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ABSTRACT The model organism Dinoroseobacter shibae and many other marine
Rhodobacterales (Roseobacteraceae, Alphaproteobacteria) are characterized by a multi-
partite genome organization. Here, we show that the original isolate (Dshi-6) con-
tained six extrachromosomal replicons (ECRs), whereas the strain deposited at the
DSMZ (Dshi-5) lacked a 102-kb plasmid. To determine the role of the sixth plasmid,
we investigated the genomic and physiological differences between the two strains.
Therefore, both genomes were (re)sequenced, and gene expression, growth, and
substrate utilization were examined. For comparison, we included additional plas-
mid-cured strains in the analysis. In the Dshi-6 population, the conjugative 102-kb
RepABC-9 plasmid was present in only about 50% of the cells, irrespective of its
experimentally validated stability. In the presence of the sixth plasmid, copy number
changes of other ECRs, in particular, a decrease of the 86-kb plasmid, were observed.
The most conspicuous finding was the strong influence of plasmids on chromosomal
gene expression, especially the repression of the CtrA regulon and the activation of
the denitrification gene cluster. Expression is inversely controlled by either the pres-
ence of the 102-kb plasmid or the absence of the 86-kb plasmid. We identified regula-
tory genes on both plasmids, i.e., a sigma 70 factor and a quorum sensing synthase,
that might be responsible for these major changes. The tremendous effects that were
probably even underestimated challenge the current understanding of the relevance
of volatile plasmids not only for the original host but also for new recipients after
conjugation.

IMPORTANCE Plasmids are small DNA molecules that replicate independently of the
bacterial chromosome. The common view of the role of plasmids is dominated by the
accumulation of resistance genes, which is responsible for the antibiotic crisis in health
care and livestock breeding. Beyond rapid adaptations to a changing environment, no
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The Sixth Element

lasmids are DNA molecules that replicate independently of the chromosome and are

one of the major driving forces of prokaryotic evolution via horizontal gene transfer
(1). Plasmids are usually transmitted by conjugation, i.e., via direct cell-cell contact
between a donor and a recipient, thus enabling the transfer of larger amounts of genetic
information than by transduction or transformation (transfer of genetic material via
phages or uptake from the environment). Prominent examples are modular resistance
gene cassettes against multiple antibiotics, which are especially feared in the hospital
environment (2), or the 40-kb photosynthesis gene cluster of Proteobacteria (3). Plasmid-
borne genes that are not required for replication or maintenance are part of the acces-
sory gene pool that provide new physiological traits, contribute public goods like biofilm
components, or can harm neighboring cells, to mention but a few (4, 5). In this way, they
have the potential to open up new ecological niches for the host (1).

Plasmids interact with the chromosome of the host cell in complex ways. Transposable
elements and integrons mediate intragenomic gene transfer between different replicons,
as reported previously for the carbapenem resistance genes in Enterobacteriaceae (6, 7).
So-called genomic dominance, i.e., the presence of multiple copies of a gene localized on
plasmids and the chromosome, might have substantial phenotypic effects on the orga-
nism (8, 9). An interplaying regulation of gene expression has recently been documented
for two plasmids of the rhizobial strain Agrobacterium tumefaciens 15955. The tumor-
inducing plasmid pTi15955 and the megaplasmid pAt15955 carry paralogous quorum
sensing (QS) systems that preferentially activate their own tra genes for conjugative trans-
fer and cross-activate the tra genes of both replicons, respectively (10). Moreover, it has al-
ready been found that the uptake of plasmids as single-stranded DNA sequences into the
cell has a major influence on chromosomal gene expression via the induction of the bacte-
rial SOS response (11). An active SOS response system increases the mutagenesis rate of
the cell and, thus, bacterial evolvability (12, 13).

Carrying a plasmid is energetically costly since the additional DNA needs to be
replicated and the genes have to be transcribed (14). Therefore, its stable maintenance
should either confer a growth advantage or ensure the survival of the cell in the natu-
ral habitat. The frequency of experiencing such conditions in the environment, the
strength of the selective pressure, and the energetic costs of maintaining the plasmid
determine its prevalence in a population (15, 16). Maintenance, especially of small
cryptic plasmids, is ensured by addiction modules such as toxin-antitoxin systems that
represent the archetype of selfish genes (17). Without selection pressure, plasmid-free
cells are therefore expected to outperform plasmid-carrying cells, and the plasmid
becomes extinct (18). However, the plasmid burden, which was initially investigated in
carbon-limited chemostat cultures of Escherichia coli (14), might have a much lower or
even negligible relevance in nutrient-rich natural habitats because total DNA synthesis
in bacteria consumes only about 3% of the cell’'s energy budget (19).

Roseobacteraceae (syn., Roseobacter clade, Roseobacter group, or roseobacters) are
marine representatives of the order Rhodobacterales within the class Alphaproteobacteria
(20). This group is one of the most abundant and extensively studied bacterial lineages
in the ocean and is especially dominant in coastal regions, algal blooms, and, with spe-
cific taxa, also polar regions (21, 22). Roseobacteraceae genomes are characterized by the
high number and diversity of extrachromosomal replicons (ECRs) that have been identi-
fied in many members (21). Low-copy-number plasmids with a RepABC-type replication
system are the most abundant ECRs of this family (23, 24). Biofilm plasmids with a char-
acteristic rhamnose operon, which were first discovered in Phaeobacter inhibens DSM
17395, mediate the switch between a motile and a sessile lifestyle (25, 26). Further ECRs
of Roseobacteraceae with an essential role in survival in the environment are flagellar
and photosynthesis plasmids and those encoding the synthesis pathways for the antibi-
otic tropodithietic acid (3, 27).

Dinoroseobacter shibae DFL 12 is one model organism of the Roseobacteraceae and
was originally isolated from the phycosphere of the dinoflagellate Prorocentrum lima
(28). It has been well investigated for its quorum sensing system (29), gene transfer
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agent (30), metabolic adaptations (31, 32), and interaction with the algal host (28, 33—
35). The genome of D. shibae comprises five ECRs: two chromids (153 and 72 kb) with
chromosome-like GC content and codon usage and three genuine plasmids (191, 126,
and 86 kb) showing a largely deviating genomic imprint (23, 27). The two syntenous
RepABC-type plasmids of 191 and 126 kb in size, which have been classified as
RepABC-9 and RepABC-2 (28), contain characteristic type IV secretion systems (T4SSs)
that mediate their conjugational transfer (18, 23). The expression levels of these T4SSs
increased 2- to 3-fold when a quorum sensing-deficient strain was complemented by
the external addition of N-acyl-homoserine lactones (AHLs) (33). In cocultivation experi-
ments with the dinoflagellate Prorocentrum minimum, the 191-kb plasmid was found
to be responsible for algal killing (34, 35). The three remaining ECRs of 153, 86, and
72 kb in size were classified according to their replication systems as RepA-I-, RepABC-
1-, and RepB-I-type replicons (23). The 153-kb chromid plays an essential role, at least
under salt shock conditions (36); the 86-kb plasmid affects energy production and har-
bors one of three quorum sensing synthases (29); and the 72-kb chromid is crucial for
survival during starvation and oxidative stress (37). The SOS system, in combination
with quorum sensing and cell cycle control, is part of an integrated transcriptional reg-
ulatory network (38).

The type strain of D. shibae was deposited at the DSMZ (German Collection of
Microorganisms and Cell Cultures) more than 15 years ago as DSM 16493T (DFL 127).
However, pulsed-field gel electrophoresis (PFGE) showed that the deposited and ge-
nome-sequenced strain with five ECRs (28) has lost a sixth replicon with a size of
102 kb that was present in the original isolate (39). Meanwhile, this DFL 127 isolate
with six ECRs has been deposited at the DSMZ as strain DSM 112351. For the sake of
brevity, D. shibae strain DSM 16493 with five ECRs is designated Dshi-5, and strain
DSM 112351 with six ECRs is named Dshi-6.

Here, we completely (re)sequenced the genomes of Dshi-5 and Dshi-6 to identify
possible additional genetic differences between the two deposited genetic variants of
DFL 12T. We then studied the physiological role of the 102-kb plasmid in D. shibae,
namely, its prevalence in the population, gene expression, and effect on growth, heavy
metal tolerance, and substrate utilization. By comparing the transcriptomes of Dshi-5
and Dshi-6, we found that the sixth element had a huge impact on chromosomal gene
expression. Therefore, we asked if this finding was specific to the 102-kb plasmid or
would also occur upon the loss of other ECRs. By analyzing the transcriptomes of Dshi-
5 mutants cured of the 191-kb (killer) plasmid, the 86-kb (quorum sensing) plasmid,
and the 72-kb (starvation) chromid in comparison to wild-type Dshi-5, we found both
specific and shared responses to the loss of the ECRs.

RESULTS

Genome sequencing of Dinoroseobacter shibae DFL 127. The genome-sequenced
type strain of Dinoroseobacter shibae, DFL 127 (DSM 16493T) (Dshi-5), contains five
extrachromosomal replicons (ECRs) (28). However, pulsed-field gel electrophoresis
(PFGE) analyses of the original D. shibae DFL 127 glycerol stock (Dshi-6) surprisingly
showed the presence of a sixth plasmid with a size of 102 kb (Fig. 1A), which was lost
during preservation and deposition in the public culture collection.

We isolated, sequenced, and annotated the additional 102-kb plasmid, which is
available under BioProject accession number PRINA814221. (Re)sequencing of the com-
plete genomes of both D. shibae strains (Dshi-5 [GenBank assembly accession number
GCA_000018145.1] and Dshi-6 [accession number GCA_023558335.1]) documented
their identity, except for the loss of the sixth element and the presence of one single-
nucleotide polymorphism (SNP) on the chromosome of Dshi-5 (see Table S1B in the
supplemental material). This SNP is located in the 30S ribosomal protein S1 gene (RpsA
[Dshi_1025]) of Dshi-6 and leads to an amino acid exchange from glutamic acid to ly-
sine (E205K). A phylogenetic comparison with 20 closely related Roseobacteraceae
showed that lysine represents the prevalent amino acid at RpsA protein position 205
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FIG 1 The 102-kb plasmid of D. shibae. (A) Pulsed-field gel electrophoresis of strain Dshi-6. (B) Circular visualization of the 102-kb plasmid, with major gene
groups indicated. The plasmid was oriented based on its RepABC-9_lI-type replication system. The outer to inner rings show (i) the scale of plasmid size in
kilobases; (ii) the locations of gene groups on the plus and minus strands, where groups were identified based on automatic and manual annotations; (iii)
gene expression via bar plots of the log reads per kilobase per million mapped reads (RPKM) with a scale of 5 to 19; and (iv) GC skew. (C) Classification of
chromids and plasmids based on relative synonymous codon usage (RSCU) analysis. (D) Synteny plot of the 102-kb plasmid from D. shibae and the 86-kb
plasmid from Roseobacter litoralis. Mob, virD-type mobilization genes. (E) RSCU analysis of Dshi-6 and R. litoralis. (F) Coverage of all replicons in Dshi-5 and
Dshi-6. Coverage is shown relative to the chromosome with 1 equivalent per cell.

(Table S1C). The strain with six ECRs was hence deposited at the DSMZ to allow future
comparisons of the original Dshi-6 isolate (DSM 112351) to the spontaneously cured
mutant isolate Dshi-5 (DSM 16493T).

Finally, we sequenced the complete genome of D. shibae DFL-36 (GenBank assembly
accession number GCA_023558355.1), which was isolated from another dinoflagellate cul-
ture (40). This reference strain also comprises the 102-kb plasmid, and its genome organi-
zation with six ECRs is identical to that of Dshi-6.

The 102-kb plasmid of Dinoroseobacter shibae Dshi-6 (DSM 112351). The sixth
ECR of D. shibae comprises a total of 116 protein-encoding genes (Fig. 1B). Relative synon-
ymous codon usage (RSCU) analysis of the complete D. shibae genome (23) showed that
the additional 102-kb replicon represents a genuine plasmid (Fig. 1C). This assessment is in
agreement with the presence of a characteristic type IV secretion system (T4SS), including
the virD2D4 mobilization operon for plasmid conjugation. The functionality of homologous
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T4SSs from the 191- and 126-kb sister plasmids has been experimentally validated (33, 41).
The presence of a two-component system (Dshi_6153-Dshi_6154) and a sigma 70 factor
(Dshi_6114) indicates the potential regulatory interference of the 102-kb plasmid with the
gene expression of the host genome.

The 102-kb plasmid contains a characteristic RepABC-type replication system that
ensures its maintenance with 1 or 2 copies per cell (24). Phylogenetic analysis of the rep-
licase RepC (Dshi_6053) showed that two replicons of D. shibae (102 kb and 191 kb) rep-
resent RepABC-9-type plasmids (Fig. STA and Table S1D). A comparable observation was
made for two RepC proteins from Marinovum algicola DSM 102517 that are also located
in the RepC-9 subtree. These findings were surprising because the phylogenetic position
of plasmid replication proteins (and their adjacent partitioning) in distinct subtrees is
generally regarded as a diagnostic trait for the identification of compatibility groups in
Rhodobacterales (24, 42). Accordingly, we analyzed the RepA, RepB, and RepC proteins of
26 RepABC-9 modules from Roseobacteraceae separately with their closest rhizobial rela-
tives (Fig. STA and Table S1D). The phylogenies clearly documented the synchronous
evolution of the RepA and RepB partitioning proteins, in contrast to the replicase RepC,
which showed a scattered distribution. The parAB partitioning modules of RepABC-9
plasmids were recruited twice from rhizobia (Hyphomicrobiales), and the localization of
M. algicola DSM 102517 in two RepA/B-9_1| subtrees, which are color-coded in blue and
green in Fig. STA, is a strong indicator of different compatibility groups. This conclusion
is supported by the presence of diagnostic palindromes that serve as specific cis-acting
anchors for RepB-mediated plasmid partitioning (Fig. S1B) (24). Accordingly, the current
study revealed the presence of five different compatibility groups for RepABC-9-type
plasmids from Rhodobacterales.

All genes of the 102-kb plasmid are expressed (Fig. 1B). However, a comparison of
the average transcription levels of the chromosome and ECRs in Dshi-6 clearly showed
that the expression level of the 102-kb plasmid is about 50% lower than those of the
other ECRs and the chromosome (Fig. S2), most likely as a result of the presence of this
ECR in only 50% of the cells (see below). Interestingly, this ECR contains a high number
of genes related to heavy metal resistance that were annotated as genes for copper
and cobalt transport systems. However, no differences were observed in growth
experiments comparing the copper, cobalt, and zinc resistance of strains Dshi-5 and
Dshi-6, while the latter showed slightly increased resistance to silver nitrate (Fig. S3).

Homologs of the sixth element. The 102-, 86-, 191-, and 126-kb plasmids share ho-
mologous regions that comprise transposase and integrase genes (Table ST1E and
Fig. S4A). The 102-kb plasmid also shares conserved regions with plasmids from other
Roseobacteraceae (Table S1F and Fig. S4B). The closest relative of the sixth element is
the syntenous 83-kb plasmid pRLO149_83 from Roseobacter litoralis DSM 69967, with a
query coverage of 51% and a sequence identity of up to 98% (Fig. 1D). This plasmid
harbors a homologous RepABC-9_II replication cassette (Dshi_6051-Dshi_6053) but
lost the capacity for conjugation due to a deletion within the structurally conserved
TA4SS (missing proteins are VirD2, VirD4 [Dshi_6068-Dshi_6069], VirB11, VirB10, VirB9,
VirB8, VirB6, VirB5, and lytic glycosylase [Dshi_6080-Dshi_6088]).

The RSCU analysis of all D. shibae and R. litoralis replicons also documents the common
origin of the syntenous 102-kb and 83-kb plasmids, but moreover, it shows the great dis-
tance from their respective chromosomes (Fig. 1E). This genomic imprint reflects the xenol-
ogous origin of both RepABC-9_II plasmids, and it suggests comparably late recruitment
by their current host.

Copy number and population prevalence of ECRs. We then compared the read
coverage of the ECRs obtained from DNA sequencing to that of the chromosome to deter-
mine their copy numbers (Fig. 1F). In the Dshi-5 reference strain, most ECRs have the same
coverage as the chromosome (191 kb, 126 kb, and 72 kb). Therefore, they can be consid-
ered single-copy replicons. The coverage of the 86-kb plasmid is increased by about 30%,
and the one of the 153-kb chromid is almost doubled. In contrast, the copy numbers of all
ECRs are slightly reduced in the Dshi-6 strain, most notably that of the 86-kb plasmid.
Examination of the influence of other ECRs showed that experimental curing of the 191-kb
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and 86-kb plasmids also reduced the coverage of the 86-kb plasmid and the 72-kb
chromid, respectively (Fig. S5A and B). Remarkably, the relative abundance of the
102-kb plasmid is <50% compared to the chromosome. These results suggest that the
102-kb plasmid might be comparably unstable and becomes lost during cultivation.

In order to investigate the stability of the sixth element, we randomly mutagenized
Dshi-6 with the mariner transposon, investigated the insertion sites of 384 gentamicin-
resistant colonies, and finally identified a single transposon mutant that tagged the 102-
kb plasmid (mutant Dshi-6:Gm_102kb, position 9188 [plus strand]; gene Dshi_6060)
(Fig. S6A). Three stability assays of this mutant showed that 99.6% (448/450) of the
tested colonies still contained the 102-kb plasmid after at least 7 days of continuous cul-
tivation in either marine broth (MB) or saltwater medium (SWM) (Fig. S6B to D). These
findings demonstrate that the 102-kb plasmid of D. shibae is stable in both media, but
they also show that spontaneous losses of this ECR occasionally occur.

Next, we examined the distribution of the 102-kb replicon in the original isolate
Dshi-6 (D. shibae DSM 112351) to better resolve the contradiction between its experi-
mentally confirmed stability and its low abundance compared to the chromosome.
Investigation of a total of 70 colonies with specific duplex PCR targeting the 102-kb
(test) and 191-kb (positive-control) plasmids showed that 35 of the 70 tested colonies
lacked the 102-kb plasmid, whereas the 191-kb plasmid was present in all colonies
(Fig. S7). This outcome reflects the genetic heterogeneity of the Dshi-6 population with
respect to the 102-kb plasmid. Moreover, the very tight copy number control of
RepABC-type replicons, where all compatible RepABC-1 (86-kb), RepABC-2 (126-kb),
and RepABC-9_1 (191-kb) plasmids of D. shibae are present in a single copy per cell
(Fig. S5B), allowed us to explain the coverage anomaly. The absence of the sixth ele-
ment in half of the population is thus in accordance with the roughly 50% prevalence
of this plasmid in the genome sequencing data.

Influence of different plasmids and chromids on growth. We investigated the
growth of five D. shibae strains with different ECR profiles in MB and SWM (Fig. S8).
Dshi-5 and Dshi-6 showed nearly identical curves in SWM and similar curves in MB me-
dium, which clearly documented that the loss of the 102-kb plasmid in Dshi-5 did not
influence the growth behavior. A similar result with indistinguishable growth curves
was obtained for the comparison of Dshi-5 and A72kb. In contrast, strain A86kb exhib-
ited a conspicuous decline in the optical density at 600 nm (ODg,,) after 25 h of cultiva-
tion in MB medium (Fig. S2), whereas A191kb showed an increased lag phase in SWM
and reached a higher maximum ODg,, in MB medium. Accordingly, our comparison
shows that neither the 72-kb chromid nor the 102-kb plasmid had a major influence
on the growth of D. shibae under the tested conditions. In contrast, plasmid curing of
the 86-kb and 191-kb plasmids resulted in different growth performances of the
mutants. Finally, the comparison between SWM and MB medium showed that all five
strains grew much better in nutrient-rich MB medium.

The 102-kb plasmid modulates chromosomal gene expression. The expression
of multiple genes was affected by the presence of the 102-kb plasmid (Fig. 2). This
included the upregulation of inositol and galactose metabolism and denitrification
clusters as well as the downregulation of flagellar, tad pilus, alginate metabolism, and
cyclic di-GMP genes and the cell cycle regulator DivL (Fig. 2B). In agreement with the
results of the transcriptome analysis, the phenotypic microarray showed that myoinosi-
tol is mainly converted by Dshi-6 (Fig. 2C; Fig. S9A). The transcriptomic and phenotypic
comparisons of Dshi-6 and Dshi-5 showed that further components of sugar metabo-
lism, such as galactose and glucose, were upregulated and metabolized to a greater
extent by Dshi-6. In general, D. shibae utilizes organic acids like propionic, glutaric,
malic, succinic, fumaric, and pyruvic acids better when the 102-kb plasmid is present.
The usage of these substrates by the algal symbiont D. shibae is in agreement with the
reported preference of alga-associated bacteria for organic acids (43).

Opposing influences of the 86-kb and 102-kb plasmids on the chromosomal
gene expression of D. shibae. To further investigate the influence of the 102-kb plas-
mid on the gene expression of the chromosome and other replicons, we compared D.
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shibae strain Dshi-6 with the reference strain Dshi-5. We further included three ECR-
cured mutant strains of Dshi-5 (A191kb, A86kb [32], and A72kb [37]) in the analysis
and compared them with the wild-type Dshi-5 strain to investigate the regulatory role
of the 191-kb and 86-kb plasmids as well as the 72-kb chromid. The five strains were
first assessed for similarity of their gene expression profiles. Multidimensional scaling
(MDS) revealed three groups (Fig. S9B). Dimension 1 clearly separated strains A86kb
and Dshi-6 from strains A191kb, A72kb, and Dshi-5. The second dimension separated
strain A191kb from Dshi-6, A72kb, and Dshi-5. We did not further consider the chro-
mid-cured A72kb mutant as only one gene (Dshi_3135) was differentially expressed
compared to the reference strain.

A Venn diagram shows the overlap of significantly regulated chromosomal genes
between A191kb, A86kb, and Dshi-6, all compared with Dshi-5 (Fig. 3A; for ECR genes, see
Fig. S9C). We observed that more than 20% of the chromosomal genes (809/3,668) were
differentially regulated by the plasmids, and all three strains shared a common set of
49 differentially regulated genes. These include genes of the denitrification (Dshi_3160-
Dshi_3199), flagellar (Dshi_3246-Dshi_3267, Dshi_3358-Dshi_3365, Dshi_3376-Dshi_3380,
Dshi_1409, and Dshi_1845) and alginate (Dshi_1895-Dshi_1904) gene clusters as well as
some individual genes (Table S1A). However, the majority of the 507 genes in total were
controlled by only one strain (82 [Dshi-6], 200 [A191kb], and 225 [A86kb] genes), with the
cured mutant lacking the 86-kb plasmid controlling the largest regulon without overlap-
ping another mutant (Fig. 3A). With 175 plus 49 differentially regulated genes, the A86kb
and Dshi-6 strains showed the largest overlap.

Little impact of each mutant was found on the gene expression of the remaining
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FIG 3 Gene expression of D. shibae strains with four and six ECRs (A86kb, A191kb, and Dshi-6) in
comparison with the model organism DSM 16493 (Dshi-5) harboring five ECRs. (A) Venn diagram
representing the overlap of significantly (P = 0.05) regulated chromosomal genes in three strains
compared to the reference strain. (B) Correlation of log, fold change (FC) values of all genes in
response to the loss of the 86-kb plasmid or the “gain” of the 102-kb plasmid compared to the
reference strain. (C) Heatmap of differentially expressed genes on the D. shibae chromosome. Each
gene is significantly expressed in at least one of the four strains. Regulators include the partner-
switching system rsbV-rsbW (Dshi_0072-Dshi_0073); Dshi_1507; a stress response regulator, lexA
(Dshi_1803); two divL genes (Dshi_3433-Dshi_3346); and gafA (Dshi_1584) with its adjacent gene
Dshi_1585.

extrachromosomal replicons (Table STA). No genes on other ECRs were significantly
regulated in response to the loss of the 72-kb chromid, while the loss of the 86-kb plas-
mid affected the gene expression of components of the NitT/TauT family transport sys-
tem (Dshi_4185-Dshi_4189 [72-kb chromid]), hemolysin (Dshi_3871-Dshi_3872 [153-kb chro-
mid]), and an imuA-imuB-dnaE2-type mutagenic cassette (Dshi_3995-Dshi_3998 [126-kb
plasmid]). In strain A191kb, the NitT/TauT family transport system is also regulated beyond
a TRAP transporter (Dshi_4202-Dshi_4205 [72-kb plasmid]) and a couple of genes in two
clusters on the 126-kb plasmid (Dshi_3936-Dshi_3948 and Dshi_4027-Dshi_4049).

Due to the large number of shared genes differentially expressed in A86kb and
Dshi-6 compared to the reference strain Dshi-5, we determined the correlation
between the two strains, taking all genes into account (Fig. 3B). The highly significant
Pearson correlation coefficient of 0.76 between A86kb and Dshi-6 demonstrates the
high similarity between both strains that exceeds a simple overlap in significantly regu-
lated genes. We did not observe such a high correlation with any other strain combina-
tion (Fig. S9D).

Regulation of the denitrification and CtrA regulons by the 86-kb and 102-kb
plasmids. Among the most strongly upregulated gene clusters in the A86kb and Dshi-6
strains were those for denitrification (Fig. 3C; Table STA and Fig. SOE). There are three deni-
trification gene clusters for the nitrite reductase (Nir), nitric oxide reductase (Nor), and
nitrous oxide reductase (Nos) that were activated in both strains, while the fourth gene
cluster for the nitrate reductase (Nap) showed only a small change in expression, which is
consistent with the unique regulatory pattern previously observed for nap genes (31, 44).
Among the aerobe/anaerobe transcriptional regulators, dnrE (Dshi_3191) was the only one
that was activated in the A86kb and Dshi-6 strains. No effect was observed for fnrlL
(Dshi_0660) and dnrF-dnrD (Dshi_3270-Dshi_3189).

In contrast, the most downregulated genes in both strains were part of the CtrA
regulon (38, 45). These included the flagellar gene cluster, the tight adherence (Tad)
pilus (46), and all cyclic di-GMP and competence genes. Among the cyclic di-GMP
genes, diguanylate cyclase 2 was the only activated and phosphodiesterase 1 was the
most downregulated gene in Dshi-6, and the same but even more pronounced regula-
tion was observed in the A86kb strain. In contrast to the regulon, the regulatory genes
themselves, consisting of the CtrA phosphorelay and quorum sensing components,
were not affected by the presence of the 102-kb plasmid. Unlike the remaining CtrA
regulon, only the gene transfer agent (GTA) gene cluster was slightly increased in the
A86kb and Dshi-6 strains. Interestingly, the large terminase (Dshi_2178) and gafA
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(Dshi_1584), which was suggested previously to control the proportion of the GTA-pro-
ducing subpopulation (38, 47), were highly expressed in both strains.

DISCUSSION

The coverage anomaly of the sixth element: high stability and no metabolic
burden of the 102-kb plasmid. Genome sequencing of D. shibae DFL 12 confirmed
the presence of a sixth, 102-kb plasmid in the original isolate Dshi-6 in addition to the
five ECRs that are found in the deposited reference strain Dshi-5 (28). Mapping of the
sequence reads on all replicons of strain Dshi-6 indicated that it represents a heteroge-
neous population with respect to the sixth element, and this prediction was validated
by the investigation of single colonies that documented the absence of the 102-kb
plasmid in 50% of the cells. Accordingly, the effects of the sixth element on the physi-
ology of D. shibae, especially gene regulation, have probably been underestimated. We
showed that the observed distribution is caused neither by plasmid instability nor by
growth differences. The stability assays of the 102-kb RepABC-9_II plasmid docu-
mented its conspicuous durability. The genuine gentamicin-tagged plasmid was still
present in 99.6% of the tested colonies after 1 week of continuous cultivation in nutri-
ent-rich medium without any selection (see Fig. S6 in the supplemental material),
whereas cloned RepABC modules from rhizobia and Rhodobacterales have been shown
to be lost in 2.5% to 90% of the host cells after cultivation overnight (48). Furthermore,
the comparison of Dshi-5 and Dshi-6 revealed nearly identical growth curves in SWM,
and it even indicated a slightly better growth performance of Dshi-6 in MB medium
(Fig. S1), which would not result in successive outcompeting of the sixth element
under standard cultivation conditions. The comparable growth is a priori counterintui-
tive due to the energetic costs of the replication and maintenance of an ECR (49),
which is designated the plasmid burden (50, 51), but it might be explained by the piv-
otal role of the 102-kb plasmid in the regulation of host cell gene expression (Fig. 2).
Based on the genomic proportion of the sixth element (2%) and the energetic costs of
DNA synthesis (3%) (19), the replication of the single-copy-number 102-kb plasmid
accounts for less than 0.1% of the total energy budget of D. shibae. The stable integra-
tion of plasmids into the sophisticated regulatory network of bacteria would thus over-
compensate for the minuscule energetic costs for their maintenance, in analogy to the
overhead for administrative and controlling units of companies.

The RepABC-9 replication system of the 102-kb plasmid. The coexistence of low-
copy-number ECRs in the same organism serves as a unique criterion for the identifica-
tion of different compatibility groups (24, 42). Complete genome sequencing of Dshi-6
revealed the presence of four single-copy RepABC-type plasmids, which hence repre-
sent individual compatibility groups. Two of them were classified as RepABC-1 and
RepABC-2 plasmids (86 kb and 126 kb), but surprisingly, we found that the 191- and
102-kb plasmids of D. shibae both represent the replicon type RepABC-9. RepABC-1 to
RepABC-8 plasmids of Rhodobacterales have a common origin and can be unequivo-
cally classified based on their synchronously evolving RepA, RepB, and RepC proteins
and a diagnostic palindrome (24). In contrast, RepABC-9 plasmids of Rhodobacterales
originated independently from a rhizobial progenitor, and their replication modules
still exhibit a feature characteristic of rhizobia (48), i.e., the synchronous evolution of
the repAB operon, including the palindrome, combined with frequent exchanges of
the repC gene (Fig. ST1A and B). Our comparative analyses showed that the “rhizobium-
like” RepABC-9-type plasmids of Rhodobacterales are represented by five compatibility
groups that are phylogenetically distinguishable.

RepABC is the most abundant replicon type in rhizobia, and the characteristic tripar-
tite modules are responsible for the reliable replication and partitioning of plasmids,
chromids, megaplasmids, and even secondary chromosomes (52-54). The wealth of up
to six RepABC-type plasmids that has been reported for the symbiotic nitrogen-fixing
organism Rhizobium etli CFN42 (55) documents the presence of many compatibility
groups. However, plasmid incompatibility in rhizobia is poorly understood, and previ-
ous analyses were focused mainly on RepABC systems of the same host (56). The

Month YYYY Volume XX Issue XX

mSystems

10.1128/msystems.00264-22

9

Downloaded from https://journals.asm.org/journal/msystems on 15 August 2022 by 147.231.249.1.


https://journals.asm.org/journal/msystems
https://doi.org/10.1128/msystems.00264-22

The Sixth Element

phylogenetic classification of RepABC-type plasmids, which should, according to the
insights from the current study, be based exclusively on their partitioning proteins
(RepA and RepB), provides a promising perspective to understand the multipartite ge-
nome organization of rhizobia.

Antagonistic regulation of the chromosomally localized CtrA regulon by two
plasmids. The presence of the 102-kb plasmid activates the denitrification gene clus-
ters and inhibits parts of the CtrA regulon, including the flagellar gene clusters. This
raises the question of how the signal from the plasmid is integrated into this regula-
tion. When the CtrA phosphorelay is active, its own genes are also regulated differen-
tially as well, due to a feedback mechanism (38). Therefore, the signal might not be
integrated via CtrA. However, the denitrification and flagellar gene clusters are also
part of the Crp/Fnr superfamily regulon. They sense and react to oxygen and nitrogen
species, e.g., to respond to the decreasing oxygen concentration at the end of an algal
bloom (31, 44). Flagella, whose gene expression was inhibited by the sixth element,
play an important role in the establishment of mutualistic symbioses with host algae
(44, 57). However, while mutants of the Crp/Fnr superfamily led to inhibited CtrA regu-
lon traits, the physiological shift from aerobic to anaerobic cultivation showed the con-
trary (44). Additional regulators of the CtrA regulon are either not regulated differently
or downregulated in Dshi-6, like the partner-switching system of GafA and LexA (38,
47, 58, 59). Another activated protein in response to the 102-kb plasmid, which
belongs to the CtrA regulon (60), is the cyclic di-GMP synthase diguanylate cyclase 2.

The genes controlled by the 102-kb plasmid are relevant under several environmen-
tal conditions, such as a switch from aerobic to anaerobic growth or the activation of
the quorum sensing system (44). The greatest regulatory overlap was observed
between the Dshi-6 and A86kb strains that antagonistically control a common regulon.
In D. shibae, the QS synthase and regulator genes lux/; and luxB reside on the 86-kb
plasmid. Both genes are controlled by CtrA, together with the chromosomally located
luxl,-luxR, operon (58). The knockout of lux/, has an effect similar to that of the loss of
the 86-kb plasmid (44). Thus, the part of the QS system acting downstream of CtrA
might be involved in balancing the expression of denitrification and the CtrA regulon
itself. A potential regulator found on the 102-kb plasmid is a sigma 70 factor. These
sigma factors are components of the RNA polymerase and mediate the recognition of
specific promoters, thus rapidly orchestrating complex cellular responses (61).
Alternatively, the observed antagonistic gene expression could also result from copy
number changes rather than regulators since the copy number of the 86-kb plasmid
was reduced when the 102-kb plasmid was present.

Overall, the combination of the shared, antagonistic regulon and the copy number
changes of the 86-kb plasmid in response to the presence of the 102-kb plasmid indicates
a finely tuned regulation of traits, possibly connected to respiratory and cell communica-
tive signals. Plasmid-chromosome cross-talks in Alphaproteobacteria have previously been
reported, e.g., for the chromosomal gene expression of Methylorubrum extorquens AM1,
which is controlled by the 44-kb plasmid pAM1-2 encoding transcription factors, small
RNAs, and a QS synthase (62). In Sinorhizobium meliloti (63, 64), a megaplasmid regulates
six genes on a chromid, which in turn differentially regulates 4% of the megaplasmid
genes and 8% of the chromosomal genes (65, 66). Interestingly, this megaplasmid is being
studied particularly in relation to its interaction with the host, but the possibility that it
also controls chromosomal genes under certain conditions cannot be ruled out (67). An
actual impact of a plasmid on the expression of 55 chromosomal genes was observed in
Burkholderia cenocepacia (68).

Plasmid loss, SNPs, and genetic bottlenecks: how representative are genetic
mutants and type strains? The current study exemplified for the 102-kb plasmid of D.
shibae DFL 12T that ECR losses might have severe effects on the physiological properties
of a bacterium. Experimental curing of low-copy-number replicons is essentially based
on plasmid incompatibility (32), but spontaneous losses, even of chromids, have been
reported in Roseobacteraceae, e.g., for the 102-kb chromid pLA6_08 of Marinibacterium
anthonyi DSM 107130 and the lifestyle-determining 262-kb antibiotic biosynthesis
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TABLE 1 Dinoroseobacter shibae DFL 127 strains used in this study®

Strain Description Reference
Dshi-5 DSM 164937 with 5 ECRs 79
A72kb DSM 16493T with 4 ECRs lacking the 72-kb chromid 37
A86kb DSM 16493T with 4 ECRs lacking the 86-kb plasmid 13
A191kb DSM 16493T with 4 ECRs lacking the 191-kb plasmid 34
Dshi-6 DSM 112351 with 6 ECRs This study
Dshi-6:Gm_102kb DSM 112351 with a mariner transposon gentamycin tag This study

on the 102-kb plasmid
aA72kb, Dshi-5 A72kb; A86kb, Dshi-5 A86kb; A191kb, Dshi-5 A191kb.

chromid of P. inhibens DSM 17395 (69). The absence of the 102-kb plasmid and an SNP
in the ribosomal RpsA protein is indicative of a genetic bottleneck before the first de-
posit of the D. shibae DFL 12 type strain DSM 164937 (Dshi-5). Such bottlenecks always
occur when performing genetic knockouts and transposon library construction, etc., and
in the future should be monitored by sequencing of the obtained mutants. Although
the growth of D. shibae seemed not to be strongly affected by the loss of the 102-kb
plasmid, the metabolic effects of an amino acid exchange in a ribosomal protein are
unknown. Since the 102-kb plasmid has a large and probably even underestimated influ-
ence on chromosomal gene expression, a clonal lineage of strain Dshi-6 that is homoge-
neous with respect to the presence of the sixth element should be used in future
experiments.

With respect to D. shibae, 16S rRNA gene sequences from more than two dozen
strains, which were isolated mainly from micro- and macroalgae, have been deposited
in the NCBI database (sequence identity of >99.4%). Complete genome sequencing of
D. shibae DFL-36 (GenBank assembly accession number GCA_023558355.1), which was
isolated from the phycosphere of the dinoflagellate Alexandrium ostenfeldii (69),
revealed the presence of six ECRs that are nearly identical to those of D. shibae DFL 12
(Dshi-6) and lacked the characteristic SNP of Dshi-5. Our newly deposited D. shibae
strain Dshi-6 (DFL 12 [DSM 112351]) is therefore much more representative of the spe-
cies than Dshi-5.

Outlook. Cultivation and genetic manipulation carry the risks of selecting hidden
SNPs, deletions, ECR losses, and large-scale chromosomal inversions (69). The bottle-
neck of a single bacterial cell affected by a spontaneous mutation can have serious
physiological consequences for genetic engineering that are not caused by the actual
manipulation. In the past, misleading interpretations were avoided by the establish-
ment of independent mutants and genetic complementation. In the postgenomics era,
whole-genome sequencing will be the method of choice to select defined mutants
that ideally lack any further genetic modification. In addition, the isolation of new bac-
terial species initially represents a bottleneck situation. A final assessment of the
genetic representativeness of a bacterial strain therefore depends on the availability of
other isolates of the same species. These observations are relevant for biotechnologists
and microbiologists working with mutants and new isolates.

MATERIALS AND METHODS

Bacterial strains. All strains belong to the species D. shibae, and their genotypes are listed in Table 1.

Growth curves. Precultures were prepared by inoculation of 20 mL of defined saltwater medium
(SWM) with 5 mM succinate and incubation overnight. The optical density at 600 nm was determined
photometrically and adjusted to an OD of 0.01. Ten wells were filled per culture. Growth in MB medium
and SWM with 5 mM succinate was determined via the optical density at 600 nm and monitored over a
period of 36 h every 30 min at 30°C with the Bioscreen C system. Plots were processed using the
Bioconductor package in R.

Heavy metal resistance tests. Heavy metal resistance tests of Dshi-5 and Dshi-6 were performed in
defined SWM with 5 mM succinate. One hundred microliters of SWM was supplemented with final con-
centrations of CuCl, CoCl,, ZnCl,, and AgNOQ, ranging between 0 and 0.2 mM. The growth of both D. shi-
bae strains was monitored in 24-well plates for 96 h, using the Infinite 200 Pro microplate reader (Tecan
Trading AG, Switzerland).
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PFGE analysis. Pulsed-field gel electrophoresis (PFGE) analysis of extrachromosomal elements from
Dshi-6 was performed as previously described (34).

Stability assay. A D. shibae mutant with a gentamicin resistance cassette on the 102-kb plasmid
(Tm6060) was obtained from a transposon library as described previously by Ebert et al. (32). According to
our protocol, which is used by default to determine the stability of plasmid constructs (34), the strain was
incubated in either marine broth (MB) or SWM with gentamicin (40 wg/mL) for 4 days at 28°C before 1%
of the culture was transferred to marine broth without antibiotics and incubated for a further 10 days.
Dilutions of the liquid culture were plated onto MB plates and incubated for 4 days. Fifty single colonies
were picked and individually resuspended in 20 uL of H,0, and 3 uL of the suspension was then spotted
onto either 0.5x MB plates with gentamicin (test) or 1.0x MB plates without gentamicin (control). To
exclude the effects of the 100-fold-diluted antibiotic on the maintenance of the plasmid, the stability assay
in MB medium was repeated with the preculture first grown on 0.5x MB plates with gentamicin and using
an inoculating loop of cells for the main culturing experiment for 7 days.

Colony PCR. The presence of the 102-kb plasmid in single colonies was determined via a new
duplex PCR approach using the 191-kb plasmid as a positive control. Primers specific for the 102-kb plas-
mid (P2496 [5'-TCAACCAATCAAACGCGCC-3'] and P2497 [5-AACAACGCATCGCCCAAAG-3']) and the
191-kb plasmid (P430 [5'-TCTGGCTGCGTGGTGGCTTTC-3'] and P431 [5'-TGCGCTATAGTGCTCTCAACA-
3']) allowed the coamplification of both fragments with sizes of 518 bp and 730 bp, respectively. Cell
breakup of single D. shibae colonies, which were picked with yellow pipetting tips and resuspended in
10 uL H,0, was achieved with a series of heating and cooling steps (5 min 30 s at 96°C, 1 min 30 s at
50°C, 1 min 30 s at 96°C, 1 min at 45°C, 1 min at 96°C, and 1 min at 40°C). The cell debris was centrifuged,
and 1 ulL of the supernatant was used for DNA coamplification with both primer pairs and the One Taq
QuickLoad DNA polymerase (New England BiolLabs) in a volume of 20 uL under the following cycling
conditions: (i) 1 cycle of 3 min at 94°C; (ii) 30 cycles of 30 s at 94°C, 30 s at 55°C, and 45 s at 68°C; and (iii)
1 cycle of 10 min at 68°C.

Phenotypic microarray. D. shibae Dshi-5 and Dshi-6 strains were tested for their ability to utilize 95 dif-
ferent carbon sources using the Biolog PMO01 microplate (34). Biolog experiments were performed with freshly
grown D. shibae cells that were resuspended in 10 mL inoculating fluid IF-0 to achieve 85% transmittance in
the Biolog turbidimeter and with a negative control without bacteria. A solution containing 428 uL H,O,
120 pul dye D, 1,200 ul 10x seawater medium (160 g NaCl, 32 g NaSO,, 24 g MgCl, - 6H,0, 4 g KCl, 2 g
NH,Cl, 1.6 g KH,PO,, and 1.2 g CaCl, - 2H,0 per L), 120 uL 100x NaHCO, buffer (1.9 g/100 mL), 120 nL 100x
vitamin mix (2 mg biotin [B,], 20 mg niacin [B,], 8 mg 4-aminobenzoic acid [B,,], and 1 mg thiamine [B,] per L),
and 12 uL 1,000x trace element solution (2.1 g FeSO, - 7H,0, 13 mL 25% HCl, 5.2 g Na,EDTA, 30 mg H,BO,,
100 mg MnCl, - 4H,0, 190 mg CoCl, - 6H,0, 24 mg NiCl, - 6H,0, 2 mg CuCl, - 2H,0, 144 mg ZnSO, - 7H,0,
and 36 mg Na,MoO, - 2H,0 per liter) was added to a final volume of 12 mL. Each well of the PMO1 plate was
inoculated with the cell suspension, and the microplates were incubated at 28°C for 96 h in the OmniLog plate
reader. The OmniLog data were processed and analyzed using the R package opm v1.1.0 (70). Curve parame-
ters were estimated using spline fitting, and the curve maximum was used for plotting the heatmap and com-
paring the strains.

Cultivation and sampling for transcriptome analysis. Cultivation for transcriptome analysis was
performed in three biological replicates. Precultures of all D. shibae strains were cultivated overnight at
28°C in MB medium. One hundred milliliters of MB medium without antibiotics was inoculated with
2 mL of the preculture, and the culture was grown in 250-mL Erlenmeyer flasks under agitation for about
9 h up to an ODy,, of 0.6. Bacterial cells were centrifuged, and the pellets without remaining medium
were frozen in liquid nitrogen, pestled, and stored in aliquots of about 150 mg at —80°C.

RNA isolation and sequencing. The pestled bacterial cell powder was covered with 1 mL TRIzol rea-
gent (Thermo Fisher Scientific, Waltham, MA, USA) and incubated for 5 min at room temperature. Total
RNA isolation starting with centrifugation at 12,000 x g for 10 min at 4°C was performed with the
RNeasy minikit (Qiagen, Hilden, Germany) as previously described (57). After DNase treatment, the total
RNA was resolved in 50 uL of diethyl pyrocarbonate (DEPC)-treated H,O. The depletion of rRNA was per-
formed with the mRNA Ribo-Zero magnetic kit (Epicentre, Madison, WI, USA) according to the manufac-
turer’s instructions. The library was prepared from ribosomally depleted total RNA using the Scriptseq v2
RNA-seq (RNA sequencing) library preparation kit (Epicentre, Madison, WI, USA) according to the manu-
facturer’s protocol. For sequencing, equal volumes of libraries (12 pM) were multiplexed on a single
lane. Cluster generation was performed with cBot (lllumina, San Diego, CA, USA) using TruSeq SR cluster
kit v3-cBot-HS (lllumina, San Diego, CA, USA). Sequencing was done on the HiSeq 2500 platform
(Illumina, San Diego, CA, USA) using TruSeq SBS kit v3-HS (lllumina, San Diego, CA, USA) for 50 cycles.
Image analysis and base calling were performed using the Illumina pipeline v1.8 (lllumina, San Diego,
CA, USA).

RNA-seq data processing and analysis. The demultiplexed raw fastq files were quality controlled
using the FASTQ-mcf suite (https://github.com/ExpressionAnalysis/ea-utils). Low-quality bases and iden-
tified Illlumina adaptors were clipped from the sequences. Reads were mapped to reference genomes
using bowtie2 with default parameters (71). Ambiguously mapping reads were equally distributed
among all regions to which they could be assigned. The resulting sam files were converted to binary for-
mat and indexed using samtools (72). A table with reads per protein-coding sequence was generated
from each indexed bam file using featureCounts (72). The R package EdgeR was used for statistical anal-
ysis of differential gene expression (72). All strains were compared with the D. shibae reference strain
DSM 16493, Data for all genes can be found in Table S1A. The R package KEGGREST v1.1 (73) was used
to extract the KEGG (74) annotation for D. shibae (accessed 1 April 2020). A hypergeometric test was
used to identify significantly enriched KEGG categories.
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Genome sequencing. Genomic DNA from all D. shibae strains was isolated with the Qiagen (Hilden,
Germany) genomic DNA kit. lllumina and PacBio library preparation, sequencing, PacBio genome assem-
bly, and error correction with lllumina reads were conducted as previously described (48, 75).

Comparative genomics. The sequence alignment of the 102-kb plasmid with other sequences was
done using mauve v20150226 (76, 77). Further processing was done in R using the genoPlotR package
v0.8.11 (http://genoplotr.r-forge.r-project.org/). Homologous genes among the 102-kb plasmid, the
Phaeobacter inhibens plasmid Pp88, and Roseobacter litoralis Och 149 or the extrachromosomal replicons
of D. shibae were identified using ProteinOrtho (78) by applying the following settings: E value of
1e—05, identity of 30, and coverage of 75.

The dendrogram for the differentiation of chromids and plasmids is based on relative synonymous
codon usage analysis of all protein-coding genes of the replicons (23).

Data availability. RNA sequencing data, which were established in three biological replicates, have
been deposited at the NCBI Gene Expression Omnibus database under accession number GSE198318.
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