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Abstract

Background: Paracoccus aminophilus JCM 7686 is a methylotrophic a-Proteobacterium capable of utilizing reduced
one-carbon compounds as sole carbon and energy source for growth, including toxic N,N-dimethylformamide,
formamide, methanol, and methylamines, which are widely used in the industry.

P. aminophilus JCM 7686, as many other Paracoccus spp., possesses a genome representing a multipartite structure,
in which the genomic information is split between various replicons, including chromids, essential plasmid-like
replicons, with properties of both chromosomes and plasmids. In this study, whole-genome sequencing and
functional genomics approaches were applied to investigate P. aminophilus genome information.

Results: The P. aminophilus JCM 7686 genome has a multipartite structure, composed of a single circular
chromosome and eight additional replicons ranging in size between 5.6 and 438.1 kb. Functional analyses revealed
that two of the replicons, pAMI5 and pAMI6, are essential for host viability, therefore they should be considered as
chromids. Both replicons carry housekeeping genes, e.g. responsible for de novo NAD biosynthesis and ammonium
transport. Other mobile genetic elements have also been identified, including 20 insertion sequences, 4
transposons and 10 prophage regions, one of which represents a novel, functional serine recombinase-encoding
bacteriophage, dPam-6. Moreover, in silico analyses allowed us to predict the transcription regulatory network of
the JCM 7686 strain, as well as components of the stress response, recombination, repair and methylation
machineries. Finally, comparative genomic analyses revealed that P. aminophilus JCM 7686 has a relatively distant
relationship to other representatives of the genus Paracoccus.

Conclusions: P. aminophilus genome exploration provided insights into the overall structure and functions of the
genome, with a special focus on the chromids. Based on the obtained results we propose the classification of
bacterial chromids into two types: “primary” chromids, which are indispensable for host viability and “secondary”
chromids, which are essential, but only under some environmental conditions and which were probably formed
quite recently in the course of evolution. Detailed genome investigation and its functional analysis, makes

P. aminophilus JCM 7686 a suitable reference strain for the genus Paracoccus. Moreover, this study has increased
knowledge on overall genome structure and composition of members within the class Alphaproteobacteria.

Keywords: Paracoccus aminophilus JCM 7686, Genome, Chromid, Plasmid, Mobile genetic element, Bacteriophage

* Correspondence: ldziewit@biol.uw.edu.pl

'Department of Bacterial Genetics, Institute of Microbiology, Faculty of
Biology, University of Warsaw, Miecznikowa 1, 02-096 Warsaw, Poland
Full list of author information is available at the end of the article

- © 2014 Dziewit et al, licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
( B.oMed Central Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited. The Creative Commons Public Domain Dedication
waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise
stated.


mailto:ldziewit@biol.uw.edu.pl
http://creativecommons.org/licenses/by/2.0
http://creativecommons.org/publicdomain/zero/1.0/

Dziewit et al. BMC Genomics 2014, 15:124
http://www.biomedcentral.com/1471-2164/15/124

Background

The genus Paracoccus (Alphaproteobacteria) currently
comprises 40 recognized and validly named species, iso-
lated from different environments in various geograph-
ical locations. Members of this genus exhibit a broad
range of metabolic flexibility, especially in respiratory
processes, e.g. employing nitrate, nitrite, nitrous oxide
and nitric oxide as alternative electron acceptors in de-
nitrification and the ability to use one-carbon (C1) com-
pounds (e.g. methanol, methylamine) as electron donors
to respiratory chains [1]. Moreover, Paracoccus spp. as
facultative chemolithoautotrophs may utilize reduced
sulfur compounds (e.g. thiocyanate, thiosulfate or elem-
ental sulfur), molecular hydrogen and Fe(I) as energy
sources [2-4]. Paracoccus spp. are also able to use a
broad range of organic compounds as their sole source
of carbon and energy, including pollutants such as acet-
one, dichloromethane, formamide, N,N-dimethylforma-
mide (DMF) and methylamine [3,5]. Another common
feature of Paracoccus spp. is methylotrophy, defined as
the ability to utilize reduced C1 carbon substrates contain-
ing no carbon-carbon bonds (including methane, methanol,
methylated amines, halogenated methanes and methylated
sulfur species) as their sole source of carbon and energy for
growth.

Having a versatile metabolism, Paracoccus spp. play an
important role in biogeochemical cycles and they have
also been successfully employed in the biotreatment of
contaminated environments, e.g. bioremediation of soils
contaminated with polycyclic aromatic hydrocarbons
(PAHs) using Paracoccus sp. HPD-2 [6].

Although Paracoccus spp. constitute an interesting and
metabolically versatile group of bacteria with substantial
biotechnological potential, little is known about the content
and organization of their genomes. Only one complete gen-
ome of Paracoccus denitrificans PD1222 has been deposited
in the NCBI database ([GenBank:CP000489], [GenBank:
CP000490] and [GenBank:CP000491]). This genome is
composed of two chromosomes (Chl — 2.9 Mb and
ChII — 1.7 Mb) and a single megaplasmid (plasmid 1)
of 653 kb. Four Paracoccus spp. genome sequencing pro-
jects (Paracoccus sp. TRP [7], Paracoccus denitrificans
SD1 [8], Paracoccus sp. N5 and P. zeaxanthinifaciens
ATCC 21588) are currently in progress.

Much more is known about mobile genetic elements
(MGEs) of Paracoccus spp. Baj and colleagues (2000) [9]
demonstrated that bacteria belonging to this genus usu-
ally harbor at least one plasmid (in most cases a mega-
sized replicon, exceeding 100 kb). Several multireplicon
strains carrying 4 or more plasmids were identified,
including P. aminophilus JCM 7686. Our group has
already obtained the sequences of 18 plasmids, ranging
in size from 2.7 to 40 kb, that originate from different
Paracoccus spp.:. P. methylutens DM12 (2 plasmids)

Page 2 of 16

[10], P. pantotrophus DSM 11072 (1 plasmid) [11] and
four carotenoid producers, P. aestuarii DSM 19484 (5
plasmids) ([GenBank:JQ041633], [GenBank:JQ065021],
[GenBank:JQ066766], [GenBank:JQ684025], [GenBank:
JQ796370]), P. haeundaensis LMG P-21903 (2 plasmids)
([GenBank:JQ066767], [GenBank:JQ684024]), P. marcusii
DSM 11574 (5 plasmids) ([GenBank: KC542384], [GenBank:
KC561053], [GenBank:KC561054], [GenBank:KC561055],
[GenBank:JQ796371) and P. marcusii OS22 (3 plasmids)
([GenBank:JQ664550], [GenBank:JQ678602], [GenBank:
JQ684023]). We have also sequenced the basic replicons
of three other plasmids from P. alcaliphilus JCM 7364
(pALC1) and P. versutus UW1 (pTAV1 and pTAV3)
[12-14]. Moreover, complex analyses of 25 Paracoccus spp.
strains using trap plasmid systems have led to the identifi-
cation and characterization of (i) 48 insertion sequences
(ISs), (ii) a composite transposon Tn6097 carrying genetic
modules involved in the arginine deiminase pathway and
daunorubicin/doxorubicin resistance, (iii) 3 non-composite
transposons of the Tn3 family, (iv) a transposable genomic
island TnPpal (45 kb) and (v) several transposable modules
(TMos) generated by a single copy of the IS1380 family
insertion sequence [10,15-20]. The findings outlined
above suggest that horizontal gene transfer (HGT) events
occur frequently in Paracoccus spp. genomes, which may
explain their metabolic flexibility.

Among Paracoccus species, P. aminophilus JCM 7686
is of particular interest since it is a methylotrophic bac-
terium capable of utilizing several toxic C1 compounds,
including N,N-dimethylformamide, formamide as well
as tri-, di- and monomethylamine, which are widely
used in the chemical industry [21]. P. aminophilus JCM
7686 carries eight indigenous, extrachromosomal repli-
cons (pAMI1 to pAMIS8) ranging in size from 5.6 kb to
approximately 440 kb. Our previous analyses, focused
on the three smallest plasmids, pAMI3 (5.6 kb), pAMI2
(18.6 kb) and pAMI7 (20.5 kb), revealed the presence of
(i) novel types of plasmid-encoded maintenance systems
[22,23], (ii) a type II restriction-modification module
with Ncol specificity [24] and (iii) genes crucial for the
first step in the degradation of DMF [25].

In the present study, the genome of P. aminophilus
JCM 7686 was completely sequenced and analyzed. An
in-depth exploration of this genome sequence, followed
by functional analyses, provided considerable insights
into its overall architecture, as well as the functions of
particular replicons. Moreover, in this study, the first
inducible Paracoccus phage was identified.

Results and discussion

Sequencing and general features of the P. aminophilus
JCM 7686 genome

A 454-pyrosequencing run for the P. aminophilus
JCM7686 genomic DNA yielded 598348 shotgun and
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8-kb-long paired-end reads with a total number of
225,950,536 bp that were assembled into 17 scaffolds.
The scaffolds consisted of 429 large (> 500 nucleotides)
and 129 small (100-500 nucleotides) contigs. The gaps
in the chromosome and plasmids were closed by a
PCR-based approach followed by sequencing of the
corresponding amplicons. Subsequently, the genome
was re-sequenced (for the quality check) applying the
[llumina HiScanSQ Genome Analyzer.

The genome of P. aminophilus JCM 7686 is composed
of a single circular chromosome of 3,613,807 bp and
eight circular plasmids: pAMI1 (118,164 bp), pAMI2
(18,563 bp), pAMI3 (5575 bp), pAMI4 (438,126 bp),
pAMI5 (294,017 bp), pAMI6 (206,583 bp), pAMI7
(20,542 bp) and pAMIS8 (202,421 bp) (Figure 1). Thus,
the total size of the genome is 4,917,798 bp. The overall
GC content of the chromosome is 63.4%, which is con-
sistent with other sequenced Paracoccus genomes. The
GC contents of the JCM 7686 plasmids ranges between
57.4% (pAMI7) and 64.2% (pAMI4) (Table 1).

The genome of JCM 7686 possesses 59 tRNAs and
four clusters of 5S, 16S and 23S rRNA genes, which are
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located within the chromosome and plasmid pAMI1
(Table 1). This strain can produce tRNAs for all 20
amino acids, and genes encoding all the aminoacyl-
tRNA synthetases are present within its chromosome.
Moreover, a single tRNA for selenocyteine (tRNA-SeC)
was also identified.

The JCM 7686 genome contains 4573 putative coding
sequences (CDSs): 3416 in the chromosome and 1157 in
the plasmids (Table 1). The coding density within the
chromosome is 90.2%, while within the plasmids it varies
from 72% (pAMI3) to 92.8% (pAMI6) (Table 1). We
could assign putative biological functions to 3506 CDSs
(76.6%), while 1069 CDSs (23.4%) were annotated as
encoding hypothetical proteins of unknown function.

Predicted P. aminophilus proteins were functionally
categorized and the proportions in each COG category
were calculated. A total of 1550 (33.9%) predicted pro-
teins were described as involved in the overall cellular
metabolism, being assigned to COG functional categories
C, G, E, F H, Ior Q. It appeared that more than 40% of
the genes encoding proteins involved in metabolic pro-
cesses are located within extrachromosomal elements,
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Figure 1 Circular representations of the P. aminophilus JCM 7686 genome. Circles displayed (from the outside): (i) predicted CDSs
transcribed in the clockwise direction, (ii) predicted CDSs transcribed in the counterclockwise direction, (iii) the position of tRNA genes, (iv) the
position of rRNA genes, (v) the GC percent deviation, (vi) GC skew (G + C/G-C). The tRNA and rRNA genes are present only within the
chromosome and plasmid pAMI1. Yellow arrow heads indicate transposable elements. Violet lines represents the prophage-like regions. Circles
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Table 1 General features of the P. aminophilus JCM 7686 genome

General features Chromosome pAMI1 pAMI2  pAMI3 pAMI4 pAMI5 pAMI6 pAMI7 pAMI8
Size (bp) 3,613,807 118,164 18,563 5575 438,126 294,017 206,583 20,542 202,421
GC content (%) 634 63.3 62 60.8 64.2 62.8 639 574 62.3
Coding density (%) 90.2 87.5 79.1 72 88.1 885 92.8 836 89.2
Number of ORFs 3416 99 19 7 375 264 171 19 203
Number of tRNA genes 56 3 0 0 0 0 0 0 0
Number of 165-235-5S rRNA operons 3 1 0 0 0 0 0 0 0
Phage regions 9 0 0 0 0 0 0 0 0
GTA regions 1 0 0 0 0 0 0 0 0
Transposases (including truncated) 25 1 4 0 20 4 0 1 17
Complete non-composite transposons 0 1 0 0 0 0 0 1 2
Complete insertion sequences 5 0 2 0 6 1 0 0 6

mainly pAMI1, pAMI4, pAMI5 and pAMI6 (426 genes
in total). This finding suggests that these four replicons
perform an important role (Additional file 1).

The most abundant class of proteins comprises those
involved in amino acid transport and metabolism (COG
category E). A total of 576 (12.6%) CDSs were assigned to
this category, of which 191 occur within the aforemen-
tioned replicons: pAMI1 (41 genes), pAMI4 (65), pAMI5
(52) and pAMI6 (31) (Additional file 1).

Transcription regulatory network

Within the JCM 7686 genome, we identified 12 genes
(7 in the chromosome, 3 in pAMI4, 1 in pAMI1 and 1
in pAMI5) encoding predicted Sigma factors: (i) Fecl-
like ¢'® — required for the uptake of iron (5 copies,
JCM7686_1690, JCM7686_1812, JCM7686_pAMI1p074,
JCM7686_pAMI4p059 and JCM7686_pAMI5p016), (ii)
RpoE-like 0** — enabling the expression of genes involved
in the heat shock response, as well as extracytoplasmic
transport (4 copies, JCM7686_2748, JCM7686_2865,
JCM7686_3466 and JCM7686_pAMI4p292), (iii) RpoH-
like 6** — involved in the heat shock and other stress
responses (JCM7686_2477), (iv) RpoN-like ¢®* — in-
volved in nitrogen metabolism (JCM7686_pAMI4p216)
and (v) RpoD-like 6”° — regulating gene expression during
exponential growth (JCM7686_2204). Genes equivalent
to rpoF (0*®) and rpoS (c°®), responsible for the expres-
sion of flagellar genes and genes in the stationary phase of
growth, respectively, were not detected in this genome. In
addition, we identified anti-sigma (JCM7686_3151) and
anti-anti-sigma (JCM7686_3150) factors within the JCM
7686 chromosome.

The presence of eleven alternative sigma factors (of four
types — 6%, 6**, 6°% and ¢°*), enables global changes in
gene expression and permits alteration of the overall
cellular metabolism in response to changing environ-
mental conditions [26]. Thus, this feature indirectly re-
flects the metabolic flexibility and adaptive abilities of

the strain JCM 7686. It is noteworthy that three of five
P. aminophilus fecl (*°) genes were identified within
plasmids, which suggests an important role for these
replicons in iron transport and metabolism. Moreover,
the only rpoN gene copy was carried by a plasmid,
pAMI4. It was previously demonstrated that RpoN, be-
sides regulating genes involved in nitrogen metabol-
ism, enables the transcription of a wide range of other
genes encoding proteins participating in the regulation
of virulence-related factors, as well as in amino acid,
carbohydrate and organic acid synthesis, utilization and
transport [26]. This indicates that pAMI4 may be highly
significant in overall gene regulation in the strain JCM
7686.

Global regulators, which have the ability to regulate
operons that belong to various metabolic pathways, are
another basic component of transcription regulatory
networks in bacteria. It has been shown that the ex-
pression of 51% of the E. coli genes is under the control
of only seven regulatory proteins: CRP, FNR, IHF, FIS,
ArcA, NarL and Lrp [27]. Within the JCM 7686 gen-
ome we identified genes encoding 5 types of putative
global gene regulators: (i) three CRP/FNR family tran-
scriptional regulators (JCM7686_1106, JCM7686_3086,
JCM7686_pAMI8p144), (ii) three FIS family transcrip-
tional regulators (JCM7686_3395, JCM7686_pAMI4p202,
JCM7686_pAMI5p202), (iii) a H-NS proteins (JCM7686_
3426, JCM7686_pAMI8pll5), (iv) a Lrp regulator
(JCM7686_0212) and (v) integration host factor (IHF)
subunits A (IhfA; JCM7686_1093) and B (IhfB; JCM
7686_1288).

We also identified 217 genes encoding transcriptional
regulators with predicted local specificity of action, prob-
ably limited to a single gene/gene cluster (Additional
file 2). A quarter of the identified regulators were assigned
to the LysR family — the most abundant type of transcrip-
tional regulators in bacteria [28]. Interestingly, we identi-
fied genes encoding 8 regulators of the LuxR family, which
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are located within the chromosome and plasmids pAMI]I,
pAMI2, pAMI4 and pAMIS8. The majority of LuxR-type
proteins represents transcription activators, which spe-
cifically bind to N-acyl homoserine lactones (AHL; syn-
thesized by a LuxI protein) that are secreted signaling
molecules involved in quorum sensing in a variety of
Gram-negative bacteria (e.g. [29]). We also identified
CDSs for 3 putative N-acyl-L-homoserine lactone syn-
thetases (LuxI-like proteins): two localized within the
chromosome (JCM7686_2124, JCM7686_3181) and one
in plasmid pAMI1 (JCM7686_pAMI1p026). The presence
of luxR and luxl genes strongly suggests that quorum
sensing plays a role in regulation of P. aminophilus gene
expression.

Two-component systems are another important part
of bacterial transcription regulatory networks present in
P. aminophilus. Such systems are directly involved in
sensing a cell’s external environment and signal trans-
duction (e.g. [30]). Within the JCM 7686 genome we
identified 23 pairs of genes encoding histidine protein
kinases (HPKs) and phospho-aspartyl response regula-
tors: 15 of them within the chromosome and others lo-
cated on plasmids pAMI4, pAMI5, pAMI6 and pAMI8
(Additional file 3). Moreover, we identified 6 HPKs with
unknown partner response regulators in the chromo-
some and pAMI6 (Additional file 3).

Among the P. aminophilus HPKs we found homologs of
enzymes of well-described two-component phosphorelay
systems involved in regulating (i) nitrogen assimilation —
NtrB (JCM7686_0575 and NtrX (JCM7686_0577) [31], (ii)
chemotaxis — CheA (JCM7686_1281) [32], (iii) phosphate
homeostasis — PhoR (JCM7686_2063) [33], (iv) differenti-
ation and cell cycle progression — CckA (JCM7686_2539)
[34], (v) C4-dicarboxylate metabolism — DctB (JCM7686_
2824) [35], (vi) expression of virulence factors — QseC
(JCM7686_3369; JCM7686_pAMI5p117) [36], (vii) metha-
nol and formaldehyde oxidation — FIhS (JCM7686_3383),
(viii) several anaerobic processes and assimilation of CO,
and N, — RegB (JCM7686_3423) [37], (ix) high affinity
potassium-uptake — KdpD (JCM7686_pAMI4p337) [38]
and (x) expression of the tor structural operon encoding
the trimethylamine N-oxide reductase respiratory system
in response to substrate availability — TorS (JCM7686_
pAMI5p018) [39].

Stress response
In the majority of cases, the processes underlying the
global stress response of bacteria are dependent on al-
terations in gene expression, usually controlled at the
transcriptional level by various sigma factors [40]. How-
ever, there are also several more specific stress response
mechanisms.

A fundamental trigger of the cellular stress response is
DNA damage. In this scenario, the bacterial defense
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mechanism relies on a conserved inducible pathway —
the SOS response (e.g. [41]). The primary components
of this pathway, RecA recombinase and the LexA repres-
sor, are encoded within the JCM 7686 chromosome
(JCM7686_2538 and JCM7686_0753, respectively).

Moreover, the SpoT/RelA, (p)ppGpp synthetase I
(JCM7686_1948), involved in the bacterial stringent re-
sponse (triggered by nutritional deprivation) was also
identified. During the stringent response process, an ac-
cumulation of the signaling nucleotides pppGpp and
ppGpp occurs, which causes dramatic alterations in gene
expression [42]. An important role in this process is also
played by the chromosomally-encoded RelE toxin of the
relBE systems, which, as mRNA-cleaving enzymes, glo-
bally inhibits translation during amino acid starvation
[43]. Within the P. aminophilus genome we identified 11
toxin-antitoxin (TA) pairs representing the families re/BE/
parDE (5 TA systems), phd-doc (1), ccdAB (1), hipAB (2),
and 2 hybrid systems (vapC-phd). The majority of the
identified TA modules were localized within the plasmids
(Additional file 4), and they most probably perform repli-
con stabilization functions. Only a single TA system of the
hipAB family was located on the chromosome.

Among the most important factors in the mainten-
ance of cellular fitness under changing environmental
conditions are molecular chaperones. They are involved
in various processes in bacterial cells, such as assisting
the folding of newly synthesized proteins, protein secre-
tion, preventing the aggregation of proteins under heat
shock conditions, and repairing proteins that have been
damaged or misfolded due to stress conditions (e.g.
[44]). Within the P. aminophilus genome we identified
35 putative molecular chaperones, the majority of which
(32) are encoded by the chromosome. These include
heat and cold shock proteins, proteases, disulfide bond
chaperones and protein-export chaperones (Additional
file 5). We also identified a major RNA chaperone, Hfq,
which is a key player in small RNA (sRNA)-mediated
regulation of target mRNAs, that promotes SRNA-mRNA
base pairing to permit rapid adaptive responses [45]. Sur-
prisingly, we did not identify homologs of the bacterial
HtpG (Hsp90) protein, which is responsible for heat or
chemical shock responses. This is unusual because genes
encoding HtpG proteins are present in the majority of
bacterial genomes [46].

DNA recombination and repair

Since the integrity of the genomic DNA is fundamental
to bacterial persistence, it is extremely important that the
cell is equipped with sufficient DNA repair proteins to
protect it against genetic damage [47]. Within the JCM
7686 genome we identified 59 genes encoding proteins
predicted to be involved in various DNA repair pathways.
The vast majority of them (47) are located within the
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chromosome. We performed a detailed characterization
and classification of all genes encoding DNA repair-related
proteins (summarized in Additional file 6). Comparison of
the DNA repair genes of P. aminophilus with those of two
well defined species, Escherichia coli (Gammaproteobac-
teria) and Caulobacter crescentus (Alphaproteobacteria),
revealed the presence of 53 and 58 orthologous genes,
respectively (Additional file 6).

As in C. crescentus [47], the JCM 7686 genome con-
tains no mutH and dam homologs, which implies that
both strains use different proteins to recognize and re-
pair DNA replication errors. P. aminophilus, like many
other Alphaproteobacteria (including C. crescentus) also
lacks the RecBCD module, but possesses the related sys-
tem AddAB instead, which recognizes a 5-base Chi site
(5'-AGCGG-3"; 17,218 such recognition sequences
were identified within the JCM 7686 genome) [48].
Curiously, we also found that P. aminophilus does not
encode a typical deoxyribodipyrimidine photolyase
(Phr-like). These enzymes employ visible light as the en-
ergy source to monomerize pyrimidine dimers induced
by UV irradiation [49], and orthologs are found within
the C. crescentus genome. Instead of Phr, JCM 7686 en-
codes a non-related SplB-like DNA repair photolyase. It
was shown that the SplB protein is a DNA repair enzyme
responsible for the process of reversion of the thymine
dimer, 5-thyminyl-5,6-dihydrothymine (spore photoprod-
uct), formed during UV irradiation of Bacillus subtilis
spores [50]. We hypothesize that this protein may function
as the major photolyase of P. aminophilus, responsible for
the photo-reactivation process.

Although the majority of the DNA repair proteins are
found within the JCM 7686 chromosome, 12 genes en-
coding such proteins are present in three plasmids:
pAMI4 (3 genes), pAMI5 (3) and pAMI8 (6). Among
them is an alkB gene (carried by pAMI5), which encodes
a highly conserved and usually chromosomally-encoded
protein (AlkB), responsible for the repair of alkylation
damage in DNA via an oxidative demethylation pathway
[51]. The presence of this alkB gene within pAMI5 sug-
gests that it may be an essential replicon.

DNA methylation

Genes encoding predicted DNA methyltransferases (MTases),
which may play important roles in the regulation of
replication, gene expression and mismatch repair sys-
tems (e.g. [52]) were detected in the JCM 7686 gen-
ome. In addition to the previously described M.PamlI
[24], that is part of the type II restriction-modification
system encoded by plasmid pAMI7, we identified seven
chromosomally-encoded putative MTase genes. All of
them seem to be orphan MTases, since they lack asso-
ciated partner endonucleases.
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The gene JCM7685_3079 encodes a CcrM (cell-cycle
regulating MTase) homolog. Its ability to modify adenine
residues in GANTC sequences was confirmed in vivo
and in vitro (Additional file 7). The CcrM methyltransfer-
ases were shown to be essential for the viability of various
Alphaproteobacteria (including Caulobacter crescentus,
Sinorhizobium meliloti, Agrobacterium tumefaciens and
Brucella abortus) and to play a crucial role in the regu-
lation of bacterial cell division (e.g. [53]). To confirm
the pivotal role of the JCM7686_3079 gene product in
the P. aminophilus cell cycle, we attempted to disrupt
this gene. However, this proved to be impossible, unless
a wild-type copy was provided in trans, demonstrating
that this CcrM homolog is essential for the viability of
the host strain.

The other six genes encoding putative MTases are
located within predicted prophage regions. Based on
automatic methyltransferase prediction algorithms we
allocated the following genes to different MTase classes:
m°®A MTases — JCM7686_1231, JCM7686_2255 and
JCM7686_2934; m*C MTase — JCM7686_0815; m°C
MTases — JCM7686_0772 and JCM7686_2655. Each of
these predicted methylase genes was cloned into an
expression vector and expressed in E. coli. The activ-
ity of the recombinant MTases was assessed and their
sequence specificity determined using the endonucle-
ase protection assay (according to [54]) (Additional
files 8, 9, 10).

This analysis revealed that both m°C MTases have
relaxed substrate specificity [partial protection of se-
quences CCNGG, CCWGG, AGCT, CCGG, GCN,GC and
others (Additional file 8)], but they do not protect DNA
against cleavage by R.Paml, encoded by the restriction-
modification system of pAMI7. The m*C MTase of JCM
7686 recognizes and methylates YGGCCR sequences
(Additional file 9). The three m®A MTases are highly simi-
lar (at least 95% aa sequence identity) and they methylate
the sequence GANTC (Additional file 10). This is the
same sequence specificity as assigned to the CcrM methyl-
ase (the main cell cycle regulator).

Multireplicon structure of the JCM 7686 genome

As mentioned above, the genome of P. aminophilus
JCM 7686 is composed of a single chromosome and
eight smaller replicons (pAMI1-pAMI8) (Figure 1). Pre-
dicted plasmids constitute 26.5% of the genome and
they carry 1158 CDSs (about 25% of all JCM 7686 CDSs),
which means that a huge amount of genetic information
is stored within these replicons. Among the JCM 7686
plasmids we distinguished 5 mega-sized replicons (118—
438 kb), pAMI1, pAMI4, pAMI5, pAMI6 and pAMIS,
all carrying genes conserved in bacterial chromosomes,
including chromosomes I and II of P. denitrificans
PD1222 (Additional file 11). Since size is not an
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infallible criterion for distinguishing plasmids from sec-
ondary chromosomes, functional analyses of the JCM
7686 replicons was undertaken.

To characterize the function of the mega-sized replicons
in the cellular metabolism we constructed mini-derivatives,
which were used to remove the native plasmids from the
host cell by incompatibility (such analyses of the smallest
plasmids pAMI2, pAMI3 and pAMI7 were performed pre-
viously [22,23,25]. The mini-derivatives were constructed
by cloning DNA fragments containing the plasmid main-
tenance modules (including plasmid replication initiation
modules), into the E. coli-specific, mobilizable, narrow-
host-range vector pABW1 (ColE1l-type ori of pMB1) [55].
Using the obtained mini-derivatives containing incompati-
bility determinants, we were able to remove plasmids
pAMI1, pAMI4, pAMI6 and pAMI8 from JCM 7686
(Additional file 12). Interestingly, curing this strain of
pAMILI resulted in a change in colony morphology, which
became irregular, flat and dry. We were unable to intro-
duce the mini-derivative of pAMI5 into JCM 7686 cells.
It was therefore impossible to remove pAMI5, which
strongly suggests that this replicon might be essential to
host viability.

Growth rate analysis of strains deprived of the indi-
vidual megaplasmids was performed in rich LB medium,
as well as in AC minimal salt medium. This revealed
that the removal of plasmids pAMI1l, pAMI4 and
pAMI8 had no effect on the growth rate (Figure 2).
Interestingly, the pAMI1-less derivative grew in the
form of irregular flocks (Additional file 13), which were
in fact the aggregations of bacterial cells. In the case of the
pAMI6-less strain, growth in LB medium was significantly
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decreased, and it was completely inhibited in AC medium
(Figure 2). This indicates that the presence of plasmid
pAMIG6 enables growth of this P. aminophilus strain in
minimal medium.

Based on the obtained results we have classified the
pAMlI-replicons into two groups: (i) essential (pAMI5,
pAMI6) and (ii) non-essential (pAMI1, pAMI2, pAMI3,
pAMI4, pAMI7 and pAMIS) genetic elements.

Additionally, to extend the functional analyses, the
host ranges of pAMI1-pAMIS8 replicons were examined
using their plasmid mini-derivatives cloned within plas-
mid pABW1. The tested strains of Alphaproteobacteria
were classified into two orders: (i) Rhodobacterales, rep-
resented by Paracoccus versutus UW?225 and Paracoccus
pantotrophus KL100, and (ii) Rhizobiales, represented by
the families Brucellaceae (Ochrobactrum sp. LMI19R)
and Rhizobiaceae, including members of the Rhizobium/
Agrobacterium group (Rhizobium etli CE3 and Agrobac-
terium tumefaciens LBA288) and the Sinorhizobium/
Ensifer group (Sinorhizobium sp. LM21R). Replication
abilities of pAMI1-pAMI8 were also tested in Alcaligenes
sp. LM16R (Betaproteobacteria) and E. coli BR825
(Gammaproteobacteria).

This analysis revealed that mini-derivatives of pAMI1,
pAMI2, pAMI3, pAMI4, pAMI7 and pAMIS8 could rep-
licate in all analyzed strains of Alphaproteobacteria,
while the introduction of pAMI5 and pAMI6 into Sinor-
hizobium sp. and Ochrobactrum sp. was impossible,
which may be due to strong incompatibility with their
native replicons. We were also unable to introduce any
of the analyzed plasmids into representatives of the
Beta- or Gammaproteobacteria (Additional file 14).
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Figure 2 The growth rates of pAMI1-, pAMI4-, pAMI6- and pAMI8-less derivatives of P. aminophilus JCM 7686. Growth rates of the
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bacterial cultures were determined by viable cell counts (cfu).The strains [wild-type strain, pAMI1-less derivative, pAMI4-less derivative, pAMI6-less

derivative and pAMI8-less derivative] were grown in 20 ml of liquid LB (A) or AC medium (B) with arabinose added as the sole source of carbon

and energy. Samples were taken every 12 h for 36 h (in the case of LB medium) and every 24 h for 120 h (in the case of AC medium). The values
plotted are the means of three replicates.
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These findings indicate the relatively narrow host range
of the analyzed replicons, being limited to members of
the Alphaproteobacteria class.

Essential genetic elements - chromids

The curing experiments showed that the pAMI5 replicon
could not be removed from JCM 7686 cells. Close inspec-
tion of the genetic content of this plasmid revealed that 62
(23.5%) of its genes are conserved in the chromosomes of
P. denitrificans PD1222 (Additional file 11), and that 45 of
them are singletons in the JCM 7686 genome. These genes
encode several proteins of unknown function, but also
proteins that are probably involved in the host metabol-
ism, including (i) iron transport, (ii) D-pantothenate syn-
thesis, (iii) motility, (iv) folate one-carbon metabolism and
(v) de novo NAD biosynthesis. Interestingly, the nadABC
(JCM7686_pAMI5p135-137) genes are the only ones en-
coding components of the de movo NAD biosynthetic
pathway (Additional file 15) identified within the JCM
7686 genome, which may explain the essential nature
of the pAMI5 replicon. It is important to mention that
the loss of nadABC genes most probably cannot be
compensated via the NAD salvage pathway, since the
predicted NAD pyrophosphatase (an enzyme involved
in the process) is also encoded by pAMI5 replicon
(JCM7686_pAMI5p033 gene) (the remaining compo-
nents of this pathway were identified in the JCM 7686
chromosome). Moreover, pAMI5 contains the only
copies of (i) the alkB gene (JCM7686_pAMI5p075)
induced during adaptive responses and involved in the
direct reversal of alkylation damage [56] and (ii) the /AsiJ
gene (JCM7686_pAMI5p111) encoding a heat shock
protein [57].

All the aforementioned genes may play an important
role in the JCM 7686 metabolism and we speculate that
some of them may be responsible for the pAMI5 essential-
ity. However this needs to be experimentally confirmed.

Essential element status can also be assigned to the
pAMI6 replicon. Although, we were able to remove it
from JCM 7686 cells cultivated in LB medium, the growth
of the pAMI6-less strain was completely inhibited in min-
imal salt medium (Figure 2). Analysis of the genetic con-
tent of pAMI6 revealed the presence of several modules
that are typically encoded on chromosomes. Corre-
sponding genes are involved in histidine, folate, glycero-
phospholipid, purine, selenoamino acid, sulfur, propanoate,
glyoxylate and dicarboxylate metabolism. A surprising
finding was the amtB gene (JCM7686_pAMI6p067, the
only copy of this gene in the JCM 7686 genome), which
encodes a NH; transporter of the Amt/Rh family [58].
Presence of this gene on pAMI6 may explain why this
plasmid is essential for growth in minimal salt medium,
where the only nitrogen source is NH,Cl, which cannot
be transported into the cell in the absence of an
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appropriate transporter. This finding was confirmed by
the analysis of the strain growth in minimal medium
with casamino acids as a nitrogen source instead of am-
monium chloride. pAMI6-less strain was able to growth
in such medium, but its growth rate was significantly
decreased. This suggests that there are also some add-
itional (to amtB) genes, which are responsible for the
essentiality of this replicon.

A growing number of studies in the field of genomics
have produced data suggesting that the structure of many
bacterial genomes is more complex than previously as-
sumed. Many bacteria bear additional, large, autonomous
replicons, which (like chromosomes) carry a pool of house-
keeping genes [59-62]. Unlike typical plasmids, such repli-
cons are necessary for the viability of their hosts, and for
this reason they were initially defined as “secondary chro-
mosomes”. However, this name is inadequate since these
replicons possess many characteristics typical of plasmids:
they contain plasmid-like replication systems and other
genetic modules of plasmid origin. Bioinformatic analyses
of these replicon sequences indicated that they were gen-
erated by the transfer of genetic information from chro-
mosomes to plasmids co-residing in the cell. Due to their
dualistic properties, they have been reclassified into a sep-
arate, newly distinguished group with properties of both
chromosomes and plasmids: the chromids [60]. Our ana-
lyses indicate that pAMI5 and pAMI6 can be classified
into this group of elements as well.

Non-essential genetic elements — plasmids

Six of the predicted JCM 7686 plasmids (including the
previously described plasmids pAMI2, pAMI3 and pAMI7
[23,25]) were readily removed from the host cells. Among
these dispensable replicons are the two repABC-type
megaplasmids, pAMI4 and pAMI8 (Figure 1). Interest-
ingly, pAMI4 and pAMI8 carry almost as many putative
transposase genes (20 and 17, respectively; complete and
truncated) as the whole chromosome (25 genes), and
many more than the other replicons (0—4 genes) (Table 1).
Within pAMI4 and pAMI8 we identified 101 genes en-
coding predicted transporters involved in the transport of
(i) amino acids/dipeptides (dpp-like gene clusters), (ii) sn-
glycerol-3-phosphate (ugp-like gene clusters), (iii) taurine
(tau-like gene cluster) and (iv) inorganic ions [mainly iron
(fec-like gene clusters), but also potassium, sodium and
various heavy metals]. Genes encoding predicted trans-
porters constitute 21 and 10% of the genetic information
carried by plasmids pAMI4 and pAMIS, respectively.
Moreover, within pAMI8 we identified a vir-gene clus-
ter of a type IV secretion system, which is frequently
found in Alphaproteobacteria megaplasmids [63], and 5
putative dsb-like genes the products of which may be
involved in introducing disulfide bonds into diverse
substrate proteins [64].
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As mentioned above, the removal of pAMI1 from JCM
7686 cells influenced colony morphology and affected the
growth mode in rich LB medium (but not in minimal-salt
AC medium) (Additional file 13). Analysis of the pAMI1
sequence revealed that 40% of its genes encode proteins
involved in amino acid transport and metabolism. Since
amino acids serve as the main nitrogen source in LB
medium, while nitrogen is provided by ammonium ions
in AC medium, this may explain the observed growth
differences.

Prophages and other prophage-related regions

In the P. aminophilus chromosome, we identified 10 re-
gions encoding phage-related proteins (Figure 1). These
constitute 8.2% of the host chromosome. Close inspec-
tion revealed that only 6 of them encode a full set of
proteins crucial for the phage “life cycle”. Thus only
these regions were considered to represent putative pro-
phages and designated ¢pPam-1 to ¢pPam-6, respectively
(Figure 3A). The predicted sizes of the identified pro-
phages range from 32.9 to 43.9 kb and they comprise be-
tween 41 and 49 phage-related genes coding for proteins
involved in integration, replication, packaging, capsid and
tail assembly, and lysis. For four of the prophages we could
identify putative integration sites, which were tRNA se-
quences (tRNA-Pro for ¢pPam-1, tRNA-Arg for ¢pPam-3,
tRNA-Gly for pPam-5 and tRNA-Met for ¢pPam-6).

The vast majority of genes annotated within the pro-
phage regions encode hypothetical proteins of unknown
function. However, since prophages may encode fitness
factors (e.g. virulence genes or metabolic modules) for
their lysogenic hosts (e.g. [65]) we performed in-depth
homology searches and found that genes JCM7686_0776
and JCM7686_1223 (within ¢pPam-1 and ¢pPam-2) encode
tellurite resistance proteins (TerB). Moreover, we found
that all but one (¢pPam-3) of the prophages encode meth-
yltransferases (Figure 3A).

The JCM 7686 prophages exhibit high reciprocal nu-
cleotide sequence similarity (Figure 3A), but they share
only limited and localized homology with other prophages.
This finding suggests their uniqueness among so far iden-
tified bacteriophages. Comparative analyses of the phage
structural proteins revealed that five of the JCM 7686 pro-
phages (¢pPam-2-pPam-6) encode major capsid proteins
similar to those of HK97-like phages (Siphoviridae), which
may suggest some evolutionary relationship.

To identify functional phages we applied the method of
aggressive induction with mitomycin C. Using this proced-
ure, only one of the JCM 7686 prophages, ¢pPam-6, was in-
duced. The ¢pPam-6 prophage is flanked in the genome by
17-bp direct repeats (5'-CCCTCCTCCGCTACCAT-3")
which were recognized as the phage attachment site. In
addition, pPam-6 encodes a serine family recombinase,
rather than a tyrosine family integrase that is typical for
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phages (including the other JCM 7686 prophages). Follow-
ing induction, bacteriophage particles were visualized by
transmission electron microscopy using negative staining
with uranyl acetate (Additional file 16) and it was con-
firmed by the restriction analysis that they contain
¢Pam-6 DNA. Hence, ¢pPam-6 is the first functional
phage identified in Paracoccus spp.

Among the predicted prophage-related regions we
also identified one gene transfer agent (GTA) cluster of
14.7 kb, which contains 18 putative genes (Figure 3B).
This GTA cluster is located upstream of the cysE gene,
encoding serine O-acetyltransferase (involved in cysteine
biosynthesis), which is a common location for GTAs in
bacterial genomes [66]. The identified region shares syn-
teny and exhibits 80% nucleotide sequence identity with a
GTA cluster found within chromosome II of Paracoccus
denitrificans PD1222 [GenBank:CP000490]. Moreover,
the P. aminophilus GTA exhibits homology to other
RcGTA-like gene clusters (the archetype of this group is
Rhodobacter capsulatus GTA) identified in various rep-
resentatives of Alphaproteobacteria [66].

Transposable elements (TEs)

Analysis of the JCM 7686 genome identified 72 predicted
transposase genes (Table 1); however, 32 of them are trun-
cated (Additional file 17). The encoded transposases were
classified and particular TEs distinguished (Additional
file 17).

We identified 11 types of complete insertion sequences
representing 5 IS families [IS3 (IS407, IS51 groups), IS5
(IS427, 1S903 groups), 1S66, IS110 and 1S1182] (Additional
file 17). Most of the identified ISs are present as a single
copy in the JCM 7686 genome. The exceptions are
ISPaml and ISPam2 (both have 2 copies), as well as
ISPams5 (8 copies). As shown in Figure 3C, the majority of
the identified ISs contain a single ORF encoding a trans-
posase (members of the 1S903 group of the IS5 family,
[S110 and 1S1182 families) or carry two overlapping ORFs
and possess a conserved frame-shift motif (members of
the 1S407 group of the IS3 family and IS427 group of the
IS5 family). The frame-shift sequences are most probably
responsible for the generation of a fusion protein (ORF1 +
ORF2) as a result of programmed translational frame-
shifting [67]. A putative trans-frame transposase may also
be potentially produced by ISPam8 of the 1S66 family.
ISPam8 also contains two additional ORFs (Figure 3C),
which may be involved in the regulation of transposition.

Within the plasmid component of the JCM 7686 gen-
ome we also identified a non-composite, cryptic trans-
poson Tn3434a of the Tn3 family. It is present in 4
copies: in pAMI1, pAMI7 and pAMI8 (2 copies). The
presence of two identical divergently oriented copies of
Tn3434a within pAMI8 resulted in inversion of an
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approx. 15-kb DNA region due to site-specific resolvase-
mediated recombination.

In a previous study, using a trap plasmid strategy, we
showed that ISPamI, ISPam2, ISPam3 and Tn3434a are
fully functional elements [17]. However, such analyses
have some limitations because, although it may identify
most active elements, other functional TEs can be missed
due to their low transposition frequency.

Comparative genomics of Paracoccus spp

Until now, the annotated genome sequences of only four
Paracoccus spp. strains are available in public databases:
P. denitrificans PD1222 ([GenBank:CP000489], [GenBank:
CP000490] and [GenBank:CP000491]), Paracoccus sp.
strain TRP [7], P. denitrificans SD1 [8] and Paracoccus sp.
N5 ([GenBank:NZ_AQUOO01000001], [GenBank:NZ_
AQUO01000002] and [GenBank:NZ_AQUO01000003]).
In this study we add the genome of P. aminophilus JCM
7686 and comparative analysis of five Paracoccus spp.
genomes is now possible.

A total of 1001 genes (20 - 27% of all genes) can be con-
sidered as core Paracoccus genes, since they are present in
all five analyzed genomes (Figure 4). Functional classifica-
tion of the proteins encoded by these genes showed that,
in a vast majority of cases, they belong to five COG groups
(], O, C, E H) that represent basic housekeeping functions,
expected to be encoded on chromosomes, and therefore
conserved among bacterial genomes.

Comparative genomic analyses disclosed some specific
features of the P. aminophilus genome. The chromosome
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of strain JCM 7686 contains 757 singletons (22% of all
genes) that are mainly located within prophages, although
other gene clusters are also included, e.g. a type III secre-
tion system with 19 unique genes. The remaining single-
ton genes are encoded by the plasmids (46% of all plasmid
genes). A relatively large portion of singletons within
the genome is a feature of all the analyzed Paracoccus
genomes, which suggests that these strains are not that
closely related.

We also performed a complex phylogenetic analysis of
P. aminophilus JCM 7686 in relation to other fully se-
quenced members of the class Alphaproteobacteria. A
phylogenetic tree based on 453 core genes was computed
(Figure 5). P. aminophilus JCM 7686 is clustered to-
gether with the other completely sequenced Paracoccus
spp. strains, but it forms an outgroup, which indicates
its “distant” relationship to representatives of other species
(Figure 5).

Conclusions

Chromids have been found in bacteria belonging to many
different phyla, including Actinobacteria, Bacteroidetes,
Chloroflexi, Cyanobacteria, Deinococcus-Thermus, Fir-
micutes, Proteobacteria and Spirochaetes [60,61]. It was
shown that chromids of bacteria classified to separate
phylogenetic groups carry replication systems of different
types, which indicates that these replicons were derived
from plasmid precursors typical for particular groups of
hosts, and were formed independently in the course of
evolution [60,61].

- Paracoccus aminophilus JCM 7686
- Paracoccus denitrificans PD1222

- Paracoccus denitrificans SD1

- Paracoccus sp. N5

- Paracoccus sp. TRP

QR WN =

Figure 4 Venn diagram of the comparison of five sequenced and annotated Paracoccus genomes. The differently colored areas represent
the compared strains. The central area describes the core genome consisting of 1001 genes.
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Figure 5 Phylogenetic tree based on 453 core genes of the selected strains of Alphaproteobacteria. Multiple sequence alignments of
concatenated core gene sequences were calculated using EDGAR tool. Plasmid sequences were included.
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Chromids share a number of major characteristics:
(i) considerable size (they are usually the second largest
replicons in the cell, being larger than the chromosomes
of some bacteria), (ii) the presence of plasmid-type replica-
tion systems, (iii) G + C nucleotide contents comparable
to that of chromosomes, (iv) codon usage similar to that
of chromosomes (points iii and iv indicate long-term
co-evolution of chromosomes and chromids), (v) the
presence of housekeeping genes, typical for chromosomes
(removal of chromids from the bacterial cell causes a le-
thal effect), and (vi) the presence of adaptive genes, typical
for plasmids, enabling adaptation of bacteria to a given
ecological niche [60,68,69]. A typical feature of chromids
is their high variability, resulting mainly from the low
density of housekeeping genes. Therefore, they are consid-
ered to be specific “training sites” in which different evolu-
tionary variants are “tested” [68,70,71], which leads to
structural variability of multireplicon genomes in different
strains of the same genus [72].

The formation of multi-replicon genomes, in which the
basic genomic information is split between various repli-
cons, seems to be beneficial to bacteria. The presence of
additional replicons enables more rapid duplication of
the genetic information, and permits the maintenance
of a larger genome while keeping a high rate of cell

division. Moreover, it was shown that the frequency of
dimer generation by bacterial chromosomes increases ex-
ponentially in relation to their size; therefore, the reduc-
tion of chromosome size (by dividing the genetic
information essential for host viability, into two or more
replicons) allows minimization of this phenomenon
[73].

Many Paracoccus spp. genomes also possess a multi-
replicon structure. A good example of such a genome
architecture is P. aminophilus JCM 7686, which carries
one chromosome and eight plasmid-like replicons. Our
in silico analyses revealed that pAMI1, pAMI4, pAMI5,
pAMI6 and pAMIS carry many genes (also predicted core
genes) showing homology to ORFs within P. denitrificans
PD1222 chromosomes (Additional file 11), thus they may
be considered as putative chromids. However, relying only
on the bioinformatic studies, the concept of essentiality of
particular replicons is highly speculative, thus to define
their nature we applied additional analyses.

In this study, acknowledging the importance of func-
tional analyses, we have shown that only pAMI5 and
PAMI6 should be classified as chromids, since their
presence in the host cells is essential for their proper
functioning. pAMI5 could not be removed from the host
cells at all, and while it was possible to obtain a pAMI6-



Dziewit et al. BMC Genomics 2014, 15:124
http://www.biomedcentral.com/1471-2164/15/124

less derivative, this strain was unable to grow in minimal
media, i.e. in conditions similar to those in the natural
environment. Based on this observation we propose
the classification of bacterial chromids into two types:
“primary” chromids (e.g. pAMI5), which are indispensable
for host viability and carry genes of the core genome, thus
their elimination from the host cells is impossible under
any environmental conditions, and “secondary” chromids
(e.g. pAMI6) which were probably formed quite recently
from an evolutionary point of view (e.g. they contain dif-
ferent REP systems, and have more characteristics typical
for plasmids). Moreover, secondary chromids seems to
carry a species (or genera) -specific pool of genes that are
crucial for survival in the natural environment, but are not
essential under “safe” laboratory conditions, thus the repli-
cons are only “facultatively” essential [74].

According to this definition, the chromosome II of
P. denitrificans PD1222 should be reclassified as a pri-
mary chromid. It is noteworthy that chromosome II of
PD1222 and pAMI5 carry related dnaA-like replication
systems, which may be a typical feature of the primary
chromids of Paracoccus spp. This may facilitate further
classifications of such replicons in other representative of
this genus.

Methods

Strains, plasmids and culture conditions

The strains used in this study are presented in Additional
file 18. They were grown in Luria-Bertani (LB) medium
[75], TY medium (Rhizobium etli CE3) [76] and the min-
imal salts medium AC [77] at 37°C (E. coli) and 30°C
(other strains). Where necessary, the media were supple-
mented with arabinose (0.2%), glucose (1%), kanamycin
(50-1000 pg/ml) and rifampicin (50 pg/ml). The plas-
mids used and constructed in this study are described in
Additional file 19.

DNA isolation, standard genetic manipulations and
introduction of plasmid DNA into bacterial cells

The isolation of total DNA and plasmids, as well as
common DNA manipulation methods were performed
as described by Sambrook and Russell (2001) [75]. The
visualization of mega-sized replicons was achieved by in-
gel lysis and DNA electrophoresis according to a method
described by Wheatcroft et al. (1990) [78]. PCR was per-
formed in a Mastercycler using HiFi polymerase (Qiagen;
with supplied buffer), dNTP mixture, total DNA (or
plasmid DNA) of P. aminophilus as the template and
appropriate oligonucleotide primers (Additional file 20).
Transformation of E. coli strains was performed accord-
ing to the method of Kushner [79]. Triparental mating
was performed as previously described [80].
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Determination of the sequence specificity of
methyltransferases using the endonuclease protection
assay

Putative MTase genes were PCR-amplified from P.
aminophilus genomic DNA using specific primer pairs
(Additional file 20). The amplified genes were cloned into
expression vectors pET-28a or pET-30a (Additional
file 19). Obtained plasmids were used to transform E. coli
ER2566 and the strains were propagated for expression.
To repress T7 RNA polymerase expression in the ER2566
strains before induction, glucose was added to cultures at
a final concentration of 1%. The DNAs of recombinant
plasmids isolated from IPTG-induced and non-induced
bacterial cultures were used as substrates for cleavage by
selected restriction enzymes.

Phage excision and transmission electron microscopy
Mitomycin C (0.5 mg/ml) was added to a logarithmic
phase culture of P. aminophilus in 20 ml LB medium.
Following incubation for a further 8 h, the culture was
centrifuged at 11,000 g for 10 min to pellet the cells and
the supernatant fraction was passed through a membrane
filter (0.22 pm pore size). Phage particles were collected
by centrifugation (2 h at 100,000 g) and resuspended in
50 pl of SM buffer (50 mM Tris—HCI, pH 7.5, 100 mM
NaCl, 8 mM MgSO, x 7H,0, 0.01% gelatin). One drop of
the suspension was applied to the surface of a Formvar-
coated grid, negatively stained with 2% uranyl acetate [81],
and then examined using a LEO 912AB transmission elec-
tron microscope.

DNA sequencing

Total genomic DNA was isolated from an overnight cul-
ture of P. aminophilus JCM 7686 using the DNeasy Blood
& Tissue Kit (Qiagen). This was used for the construction
of NGS (Next Generation Sequencing) libraries: (i) GS
FLX + shotgun library [using the GS FLX + library prepar-
ation kit (Roche)], (ii) an 8-kb-long paired-end library
[using the GS FLX Paired-End kit (Roche)] and (iii) Illu-
mina Paired-End library [using the Illumina TruSeq2.0 kit
(lumina Inc.)]. The genomic libraries were sequenced
using a Genome Sequencer FLX + System (Roche) and
[Nlumina HiScanSQ Genome Analyzer (Illumina Inc.)
in the DNA Sequencing and Oligonucleotide Synthesis
Laboratory (oligo.pl) at the Institute of Biochemistry
and Biophysics, Polish Academy of Sciences. The se-
quence data was assembled into contigs and scaffolds
using Newbler De Novo Assembler (454 Sequencing
System Software, Roche). Any remaining gaps were closed
using the Expand Long Template PCR System (Roche),
followed by Sanger sequencing with an ABI3500 Genetic
Analyzer (Life Technologies) using BigDye Terminator
Mix v. 3.1 chemistry (Life Technologies).
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Bioinformatics
Automatic gene prediction and annotation of the JCM
7686 genome were performed using GenDB 2.0 [82].
Automatic annotations and intergenic regions were ana-
lyzed and corrected manually by means of BLAST pro-
grams [83] and the PRIAM tool [84]. Putative tRNA genes
were identified with the tRNAscan-SE program [85]. Each
gene was functionally classified by assigning a Cluster of
Orthologous Groups (COG) number and its correspond-
ing COG category [86]. Comparison searches for insertion
sequences were performed with ISfinder [87]. Finally, the
Artemis software was used to visualize the genome [88].
Comparisons between the JCM 7686 genome and the ge-
nomes of other representatives of the Alphaproteobacteria
(i.e. synteny analyses, identification of orthologous genes
and classification of genes as core genes or singletons)
were performed using the EDGAR tool [89]. It was also
used for the creation of the phylogenetic tree. To con-
struct the tree, 453 core genes from 27 genomes of the
Alphaproteobacteria were computed. The multiple align-
ments for all core genes were created using MUSCLE [90].
Non matching parts of the alignments were masked using
GBLOCKS [91] and removed subsequently. The remaining
parts of all alignments were concatenated to one multiple
alignment, which then was used to generate the phylogen-
etic tree applying PHYLIP [92]. Other comparative analyses
were performed with the GeneOrder4.0 tool [93].

Nucleotide sequence accession numbers

The nucleotide sequences of P. aminophilus JCM 7686
chromosome and extrachromosomal replicons pAMI1-8
have been annotated and deposited in GenBank (NCBI)
with respective accession numbers: CP006650, CP006651,
GQ410978, GQ468939, CP006652, CP006653, CP006654,
GQ468938, CP006655.

Additional files

Additional file 1: COG categories of the proteins of P. aminophilus
JCM 7686.

Additional file 2: Diversity and distribution of 217 transcriptional
regulators of P. aminophilus JCM 7686.

Additional file 3: Two-component systems and histidine kinases
encoded by the P. aminophilus JCM 7686 genome.

Additional file 4: Toxin-antitoxin systems encoded by the
P. aminophilus JCM 7686 genome.

Additional file 5: Chaperones and co-chaperonins encoded by the
P. aminophilus JCM 7686 genome.

Additional file 6: Genes encoding DNA repair related proteins
within the P. aminophilus JCM 7686 genome.

Additional file 7: Restriction patterns of P. aminophilus JCM 7686
genomic DNA cleaved with selected restriction endonucleases
showing the protection of GANTC sites by the CcrM methylase
(JCM7685_3079). ND - undigested DNA. M — GeneRuler 100-10,000 bp
size marker.
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Additional file 8: Summary of the sensitivity of various restriction
endonucleases to DNA modifications introduced by the
JCM7686_0772 and JCM7686_2655 proteins (m>C MTases).
Additional file 9: Summary of the sensitivity of various restriction
endonucleases to DNA modifications introduced by the
JCM7686_0815 protein (m*C MTase).

Additional file 10: Summary of the sensitivity of various restriction
endonucleases to DNA modifications introduced by the
JCM7686_1231, JCM7686_2255 and JCM7686_2934 proteins

(m®A MTases).

Additional file 11: The number of homologous proteins encoded
by JCM 7686 plasmids and P. denitrificans PD1222 chromosomes.
The analysis was performed using the GeneOrder 4.0 tool. Proteins were
considered homologous only if the BLAT threshold scores were >200.
The results were verified manually by BLAST comparisons.

Additional file 12: Plasmid profiles of the JCM 7686 wild-type strain
and its derivatives deprived of particular megasized-replicons.
Additional file 13: The growth mode of wild-type JCM 7686 and
the pAMI1-less derivative in liquid LB medium.

Additional file 14: Host ranges of P. aminophilus JCM 7686 pAMI1-8
replicons.

Additional file 15: Schematic diagram of de novo NAD biosynthesis
from aspartate to nicotinic acid mononucleotide (NaMN).
Additional file 16: Transmission electron micrograph of tailed
bacteriophage ¢Pam-6 of P. aminophilus JCM 7686.

Additional file 17: Transposase genes within the P. aminophilus
JCM 7686 genome.

Additional file 18: Bacterial strains used in this study.
Additional file 19: Plasmids used and constructed in this study.

Additional file 20: Oligonucleotide primers used in this study.
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