially mobilizable.
Additionally, we recovered more than half of all Pfam-listed plasmid replication protein families, of
which the composition of both common and rare replication families was significantly different from a
previously reported wastewater and rat cecum mobilome. This comprehensive analysis reveals a distinct
plasmid gene pool in the soil environment and suggests the prevalence of specific plasmid groups and
plasmid-encoded genetic traits in distinct ecological environments.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

(Howe et al, 2014), and more focused strategies become
advantageous.

In the last decade, the successful application of high-throughput
sequencing platforms has led to the development of metagenomic
characterization of distinct environments from the mammalian
intestine to permafrost soil (Tringe et al., 2005; Yergeau et al., 2010;
Hu et al., 2013). One crucial step of metagenome studies is to ac-
quire enough pure genomic DNA for the construction of clone li-
braries or for direct sequencing, with the latter not being limited to
traditional culture-dependent methods. Thus, metagenomic
studies largely extend our current knowledge about microbial di-
versity and metabolic potential at a community level. However,
complex environments with massive microbial diversity, such as
soil, provide major challenges for current metagenomic approaches
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The mobilome technique, focusing on plasmids and other cir-
cular mobile genetic elements (MGEs), including transposons,
integrons and phages, is a derivative of the metagenome approach
(Kav et al., 2012; Li et al., 2012; Jorgensen et al., 2014; Norman et al.,
2014). Plasmids, the major component of the mobilome, represent
extra-chromosomal DNA elements that can self-replicate and
possibly transfer themselves among different prokaryotic hosts
(Thomas and Nielsen, 2005). One example of plasmid mobility is
the Ti plasmid that can transfer from virulent to non-virulent
Agrobacteria (Hooykaas et al., 1977). The ability of plasmids to
transfer antibiotic resistance genes has become the textbook
example and has been documented numerous times since the
spread of tetracycline resistance was reported to relate to the R
factor (Datta et al, 1971). Other accessory genes, for instance,
symbiotic nitrogen fixation genes located on megaplasmids of
rhizobia (Hynes and McGregor, 1990), organic compound degra-
dative genes (Friello et al., 1976), and genes coding virulent factors
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of Salmonella (Williamson et al., 1988), can also be transferred. The
transfer of such genes, mediated by mobilizable and conjugative
plasmids in environments such as soil and wastewater, has been
surveyed by exogenous isolation (Top et al., 1994; Smalla et al,,
2000). Due to the implication in prokaryotic evolution (Serensen
et al., 2005), it is necessary to study the phylogenetic and func-
tional diversity of the mobilome.

There are several studies on mobilome/plasmid metagenomes
accessed by different methodologies. Based on a transposon aided
capture method (TRACA), plasmids of Gram-positive bacterial ori-
gins as well as genes involved in plasmid mobilization were
captured from bacterial cells of the human gut (Jones and Marchesi,
2007). A wastewater mobilome, built in our group, enriched genes
involved in plasmid replication, mobilization and conjugation (Li
et al., 2012). Finally, a rumen plasmidome and a rat cecum mobi-
lome, respectively, were recently successfully established (Kav
et al,, 2012; Jergensen et al., 2014). Although soil has been pro-
posed as major reservoir of a vast mobilome (D'Costa et al., 2007),
the genetic content of the soil mobilome is not easily assessed. This
is possibly because of the complexity in acquiring intact plasmid
DNA and in removing sheared and linear genomic DNA, and finally
because of the presence of humic acids and other inhibitors.

In this study, circular genetic elements from a soil bacterial
community were captured and sequenced following a culture-
independent protocol previously applied in a wastewater study
(Li et al., 2012). We aim to describe the general mobilome-encoded
(mainly plasmid-encoded) gene functions and the capture of
plasmid accessory genes, such as antibiotic resistance genes. We
compare our dataset with public databases, including the ACLAME
(A CLAssification of Mobile genetic Elements) database (Leplae
et al.,, 2004, 2010) and the Pfam protein families database (Finn
et al., 2014), to distinguish mobilome-determined traits from
chromosomal functions. Also, we characterize the distribution of
plasmid replication proteins and relate this to plasmid groups
identified in a wastewater and a rat cecum mobilome, revealing
distinct plasmid communities distributed in different
environments.

2. Material and methods
2.1. Soil sampling

Soil samples were collected in biological triplicates (A, B and C)
in December 2011 (0—20 cm depth) from Hygum, Vejle, Denmark
(9.434647W, 55.776159N) and stored in sterile containers at 5 °C.
The sampling site is adjacent to a copper-gradient polluted field
previously being well described (Strandberg et al., 2006; Berg et al.,
2010). The unaffected vegetation indicates that this area has not
been contaminated by copper (Strandberg et al., 2006). The bac-
terial cell extraction, mobilome DNA purification and exonuclease
digestion were operated for the triplicates. However, due to the
overwhelming number of 16S rRNA gene copies in replicate C,
indicating an inadequate removal of chromosomal DNA by exonu-
clease digestion (data not shown), replicate A and B were pooled
and referred to as the Hygum soil sample for the following study.
Thus, we will not evaluate any biological variance in this single soil
mobilome sample because of the pooling.

2.2. Acquisition of mobilome DNA

We recovered bacterial cells by high speed centrifugation with
Nycodenz solution (Nyco, Norway) (Burmglle et al., 2003). Cell
pellets were subsequently harvested for DNA extraction by using
Plasmid mini AX kit (A&A Biotechnology, Poland). To remove
chromosomal and sheared DNA, the extracted total DNA (1—10 ng)

was digested by using Plasmid-Safe™ ATP-Dependent DNAse
(EPICENTRE® Biotechnologies, USA). The qPCR of 16s rRNA genes
(Eub338/518) (Fierer et al., 2005) was performed to monitor the
removal of chromosomal DNA during digestion. The digestion
products were washed twice by Sigma water and condensed to
20 pL by using Amino Ultra 0.5 mL Centrifugal Filter Units (Merck
Millipore, Germany). The multiple displacement amplification
(MDA) of the digested DNA (Pan et al., 2008; Li et al., 2012) com-
bined with the REPLI-g® Mini Kit (QIAGEN, USA) then acquired all
intact circular genetic elements.

2.3. Bioinformatics

[llumina raw sequences were trimmed and filtered by using
Biopieces (http://www.biopieces.org). Ribosomal RNA fragments
were identified by using Meta-RNA (version H3) with default set-
tings (Huang et al., 2009). Reads were assembled by using IDBA-UD
assembler (version 1.0.9) (Peng et al., 2012), and the resulting
contigs (>500 bp in length) were used for gene calling by Prodigal
(Prokaryotic Dynamic Programming Gene finding Algorithm)
(Hyatt et al.,, 2010). After gene calling, the non-redundant coding
sequences (CDS) were filtered by using CD-HIT (Li and Godzik,
2006; Fu et al.,, 2012). The workflow above was repeated each
time an increasing certain amount of clean reads was randomly
extracted; the generated number of non-redundant CDS was
plotted as the accumulative curve to test the saturation of
sequencing data.

The local database ACLAME (version 0.4) is a collection of 2326
prokaryotic mobile genetic elements (MGEs) comprising all known
transposons, phage genomes and plasmids (Leplae et al., 2004,
2010). Both the non-redundant CDS and the ACLAME database
were submitted to the MG-RAST (Metagenomics Rapid Annotation
using Subsystem Technology; version 3.3) server for functional
analysis (Meyer et al., 2008). The public dataset of the Waseca
county farm soil metagenome (accession number 4441091.3)
(Tringe et al., 2005) was chosen to identify functional differences
among these 3 datasets based on the SEED subsystems classifica-
tion (Overbeek et al., 2005). The Waseca county farm soil was of
low level organic matter content and contained primarily pro-
karyotes (Tringe et al., 2005), thus representing a typical prokary-
otic genetic pool.

The homologs of protein sequences of six mobilome-
determined traits, “conjugation”, “replication”, “mobilization”,
“stability and maintenance”, “MGEs” and “phages”, were searched
and screened for based on the Pfam database (Protein family,
version 27.0) (Punta et al, 2012). We applied the same data-
processing workflow to a wastewater (Li et al., 2012) and a rat
cecum mobilome (Jorgensen et al., 2014) previously built in our
group (these data of the two mobilomes were not published). To
compare the composition of the “replication” category among these
3 mobilomes, we also simulated 16S rRNA gene diversity studies
(Blaxter et al., 2005).

Antibiotic resistance protein families of the soil mobilome were
screened by employing the HMMER package (version 3.1b1) (Finn
et al,, 2011) in the Resfams HMM database (e-value 10~) (core,
version 1) (Gibson et al., 2015). A BLASTP search of the detected
antibiotic resistance genes against the NCBI non-redundant data-
base (NCBInr) (Acland et al., 2013) was performed to define their
taxonomy. The minimum query coverage and sequence identity
was both 70%, and with a threshold of e-value 107>,

The relative abundance of each gene was defined as the number
of reads that aligned to this specific coding sequence divided by the
total number of aligned reads (referred to as mobilome reads). We
aligned high-quality reads to all non-redundant CDS by using
Burrows-Wheeler aligner (version 0.7.5a) and SAMtools (version
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0.1.18) (Li and Durbin, 2009). We filtered mapped reads with a
mapping quality of 30 (-q30 option of SAMtools). If a pair of filtered
reads mapped to the same CDS, only one read with the better
mapping quality was included. The total number of reads aligned to
all non-redundant CDS was recorded as 100%.

2.4. Statistical analysis

Proportional differences of the SEED subsystems among the soil
mobilome, ACLAME and the Waseca soil metagenome, as well as
proportional differences of plasmid replication protein families
among the soil, a wastewater (Li et al., 2012) and a rat cecum
mobilome (Jorgensen et al., 2014) were tested using a two-sided
Fisher's exact test in the STAMP (Statistical Analysis of Meta-
genomic Profiles) software package (version 2.0.0) (Parks and
Beiko, 2010). A standard asymptotic approach with continuity
correction was used to calculate the confidence interval (95%), and
a Bonferroni correction was used to modify the P-values. P-values
<0.05 were considered to state the statistically significant differ-
ence between two datasets (Parks and Beiko, 2010).

2.5. Accession numbers

The non-redundant CDS of the soil mobilome and the ACLAME
database has been deposited to the MG-RAST server under the
accession numbers 4574032.3 and 4500447.3, respectively.

3. Results
3.1. Sequencing the soil mobilome

We captured approximately 0.8 x 10° cells per gram soil after
Nycodenz extraction (Table S1). Following 40 h of exonuclease
digestion, the copy number of 16S rRNA genes, representing
sheared and linear genomic DNA, was at a level close to the
detection limit (only 0.0014% of genomic DNA left, Fig. S1), which
ensured the enrichment of exclusively circular DNA during MDA.
The Illumina sequencing resulted in approximately 90 million clean
paired-end reads with a mean length 95 bp. The average percent-
age of 16S rRNA genes in bacterial chromosomal DNA has previ-
ously been estimated to 0.12% (Jergensen et al., 2014). Using this
number and based on the abundance of 16S rRNA gene reads
(0.0041%) found in this study, we estimated to have less than 4% of
prokaryotic chromosomal DNA in the soil mobilome data (Fig. S1).

IDBA-UD assembler yielded 3,162 contigs (>500 bp) with an N5q
of 10,267 bp and a total length of 11.46 Mbp. After gene calling and
clustering, the redundant CDS were excluded and 14,717 non-
redundant CDS of a mean length of 634 bp were applied for the
downstream analysis. In the accumulative curve, both the length of
contigs and the number of non-redundant CDS increased signifi-
cantly until 20 million clean reads. The tendency of reaching a
plateau at 60 million clean reads illustrated the sufficient amount of
sequences for surveying the soil mobilome (Fig. 1).

To have an outline of the functions encoded by the soil mobi-
lome, we annotated all non-redundant CDS against the NCBInr and
Pfam database, and classified functional groups according to the
Clusters of Orthologous Groups (COGs) (Tatusov et al., 1997)
(Table S6) and SEED subsystems database, respectively. The pro-
portion of CDS assigned to protein functions varied depending on
the databases, representing 20.4% of SEED subsystems, 26.2% of
COGs, 38.2% of Pfam and 47.0% of NCBInr.
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Fig. 1. Non-redundant coding es (CDS) accumulation curve. The number of
non-redundant CDS (dots in black) and the length of contigs (triangles in red) corre-
sponding to a certain amount of clean reads extracted randomly from all clean reads
were plotted, respectively. A logarithmic trendline was used to fit a curve to each
dataset (red filled curve: R? = 0.9820; black filled curve: R?> = 0.9879.). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

3.2. Functional comparison among the soil mobilome, the ACLAME
and the soil metagenome

Based on outputs of the MG-RAST server, the annotated CDS of
the soil mobilome, ACLAME and the soil metagenome were
assigned into 28 SEED categories, respectively. Two sets of com-
parisons were made. First, we compared ACLAME with the soil
metagenomic dataset (Fig. 2A). This comparison was built as the
“background” functional distribution of a known mobile gene pool
and a soil-specific chromosomal gene pool. Even though the
ACLAME database might not reflect the actual microbial mobilome
in every given environment, it is a functional indicator of MGEs. The
well-characterized soil metagenome provided an overview of mi-
crobial functions corresponding to its large genome size and soil-
specific phylogenetic composition (Tringe et al., 2005). In general,
the pairwise comparison distinguished the mobile gene pool from
the metagenomic gene pool.

In contrast to ACLAME, the soil mobilome was over-represented
by the category “Phages, Prophages, Transposable elements and
Plasmids” at the expense of “Membrane Transport” (Fig. 2B).
Additionally, the soil mobilome was dominated by “Cell Wall and
Capsule”, “Cell Division and Cell Cycle” as well as 4 other categories
(Fig. 2B). Compared with the soil mobilome, the soil metagenome
had an increased distribution of basic biosynthesis and
metabolism-related genes, including “Carbohydrates”, “Fatty Acids,
Lipids and Isoprenoids” and “Nucleosides and Nucleotides”. The soil
metagenome was clearly less represented by “Membrane Trans-
port” and “Phages, Prophages, Transposable elements and Plas-
mids” functions (Fig. 2C). Approximately 17% of the non-redundant
CDS fell into the poorly characterized category of “Clustering-based
Subsystems”, which was the most prevalent subsystem in the soil
mobilome (Fig. 2B). The proportion of “Phages, Prophages, Trans-
posable elements and Plasmids” ranked the second abundant
category of the soil mobilome (about 13.5%) (Fig. 2B and C). The
categories “Membrane Transport” and “DNA Metabolism” occupied
7.26 and 7.36%, respectively, of the soil mobilome (Fig. 2C).

3.3. Relative abundance of soil mobilome-encoded functions

Approximately 40% of all clean reads aligned to the non-
redundant CDS, which indicated that a substantial fraction of se-
quences were represented by the predicted genes. The MG-RAST
server does not only provide a platform to analyze gene func-
tional distribution by assigning them to the SEED subsystems, but
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Fig. 2. Comparative functional distribution of the soil mobilome, the Waseca County Farm soil metagenome and the ACLAME database based on SEED subsystems. Pairwise
proportional differences were calculated by using STAMP software and only statistically different (P < 0.05) SEED subsystems are presented here. (A) ACLAME database vs. Waseca
soil Metagenome; (B) ACLAME database vs. Soil mobilome; (C) Waseca soil Metagenome vs. Soil mobilome.
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also allow the calculation of relative abundance of each category of
interest. The three most abundant categories were “Phages, Pro-
phages, Transposable elements, Plasmids”, “Membrane Transport”
and “Cofactors, Vitamins and Pigments” (Table 1). At more defined
functional levels “phage integration and excision”, “plasmid con-
jugative transfer” and “folate and pterines” were the most enriched
subsystems in the soil mobilome (Table S2).

We manually extracted six groups of plasmid-associated pro-
teins based on the Pfam output, and the overall abundance of these
six groups represented 13.6% of mobilome reads. In addition to
plasmid “selfish” genetic components such as conjugation and
mobilization, we also predicted the existence of characters relating
to plasmid stability and maintenance, for instance, control of copy
number, active partitioning and post-segregational killing. Within
the six groups, phage-related proteins, plasmid replication proteins
and MGEs accounted for 4.07, 3.55 and 2.10% of the total aligned
reads, respectively. The abundance of “conjugation”, “mobilization”
and “stability and maintenance” was more evenly distributed, with
proportions of 1.29, 1.22 and 1.36% of the total aligned reads,
respectively.

3.4. Diversity of plasmid replication protein families

We detected 12 of 20 Pfam replication protein families in the soil
mobilome, of which Rep_1 (PF01446), Rep_trans (PF02486) and
Replicase (PF03090) were the three most abundant families
(Table 2). The previously published wastewater (Li et al., 2012) and
rat cecum mobilome (Jorgensen et al., 2014) displayed a signifi-
cantly distinct distribution of plasmid replicon protein families
compared with the present soil mobilome (P < 0.05, Table S9).
However, Rep_1 replicons were the most abundant family occu-
pying more than 40% in all three mobilomes (Table 2). Rep_trans
and Rep_3 (PF01051) ranked as the second and third most abundant
families in the wastewater mobilome, whereas Rep_2 (PF01719)
and Rep_3 were the second and third most abundant in the rat
cecum mobilome (Table 2). The Replicase family (PF03090) occu-
pied 16.5% in the soil mobilome, whereas it was reduced to only

Table 1

Relative abundance of the SEED functional systems (occupied 10.31% of the mobi-
lome reads) in the soil mobilome. The abundance was the number of reads that
aligned to genes in each subsystem divided by the total number of aligned reads.
Subsystems that are less abundant than 0.01% are not shown.

The SEED subsystems Relative abundance

Phages, Prophages, Transposable ele. and Plasmids 2.67%
Membrane Transport 1.61%
Cofactors, Vitamins, Prosthetic Groups, Pigments 0.93%
Carbohydrates 0.77%
Clustering-based subsystems 0.64%
Stress Response 0.54%
Miscellaneous 0.52%
DNA Metabolism 0.49%
Virulence, Disease and Defense 0.44%
Respiration 0.26%
Cell Division and Cell Cycle 0.24%
Sulfur Metabolism 0.22%
Amino Acids and Derivatives 0.20%
RNA Metabolism 0.18%
Cell Wall and Capsule 0.15%
Regulation and Cell signaling 0.12%
Protein Metabolism 0.12%
Nitrogen Metabolism 0.09%
Fatty Acids, Lipids, and Isoprenoids 0.05%
Metabolism of Aromatic Compounds 0.03%
Nucleosides and Nucleotides 0.02%
Motility and Chemotaxis 0.02%
Potassium Metabolism 0.01%

Beyond the SEED functional systems 89.69%

Table 2
Comparative distribution of detected plasmid replication protein families in the soil,
wastewater and rat cecum mobilomes based on the Pfam analysis.”

Pfam protein families Proportion (%)°

Hygum soil Wastewater Rat cecum
Rep_1 39.1 42.2 46.5
Rep_trans 239 34.2 0.0
Replicase 16.5 1.5 0.0
Rep_3 3.1 111 23.0
Prim-Pol 6.2 0.0 0.0
RPA 5.0 0.1 0.0
RepA_C 3.7 0.0 0.0
RHH_1 0.8 2.2 0.1
PriCT_2 0.8 0.0 0.0
IncFIl_repA 04 0.0 ~0.0
TrfA 0.4 0.8 0.0
RepL ~0.0 52 34
PriCT_1 0.0 0.2 ~0.0
Rep_2 0.0 1.8 26.9
RepC 0.0 ~0.0 ~0.0
Rop 0.0 0.6 0.1

2 Pairwise proportional differences were calculated by using STAMP and signifi-
cant differences (P < 0.05) of replication families were detected. The proportions of
all replication families between any two mobilomes were significantly different.

b proportions of replication protein families that are less than 0.1% are shown as
~0.0%.

1.5% and less than 0.1% in the wastewater and rat cecum mobilome,
respectively. The Rep_trans family was represented by 23.0% in the
soil mobilome, and represented by 34.2% in the rat cecum mobi-
lome, but only by 3.1% in the wastewater mobilome (Table 2). Prim-
pol, RepA_C and PriCT_2 were present exclusively in the soil
mobilome, whereas Rop, Rep_2, RepC and PriCT_1 were present in
only the wastewater and the rat cecum mobilome.

Diversity indices provide information about rarity and
commonness of replication protein families and enable us to eval-
uate differences and similarities among the three mobilomes. We
observed the most diverse and evenly distributed plasmid repli-
cation protein families in the soil mobilome with a Shannon's
evenness of 0.68 and a Simpson's index of 4.06, whereas these
indices were 0.49 and 2.92 in the rat cecum mobilome, which in-
dicates a reduced diversity and evenness for this latter mobilome
(Table 3).

3.5. Detection of antibiotic resistance determinants

In addition to plasmid-intrinsic functions, we screened for
antibiotic resistance (AR) determinants in the soil mobilome. We
detected 36 AR protein families among all 166 Resfams families,
including resistance towards 6 antibiotic classes: aminoglycosides,
beta-lactams, glycopeptides, macrolides, quinolones and tetracy-
clines. The distribution of AR protein families is shown in Fig. 3 with
a relative abundance of 0.46% of all aligned reads. The dominant
Resfams AR families were VanR and VanS (transcriptional regula-
tors of other vancomycin resistance genes) (Gibson et al., 2015),
aminoglycoside phosphotransferase (type III), Class C beta-

Table 3
Diversity indices of Pfam plasmid replication families in the soil, wastewater and rat
cecum mobilomes.

Measure Formula® Hygum soil Wastewater Rat cecum
Shannon's index (H') H'= —>"pilnp; 1.68 144 1.18
Shannon evenness (E) E = H'[InS 0.68 0.58 0.49
Richness (S) - 12 12 11
Simpson's index (D) D = 1/>p? 4.06 3.21 292

@ p; is the proportion of each Pfam plasmid replication family.
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Fig. 3. Relative abundance of antibiotic resistance (AR) protein families within the
soil mobilome based on the Resfam HMM database. The protein families occupied
0.46% of mobilome reads and are classified based on the antibiotic to which they confer
resistance (except efflux pumps), and the dominant Resfams AR protein families are
depicted in the bars. *AAC: aminoglycoside acetyltransferase; ANT: aminoglycoside
nucleotidyl transferase; APH: aminoglycoside phosphotransferase. POthers includes
MsbA, TolC, AdeA-Adel, RND, ABC and MFS Antibiotic Efflux Pump families.

lactamase and TEM beta-lactamase, MacB and MacA (known to be
parts of the ABC-type efflux for exporting macrolides) (Rouquette-
Loughlin et al., 2005) (Fig. 3). The 36 AR protein families were
represented by 203 AR genes (ARGs). These 203 ARGs are prevalent
in a wide range of soil-dwelling bacterial species such as Pseudo-
monas, Agrobacterium and Rhizobium as well as uncultured bacteria
from the candidate division TM7 phylum. One ARG was of high
amino acid sequence identity (100%) to the putative ATP-
transporter of Klebsiella pneumonia and another ARG displayed a
similar amino acid sequence identity to the aminoglycoside 3'-
phosphotransferase of Corynebacterium diphtheria. However, we
only perceived four ARGs, encoding resistance to beta-lactams,
aminoglycosides, chloramphenicols and tetracyclines by using
BLAST tools against the ARDB database (Antibiotic Resistance genes
DataBase) (Table S7) (Liu and Pop, 2009).

4. Discussion

This study represents the first mobilome of a soil environment.
Since bead-beating or silica-column based extraction methods will
disrupt the circular nature of plasmids in the soil, the preparation of
mobilome DNA from environmental samples requires several
difficult procedures, for example, detachment of bacterial cells
from soil particles and exclusion of chromosomal DNA. Although
the Nycodenz cell extraction method is biased, it is an efficient and
gentle procedure to separate intact bacterial cells from other bio-
logical particles (Holmsgaard et al., 2011). By exonuclease digestion
followed by MDA we were able to eliminate a significant amount of
sheared and linear chromosomal DNA, and amplify a sufficient
amount of pure circular DNA (presumably plasmids) for
sequencing. These two steps are, however, biased towards the
enrichment of smaller plasmids because larger sized plasmids are
fragile and easily sheared, and also, the rolling-circle amplification
during MDA naturally favors smaller circular elements over larger
ones, which eventually leads to a reduction of larger plasmids
(Jorgensen et al., 2014).

4.1. The novelty of gene functions encoded by the soil mobilome

The soil mobilome was functionally surprisingly diverse. All
listed SEED database categories were captured including gene
functions involving cellular processes and signaling, information

storage, and metabolism. The novelty of sequences could lead to
relatively fewer annotations of functions in the soil mobilome
when we assigned them to the SEED categories. In contrast, the
assignment of the ACLAME to the SEED database would over-
estimate the abundance of some functions because the recruited
MGEs sequences were shared between these two public databases.
Thus, only 20.4% of the gene set could be assigned to the SEED
subsystems, while 67.0% of all 26,689 proteins in the ACLAME
database could be assigned. Previous research shows that the
proportion of assigned sequences varies significantly. For instance,
10—20% of pyro-sequencing reads for swine gut metagenomes, 41%
reads for a marine metagenome, and 25% of lllumina reads for a soil
metagenome were reported to be assigned to the SEED categories
(Lamendella et al., 2011; Mitra et al., 2011; Wang et al., 2013). The
annotation proportion may depend on the alignment sensitivity for
highly fragmented genes as well as on the integrity of each data-
base (Raes et al., 2007a, 2007b), but also on the complexity of the
samples. Therefore, approximately 50% of the reads in the soil
mobilome consisted of uncharacterized features, demonstrating
that soil mobilomes, like soil metagenomes, are complex, but
valuable sources of novel gene functions that are not yet listed in
known databases (Daniel, 2004).

4.2. Soil is a genetic reservoir of phages and plasmids

The pairwise comparison of the soil mobilome to the soil met-
agenome demonstrated the abundance of phages, plasmids and
transposable elements in the soil mobilome. The proportion of
these functions in the mobilome was approximately 9 times higher
than similar functions in the soil metagenome, especially regarding
three subsystems “phage integration and excision”, “plasmid-
encoded transferred-DNA” and “plasmid replication”. The com-
parison between the soil mobilome and ACLAME also highlighted
the overwhelming population of plasmids and phages in the soil
mobilome. The large plasmids of Agrobacteria and Rhizobia
contributed to the largest number of proteins in ACLAME (Leplae
et al, 2004). Thus, the portion of the indicative features of
“Phages, Prophages, Transposable elements and Plasmids”, such as
“plasmid replication”, was relatively small in ACLAME. In contrast,
for the soil mobilome, the “Phages, Prophages, Transposable ele-
ments and Plasmids” occupied a relatively higher portion of all
proteins. Consistent with the SEED analysis, the protein domain-
based analysis, tuned on plasmid-intrinsic and phage-related
functions, also predicted the MGE-rich nature of the soil mobi-
lome. These parameters might assist soil bacteria in dealing with
functions relating to plasmid replication, stability, maintenance and
conjugation (see below) as well as phage replication.

4.3. Detection of gene functions associated with larger sized
plasmids

We found that the abundance of “Membrane Transport” in the
soil mobilome was significantly higher than that of the soil meta-
genome. The major subsystem “type IV secretion system” indicated
the presence of plasmids larger than 10 Kbp, since such systems
most likely are associated with conjugative plasmids, e.g. IncQ and
IncF plasmids, generating filaments to facilitate bacterial cell-to-
cell contact during conjugation (Clarke et al., 2008). As reported,
the largest natural IncQ plasmid is ~15 Kbp (Rawlings and Tietze,
2001), whereas the smallest IncF plasmid is around 50 Kbp
(Mshana et al., 2011). Other observed functional roles representing
the type IV secretion system were pathogenic virulence Vir-like
proteins encoded by the plasmid pVir (~35 Kbp). In addition, type
Il and VI secretion systems were detected, constituting only a small
fraction of this category. With the help of the function “Membrane
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Transport”, soil bacteria might communicate with other soil mi-
croorganisms such as fungi (pathogenic, saprotrophic and mycor-
rhizal fungi) in the nutrient-cycling.

In the soil mobilome, the other two abundant categories, “Car-
bohydrates” and “Co-factors, Vitamins and Pigments”, were not as
enriched as in the soil metagenome. They were mainly associated
with the subsystems related to synthesis or assembly of “mono-, di-
and oligo-saccharides” and “folate and pterines”, respectively.
These are common bacterial functions in soil, especially in agri-
cultural soil, being influenced by high amounts of dissolved nutri-
ents from crop residues, root secretions and microbial degradation
(Jones et al., 2009). The slight amount of chromosomal DNA
contamination could contribute to these macromolecular-related
functions, as genes of folate synthesis are typically encoded on
bacterial chromosomes (van Kranenburg et al., 1997; de Crecy-
Lagard et al., 2007). However, the synthesis of oligosaccharides
has also been identified to have a plasmid origin (van Kranenburg
et al., 1997). All three categories indicate that this soil mobilome
protocol is able to capture traits associated with relatively larger
sized plasmids.

4.4. The occurrence of mobilome-encoded antibiotic resistance
traits

Due to the general perception that soil is a major source of
resistance genes and MGEs (D'Costa et al., 2007; Monier et al., 2011;
Forsberg et al., 2012), we were interested in describing the antibi-
otic resistance profile of the soil mobilome. These analyses revealed
mainly resistance determinants towards aminoglycosides, beta-
lactams, glycopeptides and multidrugs in the soil mobilome. The
detection of plasmid borne resistance to antibiotics without any
known direct selective pressure in the Hygum soil is consistent
with findings in remote Alaskan soil of diverse beta-lactamases
(Allen et al., 2009). Seven soil-originated ARGs that had high
nucleotide similarity to ARGs from clinical pathogens were found to
be associated with mobile elements (Forsberg et al., 2012), and a
mobilizable multi-resistant plasmid, pKLH80, has been identified in
ancient permafrost (Petrova et al., 2014). The soil mobilome indeed
harbors a notable amount of antibiotic resistance traits likely to
cause resistance towards a broad selection of antimicrobial agents,
and with the potential to be mobilized into indigenous soil-
dwelling bacteria including opportunistic pathogenic species.
Thus, plasmids are possibly involved in the maintenance of the soil
ecosystem, yet the actual function of these genes is to be
determined.

4.5. Diversity and composition of soil-specific plasmid replication
protein families

In the soil mobilome, the most abundant replication protein
families, Rep_1, Rep_trans and Replicase, occupied almost 4/5 of all
detected replication protein families. The Rep_1 family is repre-
sented by the Rep75 protein, which catalyzes DNA synthesis and
exhibits the nicking-closing activity in an archaeal plasmid, pGT5
(Marsin and Forterre, 1999). This family is also included by small
bacterial plasmids, such as the Bacillus subtilis plasmid, pUH1 (Hara
et al.,, 1991), and the mobilizable vancomycin-resistance plasmid
pDT1 found in Enterococcus faecium (Todokoro et al., 2006), repli-
cated by a rolling-circle mechanism. The Rep_trans family is rep-
resented by RepN, which likely functions to recognize the ori region
of the staphylococcal plasmid, pCW?7 (Balson and Shaw, 1990). This
family is also included by other small resistance plasmids, such as
PNS1 (Aoki et al., 1993) and pUB112 (probably an IncFII plasmid)
(Ehret and Matzura, 1988), which are staphylococcal tetracycline-
resistant and chloramphenicol-resistant plasmids, respectively.

The representative protein from the Replicase family is RepA in
Pseudomonas plasmid pPS10, which is a common RepA-type initi-
ator in Gram-negative bacteria (Giraldo and Diaz-Orejas, 2001).
This family has been found in the broad-host-range (BHR) plasmid
PEF2 (Zhang et al., 1994) and some cryptic plasmids like pJD1
(Gauchatfeiss et al., 1985) and pAL5000 (Stolt and Stoker, 1996). The
Rep_1 family is mostly found in Firmicutes, the Rep_trans family is
from Firmicutes and Proteobacteria, whereas the typical host bac-
teria of the Replicase family belong to Proteobacteria and Actino-
bacteria. All together, the detected replication protein families
covered a broad variety of bacterial phyla (Table S3). The dominant
plasmid host phyla, Firmicutes, Proteobacteria and Actinobacteria,
are consistent with a previous 16S rRNA gene pyrosequencing
study from the same site, in which Actinobacteria and Proteobacteria
represented around 40% and 25% of the bacterial sequences,
respectively (Berg et al., 2012). This broad diversity of replication
protein families clearly indicates that the soil mobilome comprises
plasmids from a broad spectrum of different incompatibility groups
and bacterial phyla.

In general, the wastewater and rat cecum mobilomes were ex-
pected to be compositionally more similar compared with the soil
mobilome, since the rats originated from a hospital sewage system
and the community of wastewater mainly originated from do-
mestic wastewater enriched with human gut microbes. The di-
versity of the normalized types of replication protein families
showed a tendency of being increased in the Hygun soil mobilome
as compared to that of the rat cecum mobilome. This is consistent
with the fact that soil, as the most complex ecological system,
harbors the most diverse collections of plasmids, although the
current dataset is too sparse to show any significant differences.
Nonetheless, the different distribution of replication protein fam-
ilies among the three mobilomes suggests that different environ-
mental communities select for various plasmid groups and
plasmid-encoded genetic traits.

5. Conclusion

In this study, the mobilome approach applied for soil revealed a
novel and diverse pool of circular genetic elements unique to this
given environment. Also, we believe that the mobilome approach
reveals several elements playing a key role in gene acquisition
between the microbial and the viral metagenome. By means of
horizontal gene transfer, presumably advanced mobilome func-
tions distributed among the inner MGE community will, when
encountering a selective pressure, spread to the outside bacterial
host community. Thus, the soil mobilome technique is an essential
supplement to the soil metagenome to interpret the genetic equi-
librium between bacterial core genomes and MGEs at a community
level. Besides, the combination of the mobilome and the 16S rRNA
gene based taxonomical composition of the microbiome may reveal
host specific functional shifts and gene transfer mediated events. In
conclusion, the mobilome technique highly improves our under-
standing of the complexity of the pool of mobile genetic elements
in natural environments.
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