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Abstract

Bacillus subtilis mutants lacking the SMC-ScpAB complex are severely impaired for chro-
mosome condensation and partitioning, DNA repair, and cells are not viable under standard
laboratory conditions. We isolated suppressor mutations that restored the capacity of a smc
deletion mutant (Asmc) to grow under standard conditions. These suppressor mutations
reduced chromosome segregation defects and abrogated hypersensitivity to gyrase inhibi-
tors of Asmc. Three suppressor mutations were mapped in genes involved in tRNA aminoa-
cylation and maturation pathways. A transcriptomic survey of isolated suppressor
mutations pointed to a potential link between suppression of Asmc and induction of the
stringent response. This link was confirmed by (p)ppGpp quantification which indicated a
constitutive induction of the stringent response in multiple suppressor strains. Furthermore,
sublethal concentrations of arginine hydroxamate (RHX), a potent inducer of stringent
response, restored growth of Asmc under non permissive conditions. We showed that pro-
duction of (p)ppGpp alone was sufficient to suppress the thermosensitivity exhibited by the
Asmc mutant. Our findings shed new light on the coordination between chromosome
dynamics mediated by SMC-ScpAB and other cellular processes during rapid bacterial
growth.

Introduction

Efficient chromosome organization and segregation, as well as maintenance of genome integ-
rity, are essential for accurate transmission of hereditary genetic information. Proteins from
the SMC family are key players in chromosome dynamics that involve chromosome condensa-
tion and segregation, cohesion of sister chromatids and DNA repair [1, 2]. Genes encoding
SMC proteins have been found in every sequenced eukaryote to date and in most prokaryote

PLOS ONE | DOI:10.1371/journal.pone.0142308 November 5, 2015

1/24


http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0142308&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE73315
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE73315

@’PLOS ‘ ONE

Suppressors of smc/scpAB Genes Deletion in B. subtilis

Competing Interests: The authors have declared
that no competing interests exist.

Abbreviations: SMC, Structural Maintenance of
Chromosomes; MC, Mitomycin C; RHX, arginine
hydroxamate.

genomes [3, 4]. SMC proteins share a common architecture with a globular domain carrying
an ABC-type ATPase activity and a “hinge” domain separated by a long antiparallel coiled-coil
region. SMC dimers form via interactions between two hinge domains, and higher level inter-
molecular interactions can take place via the globular domains in an ATP dependant manner.
SMC dimers also interact with non-SMC proteins such as the kleisin-like proteins [4]. The
inactivation of non-SMC proteins have a “SMC-like” phenotype demonstrating they are key
factors for the activity of the SMC complexes.

Whereas eukaryotic genomes encode several functionally specialized SMC complexes [4], a
single SMC complex is found in most bacteria. To date, three different types of SMC complexes
have been identified in bacteria: (i) SMC-ScpAB [5, 6] broadly represented in eubacteria and
archaea, (ii) MukBEF found mainly in enterobacteria [7], and (iii) MksBEF [8] recently
described in Pseudomonas aeruginosa.

Intriguingly, while the SMC complex is dispensable for cell viability in some bacteria such
as Deinococcus radiodurans and Staphylococcus aureus [9, 10], the growth of Escherichia coli
MukBEF- and Bacillus subtilis SMC-ScpAB-depleted mutants is restricted to conditions allow-
ing slow growth (e.g. minimal mineral medium or temperatures below 25°C) [11-13]. Even
under these permissive conditions, the smc-null mutants display aberrant phenotypes includ-
ing nucleoid decondensation, segregation defects (anucleated cells, “guillotine” phenotypes
where a segment of chromosome remains trapped in the division septum), hypersensitivity to
gyrase inhibitors [14, 15] and to DNA damaging agents [16] and origin segregation defects
[17].

In E. coli different mutations in topA, encoding DNA topoisomerase I, suppress the global
deficiencies in a mukB-null strain [18], implying a major role of MukBEF in the maintenance
of DNA supercoiling and chromosome condensation; it is considered as a chromosomal orga-
nizer [19]. In B. subtilis, decreasing the expression of DNA topoisomerase I or increasing
expression of DNA topoisomerase IV, encoded by parCD, substantially restored chromosome
partitioning and condensation in a smc-null strain under permissive conditions but failed to
restore viability under non permissive conditions [15, 20]. Thus altered levels of topoisomer-
ases partially correcting defects in chromosome supercoiling and condensation appear insuffi-
cient to restore viability of the smc-null mutant under non permissive conditions, suggesting
that B. subtilis SMC-ScpAB complex may have additional yet unknown functions.

Supporting this idea, SMC complexes are found preferentially located in the vicinity of the
replication origin (ori) of the chromosome, suggesting that they may be involved in polar con-
densation of DNA from the ori region, [21] and directly promoting efficient segregation of the
origin [22]. In B. subtilis and Streptococcus pneumonia, the localization of SMC complexes is
dependent on the partitioning ParB protein (Spo0J in B. subtilis) and its binding to the parS
sites located near the replication origin [23-26]. However in absence of Spo0]J or parsS sites,
only moderate segregation defects and no sensitivity to temperature above 25°C are observed,
supporting the notion that SMC-ScpAB functions are not restricted to these so-called “conden-
sation centers” [24, 27]. Notably, SMC appears to be particularly enriched at highly transcribed
regions of the B. subtilis chromosome [25], but the physiological role of SMC complexes at
these sites remains unknown.

Considering the highly pleiotropic phenotypes exhibited by B. subtilis in absence of SMC,
we investigated whether cell death under non permissive conditions is due to a synergistic
effect of interdependent problems (e.g. condensation, segregation, DNA repair) or to another
critical process that remains to be identified. To this end, we characterized suppressor muta-
tions that restore viability of a Asmc mutant under non permissive conditions. We discovered
that the constitutive induction of the stringent response either by mutations or by amino acid
analogs fully restored cell viability and considerably reduced defects in chromosome
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segregation and condensation as already observed [17]. In addition, we showed that the expres-
sion of an E. coli RelA protein constitutively producing (p)ppGpp restored full cell viability,
resistance to gyrase inhibitors, and partially reduced the proportion of anucleate cells.

Considering that i) the stringent response represses rRNA synthesis [28] and slows down
DNA replication forks [29] ii) the identification of the suppressors mutations and iii) the locali-
zation of the SMC complex in highly transcribed regions (including tRNA operon), we discuss
the possibility that the SMC-ScpAB complex could be required to efficiently replicate, segregate
and maintain the integrity of these specific rRNA loci close to the origin. We propose that
SMC-ScpAB acts to coordinate transcription and replication/segregation, ensuring the efficient
organization of newly replicated DNA.

Results

Isolation of suppressors restoring the viability of the Asmc mutant under
non permissive conditions

The Asmc mutant grows in minimal medium at least up to 37°C and in rich medium up to
25°C but does not grow on rich medium at 37°C. To isolate spontaneous suppressor mutations
restoring growth of the Asmc mutant, 10 independent cultures were grown in minimal medium
at 30°C, numerated on this medium, and plated on the non-permissive LB medium at 37°C. In
this treatment, the cells are subjected to two simultaneous shifts in temperature and medium
richness. The proportion of cells that survived this treatment was ~10~%, a value unexpectedly
high relative to the proportion of mutants in a similar assay with another essential gene
(~107®) [30]. To rule out that Asmc could display a hyper-mutator phenotype, we compared
the frequency of spontaneous mutations occurring in the rifampicin binding site of the RNA
polymerase B subunit [31] and conferring resistance to rifampicin (Rif). Similar frequencies of
Rif® cells were detected in the wild type and isogenic Asmc strains (respectively 1.0 107% +/- 0.1
10~% and 0.8 10~® +/- 0.4 10%), indicating that the loss of SMC complex does not cause any
hyper-mutator phenotype. This finding suggests that the elevated frequency of Asmc suppres-
sors is likely due to the presence of multiple genes that can confer the suppressor phenotype.
For each of the 10 independent cultures, two suppressor colonies were isolated on rich
medium at 37°C for further analysis. We compared the phenotypes of the 20 suppressor strains
with wild type and Asmc strains for the following criteria (i) sensitivity to gyrase inhibitors
(coumermycin A1l and nalidixic acid, targeting the gyrase subunits GyrB and GyrA respec-
tively), (ii) ability to grow at 51°C, and (iii) size of colonies formed on rich medium. These cri-
teria allowed us to establish seven phenotypic classes of mutants (Table 1). In each of the tested
conditions, the phenotypes exhibited by suppressor strains ranged between extremes repre-
sented by the wild type and Asmc mutant phenotypes, with the exception of sensitivity to nali-
dixic acid, where each selected suppressor was surprisingly more resistant than Asmc and wild
type. The presence of suppressor mutations in the genes encoding DNA gyrase, DNA topi-
somerases I, III, and IV was tested by measuring the genetic linkage between suppressors and
topoisomerase genes or by direct sequencing of promoter and coding regions for the gyrAB
genes. None of the suppressor strains carried mutations within or genetically linked to DNA
topoisomerase genes, leaving the increased resistance to nalidixic acid unexplained.

Three suppressor mutations affect tRNA modification and
aminoacylation pathways

The genome of one representative strain from each class of suppressors (i.e. s34, s35, $38, s46,
43, s42, s33) was sequenced by high-throughput sequencing (SOLiD). The short reads (35
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Table 1. Classification of Asmc suppressor mutants.

Classes Strain Colony size LB 51°C MC40 ng/ml Coum0.5 pg/mi Nal. acid1 pg/ml
| s34 M 0.3 0.002 0.5 0.5
] s35, s36, s37 L 0.5 0.003 0.0009 0.6
Il s38, s40, s41 S 0.0001 0.008 0.6 0.8
\Y s44, s46, s47, s48, s52, s53, s54 S 0.4 0.008 0.5 0.09
\% s43, s49 S 0.009 0.006 0.05 0.09
Vi s42, s55 S 0.5 0.0009 0.5 0.9
Vil s33, s39 L 0.0001 0.001 0.5 0.8
Asmc S 0.00001 0.0004 0.0008 0.002
168 L 1 0.09 1 0.004

The twenty suppressors were grouped in seven different classes based on phenotypic analyses. Colony size was estimated after 72h at 23°C on rich
medium: Colony size similar to wild type is large (L), similar to Asmc is small (S), and intermediate is medium (M). Plating efficiencies were determined
from cells in exponential growth phase. Survival assays on mitomycin C (MC), coumermycin A1 (Coum), and nalidixic acid (Nal. Acid) were performed on
rich medium at 23°C with the indicated concentrations. The ratio between the numbers of colonies obtained in each condition relative to the number of
viable cells on rich medium at 23°C was calculated. The value in the table corresponds to the means of the ratio for at least two independent experiments
per strains. Five suppressors formed colonies almost as large as wild type colonies. Three of these (class II: s35, s36, s37) were able to grow at 51°C but
still demonstrated a high sensitivity to coumermycin A1, unlike the remaining two (class VII: s33, s39). Among suppressors forming small colonies, five
were unable to grow at 51°C on rich medium and were separated into two classes to their resistance (class Ill: s38, s40, s41) or sensitivity (class V: s43,
s49) to gyrase inhibitors. The final suppressors (nine of the original twenty) grew at 51°C, formed small colonies, were resistant to coumermycin A1 and
showed either an intermediate sensitivity (class 1V: s44, s46, s47, s48, s52, s53, s54) or high resistance (class VI: s42, s55) to nalidixic acid. Suppressor
s34 showed nearly the same phenotype as the suppressors belonging to the class VI, although it appeared earlier and formed larger colonies on plates,
earning its separation from the other suppressors in the class I.

doi:10.1371/journal.pone.0142308.t001

bases) were projected onto the reference genome to identify the potential suppressor mutations
(see Materials and Methods). This analysis did not detect single bases deletions/insertions and
did not cover repeated genes (e.g. rDNA and tDNA), possibly explaining the two strains with-
out any detected mutation (S1 Table). Two strains, s33 and s35, contained multiple mutations
and were not further characterized. Three strains carried a single mutation each in a different
gene: 38, substitution in AspS (V 43,G); s42, substitution in YwIC (PgyL); and s34, a deletion
causing the removal of 32 amino acids (A232-264) in YIbM. These two last mutations were
backcrossed in the wild type 168 background and then combined with Asmc, as described in
Materials and Methods. Each reconstructed double mutant strain exhibited phenotypes indis-
tinguishable from the original suppressor strain (Table 2), indicating that the identified muta-
tions were causing the suppression. Furthermore, we deleted entirely the ywIC and yIbM genes,
which are dispensable, unlike aspS, and combined these deletions with Asmc. We found that
both AywlC and AylbM restored the viability of the Asmc mutant under non permissive condi-
tions, suggesting that the spontaneous suppressor mutations entail a loss of YIbM or YwIC
functions.

Remarkably, the three proteins mutated in the suppressor strains can be functionally associ-
ated with tRNA modification and aminoacylation. YWIC (also named TscA) belongs to the uni-
versal protein family YrdC/Sua5, which is required for threonyl-carbamoyl-adenosine (t(6)A)
modification of some tRNAs at position 37 [32, 33]. AspS is an aminoacyl-tRNA synthetase
that charges the tRNA”*? with aspartic acid [34]. YIbM is a predicted HIGH motif-containing
aminoacyl-tRNA-synthetase related to nucleotidyl transferases [35], and the neighborhood of
yIbM and rpmF (encoding the 508 ribosomal protein L32) is highly conserved throughout Fir-
micutes genomes, suggesting an evolutionary conserved association with translation. To obtain
further information concerning its function, an YIbM-SPA tag fusion protein was constructed
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Table 2. Percentage of anucleate cells and growth rate of suppressors cultivated in slow or fast
growth condition.

Strain % of anucleated cells (number Growth rate in
of cells) minutes
MM 30°C LB 37°C 23°C 37°C
Wild type <0.3 (345) <0.4 (263) 84 21
Asmc 8.7 (448) NA 241 NA
Asmc ylbM(A232—-264) (s34) 4.1 (417) 13.8 (420) 203 58
Asmc aspS(V432>G) (s38) 4.7 (498) 6.7 (520) 141 70
Asmc ywlC(Pgs>L) (s42) 3.7 (267) 6.5 (352) 246 71
yIbM(A232-264) (s34) <0.5 (200) <0.5 (200) NA 36
ywIC(Pe4>L) (s42) <0.5 (200) <0.5 (200) NA 66

Cells were grown in LB at 37°C (non permissive) and in MM at 30°C (permissive) to exponential growth
phase (ODggonm between 0.3 and 0.6). The percentage of anucleate cells was measured after staining of
DNA with DAPI and membranes with FM4-64FX and visualization of cells by microscopy. Number of
examined cells is shown in parentheses. Generation time during exponential growth phase of the different
strains has been estimated from monitoring optical density (ODggonm) Of cultures in rich medium at 23°C
and 37°C. To determine ratio of colonies formed per ODggoonm Unit, cells were grown in rich medium at 23°C
or 37°C up to exponential growth phase (ODggonm between 0.3 and 0.6) and then spread on LB plate and
incubated 3 to 4 days at 23°C. NA: not applicable. The average from a minimum of two independent
experiments is shown.

doi:10.1371/journal.pone.0142308.t002

[36]. This fusion is fully functional as the phenotypes of Asmc ylbM-SPA and the Asmc strains
are the same and are clearly different from those of the Asmc AylbM strain (see Materials and
Methods). The SPA-tagged YIbM was purified by a tandem affinity procedure allowing to co-
purify specific proteins partners [37]. A total of 19 potential proteins partners were identified
(S2 Table), including 6 tRNA-synthetases. Although the nature and function of these potential
interactions remain unknown, this finding further supports a potential role of YIbM in the
charged tRNA biosynthesis.

All together the data indicate a link between suppression and tRNA modification and ami-
noacylation. To test this link we spread the Asmc strain on sublethal concentration of mupiro-
cin (an inhibitor of isoleucyl tRNA synthetase [38]). We show that this drug is able to increase
300 times the number of colony forming unit of the Asmc strain at 37°C (Fig 1) indicating
clearly that affecting the pool of available charged tRNA could suppress the viability defect of
the Asmc strain on rich medium at 37°C.

Suppressor mutations reduce chromosome segregation and
condensation defects caused by the absence of SMC

Suppressor mutations were selected solely for their capacity to restore viability of Asmc mutant
in non permissive conditions. We investigated whether they also suppressed or alleviated other
defects exhibited by the Asmc mutant cells. Suppressor strains s34 (Asmc ylbM*), s38 (Asmc
aspS*), and s42 (Asmc ywlC*) were generally much less sensitive to coumermycin Al
(~500-fold) and to nalidixic acid (~1000-fold, except s34, ~50-fold) than Asmc (S1 Fig). How-
ever, when the AylbM and AywlC mutations were introduced singly in the wild type back-
ground, they sufficed to reduce substantially the sensitivity to both gyrase inhibitors (S2 Fig),
indicating that this effect is an indirect effect of the suppressor mutations and not related to the
suppression of Asmc defects.
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Fig 1. Plate efficiency with or without mupirocin at different temperatures. Wild type and Asmc cells were grown in permissive condition (LB at 23°C),
diluted and spread on LB plates in the presence and absence of mupirocin 20ng/ml and incubated at permissive (23°C) and non permissive (30°C, 37°C)
temperature. We calculated the ratio of colony forming units in the test condition versus the number of colony forming units in permissive condition (LB at
23°C without mupirocin). The figure show the data for the wild type strain (dotted line)and the Asmec strain (full line) without (white) or with mupirocin (grey) at

different temperatures.

doi:10.1371/journal.pone.0142308.g001

In absence of SMC, the SpollIE translocase is essential for cell survival as it rescues misse-
gregated chromosomes trapped in the division septum [39, 40]. To determine whether SpolIIE
is still synthetically lethal with SMC in suppressor strains, we tried to introduce the AspoIIIE
mutation (and AamyE as control) in the wt, Asmc, s34, 38, and s42 backgrounds. All combina-
tions except the Asmc AspolIIE could be obtained (see Materials and Methods). The resulting
strains s34 AspollIE, s38 AspollIE, and s42 AspollIE exhibited slower growth on plates (colonies
formed in 48h instead of 24h for suppressor strains on LB at 23°C, Fig 2). These results show
that Asmc is not synthetically lethal with AspolIIE in a suppressor background, suggesting that
segregation defects in Asmc are reduced by suppressor mutations. Supporting this notion,
microscopic observation of suppressor strains, grown under permissive conditions, showed
that the proportion of anucleate cells was reduced ~2-fold in suppressor strains relative to the
Asmc mutant (Fig 3, Table 2). As the single AylbM and AywlC mutants exhibited a proportion
of anucleate cells similar to wild type, we concluded that suppressor mutations slightly restore
chromosome segregation in cells lacking SMC.

Suppressor mutations induce complex transcriptional changes that
overlap the stringent response

To get insight into the global effects of suppressor mutations, we compared the genome-wide
transcription profiles of the single AylbM and AywIC mutants relative to wild type under one
condition (smc+ background exponential growth in LB at 37°C) that would be non permissive
for growth of Asmc. Transcripts were quantified using our recently defined B. subtilis 168 struc-
tural annotation [41] (S3 Table). We found 222 and 1043 genes differentially expressed

(FDR < 5%) in AylbM and AywiC relative to wild type, reflecting large and complex cellular
responses. As changes in mRNA abundance in the AywIC mutant affected over 18% of the
annotated transcripts, the 148 genes differentially expressed in both mutants (S3A Table) likely
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A smc A spolllE

A sme ylb M* A sme ylbM*spollIE

Fig 2. growth of the spolllE mutant strains. Asmc cells carrying or not suppressive mutation were
combined with the spolllE deletion. The combination of the two deletion could only be obtain when
suppressive mutation is present in the strain. Cells were grown on LB plates incubated at permissive (23°C).

doi:10.1371/journal.pone.0142308.9002

include genes specific for the suppressor response as well as many non specific genes. When we
considered differentially expressed genes in the context of previously defined transcription
units (TU) [41], we noted a significant increase of the expression of some genes of the ilv-leu
operon (start U2191 drive expression of the following TU: $1073 S1072 S1071 ilvB ilvH ilvC
leuA leuB leuC leuD ysoA S3 Table) encoding enzymes for the synthesis of branched-chain
amino acids. A global increase (2 to 8-fold depending on genes) of the expression of the entire
operon was observed in both strains with a 5-fold change for leu ABCD genes. We also observed
a significant decrease in the expression of some genes in the rrn operon (start U88 drive expres-
sion of the following TU: $49 rpIK S50 rplA rpl] rplL ybxB S51 rpoB rpoC S52 rplGB S53 rpsL
rpsG fusA §54 tufA ybaC), which encodes 7 ribosomal proteins, 2 subunits of the RNA poly-
merase and 2 translation elongation factors. This decrease affected the whole operon in AywlC
and a similar trend, albeit much weaker, was observed in the AylbM mutant. Interestingly, both
the ilv-leu and rrn operons were previously reported to be up- and down-regulated, respec-
tively, by the RelA-dependent stringent response to amino acid starvation [42]. This response
is induced by a rapid synthesis of (p)ppGpp by RelA, globally causing reallocation of bacterial
resources and associated with a decrease of GTP concentration. When the genes previously
reported to be under stringent response regulation were mapped to transcription units, we
found that 73% (27/37) of these TUs also contained genes differentially expressed in AywIC
(S3B Table). This finding provides a clear signature for an induction of the stringent response
within the global transcriptional changes taking place in AywIC. A similar trend was observed
in AylbM but it was weaker because differential expression of a much smaller number of genes
reached statistical significance. We hypothesized that alterations in maturation and amino-
acylation of tRNAs caused by the aspS*, ywIC* and potentially yIbM* suppressor mutations
could deplete some amino-acylated tRNAs and increase uncharged tRNAs loaded on
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wt Asmc ylbM*(s34) AylbM

Asme ywlC* (s42) AywlC Asmec aspS* (s38)

Fig 3. Microscopic observation of suppressors. Cells were grown in LB at 37°C to exponential growth phase (ODgoonm between 0.3 and 0.6) and stained
with FM4-64FX and DAPI to visualize membranes (red) and DNA (blue) respectively. The white arrow indicates a cell in which division septum was formed on
none segregated chromosomes (guillotine phenotype); and anucleate cells are marked with asterisks.

doi:10.1371/journal.pone.0142308.g003

ribosomes, thereby triggering the stringent response [43]. Different suppressor mutations
would constitutively induce the stringent response at various levels and suppress Asmc pheno-
types at various degrees.

Elevated (p)ppGpp dosage in suppressor strains

The stringent response is induced by a rapid synthesis of (p)ppGpp (also known as alarmone)
by RelA, the (p)ppGpp synthetase [44]. The increased level of (p)ppGpp causes inhibition of
growth and reallocation of bacterial resources [45-47]. Three ppGpp synthetases have been
identified in B. subtilis: a RelA-SpoT homolog (called RelA), which exhibits both the degrada-
tion and synthesis activities for (p)ppGpp [48] and two small alarmone synthetases (SAS)
called YjbM and YwaC, which have only (p)ppGpp synthetase activity [49].

To determine whether stringent response is induced in suppressor strains, we quantified the
cellular pppGpp and ppGpp versus GTP in the different strains, as described in Materials and
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Methods. As expected the (p)ppGpp/GTP ratio increased 3 to 4 fold when cells were treated
with arginine hydroxamate (RHX), a non-functional analog of arginine mimicking arginine
deprivation and an inducer of the RelA dependent stringent response (Fig 4A). Similar experi-
ments were performed with one representative strain of each class of suppressors (Fig 4B). The
(p)ppGpp/GTP ratio is at least twofold higher in suppressor strains relative to the wild type,
except for the s34 (Asmc ylbM*) strain (~1.5-fold higher). From these experiments, we con-
clude that the stringent response is induced at various levels in suppressor strains, strongly sup-
porting the notion that this response contributes to the partial restoration of chromosome
segregation in Asmc mutant cells.

Inactivation of the stringent response affects Asmc mutant viability

To determine whether the restoration of the Asmc mutant viability depended on (p)ppGpp
accumulation, we constructed B. subtilis mutants unable to synthetize (p)ppGpp. To this end,
the triple mutant’s Asmc AyjbM AywaC and ArelA AyjbM AywaC were constructed by intro-
ducing respectively the Asmc and ArelA mutations in the AyjbM AywaC double mutant (see
Materials and Methods). Triple mutants grew on plate and no phenotypic difference in colo-
nies was observed between the Asmc and Asmc AyjbM AywaC mutants and between the wild
type strain and the ArelA AyjbM AywaC mutant, as previously reported [49].

The combination of the four deletions was attempted by transforming the triple mutant
Asmc AyjbM AywaC with chromosomal DNA from ArelA AyjbM AywaC strain and selecting for
the antibiotic resistance marker associated with ArelA under permissive conditions (LB at
23°C). A total of 30 transformants were obtained from four independent experiments, and their
chromosome integrity at the 4 loci was verified (see Materials and Methods). All transformants
except one had recovered the wild type smc locus. The transformant which carried the ArelA
Asmc AyjbM AywaC deletions exhibited a plating efficiency reduced nearly 10-fold relative to
Asmc under permissive conditions (54 Table), suggesting that (p)ppGpp synthesis is important
for the fitness of the Asmc mutant. However, since we cannot rule out that the quadruple dele-
tion mutant has acquired compensatory mutation(s), we cannot conclude from these results
that (p)ppGpp synthesis is essential for Asmc viability. Thus, we placed the relA gene under con-
trol of the inducible pSpac promoter in the AyjbM AywaC background (see Materials and Meth-
ods). The resulting strain did not require IPTG for growth (Fig 5). The Asmc allele was
introduced in the presence of IPTG. The resulting strain Asmc AyjbM AywaC pSpac::relA grew
similarly to the Asmc and Asmc AyjbM AywaC strains under permissive conditions (LB + IPTG
ImM at 23°C) (Fig 5). In sharp contrast, when relA expression was not induced, the Asmc
AyjbM AywaC pSpac::relA strain could not form isolated colonies. Our results strongly support
that an active (p)ppGpp synthase is required for the viability of the Asmec.

Constitutive stringent response restores smc null mutant viability

If the stringent response suppresses deficiencies in Asmc, accumulation of (p)ppGpp in the
suppressor mutants (Fig 4) may be directly linked to the observed suppressor phenotypes. If
this hypothesis is correct, artificial induction of the stringent response by sublethal concentra-
tions of aminoacyl tRNA synthetases inhibitors should also restore Asmc viability. Asmc cells
were grown under permissive conditions (LB at 23°C), spread on plates containing various
concentrations of arginine hydroxamate (RHX), a potent inducer of stringent response, and
plates were incubated at different temperatures. Cell survival was plotted as a function of RHX
concentration (Fig 6). As previously described [17], we observed that sublethal concentrations
of RHX could fully restore Asmc viability under all non permissive temperatures up to 51°C.
The minimal RHX concentration required for full viability increased with the growth
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Fig 4. (p)ppGpp quantification. A. Wild type or relA mutant strains grown at 37°C in the MOPS derivative
medium with or without arginine hydroxamate (100 pg/ml) were labeled with H *2PO, for 4 to 5 generations.
The 32P labeled cells were collected and resuspended at the same final concentration in formic acid 1M and
frozen. The reaction mixtures were centrifuged for 5 minutes at 8000g and 10yl of supernatant was used for
TLC analysis. The position of the signal corresponding to pppGpp, ppGpp, GTP and ATP are indicated. For
each strain the ratio of pppGpp/GTP (white) and ppGpp/GTP (grey) were calculated taking the phosphate
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stoichiometry into account. Each value corresponds to the means and the standard deviation of at least 3
experiments. B. One representative strain of each class of suppressors (with the exception of class VIl which
is unable to grow in the labeling condition) and the wild type strain were grown, labeled for 4 to 5 generations
and the ratio of pppGpp/GTP (white) and ppGpp/GTP (grey) was determined on at least 3 independent
experiments.

doi:10.1371/journal.pone.0142308.g004

temperature, suggesting that increasing levels of stringent response induction correspond to
increasing levels of suppression. Therefore, these data suggest that various levels of induction
of the stringent response by RHX suppress Asmc deficiencies under non permissive conditions
as efficiently as the suppressor mutations (yIbM* and ywIC").

AywaC AyjbM Asmc AywaC AyjbM

Asmc AywaC AyjbM PSpac::relA + IPTG 1mM  PSpac::relA + IPTG 1mM

Asmc AywaC AyjbM Asmc AywaC AyjbM
PSpac::relA +IPTG OmM  PSpac::relA + IPTG OmM

Fig 5. The (p)ppGpp synthase RelA is required for viability of SMC null mutant strains. A strain background was constructed in which the two minor (p)
ppGpp synthases were inactivated (AywaC AyjbM) and expression of only remaining (p)ppGpp synthase activity was placed under control of the IPTG-
inducible promoter (PSpac::relA). This strain formed isolated colonies on LB plates without and with IPTG 1mM at permissive temperature (23°C). However,
in absence of SMC (Asmc) in this background, IPTG was absolutely required to form isolated colonies. Note that only residual growth in the mass of the
streak is observed without IPTG.

doi:10.1371/journal.pone.0142308.9005
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Fig 6. Restoration of Asmc viability using sublethal concentration of RHX. Asmc cells were grown in LB at 23°C to exponential growth phase (ODgoonm
between 0.3 and 0.6), spread on LB plates supplemented with different concentrations of RHX and then incubated 3 to 4 days at 23°C (diamond), 30°C
(square), 37°C (triangle), 42°C (circle) and 51°C (cross). Survival rates were calculated relative to the number of colonies formed on LB at 23°C without RHX.
The average and standard deviation of three independent experiments is showed. The value without RHX indicate there is no increase of the viability at high
temperature for slow growth Asmc strain. Similar result at 37°C has already been described (17).

doi:10.1371/journal.pone.0142308.9006

(p)PPGpp synthesis is sufficient for suppression of most defects in Asmc
strain

RHX induces the stringent response by mimicking an amino acid starvation, and could have
pleiotropic effects unrelated to (p)ppGpp-mediated response. To test whether the viability of
Asmc under non permissive conditions could be restored by accumulation of (p)ppGpp inde-
pendently of amino acid starvation, we used alleles of the E. coli relA gene: one producing a
constitutively active (p)ppGpp synthase (relAt) and the other producing a catalytic site mutant
inactivated for (p)ppGpp production (relAi)[50] (gift from L. Janniére, ISSB, Evry, France).
The relAt and relAi genes were placed under the control of the IPTG-inducible Py perspank
(pHS) promoter and integrated at the amyE locus in the B. subtilis chromosome. We observed
that induction by IPTG of the relAt gene resulted in ppGpp accumulation in the cell (ratio (p)
ppGpp/GTP increased from 0.45 to 1.14) whereas a similar induction of the relAi gene did not
((p)ppGpp/GTP ratios of 0.42 and 0.47 with and without IPTG, respectively).We conclude
that the E. coli RelAt is functional for ppGpp synthesis in B. subtilis. The strains carrying the
relAt and relAi genes under the control of the IPTG-inducible promoter were grown under per-
missive conditions (LB at 23°C), diluted 200 times in either LB or LB supplemented with IPTG,
incubated for 24h at 23°C and plated on LB with or without IPTG under the various conditions
used to test the suppressor phenotypes. Specifically, plating efficiencies relative to the permis-
sive condition (LB at 23°C) were measured for nalidixic acid 2pug/ml, coumermycin Al 0.5ug/
ml, and non permissive conditions (LB at 37°C) (Fig 7, S3 Fig). Strikingly, the expression of the
constitutively active EcRelAt conferred full viability under non permissive conditions, whereas
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Fig 7. Restoration of Asmc viability by inducible expression of relA. Asmc cells carrying different alleles of the E. coli relA genes either as an inactive
form (relAi) either as a truncated form (relAt) under the transcriptional control of the Py, perspank Promoter were grown in permissive condition (LB at 23°C) with
or without IPTG 1mM. Cells were then diluted, spread on both LB plates and LB plates containing IPTG and incubated at permissive (23°C) and non
permissive temperature (37°C) for 48h or on coumermycinA1 (1pg/ml) at 23°C. For each condition the ratio of cells growing in non permissive condition
versus the number of cells grown in permissive condition (panels A and B) was calculated. The results are the means and the standard deviation measured
on at least five different clones. Cells grown at 37°C were also analyzed by microscopic observation after DAPI treatment in order to calculate the ratio of
anucleate cells (panel C) and to illustrate the condensation phenotype of the DNA in the WT strain (panel D1), Asmc (panel D2), ASmcPyperspank::relAt
(panel D3), AsmcPryperspank:refAt with 1mM of IPTG (panel D4), ASmcPhyperspank::relAi (panel D5), ASmcPhyperspank::relAi with 1mM of IPTG (panel D6).

doi:10.1371/journal.pone.0142308.9007

the inactive EcRelAi did not (Fig 7A). The surviving colonies did not acquire additional chro-
mosomal mutations because they were unable to form colonies when streaked at 37°C without
IPTG. Therefore, (p)ppGpp synthesis by EcRelAt suppressed Asmc defects in the absence of
amino acid starvation.

PLOS ONE | DOI:10.1371/journal.pone.0142308 November 5, 2015 13/24



@’PLOS ‘ ONE

Suppressors of smc/scpAB Genes Deletion in B. subtilis

The restoration of the other defects exhibited by Asmc was also investigated. The expression
of EcRelAt but not of EcRelAi restored Asmc sensitivity to coumermycin to a level similar to
wild type (Fig 7B). The uninduced pHS::relAt provoked a 10-fold increase in the resistance to
coumermycin, suggesting a leaky expression from the pHS promoter. However, this leakiness
was not sufficient to restore Asmc viability under non permissive conditions (Fig 7A). More-
over, the expression of EcRelAt was sufficient to increase the resistance to nalidixic acid (S3
Fig) in a similar range as described for the suppressor strains (Table 1). Cells were observed by
fluorescence microscopy after staining of nucleoids with DAPI to determine the proportion of
anucleate cells in the population (Fig 7C) and to estimate the chromosome condensation
defects of theses strains (Fig 7D). The expression of EcRelAt improved the compaction of the
chromosomal DNA and reduced cell filamentation (Fig 7D, compare panels 3 & 4) relative to
the Asmc strain (Fig 7D, panel 2), whereas expression of EcRelAi did not (Fig 7D, panels 5, 6).
Also, EcRelAt expression reduced by ~2-fold the proportion of anucleate cells (Fig 7C), indicat-
ing an improvement of chromosome segregation.

Altogether, our data indicate that all the phenotypes observed in suppressor strains were
reproduced by expressing a constitutive (p)ppGpp synthase EcRelAt in the cell. Importantly,
whereas (p)ppGpp synthesis fully restored viability of Asmc cells under non permissive condi-
tions, it only partially restored nucleoid compaction and segregation in Asmc cells.

Discussion

We report the identification and the characterization of suppressor mutations able to restore
viability of the Asmc mutant under non permissive conditions. Three suppressor mutations
partially or completely inactivated genes involved (aspS and ywIC) and potentially involved
(yIbM) in tRNA modification and aminoacylation. These suppressor mutations corrected or
alleviated most defects exhibited by cells lacking SMC. Genetic analysis indicated that the strin-
gent response induced in these suppressor strains was essential to restore Asmc mutant viability
under non-permissive conditions (this confirmed already published observation [17]). We
observed the inability to inactivate (p)ppGpp synthetases in the Asmc mutant without causing
loss of cell viability even under permissive conditions. This finding together with the rescue of
Asmc viability by production of an active (p)ppGpp synthase in the cell indicated that (p)
ppGpp plays a crucial role for cell viability in absence of SMC. We found that induction of the
stringent response reduced sensitivity of Asmc to the gyrase inhibitor coumermycin Al and
partially alleviated its defects in chromosome compaction and segregation. These observations
indicate that complete cell viability can be restored even when segregation defects persist, sug-
gesting that a normal segregation cannot be restored in the absence of the SMC-ScpAB
complex.

Is the stringent response alone responsible for the restoration of Asmc viability in suppres-
sors? We found that the level of accumulation of ppGpp in the cells, measured by the (p)
ppGpp/GTP ratio, was lower in suppressor mutants than in cells treated by RHX, indicating
that stringent response is only partially induced in suppressors. Moreover, no clear correlation
between the (p)ppGpp/GTP ratio in suppressors and their phenotypes could be observed
(comparing (p)ppGpp levels with the coumermycin A1 sensitivity, proportion of anucleate
cells and growth rate (S1 Fig, also estimated by the colony size, Table 1). Thus, even though
induction of stringent response takes place in every suppressor tested, a part of suppressors
phenotypes could be specific of the suppressor allele and not directly linked to (p)ppGpp level.

How can the stringent response restore viability in absence of SMC?

The effector molecule (p)ppGpp exerts a global impact on bacterial physiology and thereby
affects many cellular processes including transcription, translation, and DNA replication (for
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review see [51]). An attractive hypothesis is that SMC-ScpAB has an essential role in coordinat-
ing chromosome segregation with the other cellular processes affected by the stringent
response. However, to determine precisely how the stringent response could restore deficien-
cies caused by lack of SMC-ScpAB, we would need to be able to separate the effects of (p)
ppGpp on each process, for example on rRNA transcription, genome integrity and/or DNA
replication. This currently represents a challenge difficult to tackle experimentally.

One effect of the stringent response is to slow down or stop DNA replication through (p)
ppGpp-mediated inhibition of the DNA primase DnaG, an enzyme essential for lagging strand
synthesis and initiation of replication [29, 52]. Gruber et al. [17] propose that slowing down
DNA replication by stringent response would give more time for the separation and segrega-
tion of newly synthesized chromosomes in absence of the SMC-ScpAB complex. Fast moving
replication forks would require SMC-ScpAB to support the timely organization and segrega-
tion of region near origin of replication. In support of this notion, we observed as Gruber et al.
[17] that sub lethal concentrations of hydroxyurea (HU), a drug slowing down DNA replica-
tion forks by specifically depleting the cell ANTP pools through inhibition of class I ribonucleo-
tide reductase (RNR) [53-55], also partially restored Asmc viability at 30°C on LB (data not
shown). Because HU may have a wide range of additional effects, including affecting the NTP
pools and triggering the stringent response, the interpretation of such results remains difficult.

Taking in account the localization of the suppressive mutations in genes involve in the tran-
scription/translation process we propose an alternative but not exclusive hypothesis. The strin-
gent response in B. subtilis affects a large set of genes [42], and especially causes a strong
decrease in rrnO and rrn] expression, two major rRNA operons in B. subtilis [28]. To date it is
not known whether the SMC-ScpAB complexes in bacteria play any biological role in the integ-
rity and dynamic of highly transcribed regions like rRNA operons. However, it is intriguing
that rRNA operons are bound preferentially by SMC complexes [25]. Moreover, in E. coli,
DksA was isolated as a multicopy suppressor to the temperature-sensitive colony formation of
muk mutant [56]. DksA is necessary to trigger the stringent response and was described to
potentiate (p)ppGpp regulation, notably inhibition of rRNA promoters and activation of
amino acid promoters [57, 58]. In addition, DksA can inhibit the stringently repressed pro-
moter rrnB-P1 independently of (p)ppGpp, and the overproduction of DksA can completely
compensate most of the defects presented by cells unable to produce (p)ppGpp [59, 60]. Thus,
it appears in E. coli that inhibition of rRNA operons might be responsible for the suppression
of mukB mutant. Furthermore, in budding yeast, the condensin complex is required for a cor-
rect segregation of rRNA coding region [61-64]. Hence, DNA regions encoding rRNA oper-
ons, which are subjected to high levels of transcription and particular DNA topological
constraints, would need a specific machinery to assist their separation after replication. Simi-
larly, the B. subtilis SMC-ScpAB complex could maintain the integrity of the highly transcribed
regions and assist their proper segregation. In absence of SMC-ScpAB, the RNA operon could
be difficult to be segregate; as some of these operons are close to the origin of replication the
defect could be described as a default in the origin region segregation. The reduction of rRNA
operons transcription by stringent response (also observed in the AywIC mutant strain) would
become essential to enable correct partitioning of these regions, thereby restoring viability of
cells lacking SMC-ScpAB.

Finally, the SMC-ScpAB complex has been extensively studied and a mechanistic model of
“condensation centers” has emerged, in which the chromosome compaction activity is local-
ized and synchronized with the cell cycle [15, 24, 25]. Our results lead us to propose that sup-
pression of the lack of SMC by the stringent response could be due to an effect on the
reduction of the level of expression of rRNA operons (and maybe also a reduction of the speed
of replication). As counterpart of the “condensation center” model, the need to coordinate
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efficiently segregation, transcription with replication would be less critical in absence of DNA
region particularly difficult to segregate especially if replication proceeds slowly. Consistent
with this notion, bacterial species that have lost bacterial condensin without major impact on
their viability under standard growth conditions (including Pseudomonas aeruginosa, Staphy-
loccus aureus, Deinococcus radiodurans and Mycobacterium tuberculosis) exhibit longer gener-
ation times compared to the rapidly dividing E. coli and B. subtilis [9, 10, 26, 65, 66].

Materials and Methods
Bacterial strains, and growth media

Bacillus subtilis strains used is this study are listed in Table 3. Cells were grown in Luria Bertani
(LB) rich medium, or minimal medium salts (MM) supplemented with trace elements solution
[67] and the appropriate amino acids.

Total DNA was extracted from B. subtilis as described previously [68]. Competent cells and
transformation were done as previously described [69].

Antibiotics were used at the following concentrations: chloramphenicol 6 ug/ml, phleomy-
cin 2 pg/ml, erythromycin 0.3 pug/ml, kanamycin 6 pg/ml, spectinomycin 50 pg/ml, tetracyclin

Table 3. Strains used in this study.

Strain

168
EDJ180
EDJ547

EDJ660

EDJ672

CB 182
CB 139
EDJ834
EDJ838
EDJ842
CB 330
CB 329
EDJ 983

CB 156
CB 160
CB 167
CB 169
CB 171
CB 173
CB 331
EDJ1092
EDJ1096
EDJ1164
EDJ1166
EDJ1168

relevant genotype

trpC2
168 smc::specR
168 pMUTIN::addB

168 AmyE::Psweet
168 recU::CmR

168 yIbM::CmR amyE::Pxyl-ylbM-SPA

168 spolllE::CmR

168 smc::specR ylbM*(A232—-264)

168 smc::specR aspS* (V432>QG)

168 smc::specR ywIC* (Pg4>L)

168 Aupp::APr-neo smc::specR A ywaC yjbM:: upp-phleo-c/
168 Aupp::APr-neo relA::eryR A ywaC yjbM::upp-phleo-cl

168 Aupp::APr-neo smc::specR relA::eryR yjbM ywaC::upp-phleo-cl
mut*

Aupp::APr-neo, ylbM* (A 232—264)
Aupp::APr-neo, ywlC* (Pgs>L)

168 yIbM::CmR

168 A ywlIC::CmR

168 smc::specR ylbM::CmR

168 smc::specR ywIC::CmR

168 smc::specR aspS* (V43.>G) pDG148-aspS
168 smc::specR (pHyperspank::relAt)CmR

168 smc::specR (pHyperspank::relA)CmR

168 pSpac::relA:EryR

168 Aupp::APr-neo AywaC yjbM:: upp-phleoR-cl pSpac::relA::EryR

168 Aupp::APr-neo AywaC yjbM:: upp-phleoR-cl pSpac::relA::EryR
smc::specR

doi:10.1371/journal.pone.0142308.t003

reference

laboratory stock
26

Benoist, in
preparation

Benoist, in
preparation

Benoist, in
preparation

This work
This work
This work
This work
This work
This work
This work
This work

This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
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7.5 ug/ml. For the restoration of the viability of smc null mutant, concentrations of arginine
hydroxamate (RHX) used are specified. E. coli TG1 cells were grown in LB medium supple-
mented with 100 pg/ml of ampicillin for plasmid maintenance; plasmids were extracted using
the alkaline lysis method [70].

Oligonucleotides, PCR amplification and DNA sequencing

Oligonucleotides were purchased from MWG-Biotech (Germany). The list and sequence of the
oligonucleotides used in this study are available upon request. PCR amplifications were per-
formed as recommended by the enzyme supplier (Takara), except when specified. DNA
sequencing was performed on PCR products treated with exonuclease I and shrimp Alkaline
phosphatase (Amersham), using the Applied Biosystems PRISM BigDye terminator sequenc-
ing kit, a Perkin Elmer 9600 thermal cycler, and an Applied Biosystems 3700 DNA analyzer.

Construction of B. subtilis strains

-For deletion of relA, spolIIE, ylbM and ywiC, either the erythromycin-resistance gene (eryR)
or chloramphenicol-resistance gene (CmR) were amplified respectively from pMUTIN4 [71]
or pUC19-uppphleoR [72] plasmids as templates. For each gene to be deleted, the PCR primers
used were designed to amplify flanking regions corresponding to 1kb to 1.5kb upstream and
downstream of the target genes. The primers intended to immediately flank the antibiotic cas-
sette were also designed to incorporate a 21 to 24 bp terminal homologous to the antibiotic
resistance gene DNA fragment. For each deletion, three PCR products corresponding to the
upstream region, the downstream region, and the antibiotic resistance cassette replacing the
targeted gene were mixed in equimolecular amounts, and joined using a subsequent PCR reac-
tion. The resulting DNA fragment was used to transform B. subtilis 168 competent cells and
transformants were selected for the appropriate incoming antibiotic resistance. The proper
integration and the loss of the wild type gene were verified by PCR. In addition, the sequence
of the PCR amplified region was verified.

Introduction of yIbM*(A232-264) or ywlC* (P¢4>L) mutations and deletions of ywaC or
yjbM genes in wild type strain were carried out according the pop-in pop-out system [72, 73].

For pDG148-ylbM, pDG148-ywIC and pDG148-aspS; the regions from the RBS to the stop
codon of yIbM, ywlC and asp$ genes respectively were amplified using primers either with
extensions carrying HindIII and Sall restriction sites for yIbM and ywiC or Sall and Sphl for
asp$ at the 5" and 3’ ends respectively. PCR products were consequently cloned into HindIII
and Sall digested pDG148.

The CB182 strain expressing the YIbM-SPA fusion protein was constructed as follows. The
yIbM ORF was amplified using primers adding AvrII and Ncol restrictions sites at the 5 and 3’
ends respectively and was cloned between the same restriction sites of the pFL40 plasmid [74]
in fusion with the SPA tag. The plasmid was first constructed and verified in E. coli before
being transformed to competent CB 167 cells.

To test the functionality of YIbM-SPA, Asmc AylbM DNA was used to transform AylbM
amyE::Pxyl:ylbM-SPA competent cells. Plating efficiency of the resulting Asmc AylbM amyE::
Pxyl:ylbM-SPA strain on LB supplemented with D-xylose was 10~* lower at 37°C than at 23°C
(data not shown) indicating that YIbM-SPA protein is functional.

The expression of relA gene under the control of the IPTG-inducible promoter PSpac was
achieved by PCR amplification of the 5’ gene region (~500 bp) including the putative ribosome
binding site (RBS), cloning of the fragment into pMUTIN4 vector, and integration of the
resulting vectors into the chromosome by single-crossover, as previously described[71]. The
correct integration was verified by PCR and sequencing.
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An integration vector (gift from L. Janniere, ISSB Evry, France, to be published elsewhere)
was used to insert by transformation the relAi and relAt genes [50] under the HyperSpank pro-
moter at the amyE locus of the wild type (168) strain and the Asmc isogenic strain.

Microscopy experiments

Strains, grown under appropriate conditions as described in the text, were stained with FM4-
64FX (Molecular Probes) to visualize the cell membrane and with 4’,6-diamino-2-phenylindole
(DAPI, Molecular Probes) to visualize the nucleoid. Cells were deposited on slides covered
with 1.2% agarose in minimal medium [75]. Cells were examined using a Leica DMRA2 micro-
scope and a COOLSNAP camera (Roper Scientific USA). Images were captured and analyzed
using Metamorph V6.3r5.

Inactivation of SpolllE in suppressor strains

Suppressors were transformed with chromosomal DNA carrying the deletion of spoIIIE, and
the wild type locus of smc. Transformants were selected for incoming marker at 23°C (spolIIE
deletion) on rich medium. In order to estimate the ability to inactivate this gene in suppressor,
the transformants were tested for their ability to carry both of the two antibiotic resistance
genes (ie marker of smc deletion and spolIIE deletion marker). If more than 50% of the trans-
formants have the two markers then the strain could be constructed. In that case two transfor-
mants have been tested by PCR to verify the chromosomal organization at the vicinity of the
two loci.

Purification of YIbM-SPA fusion from B. subtilis

Overnight cultures grown in LB medium with erythromycin and IPTG (1mM) at 37°C were
diluted 100 fold in 2 liters of the same medium with 0.5% D-xylose. The cultures were incubated
with aeration at 30°C until growth reached ODggonm ~ 0.5. Cells were harvested, washed in bufter
A (10 mM Tris-HCl pH 7.5, 150 mM NaCl), frozen in liquid nitrogen and stored at -80°C.
YIbM-SPA was purified as previously described [74]. Proteins complexes were analyzed by
12.5% SDS-PAGE followed by Coomassie blue staining (Bio-Safe Coomassie, BIORAD) and
interacting proteins are identified by LC-MSMS mass spectrometry as previously described [76].

Transcriptomic analyses

AywIC and AylbM strains grown in LB medium were harvested in exponential phase (O.
D.sponm around 0.5) RNA was extracted following the method described by Nicolas [41]. The
RNA concentration was measured using Nanodrop and RNA quality was determined using an
Agilent 2100 bioanalyser. Labelling and hybridization of the sample were performed under the
conditions recommended by NimbleGen and as previously described [77]. Transcriptomic
results were analysed [41]. An aggregated expression value was computed for the genes anno-
tated in the GenBank file AL009126.3 and the newly defined transcribed regions. Gene expres-
sion values were quantile-normalized between experiments. Differential expression analysis
was performed using a negative binomial (NB) regression model. The dispersion parameter of
the NB model was estimated by mean-dependent local regression using DESeq, which was
shown to be appropriate for small numbers of biological replicates, In addition to the log2 fold
change, we reported the minimum false discovery rate and the pvalue corresponding to each
effect for each gene to capture the effect of both AylbM and AywlC mutant compare to the
wild-type (WT). The functional annotation was extracted from SubtiWiki database (http://
subtiwiki.uni-goettingen.de/).

PLOS ONE | DOI:10.1371/journal.pone.0142308 November 5, 2015 18/24


http://subtiwiki.uni-goettingen.de/
http://subtiwiki.uni-goettingen.de/

@’PLOS ‘ ONE

Suppressors of smc/scpAB Genes Deletion in B. subtilis

Suppressors sequencing

Next Generation Sequencing (NGS) was performed on a SOLiD v3.5 machine. Fragment libraries
were prepared according to the published protocol (Applied Biosystems). Libraries were bar-
coded to allow for multiplexing of samples. 35-base reads were generated and 11 to 13 million
tags were generated for each sample. These reads were mapped to the B. subtilis reference
sequence (4215606bp) (strain 168, EMBL/GenBank/DDBJ entry AL009126.3). The software
CORONA (Applied Biosystems) was used for mapping tags to the reference sequence, permitting
up to 3 mismatches. These criteria allowed matching of approximately 60% of tags. SNP detection
was also performed on the SOLID cluster using the CORONA software with its default settings.

Test effect of identified mutations

We developed two approaches to further characterize the effect of these mutations:

1. for non-essential genes carrying a potential suppressor mutations, we first introduced each
mutation individually in wild type strain, then the smc gene was deleted under permissive
conditions. Finally we tested the plating efficiency at 37°C on rich medium.

2. for essential genes carrying potential suppressor mutations, suppressor strains were trans-
formed using the replicative plasmid pDG148 derivatives carrying the wild type copy of the
mutated chromosomal gene under the control of an IPTG inducible promoter Pspac, and
then we measured viability of such strain on rich medium at 37°C with and without IPTG.

ppGpp quantification

For (p)ppGpp dosage cells were grown in modified phosphate starvation medium [50 mM
morpholinopropanesulfonate (adjusted to pH 7.0 with KOH), 0.4 mM KH,PO,, 30.27 mM
(NH,4)2S0,, 6.88 mM Na-citrate, 0.2% glucose, 0.1% of casamino acids,0.01% tryptophan 3.5
mM MgSOy, 0.01 mM ZnSOy4, 28mM MnSOy,, 0.304 mM FeCls,]. To label B. subtilis previously
published protocol [29] was adapted: exponentially growing cells were diluted in the same
medium with 30 mCi ml™" **P orthophosphate (900 mCi mmol ™, Perkin Elmer) for 4-5 gener-
ations. Cells were concentrated by centrifugation (1 minute at full speed), then nucleotides
were extracted in 1 M formic acid and loaded on PEI cellulose plates (JT. Baker). Plates were
developed in 1.5 M KH,PO, (pH 3.4), exposed onto a Storage Phosphor Screen, and scanned
using a GE Storm Scanner. Spots were quantified using ImageQuant software. All nucleotides
were normalized by phosphate number and expressed as molar ratios to GTP.

Supporting Information

S1 Fig. Gyrase inhibitor sensibility on LB at 23°C.
(PDF)

S2 Fig. Gyrase inhibitor sensibility on LB of the Asmc, AylbM, and AywlC mutants.
(PDF)

S3 Fig. Induction of a nalidixic acid resitance phenotype by inducible expression of two
alleles of relA.
(PDF)

S1 Table. List of mutated genes identified by SoliD sequencing of one representative strain
of each suppressor class.
(PDF)

PLOS ONE | DOI:10.1371/journal.pone.0142308 November 5, 2015 19/24


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142308.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142308.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142308.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142308.s004

@’PLOS ‘ ONE

Suppressors of smc/scpAB Genes Deletion in B. subtilis

S2 Table. YIbM-SPA partnership obtained by tandem affinity purification (TAP).
(PDF)

§3 Table. A-Expression levels in strains carrying single suppressor mutation. B- Distribu-
tion of differentially expressed genes in transcription units known to be regulated by strin-
gent response.

(XLSX)

$4 Table. Comparison of the number of colonies formed per ODggyopn, unit.
(PDF)

Acknowledgments

The authors would like to thank Frangois Lecointe, Olivier Delumeau, Anne Gaélle Planson,
Frédéric Escartin, Eric Prestel and Michael Mangan for useful comments and critical reading
of the manuscript. We are also grateful to Marie-Francoise Noirot-Gros and Vladimir Bid-
nenko for stimulating discussions. Sequencing of suppressor strains was performed by the
MetaQuant platform. LC-MSMS analyses of the SPA-tag samples were performed by Alain
Guillot of the proteomic platform PAPPSO. Special thanks to Kosei Tanaka for his interest and
his help in checking suppressor mutations. We are particularly indebted to Laurent Janniere
(ISSB, Evry, france) for the providing the truncated E. coli relA construction prior to publica-
tion and A. Sorokine for sequencing support.

Author Contributions

Conceived and designed the experiments: CB CG ED. Performed the experiments: CB ED.
Analyzed the data: CB CG PN ED. Contributed reagents/materials/analysis tools: CB CG ED.
Wrote the paper: CB PN ED.

References

1. De Piccoli G, Torres-Rosell J, Aragon L. The unnamed complex: what do we know about Smc5-Smc6?
Chromosome research: an international journal on the molecular, supramolecular and evolutionary
aspects of chromosome biology. 2009; 17(2):251-63. Epub 2009/03/25. doi: 10.1007/s10577-008-
9016-8 PMID: 19308705.

2. Nasmyth K, Haering CH. The structure and function of SMC and kleisin complexes. Annual review of
biochemistry. 2005; 74:595-648. Epub 2005/06/15. doi: 10.1146/annurev.biochem.74.082803.133219
PMID: 15952899.

3. Cobbe N, Heck MM. The evolution of SMC proteins: phylogenetic analysis and structural implications.
Molecular biology and evolution. 2004; 21(2):332—47. Epub 2003/12/09. doi: 10.1093/molbev/msh023
PMID: 14660695.

4. Hirano T. Condensins: organizing and segregating the genome. Current biology: CB. 2005; 15(7):
R265-75. Epub 2005/04/13. doi: 10.1016/j.cub.2005.03.037 PMID: 15823530.

5. Mascarenhas J, Soppa J, Strunnikov AV, Graumann PL. Cell cycle-dependent localization of two novel
prokaryotic chromosome segregation and condensation proteins in Bacillus subtilis that interact with
SMC protein. The EMBO journal. 2002; 21(12):3108-18. Epub 2002/06/18. doi: 10.1093/emboj/cdf314
PMID: 12065423; PubMed Central PMCID: PMC126067.

6. Soppa J, Kobayashi K, Noirot-Gros MF, Oesterhelt D, Ehrlich SD, Dervyn E, et al. Discovery of two
novel families of proteins that are proposed to interact with prokaryotic SMC proteins, and characteriza-
tion of the Bacillus subtilis family members ScpA and ScpB. Molecular microbiology. 2002; 45(1):59—
71. Epub 2002/07/09. PMID: 12100548.

7. NikiH, Jaffe A, Imamura R, Ogura T, Hiraga S. The new gene mukB codes for a 177 kd protein with
coiled-coil domains involved in chromosome partitioning of E. coli. The EMBO journal. 1991; 10
(1):183-93. Epub 1991/01/01. PMID: 1989883; PubMed Central PMCID: PMC452628.

PLOS ONE | DOI:10.1371/journal.pone.0142308 November 5, 2015 20/24


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142308.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142308.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142308.s007
http://dx.doi.org/10.1007/s10577-008-9016-8
http://dx.doi.org/10.1007/s10577-008-9016-8
http://www.ncbi.nlm.nih.gov/pubmed/19308705
http://dx.doi.org/10.1146/annurev.biochem.74.082803.133219
http://www.ncbi.nlm.nih.gov/pubmed/15952899
http://dx.doi.org/10.1093/molbev/msh023
http://www.ncbi.nlm.nih.gov/pubmed/14660695
http://dx.doi.org/10.1016/j.cub.2005.03.037
http://www.ncbi.nlm.nih.gov/pubmed/15823530
http://dx.doi.org/10.1093/emboj/cdf314
http://www.ncbi.nlm.nih.gov/pubmed/12065423
http://www.ncbi.nlm.nih.gov/pubmed/12100548
http://www.ncbi.nlm.nih.gov/pubmed/1989883

@’PLOS ‘ ONE

Suppressors of smc/scpAB Genes Deletion in B. subtilis

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

Petrushenko ZM, She W, Rybenkov VV. A new family of bacterial condensins. Molecular microbiology.
2011; 81(4):881-96. Epub 2011/07/15. doi: 10.1111/j.1365-2958.2011.07763.x PMID: 21752107;
PubMed Central PMCID: PMC3179180.

Bouthier de la Tour C, Toueille M, Jolivet E, Nguyen HH, Servant P, Vannier F, et al. The Deinococcus

radiodurans SMC protein is dispensable for cell viability yet plays a role in DNA folding. Extremophiles:
life under extreme conditions. 2009; 13(5):827-37. Epub 2009/07/25. doi: 10.1007/s00792-009-0270-2
PMID: 19629621.

Yu W, Herbert S, Graumann PL, Gotz F. Contribution of SMC (structural maintenance of chromo-
somes) and SpolllE to chromosome segregation in Staphylococci. Journal of bacteriology. 2010; 192
(15):4067-73. Epub 2010/06/08. doi: 10.1128/JB.00010-10 PMID: 20525833; PubMed Central
PMCID: PMC2916368.

Hiraga S, Niki H, Imamura R, Ogura T, Yamanaka K, Feng J, et al. Mutants defective in chromosome
partitioning in E. coli. Research in microbiology. 1991; 142(2-3):189-94. Epub 1991/02/01. PMID:
1925018.

Britton RA, Lin DC, Grossman AD. Characterization of a prokaryotic SMC protein involved in chromo-
some partitioning. Genes & development. 1998; 12(9):1254-9. Epub 1998/06/06. PMID: 9573042;
PubMed Central PMCID: PMC316777.

Moriya S, Tsujikawa E, Hassan AK, Asai K, Kodama T, Ogasawara N. A Bacillus subtilis gene-encod-
ing protein homologous to eukaryotic SMC motor protein is necessary for chromosome partition. Molec-
ular microbiology. 1998; 29(1):179-87. Epub 1998/08/14. PMID: 9701812.

Weitao T, Nordstrom K, Dasgupta S. Mutual suppression of mukB and segA phenotypes might arise
from their opposing influences on the Escherichia coli nucleoid structure. Molecular microbiology.
1999; 34(1):157-68. Epub 1999/12/14. PMID: 10540294.

Lindow JC, Britton RA, Grossman AD. Structural maintenance of chromosomes protein of Bacillus sub-
tilis affects supercoiling in vivo. Journal of bacteriology. 2002; 184(19):5317—22. Epub 2002/09/10.
PMID: 12218017; PubMed Central PMCID: PMC135370.

Dervyn E, Noirot-Gros MF, Mervelet P, McGovern S, Ehrlich SD, Polard P, et al. The bacterial conden-
sin/cohesin-like protein complex acts in DNA repair and regulation of gene expression. Molecular
microbiology. 2004; 51(6):1629-40. Epub 2004/03/11. PMID: 15009890.

Gruber S, Veening JW, Bach J, Blettinger M, Bramkamp M, Errington J. Interlinked sister chromosomes
arise in the absence of condensin during fast replication in B. subtilis. Current biology: CB. 2014; 24
(3):293-8. doi: 10.1016/j.cub.2013.12.049 PMID: 24440399; PubMed Central PMCID: PMC3919155.

Sawitzke JA, Austin S. Suppression of chromosome segregation defects of Escherichia coli muk
mutants by mutations in topoisomerase |. Proceedings of the National Academy of Sciences of the
United States of America. 2000; 97(4):1671-6. Epub 2000/02/08. doi: 10.1073/pnas.030528397 PMID:
10660686; PubMed Central PMCID: PMC26494.

Rybenkov VV, Herrera V, Petrushenko ZM, Zhao H. MukBEF, a chromosomal organizer. Journal of
molecular microbiology and biotechnology. 2014; 24(5-6):371-83. doi: 10.1159/000369099 PMID:
25732339; PubMed Central PMCID: PMC4377647.

Tadesse S, Mascarenhas J, Kosters B, Hasilik A, Graumann PL. Genetic interaction of the SMC com-
plex with topoisomerase 1V in Bacillus subtilis. Microbiology. 2005; 151 (Pt 11):3729-37. Epub 2005/11/
08. doi: 10.1099/mic.0.28234-0 PMID: 16272394.

Danilova O, Reyes-Lamothe R, Pinskaya M, Sherratt D, Possoz C. MukB colocalizes with the oriC
region and is required for organization of the two Escherichia coli chromosome arms into separate cell
halves. Molecular microbiology. 2007; 65(6):1485-92. Epub 2007/09/11. doi: 10.1111/j.1365-2958.
2007.05881.x PMID: 17824928; PubMed Central PMCID: PMC2169520.

Wang X, Tang OW, Riley EP, Rudner DZ. The SMC condensin complex is required for origin segrega-
tion in Bacillus subtilis. Current biology: CB. 2014; 24(3):287-92. doi: 10.1016/j.cub.2013.11.050
PMID: 24440393; PubMed Central PMCID: PMC3947903.

Livny J, Yamaichi Y, Waldor MK. Distribution of centromere-like parS sites in bacteria: insights from
comparative genomics. Journal of bacteriology. 2007; 189(23):8693-703. Epub 2007/10/02. doi: 10.
1128/JB.01239-07 PMID: 17905987; PubMed Central PMCID: PMC2168934.

Sullivan NL, Marquis KA, Rudner DZ. Recruitment of SMC by ParB-parS organizes the origin region
and promotes efficient chromosome segregation. Cell. 2009; 137(4):697—707. Epub 2009/05/20. doi:
10.1016/j.cell.2009.04.044 PMID: 19450517; PubMed Central PMCID: PMC2892783.

Gruber S, Errington J. Recruitment of condensin to replication origin regions by ParB/SpoOJ promotes
chromosome segregation in B. subtilis. Cell. 2009; 137(4):685-96. Epub 2009/05/20. doi: 10.1016/j.
cell.2009.02.035 PMID: 19450516.

PLOS ONE | DOI:10.1371/journal.pone.0142308 November 5, 2015 21/24


http://dx.doi.org/10.1111/j.1365-2958.2011.07763.x
http://www.ncbi.nlm.nih.gov/pubmed/21752107
http://dx.doi.org/10.1007/s00792-009-0270-2
http://www.ncbi.nlm.nih.gov/pubmed/19629621
http://dx.doi.org/10.1128/JB.00010-10
http://www.ncbi.nlm.nih.gov/pubmed/20525833
http://www.ncbi.nlm.nih.gov/pubmed/1925018
http://www.ncbi.nlm.nih.gov/pubmed/9573042
http://www.ncbi.nlm.nih.gov/pubmed/9701812
http://www.ncbi.nlm.nih.gov/pubmed/10540294
http://www.ncbi.nlm.nih.gov/pubmed/12218017
http://www.ncbi.nlm.nih.gov/pubmed/15009890
http://dx.doi.org/10.1016/j.cub.2013.12.049
http://www.ncbi.nlm.nih.gov/pubmed/24440399
http://dx.doi.org/10.1073/pnas.030528397
http://www.ncbi.nlm.nih.gov/pubmed/10660686
http://dx.doi.org/10.1159/000369099
http://www.ncbi.nlm.nih.gov/pubmed/25732339
http://dx.doi.org/10.1099/mic.0.28234-0
http://www.ncbi.nlm.nih.gov/pubmed/16272394
http://dx.doi.org/10.1111/j.1365-2958.2007.05881.x
http://dx.doi.org/10.1111/j.1365-2958.2007.05881.x
http://www.ncbi.nlm.nih.gov/pubmed/17824928
http://dx.doi.org/10.1016/j.cub.2013.11.050
http://www.ncbi.nlm.nih.gov/pubmed/24440393
http://dx.doi.org/10.1128/JB.01239-07
http://dx.doi.org/10.1128/JB.01239-07
http://www.ncbi.nlm.nih.gov/pubmed/17905987
http://dx.doi.org/10.1016/j.cell.2009.04.044
http://www.ncbi.nlm.nih.gov/pubmed/19450517
http://dx.doi.org/10.1016/j.cell.2009.02.035
http://dx.doi.org/10.1016/j.cell.2009.02.035
http://www.ncbi.nlm.nih.gov/pubmed/19450516

@’PLOS ‘ ONE

Suppressors of smc/scpAB Genes Deletion in B. subtilis

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Minnen A, Attaiech L, Thon M, Gruber S, Veening JW. SMC is recruited to oriC by ParB and promotes
chromosome segregation in Streptococcus pneumoniae. Molecular microbiology. 2011; 81(3):676-88.
Epub 2011/06/10. doi: 10.1111/j.1365-2958.2011.07722.x PMID: 21651626.

Ireton K, Gunther NWt, Grossman AD. spo0J is required for normal chromosome segregation as well
as the initiation of sporulation in Bacillus subtilis. Journal of bacteriology. 1994; 176(17):5320-9. Epub
1994/09/01. PMID: 8071208; PubMed Central PMCID: PMC196717.

Samarrai W, Liu DX, White AM, Studamire B, Edelstein J, Srivastava A, et al. Differential responses of
Bacillus subtilis rRNA promoters to nutritional stress. Journal of bacteriology. 2011; 193(3):723-33.
Epub 2010/11/26. doi: 10.1128/JB.00708-10 PMID: 21097612; PubMed Central PMCID:
PMC3021234.

Denapoli J, Tehranchi AK, Wang JD. Dose-dependent reduction of replication elongation rate by (p)
ppGpp in Escherichia coli and Bacillus subtilis. Molecular microbiology. 2013; 88(1):93—104. Epub
2013/03/07. doi: 10.1111/mmi.12172 PMID: 23461544; PubMed Central PMCID: PMC3640871.

Fabret C, Dervyn E, Dalmais B, Guillot A, Marck C, Grosjean H, et al. Life without the essential bacterial
tRNA lle2-lysidine synthetase TilS: a case of tRNA gene recruitment in Bacillus subtilis. Molecular
microbiology. 2011; 80(4):1062—74. doi: 10.1111/1.1365-2958.2011.07630.x PMID: 21435031.

Duigou S, Ehrlich SD, Noirot P, Noirot-Gros MF. DNA polymerase | acts in translesion synthesis medi-
ated by the Y-polymerases in Bacillus subtilis. Molecular microbiology. 2005; 57(3):678—90. doi: 10.
1111/j.1365-2958.2005.04725.x PMID: 16045613.

El Yacoubi B, Lyons B, Cruz Y, Reddy R, Nordin B, Agnelli F, et al. The universal YrdC/Sua5 family is
required for the formation of threonylcarbamoyladenosine in tRNA. Nucleic acids research. 2009; 37
(9):2894-909. Epub 2009/03/17. doi: 10.1093/nar/gkp152 PMID: 19287007; PubMed Central PMCID:
PMC2685093.

Lauhon CT. Mechanism of N6-threonylcarbamoyladenonsine (t(6)A) biosynthesis: isolation and char-
acterization of the intermediate threonylcarbamoyl-AMP. Biochemistry. 2012; 51(44):8950-63. Epub
2012/10/18. doi: 10.1021/bi301233d PMID: 23072323.

Ibba M, Soll D. Aminoacyl-tRNA synthesis. Annual review of biochemistry. 2000; 69:617-50. PMID:
10966471.

Aravind L, Anantharaman V, Koonin EV. Monophyly of class | aminoacyl tRNA synthetase, USPA,
ETFP, photolyase, and PP-ATPase nucleotide-binding domains: implications for protein evolution in
the RNA. Proteins. 2002; 48(1):1-14. Epub 2002/05/16. doi: 10.1002/prot.10064 PMID: 12012333.

Zeghouf M, Li J, Butland G, Borkowska A, Canadien V, Richards D, et al. Sequential Peptide Affinity
(SPA) system for the identification of mammalian and bacterial protein complexes. Journal of proteome
research. 2004; 3(3):463-8. Epub 2004/07/16. PMID: 15253427.

Rigaut G, Shevchenko A, Rutz B, Wilm M, Mann M, Seraphin B. A generic protein purification method
for protein complex characterization and proteome exploration. Nature biotechnology. 1999; 17
(10):1030-2. Epub 1999/10/03. doi: 10.1038/13732 PMID: 10504710.

Yanagisawa T, Lee JT, Wu HC, Kawakami M. Relationship of protein structure of isoleucyl-tRNA syn-
thetase with pseudomonic acid resistance of Escherichia coli. A proposed mode of action of pseudomo-
nic acid as an inhibitor of isoleucyl-tRNA synthetase. The Journal of biological chemistry. 1994; 269
(39):24304-9. PMID: 7929087.

Britton RA, Grossman AD. Synthetic lethal phenotypes caused by mutations affecting chromosome
partitioning in Bacillus subtilis. Journal of bacteriology. 1999; 181(18):5860—4. Epub 1999/09/11. PMID:
10482533; PubMed Central PMCID: PMC94112.

Biller SJ, Burkholder WF. The Bacillus subtilis SftA (YtpS) and SpolllE DNA translocases play distinct
roles in growing cells to ensure faithful chromosome partitioning. Molecular microbiology. 2009; 74
(4):790-809. Epub 2009/10/01. doi: 10.1111/j.1365-2958.2009.06893.x PMID: 19788545.

Nicolas P, Mader U, Dervyn E, Rochat T, Leduc A, Pigeonneau N, et al. Condition-dependent transcrip-
tome reveals high-level regulatory architecture in Bacillus subtilis. Science. 2012; 335(6072):1103-6.
Epub 2012/03/03. doi: 10.1126/science.1206848 PMID: 22383849.

Eymann C, Homuth G, Scharf C, Hecker M. Bacillus subtilis functional genomics: global characteriza-
tion of the stringent response by proteome and transcriptome analysis. Journal of bacteriology. 2002;
184(9):2500-20. Epub 2002/04/12. PMID: 11948165; PubMed Central PMCID: PMC134987.

Cashel M G DR, Hernandez V.J, Vinella D. The stringent response. ASM Press ed. Washignton DC:
American Society for Microbiology; 1996 1996.

Cashell M, Gentry D, Hernadez VJ, Vinella D. The stringent response. In Escherichia coli and Salmo-
nella: Cellular and Molecular Biology. 1996; 1:1458-96.

PLOS ONE | DOI:10.1371/journal.pone.0142308 November 5, 2015 22/24


http://dx.doi.org/10.1111/j.1365-2958.2011.07722.x
http://www.ncbi.nlm.nih.gov/pubmed/21651626
http://www.ncbi.nlm.nih.gov/pubmed/8071208
http://dx.doi.org/10.1128/JB.00708-10
http://www.ncbi.nlm.nih.gov/pubmed/21097612
http://dx.doi.org/10.1111/mmi.12172
http://www.ncbi.nlm.nih.gov/pubmed/23461544
http://dx.doi.org/10.1111/j.1365-2958.2011.07630.x
http://www.ncbi.nlm.nih.gov/pubmed/21435031
http://dx.doi.org/10.1111/j.1365-2958.2005.04725.x
http://dx.doi.org/10.1111/j.1365-2958.2005.04725.x
http://www.ncbi.nlm.nih.gov/pubmed/16045613
http://dx.doi.org/10.1093/nar/gkp152
http://www.ncbi.nlm.nih.gov/pubmed/19287007
http://dx.doi.org/10.1021/bi301233d
http://www.ncbi.nlm.nih.gov/pubmed/23072323
http://www.ncbi.nlm.nih.gov/pubmed/10966471
http://dx.doi.org/10.1002/prot.10064
http://www.ncbi.nlm.nih.gov/pubmed/12012333
http://www.ncbi.nlm.nih.gov/pubmed/15253427
http://dx.doi.org/10.1038/13732
http://www.ncbi.nlm.nih.gov/pubmed/10504710
http://www.ncbi.nlm.nih.gov/pubmed/7929087
http://www.ncbi.nlm.nih.gov/pubmed/10482533
http://dx.doi.org/10.1111/j.1365-2958.2009.06893.x
http://www.ncbi.nlm.nih.gov/pubmed/19788545
http://dx.doi.org/10.1126/science.1206848
http://www.ncbi.nlm.nih.gov/pubmed/22383849
http://www.ncbi.nlm.nih.gov/pubmed/11948165

@’PLOS ‘ ONE

Suppressors of smc/scpAB Genes Deletion in B. subtilis

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Potrykus K, Baranska S, Wegrzyn A, Wegrzyn G. Composition of the lambda plasmid heritable replica-
tion complex. The Biochemical journal. 2002; 364 (Pt 3):857-62. Epub 2002/06/07. doi: 10.1042/
BJ20011488 PMID: 12049651; PubMed Central PMCID: PMC1222636.

Wolz C, Geiger T, Goerke C. The synthesis and function of the alarmone (p)ppGpp in firmicutes. Int J
Med Microbiol. 300(2—3):142—7. PMID: 19783475. doi: 10.1016/j.ijmm.2009.08.017

Wolz C, Geiger T, Goerke C. The synthesis and function of the alarmone (p)ppGpp in firmicutes. Inter-
national journal of medical microbiology: IJMM. 2010; 300(2—3):142—7. Epub 2009/09/29. doi: 10.1016/
j-ijmm.2009.08.017 PMID: 19783475.

Wendrich TM, Marahiel MA. Cloning and characterization of a relA/spoT homologue from Bacillus sub-
tilis. Molecular microbiology. 1997; 26(1):65—79. Epub 1998/01/31. PMID: 9383190.

Nanamiya H, Kasai K, Nozawa A, Yun CS, Narisawa T, Murakami K, et al. Identification and functional
analysis of novel (p)ppGpp synthetase genes in Bacillus subtilis. Molecular microbiology. 2008; 67
(2):291-304. Epub 2007/12/11. doi: 10.1111/j.1365-2958.2007.06018.x PMID: 18067544.

Schreiber G, Metzger S, Aizenman E, Roza S, Cashel M, Glaser G. Overexpression of the relA gene in
Escherichia coli. The Journal of biological chemistry. 1991; 266(6):3760—7. PMID: 1899866.

Magnusson LU, Farewell A, Nystrom T. ppGpp: a global regulator in Escherichia coli. Trends in microbi-
ology. 2005; 13(5):236—42. Epub 2005/05/04. doi: 10.1016/j.tim.2005.03.008 PMID: 15866041.

Wang JD, Sanders GM, Grossman AD. Nutritional control of elongation of DNA replication by (p)
ppGpp. Cell. 2007; 128(5):865—75. Epub 2007/03/14. doi: 10.1016/j.cell.2006.12.043 PMID:
17350574; PubMed Central PMCID: PMC1850998.

Sinha NK, Snustad DP. Mechanism of inhibition of deoxyribonucleic acid synthesis in Escherichia coli
by hydroxyurea. Journal of bacteriology. 1972; 112(3):1321-4. PMID: 456554 1; PubMed Central
PMCID: PMC251567.

Sneeden JL, Loeb LA. Mutations in the R2 subunit of ribonucleotide reductase that confer resistance to
hydroxyurea. The Journal of biological chemistry. 2004; 279(39):40723-8. doi: 10.1074/jbc.
M402699200 PMID: 15262976.

Odsbu I, Morigen, Skarstad K. A reduction in ribonucleotide reductase activity slows down the chromo-
some replication fork but does not change its localization. PloS one. 2009; 4(10):e7617. Epub 2009/11/
10. doi: 10.1371/journal.pone.0007617 PMID: 19898675; PubMed Central PMCID: PMC2773459.

Yamanaka K, Mitani T, Ogura T, Niki H, Hiraga S. Cloning, sequencing, and characterization of multi-
copy suppressors of a mukB mutation in Escherichia coli. Molecular microbiology. 1994; 13(2):301-12.
Epub 1994/07/01. PMID: 7984109.

Paul BJ, Barker MM, Ross W, Schneider DA, Webb C, Foster JW, et al. DksA: a critical component of
the transcription initiation machinery that potentiates the regulation of rRNA promoters by ppGpp and
the initiating NTP. Cell. 2004; 118(3):311-22. Epub 2004/08/06. doi: 10.1016/j.cell.2004.07.009 PMID:
15294157.

Paul BJ, Berkmen MB, Gourse RL. DksA potentiates direct activation of amino acid promoters

by ppGpp. Proceedings of the National Academy of Sciences of the United States of America. 2005;
102(22):7823-8. Epub 2005/05/19. doi: 10.1073/pnas.0501170102 PMID: 15899978; PubMed Central
PMCID: PMC1142371.

Magnusson LU, Gummesson B, Joksimovic P, Farewell A, Nystrom T. Identical, independent, and
opposing roles of ppGpp and DksA in Escherichia coli. Journal of bacteriology. 2007; 189(14):5193—
202. Epub 2007/05/15. doi: 10.1128/JB.00330-07 PMID: 17496080; PubMed Central PMCID:
PMC1951846.

Potrykus K, Vinella D, Murphy H, Szalewska-Palasz A, D'Ari R, Cashel M. Antagonistic regulation of
Escherichia coli ribosomal RNA rrB P1 promoter activity by GreA and DksA. The Journal of biological
chemistry. 2006; 281(22):15238—48. Epub 2006/04/07. doi: 10.1074/jbc.M601531200 PMID:
16597620.

D'Ambrosio C, Kelly G, Shirahige K, Uhimann F. Condensin-dependent rDNA decatenation introduces
a temporal pattern to chromosome segregation. Current biology: CB. 2008; 18(14):1084—-9. Epub 2008/
07/19. doi: 10.1016/j.cub.2008.06.058 PMID: 18635352.

Tsang CK, Li H, Zheng XS. Nutrient starvation promotes condensin loading to maintain rDNA stability.
The EMBO journal. 2007; 26(2):448-58. Epub 2007/01/05. doi: 10.1038/sj.emboj.7601488 PMID:
17203076; PubMed Central PMCID: PMC1783468.

Sullivan M, Higuchi T, Katis VL, Uhlmann F. Cdc14 phosphatase induces rDNA condensation and
resolves cohesin-independent cohesion during budding yeast anaphase. Cell. 2004; 117(4):471-82.
Epub 2004/05/13. PMID: 15137940.

PLOS ONE | DOI:10.1371/journal.pone.0142308 November 5, 2015 23/24


http://dx.doi.org/10.1042/BJ20011488
http://dx.doi.org/10.1042/BJ20011488
http://www.ncbi.nlm.nih.gov/pubmed/12049651
http://www.ncbi.nlm.nih.gov/pubmed/19783475
http://dx.doi.org/10.1016/j.ijmm.2009.08.017
http://dx.doi.org/10.1016/j.ijmm.2009.08.017
http://dx.doi.org/10.1016/j.ijmm.2009.08.017
http://www.ncbi.nlm.nih.gov/pubmed/19783475
http://www.ncbi.nlm.nih.gov/pubmed/9383190
http://dx.doi.org/10.1111/j.1365-2958.2007.06018.x
http://www.ncbi.nlm.nih.gov/pubmed/18067544
http://www.ncbi.nlm.nih.gov/pubmed/1899866
http://dx.doi.org/10.1016/j.tim.2005.03.008
http://www.ncbi.nlm.nih.gov/pubmed/15866041
http://dx.doi.org/10.1016/j.cell.2006.12.043
http://www.ncbi.nlm.nih.gov/pubmed/17350574
http://www.ncbi.nlm.nih.gov/pubmed/4565541
http://dx.doi.org/10.1074/jbc.M402699200
http://dx.doi.org/10.1074/jbc.M402699200
http://www.ncbi.nlm.nih.gov/pubmed/15262976
http://dx.doi.org/10.1371/journal.pone.0007617
http://www.ncbi.nlm.nih.gov/pubmed/19898675
http://www.ncbi.nlm.nih.gov/pubmed/7984109
http://dx.doi.org/10.1016/j.cell.2004.07.009
http://www.ncbi.nlm.nih.gov/pubmed/15294157
http://dx.doi.org/10.1073/pnas.0501170102
http://www.ncbi.nlm.nih.gov/pubmed/15899978
http://dx.doi.org/10.1128/JB.00330-07
http://www.ncbi.nlm.nih.gov/pubmed/17496080
http://dx.doi.org/10.1074/jbc.M601531200
http://www.ncbi.nlm.nih.gov/pubmed/16597620
http://dx.doi.org/10.1016/j.cub.2008.06.058
http://www.ncbi.nlm.nih.gov/pubmed/18635352
http://dx.doi.org/10.1038/sj.emboj.7601488
http://www.ncbi.nlm.nih.gov/pubmed/17203076
http://www.ncbi.nlm.nih.gov/pubmed/15137940

@’PLOS ‘ ONE

Suppressors of smc/scpAB Genes Deletion in B. subtilis

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Freeman L, Aragon-Alcaide L, Strunnikov A. The condensin complex governs chromosome condensa-
tion and mitotic transmission of rDNA. The Journal of cell biology. 2000; 149(4):811-24. Epub 2000/05/
17. PMID: 10811823; PubMed Central PMCID: PMC2174567.

Escartin F, Skouloubris S, Liebl U, Myllykallio H. Flavin-dependent thymidylate synthase X limits chro-
mosomal DNA replication. Proceedings of the National Academy of Sciences of the United States of
America. 2008; 105(29):9948-52. Epub 2008/07/16. doi: 10.1073/pnas.0801356105 PMID: 18621705;
PubMed Central PMCID: PMC2481370.

Guthlein C, Wanner RM, Sander P, Bottger EC, Springer B. A mycobacterial smc null mutant is profi-
cient in DNA repair and long-term survival. Journal of bacteriology. 2008; 190(1):452—6. Epub 2007/11/
06. doi: 10.1128/JB.01315-07 PMID: 17981972; PubMed Central PMCID: PMC2223740.

Harwood CR. Molecular Biological Methods for Bacillus. Modern Microbiological Methods. 1990;(1: ):5-7.

Gros MF, te Riele H, Ehrlich SD. Rolling circle replication of single-stranded DNA plasmid pC194. The
EMBO journal. 1987; 6(12):3863-9. Epub 1987/12/01. PMID: 3123220; PubMed Central PMCID:
PMC553860.

Anagnostopoulos C, Crawford IP. Transformation studies on the linkage of markers in the tryptophan
pathway in Bacillus subtilis. Proceedings of the National Academy of Sciences of the United States of
America. 1961; 47:378-90. PMID: 13683086.

Birnboim HC, Doly J. A rapid alkaline extraction procedure for screening recombinant plasmid DNA.
Nucleic acids research. 1979; 7(6):1513-23. Epub 1979/11/24. PMID: 388356; PubMed Central
PMCID: PMC342324.

Vagner V, Dervyn E, Ehrlich SD. A vector for systematic gene inactivation in Bacillus subtilis. Microbiol-
ogy. 1998; 144 (Pt 11):3097—104. Epub 1998/12/10. PMID: 9846745.

Fabret C, Ehrlich SD, Noirot P. A new mutation delivery system for genome-scale approaches in Bacil-
lus subtilis. Molecular microbiology. 2002; 46(1):25-36. Epub 2002/10/09. PMID: 12366828.

Tanaka K, Henry CS, Zinner JF, Jolivet E, Cohoon MP, Xia F, et al. Building the repertoire of dispens-
able chromosome regions in Bacillus subtilis entails major refinement of cognate large-scale metabolic
model. Nucleic acids research. 2013; 41(1):687-99. Epub 2012/10/31. doi: 10.1093/nar/gks963 PMID:
23109554; PubMed Central PMCID: PMC3592452.

Costes A, Lecointe F, McGovern S, Quevillon-Cheruel S, Polard P. The C-terminal domain of the bacte-
rial SSB protein acts as a DNA maintenance hub at active chromosome replication forks. PLoS genet-
ics. 2010; 6(12):e1001238. Epub 2010/12/21. doi: 10.1371/journal.pgen.1001238 PMID: 21170359;
PubMed Central PMCID: PMC3000357.

Meile JC, Wu LJ, Ehrlich SD, Errington J, Noirot P. Systematic localisation of proteins fused to the
green fluorescent protein in Bacillus subtilis: identification of new proteins at the DNA replication fac-
tory. Proteomics. 2006; 6(7):2135—46. Epub 2006/02/16. doi: 10.1002/pmic.200500512 PMID:
16479537.

Delumeau O, Lecointe F, Muntel J, Guillot A, Guedon E, Monnet V, et al. The dynamic protein partner-
ship of RNA polymerase in Bacillus subtilis. Proteomics. 2011; 11(15):2992-3001. Epub 2011/06/29.
doi: 10.1002/pmic.201000790 PMID: 21710567.

Rasmussen S, Nielsen HB, Jarmer H. The transcriptionally active regions in the genome of Bacillus
subtilis. Molecular microbiology. 2009; 73(6):1043-57. Epub 2009/08/18. doi: 10.1111/j.1365-2958.
2009.06830.x PMID: 19682248; PubMed Central PMCID: PMC2784878.

PLOS ONE | DOI:10.1371/journal.pone.0142308 November 5, 2015 24 /24


http://www.ncbi.nlm.nih.gov/pubmed/10811823
http://dx.doi.org/10.1073/pnas.0801356105
http://www.ncbi.nlm.nih.gov/pubmed/18621705
http://dx.doi.org/10.1128/JB.01315-07
http://www.ncbi.nlm.nih.gov/pubmed/17981972
http://www.ncbi.nlm.nih.gov/pubmed/3123220
http://www.ncbi.nlm.nih.gov/pubmed/13683086
http://www.ncbi.nlm.nih.gov/pubmed/388356
http://www.ncbi.nlm.nih.gov/pubmed/9846745
http://www.ncbi.nlm.nih.gov/pubmed/12366828
http://dx.doi.org/10.1093/nar/gks963
http://www.ncbi.nlm.nih.gov/pubmed/23109554
http://dx.doi.org/10.1371/journal.pgen.1001238
http://www.ncbi.nlm.nih.gov/pubmed/21170359
http://dx.doi.org/10.1002/pmic.200500512
http://www.ncbi.nlm.nih.gov/pubmed/16479537
http://dx.doi.org/10.1002/pmic.201000790
http://www.ncbi.nlm.nih.gov/pubmed/21710567
http://dx.doi.org/10.1111/j.1365-2958.2009.06830.x
http://dx.doi.org/10.1111/j.1365-2958.2009.06830.x
http://www.ncbi.nlm.nih.gov/pubmed/19682248

