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Abstract

Vibrio cholerae, the causative agent of the cholera disease, is commonly used as a model

organism for the study of bacteria with multipartite genomes. Its two chromosomes of differ-

ent sizes initiate their DNA replication at distinct time points in the cell cycle and terminate in

synchrony. In this study, the time-delayed start of Chr2 was verified in a synchronized cell

population. This replication pattern suggests two possible regulation mechanisms for other

Vibrio species with different sized secondary chromosomes: Either all Chr2 start DNA repli-

cation with a fixed delay after Chr1 initiation, or the timepoint at which Chr2 initiates varies

such that termination of chromosomal replication occurs in synchrony. We investigated

these two models and revealed that the two chromosomes of various Vibrionaceae species

terminate in synchrony while Chr2-initiation timing relative to Chr1 is variable. Moreover, the

sequence and function of the Chr2-triggering crtS site recently discovered in V. cholerae

were found to be conserved, explaining the observed timing mechanism. Our results sug-

gest that it is beneficial for bacterial cells with multiple chromosomes to synchronize their

replication termination, potentially to optimize chromosome related processes as dimer res-

olution or segregation.

Author summary

Most bacteria encode their genetic information on a single chromosome. The pathogenic

bacterium Vibrio cholerae is an exception to this rule and carries two chromosomes of dif-

ferent sizes, each having one origin of replication. A very basic research question is how

the replication of the two chromosomes is timed starting from their replication origins. If

they start simultaneously, the smaller chromosome would finish replication earlier than

the larger chromosome. Interestingly, the timing in V. cholerae is such that the smaller

chromosome starts replication after a time delay, resulting in synchronous replication
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termination of the two chromosomes. Here we answer the question whether it is the ter-

mination synchrony which is under evolutionary pressure, or whether a certain duration

of the delay between the two chromosomes to start replication is of biological importance.

To this end, we analyzed replication in different species of the Vibrionaceae phylogenetic

group with differently sized chromosome pairs. Our results indicate that a synchronous

termination of the two chromosomes in this group of bacterial species is under evolution-

ary selection, suggesting it to be potentially important for the process of cell division.

Introduction

The diversity of regulatory systems of DNA replication has been studied in multiple bacteria

[1–4]. An especially interesting group of bacteria with regard to DNA replication are those

with multiple chromosomes. While a single chromosome is the norm in bacteria, about 10%

of species in a diverse set of phyla carry more than one chromosome [5]. The best studied sys-

tem in this respect is that of V. cholerae, the causative agent of the cholera disease [6, 7]. The

genome of strain O1 El Tor N16961 is divided into two chromosomes of about 3 (Chr1) and 1

Mbp (Chr2) respectively [8]. Chr1 carries most of the essential genes [8, 9]. Replication at the

origin of Chr1 (ori1) is initiated by the initiator protein DnaA, as is the case in almost all

known bacteria [10]. Chr2 encodes its own initiator, RctB.[8, 11]. Notably, no RctB-like pro-

teins have yet been found outside the phylogenetic group of Vibrionales. The structure of its

central two domains (of four in total) resembles that of several plasmid replication initiators

[12, 13]. RctB binds to a set of so-called iterons within ori2 to initiate replication [14, 15],

which contain the sequence GATC, methylated at the adenine by the Dam methyltransferase

[16]. Binding of RctB was shown to be specific for fully-methylated GATCs, which in conclu-

sion renders Dam essential in V. cholerae, unlike in E. coli [17–19]. RctB also binds to another

type of sequence, the so-called 39-mers, which are also located at ori2 [20]. However, the bind-

ing of RctB to the 39-mers does not activate replication as does its binding to the iterons; on

the contrary, this suppresses initiation [20]. The balance between the activating and repressing

action of RctB, in conjunction with a handcuffing mechanism, is thought to generate tight

control of Chr2 replication in a cell-cycle-dependent manner [20, 21]. It was found that the

two chromosomes start replication with a time delay in between [22–25]. In the search for reg-

ulatory mechanisms of communication between the two chromosomes, it was found that Chr1

was insensitive to the blockage of Chr2 replication [26]: it was shown that Chr1 controls repli-

cation of Chr2 through a short sequence about 800 kbp downstream from ori1 [27]. This site

was later named crtS, for ‘Chr2 replication triggering site’ [25]. Replication of crtS triggers the

replication of Chr2, which is initiated after a short delay [25]. Moving the crtS site to other

positions on Chr1 led to a corresponding shift in Chr2 initiation. The mechanism underlying

the triggering effect of crtS is not yet fully understood but might involve physical contacts that

were observed to occur between crtS and ori2 [25].

Replication of Chr2 in V. cholerae starts after about two-thirds of Chr1 are replicated. This

timing leads to termination of Chr2 replication at about the same time as that of Chr1. To bet-

ter understand the mechanism underlying this phenomenon, we investigate here if it is the

Chr2 replication starting after two-thirds of Chr1 is replicated which is important to the cell,

or if the orchestrated termination of both chromosomes is the driving force of evolutionary

selection. To this end, we tested whether the V. cholerae paradigm applies to other species of

the Vibrionaceae and derive general rules of replication control.

Synchronous termination of replication in Vibrionaceae
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Results

Delayed replication start of Chr2 of V. cholerae in a synchronized cell

population

While early studies suggested a synchronous replication start of the two V. cholerae chromo-

somes, more recent studies support a time delay between Chr1 and Chr2 initiation [22, 23, 25,

28]. In synchronized V. cholerae cell cultures, such a time delay should lead to a situation with

only Chr1 replicating in all cells short after initiation and later Chr2 replication. However, to

date no synchronization method for V. cholerae has been available. Here we test if a synchroni-

zation method established for Escherichia coli can be used to synchronize V. cholerae popula-

tions [29]. The method is based on the induction of the stringent response as a cellular answer

to nutrient limitation. In E. coli, addition of serine hydroxamate (SHX) blocks re-initiation of

DNA replication, while ongoing replication rounds are finished, leading to cells with fully rep-

licated chromosomes. Transfer of the cells to SHX-free medium then leads to a synchronous

re-start of DNA replication. The stringent response in V. cholerae can also be induced by SHX

treatment [30]. Consequently, addition of 0.9 mg/ml SHX to an exponentially growing V. cho-
lerae batch culture resulted in clear inhibition of growth (Fig 1A). Flow cytometry analysis of

the cellular DNA content shows asynchronous replicating cells before SHX treatment and cells

with either 1+1 or 2+2 fully replicated chromosomes (Chr1 and Chr2) after SHX treatment for

150 minutes (Fig 1B). After transfer to growth medium without SHX, the DNA content of the

cells increases gradually as would be expected for a synchronously replicating population (Fig

1B and 1C). To analyze replication of the two chromosomes individually, we performed

marker frequency analyses using high density custom microarrays. We used the genome

sequence of strain N16961 as a reference, which is very similar to the strain A1552 used here.

A1552 (El Tor biotype, Inaba serotype) is a pathogenic strain of V. cholerae that was isolated

from a traveler to Peru in 1992 (Strain DSM 106276 in the German Collection of Microorgan-

isms and Cell Culture, DSMZ)[31]. However, during initial experiments we observed patterns

indicating some sort of chromosomal rearrangements within the V. cholerae A1552 in compar-

ison to strain N16961. For the latter, it was found that the strain used in most labs actually car-

ries a chromosomal inversion between two operons encoding ribosomal RNAs ([25],

Supporting S1A and S1B Fig. We used a set of PCRs to check potential additional inversions

between ribosomal operons within the A1552 strain (Supporting S2 Fig). Results suggested a

secondary inversion between rRNA operons A and C. To support this finding, we sequenced

the A1552 genome with a combination of Illumina short read and Pacific Bioscience long read

sequencing (GenBank Accession CP024867 and CP024868; see supporting S1 Text).

Adjusting the genomic positions to the new genome sequence, we were able to follow the

replication activity of the two V. cholerae chromosomes after release from the stringent

response (Fig 2A–2D). Indeed, Chr1 initiated replication first as seen by a higher copy number

of genomic loci near the replication origin 10.5 minutes after shifting to SHX-free medium. At

later time points, this region of higher copy number increased gradually in size, indicating bi-

directional replication towards the terminus region. Chr2 replication was not detected until 28

minutes after release from stringent response. Notably, its replication was more difficult to

detect due to its smaller size and the large integron not providing reliable copy number values.

A stepwise function was fitted to a total of 13 copy-number plots of Chr1 to determine average

replication fork positions at different time points (Supporting S3 Fig)[32]. Interestingly, one

replication fork runs about 60 kb ahead of the other on Chr1, similar to what was found for E.

coli (Fig 2E). Based on the progression of the replication forks, we calculated a replication rate

of 22 kbp/min or 360 bp/s for the replication in V. cholerae (Fig 2E).
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Position of crtS is linked to termination synchrony in Vibrionaceae

Clearly, the secondary chromosome in V. cholerae starts to replicate after about two-thirds of

the primary chromosome are replicated, causing a synchronous termination of both chromo-

somes. Two different models could be derived from these observations for the DNA replica-

tion within the family of Vibrionaceae. First, it is of biological relevance to the cells to replicate

two-thirds of the primary chromosome before starting replication of Chr2. Second, it is of bio-

logical relevance to the cells to terminate the two chromosomes at approximately the same

time. Here we wanted to test both hypotheses to pave the way for a general understanding of

the delay in initiation timing of DNA replication of Chr2 within the Vibrionaceae. The replica-

tion start control model, in which replication of two-thirds of Chr1 is important before Chr2

replication is initiated, implies that in Vibrio species with smaller secondary chromosomes

than that of V. cholerae, replication of Chr2 ends before that of Chr1 (Fig 3A). In Vibrio species

with larger secondary chromosomes, replication of Chr2 would terminate after Chr1. In con-

trast, the replication end control model would imply that replication of a small secondary

chromosome starts later than that of a larger one (Fig 3A). To test both models we used a com-

parative genomics approach. Recently, replication of a sequence called crtS on Chr1 was found

to trigger Chr2 initiation in V. cholerae [25, 27]. If such a site also appears in other Vibrio spe-

cies, its position on Chr1 could be used as proxy for the time of Chr2 initiation. Based on the

sequence of the V. cholerae crtS site, we searched the database for similar sequences occurring

only once per genome in Vibrionaceae and generated a multiple sequence alignment (Fig 4A).

The most conserved sequence parts were then used to find a set of 129 sequences and generate

a corresponding sequence logo (Fig 4B). To test experimentally, if initiation at secondary repli-

cation origins in Vibrio species other than Vibrio cholerae is triggered by crtS sites, we analyzed

the replication of mini-chromosomes, each driven by one of eleven secondary replication ori-

gins from different species of the Vibrionaceae. For a corresponding mini-chromosome based

on V. cholerae ori2, it was shown that the copy number increases in an E. coli strain carrying a

copy of the crtS site; this did not occur in a strain lacking crtS [27, 33]. As readout for the repli-

con copy number, we measured how well each strain tolerated increased amounts of antibiotic

(Fig 5, see Method section for details, [34]). This method is based on the logic that an increased

replicon copy number correlates with an increased copy number of the resistance gene, and so

correlates with a higher antibiotic tolerance [35, 36]. A significant increase in copy number

was observed for 8 out of 11 mini-chromosomes in an E. coli strain carrying the V. cholerae
crtS site integrated into the chromosome in comparison to a strain without crtS (Fig 5, com-

pare red and grey bars). Mini-chromosome copy number was similarly increased in strains

carrying either the V. nigripulchritudo or the V. parahaemolyticus crtS. (Fig 5, green and blue

bars). For two of the mini-chromosomes (synVivuII and synVihaII), the copy number

appeared to be high already in the strain without crtS and one mini-chromosome (synPhopII)

showed no crtS-dependent copy number increase (Fig 5). In summary, the data showed that

replication origins of secondary chromosomes in Vibrionaceae are triggered by crtS sites in

general, suggesting this mechanism to be conserved. The data also suggested that crtS sites do

Fig 1. Synchronization of Vibrio cholerae by serine hydroxamate treatment. (A) Growth of V. cholerae A1552

without (green) and with (red) addition of SHX. Cells were grown in AB Glu CAA medium in a 96-well plate at 37˚C.

Addition of 0.9 mg/ml SHX is indicated by the black arrow. (B) Density maps of flow cytometry data of DNA-stained

V. cholerae A1552. Exponentially grown cells in AB Glu CAA were treated with SHX for 150 min. After washing SHX

off, samples were taken every five minutes as indicated. Cells were fixed with ethanol and stained with SYTOX Green.

The flow cytometry data of the samples was aligned to the corresponding standard and converted into density maps.

Red indicates a high density of cells, while blue—no cells. (C) Quantification of DNA content after release from SHX.

Given numbers are mean values of three biological replicates as described in (B). Error bars show standard deviations.

https://doi.org/10.1371/journal.pgen.1007251.g001
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not function specifically on the ori2 of their corresponding species, but appear to be

interchangeable.

To test the replication start and end control models, the position of the crtS sites on the pri-

mary chromosomes of 29 fully sequenced Vibrionaceae species was determined, and the rela-

tive distance to ori1 and ter1 calculated (See method section for details). A correlation of the

length of two-thirds of one Chr1 replichore to the distance of the crtS site to ori1would be

expected if the start control model for replication in Vibrionaceae held true (Fig 6A, grey

dots). However, the data from our comparative genomics approach showed no such correla-

tion (Fig 6A, black and red dots). To test the replication end control model, the distance of the

crtS site to ter1 was plotted against the length of a Chr2 replichore (Fig 6B). Here, the values

derived from comparative genomics resembled the theoretical data quite well, where the shift

between the two respective regression lines correlate with the delay between crtS replication

and ori2 initiation observed in V. cholerae [25]. Our findings support the replication end con-

trol model to explain the replication timing of the two chromosomes in Vibrionaceae (Fig 3).

Conservation of termination synchrony in Vibrionaceae

To further test DNA replication in Vibrionaceae, we performed marker frequency analysis by

next-generation sequencing of eleven different strains from the Vibrionaceae group. If the rep-

lication start control model holds true, one would expect copy numbers of ter2 to be higher

than ter1 in Vibrio species where Chr2 is smaller than one-third of Chr1. In species with Chr2

bigger than one-third of the corresponding Chr1, the copy number of ter2 should be below

that of ter1 (Fig 3B). If the replication end control model was applicable, one would expect the

copy numbers of ter1 and ter2 to be equal in all Vibrionaceae. Chromosomal DNA was isolated

from exponentially growing cultures and from cells in stationary phase. The DNA samples

were then analyzed by Illumina sequencing and copy numbers plotted according to chromo-

somal positions. Copy numbers of the two chromosomes were close to one in stationary phase

and showed a flat distribution in most cases, as expected for non-replicating cells (Supporting

S5 Fig, supporting S4 Table). In all analyzed cases of exponentially growing cells, the copy

number plots formed typical triangular shapes, with the replication origin at the highest point

and copy numbers declining towards the termini (Fig 7). Note that the data were not normal-

ized to the copy numbers of stationary phase cells. Two lines were fitted to each of the chromo-

somes and their intersection assigned as the minimal and maximal copy number as described

[37]. The position of the maxima corresponded well with the positions of ori1 and ori2 with

about 39 kbp deviation on average (below 1% of genome size), supporting good data quality

(Supporting S2 Table). Also, data correlated well in biological replicates (Supporting S6 Fig,

supporting S2 and S3 Tables). The copy number of ori2 was lower than the copy number of

ori1 in all strains, consistent with a conserved replication mode within the Vibrionaceae. In

Fig 2. Chr1 of Vibrio cholerae starts its replication before Chr2 in a synchronized cell culture. (A-D) Profiles of genome-

wide copy numbers at different time points after release from stringent response, based on comparative genomic

hybridization. Grey dots represent mean values of 1kb windows. The genomic position is shown as the distance from ori1
and ori2, respectively, indicated by dotted black lines. The green line corresponds to the Lowess regression (f = 0.2), and the

black line on Chr1 to the fitted stepwise function for determination of average replication fork position. Mean positions of

replication forks are shown by dotted blue (left) and red (right) lines. Black dots on Chr2 indicate if copy number values of

10 kb windows are above or below the average copy number of the corresponding time point as indicated. The large gap in

Chr2 originates from exclusion of the superintegron due to a high frequency of non-unique sequences in this region [25].

Dark blue lines represent replicated (two lines) and non-replicated (one line) areas. For calculation details, see method

section. (E) Progress of replication forks on both replichores after release from stringent response. Values of mean fork

positions at different times after initiation (a total of 13 experiments) are plotted, with the left fork in blue and the right fork

in red. Colored lines represent the respective regression which was calculated excluding the last two time points where

replication reached the terminus.

https://doi.org/10.1371/journal.pgen.1007251.g002
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Fig 3. Replication start and end control models. (A) Scheme of replication patterns of Vibrio cholerae, replication start and end control model. Circles represent

chromosomes, arrows the length and timing of DNA replication. Black stands for Chr1, red for Chr2. Grey dashed lines show start and end of DNA replication of V.

cholerae Chr2. Green dashed lines indicate the corresponding expected start and end of DNA replication of Chr2. (B) Scheme of expected MFA plots of exponentially

growing cells. Black lines represent regression lines for values of Chr1, red lines of Chr2. Dashed lines as in (A).

https://doi.org/10.1371/journal.pgen.1007251.g003
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fact, the copy number of ori2 was also lower than that of the region carrying the corresponding

crtS site on Chr1 in all studied strains, suggesting that crtS-based triggering of Chr2 replication

is a conserved mechanism. The genomic plots showed the copy numbers of ter1 and ter2
within individual strains to be very similar, although some variation occurred (Fig 7). To test

the two proposed models of replication start versus replication end control, we plotted the

ter1/ter2 ratio for the analyzed strains (Fig 7L). Values were around one, with some variation

Fig 4. The crtS is conserved among Vibrionaceae. (A) Sequence alignment of crtS sites of 13 species within the Vibrionaceae, including Vibrio, Aliivibrio and

Photobacterium. The alignment was done with Clustal Omega [67] and MView [68]. Blue highlights indicate sequence similarities, while orange rectangles the

parts belonging to coding sequences of genes, black arrows start and end of the crtS as described [25]. Green and purple arrows are for orientation in comparing

subfigure A and B. (B) WebLogo of crtS from 114 species of Vibrionaceae published on NCBI. The heights of letters corresponds to their conservation within the

group of sequences [69].

https://doi.org/10.1371/journal.pgen.1007251.g004
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supporting the replication end control model. Notably, we found no good correlation between

crtS position, Chr2 size and how well the ter1/ter2 ratio matches 1. The ratio of copy numbers

between the Chr1 position two-thirds of replichore size from ori1 and the ori2 copy number

Fig 5. A Vibrio crtS increases the copy number of ori2-based mini-chromosomes in E. coli. Strains were grown in LB medium with

500 μg/ml ampicillin in a 96-well plate at 37˚C. As strains with a lower replicon copy number need more time to start growth, the value

1 divided by the time to reach an OD600� 0.1 was used as measure for the replicon copy number. Grey bars represent the wildtype

strain E. coli MG1655, with the corresponding mini-chromosome shown on the X-axis. Red, green and blue bars represent E. coli
MG1655 with insertion of the crtS of V. cholerae (strain NZ139), V. nigripulchritudo (strain FSK103) or V. parahaemolyticus (strain

FSK105), respectively. Values are the mean of three biological replicates with indicated standard deviation. A statistical significance in

the difference between the WT and crtS strains is indicated by an asterisk (P�0.05). Used mini-chromosomes are: synVicII-1.352 (V.

cholerae ori2), synPhopII (P. profundum ori2), synVituII (V. tubiashi ori2), synVifII (V. furnissii ori2), synViniII (V. nigripulchritudo
ori2), synVicoII (V. coralliilyticus ori2), synVipaII (V. parahaemolyticus ori2), synViaII (V. anguillarum ori2), synVivuII (V. vulnificus
ori2), synVihaII (V. harveyi ori2), and synVitaII (V. tasmaniensis ori2). Growing the strains in standard concentrations of ampicillin did

not show any difference between wt and crtS strains as expected (Supporting S4 Fig).

https://doi.org/10.1371/journal.pgen.1007251.g005

Fig 6. Comparative genomics support the replication end control model. Grey dots represent the expected values (full correlation of both parameters) of 29 fully

sequenced Vibrionaceae (Supporting S1 Table), while black dots, the observed values. Red dots are the values of the strains further analyzed in Fig 7. Linear equations

and R2 values are for regression of the observed values. A replichore is calculated as half of the corresponding chromosome, ter1 is calculated as ori1 + half of Chr1 (A)

Examination of start control model. (B) Examination of end control model.

https://doi.org/10.1371/journal.pgen.1007251.g006
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was higher, with a mean of 1.4. This indicates that replication in Vibrionaceae does not follow

the replication start model (Fig 7L).

Discussion

Why is termination synchrony important?

In V. cholerae, the secondary chromosome initiates its replication after about two-thirds of the

primary chromosome has been replicated. As a consequence, the two chromosomes terminate

at approximately the same time. It has been shown that this replication pattern can be changed

by moving the crtS sites to other positions, either further away or closer to the terminus [25].

Such engineered strains have no dramatic deficiencies in cell viability. Why has evolution

shaped the replication timing to be as it is found in V. cholerae and other species of Vibriona-

ceae? We approached this question by asking if the selection pressure lies at the start or end of

Chr2 replication timing (Fig 3). By analyzing replication rules in multiple Vibrio species, we

show here that it is in fact the timing of the end of replication relative to Chr1 which is under

selection, and not the start. In other words, the delay between the start of Chr1 and Chr2 repli-

cation respectively seems to be unimportant, but it appears to be more important that the two

chromosomes terminate replication at approximately the same time. This begs the question of

why synchronous termination of both chromosomes in Vibrionaceae is important. One reason

could be the coordination of chromosome segregation and cell division. The chromosomal

region opposite the replication origin is the part of the chromosome where dimer resolution

occurs at the dif site [38]. In addition, chromosome segregation is coordinated with cell divi-

sion through interactions of the Ter domain(s) with the divisome in E. coli, as well as in V. cho-
lerae [39–41]. Interestingly, it was found that in engineered V. cholerae strains, in which Chr2

terminates long before Chr1, the two copies of ter2 remain at the middle of the cell until cell

division, and segregate approximately at the same time as ter1, like in wildtype cells [25]. Cohe-

sion of ter1 and ter2 with their respective sister ter sequences near the division site thus seems

to be important for segregation and the synchronized termination of the two chromosomes

might facilitate this mechanism.

We could imagine an alternative explanation of why termination of the two chromosomes

is conserved, which at present is more speculative. It could be that the replication pattern is the

result of two opposing selection pressures. One driving force in Vibrio evolution could be the

simultaneous replication of the two chromosomes. For cell cycle regulation and to limit the

overall replication time to a minimum, it could be beneficial for the cell to not replicate one

chromosome after the other. On the other hand, the secondary chromosome could be viewed

as an invader which the cell needs to keep at bay as a second form of selection pressure. Indeed,

Chr2 is thought to originate from a plasmid that the Vibrionaceae acquired early in evolution

[20]. The cell might suppress Chr2 replication as far as it can to limit the danger of Chr2 taking

over. Indeed, there is evidence that replication origins act as selfish genetic elements [42].

With overlapping replication cycles in fast growing cells, one could essentially imagine pat-

terns in which Chr2 initiates replication before Chr1 with regards to the cell cycle. However,

Fig 7. Conservation of termination synchrony in Vibrionaceae. (A-K) Profile of genome-wide copy numbers based on

Illumina sequencing. Grey dots represent log numbers of reads as mean values for 5 kbp windows. The genome position is

shown, indicated by vertical dotted black lines, as the distance from ori1 and ori2, respectively. The crtS is also marked by a

vertical dotted black line. The solid black lines represent the fitting of two regression lines. Maxima are highlighted in

yellow, minima in red and the crtS in green. Horizontal lines show log copy numbers of ter1, ter2, ori2 (all black) and crtS
(green). Plots of biological replicates are shown in supporting S6 Fig. (L) Comparison of ter1/2 copy number ratio (red

dots) and the ratio of two-thirds of ori1 copy number divided by ori2 copy number (yellow dots). Mean values for both

ratios are indicated.

https://doi.org/10.1371/journal.pgen.1007251.g007
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in different growth conditions, it is always Chr1 that initiates before Chr2 [22]. This finding

might support a selective process active in Vibrio species to keep “Chr1 first”. In this context, it

is also interesting that the initiator protein RctB actually has the capacity to mediate higher

copy numbers of Chr2, since many different single amino acid changes lead to copy up of

Chr2 numbers [14, 34, 43]. However, selection obviously works against these copy-up muta-

tions in Vibrios occurring in nature. The selection pressure resulting from this Chr2 suppres-

sion would be to keep the Chr2 copy number as low as possible. The combination with the

second selection pressure for simultaneous replication of the two chromosomes would finally

result in termination synchrony. It is noteworthy that the termination synchrony appears to

tolerate some deviation, as seen in the variation in copy number ratios of ter1 to ter2 (Fig 7).

This observation suggests the evolutionary process leading to termination synchrony to be

slow compared to chromosome rearrangements leading to changed distances between relevant

genetic loci (ori1, crtS) within the system. One form of such chromosome rearrangement will

be discussed in the next section. Besides the observed deviation in termination of the two chro-

mosomes in Vibrionaceae, the delay between crtS replication and ori2 initiation also appears to

be variable (Fig 7). We did not find any correlation between this delay and other relevant

parameters, such as crtS site position, Chr2 size, the distance of ori1 to the crtS site, or between

any combinations of these (Supporting S7 Fig). Factors influencing the delay duration remain

to be discovered. One of the longest delays between crtS and ori2 replication was observed for

Photobacterium profundum (Fig 7J). Interestingly, the respective ori2mini-chromosome was

not triggered by any of the three crtS sites tested in E. coli (Fig 4). The reason remains to be dis-

covered since we found no obvious deviation of the Photobacterium crtS-site sequence from

the other sequences (Fig 4). We also observed no increase of copy numbers for the mini-chro-

mosomes with ori2 copies of V. harveyi and V. vulnificus (Fig 5). However, here the copy num-

bers of mini-chromosomes were high already in strains without crtS. Notably, the used assay is

not able to detect an even further increase in copy number. The copy number of the secondary

chromosomes in V. harveyi and V. vulnificus are not increased, suggesting that the observed

copy-up phenomenon is mini-chromosome specific.

Inversions in strain A1552

Most published studies on DNA replication in V. cholerae have used the O1 El Tor strain

N16961. This is the strain for which the first V. cholerae genomic sequence was published [8].

However, this strain was later found to not be transformable via natural competence due to a

frameshift mutation in the regulator hapR [44, 45]. In contrast, the closely related O1 El Tor

strain A1552 encodes a fully functional system of natural competence [44]. We thus decided to

use strain A1552 for our experiments, expecting results directly comparable to studies using

strain N16961, as we have frequently used the published N16961 genome sequence for primer

design for A1552 sequences and never experienced any deviation. Our probe design for DNA

microarrays was therefore also based on the N16961 genomic sequence. However, the initial

plots showed non-continuous slopes from origin to terminus, indicating some sort of chromo-

somal rearrangement [46]. Interestingly, an inversion around ori1 was also found recently in

strain N1691, in contrast to the published genome sequence (Supporting S1B Fig and [25]).

This inversion at ribosomal operons B-H was also detected in strain A1552. Additionally, a

second inversion was found at rRNA operons A-C by diagnostic PCR and whole genome

sequencing, including long reads to cover the large rRNA encoding operons. These operons

were indeed the point at which the inversions occurred. This is certainly due to the high simi-

larity of rRNA operons to each other presenting a good target for homologous recombination

as mechanism of inversion. Such inversions at homologous sequences such as rRNA operons
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or transposons have been observed when comparing genome arrangements of related strains

or during long term evolution experiments [47, 48]. A reconstruction of Yersinia evolution by

comparative genomics suggests that as much as 79 inversions have happened to shape the

genome arrangement seen today [49]. Inversions such as those found here in V. cholerae
might thus happen quite frequently. This is certainly interesting in the context of chromo-

somal macrodomains that often rely on biased distributions of DNA motifs in the origin-to-

terminus orientation [50–52]. However, it is also relevant for the crtS-based regulation of Chr2

initiation, in which chromosomal distances between crtS and origin or terminus certainly mat-

ter [25], as also seen in our study. In fact, the distance between the crtS site and ori1 is changed

by 142 kbp in the strain A1552 analyzed here compared to the N16961 strain analyzed before.

This difference correlates well with an earlier termination of Chr2 relative to Chr1 in strain

A1552 in comparison to N16961 (Fig 7, [25]). We cannot exclude that crtS-site positions in the

different Vibrio species we analyzed are also re-localized slightly as, in some cases, we analyzed

sub-strains not exactly resembling the strain with an available genome sequence. However, the

analyses of many Vibrios instead of only individual strains should even out such uncertainties.

Synchronization of V. cholerae
Bacterial populations in batch cultures are mixtures of cells in all different cell cycle stages,

ranging from newly-born cells to large cells shortly before division. Such cultures can be used

in many ways to study mechanisms of DNA replication and related processes. However, often

a synchronized cell culture is desirable in studies investigating temporal resolution in DNA

replication. In bacteria, different methodologies have been developed to generate synchronous

populations. These include differential density centrifugation for Caulobacter and related bac-

teria [53], the baby machine [54], the baby cell column [55], and the blocking, and latter

release, of DNA replication by the temperature shift of strains carrying temperature-sensitive

protein mutants involved in initiation of DNA replication [56, 57]. The later approach was

first developed in E. coli based on screens for mutant strains with temperature sensitive DNA

replication mechanisms. Mutations appeared either in the initiator protein DnaA, or the

DnaC protein responsible for loading the helicase DnaB. It was shown that amino-acid

exchanges which rendered the E. coli DnaA temperature sensitive could help to rationally

design a temperature sensitive DnaA in other bacteria [58]. Since V. cholerae and E. coli are rel-

atively closely related and their DnaA proteins are highly similar, we mutated the V. cholerae
dnaA according to the temperature sensitive E. coli DnaA. Notably, DnaC could not be used

because V. cholerae lacks a homolog. The constructed V. cholerae DnaA showed temperature-

sensitive activity in the heterologous E. coli system, but we were not able to exchange the natu-

ral V. cholerae dnaA with the mutated allele. As alternative way of synchronization, we tested

the stringent-response-based method established by Ferullo and colleagues. [29]. Here, initia-

tion of replication is blocked by addition of serine hydroxamate (SHX), which induces the

stringent response. Transfer to SHX-free medium leads to synchronous initiation of DNA rep-

lication in E. coli. Ferullo and his collaborators suggested that this method should be transfer-

able to other bacteria with a stringent response system such as that in E. coli. We demonstrated

here that this assumption is true and predict that more, but not all, bacterial species could be

synchronized using the stringent response. A negative example would be Bacillus subtilis,
where the elongation of DNA replication, not the initiation, is blocked by inhibiting primase,

an essential component of the replication machinery, during the stringent response [59].

Although we clearly showed the synchrony of the culture, including the linear increase of cel-

lular DNA content as well as temporally-separated initiation of Chr1 and Chr2 replication, the

synchronization could be further improved. In a perfectly synchronized culture, all cells would
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initiate DNA replication at the same point in time, which is hardly feasible with currently

available synchronization methods. For example, the initiation of chromosomal replication in

the widely applied DnaC-ts system in E. coli differs in the range of some minutes between cells

[60, 61]. Furthermore, in the system established here, cells initiate replication after the first

cells have started replication, as can be seen by the increasing copy number of ori1 in compari-

son to ter1 over time after release from the stringent response (Fig 2). One possibility to limit

replication initiation to a narrower window could be to add SHX for a second time which

should limit initiation to the time between release and re-addition of SHX.

One replication fork on Chr1 replicated ahead of the other

The chromosomal replication origin in E. coli was found to be asymmetric, this being the root

of an offset between the two replisomes [32]. The offset varied from strain to strain between 40

to 130 kbp. We observed a similar offset for the two replication forks on Chr1 in V. cholerae in

synchronized cells (Fig 2E). Regarding the sequence of the replication origins, the replication

fork that runs ahead is the same in V. cholerae and E. coli. It was suggested that the asymmetry

of replication is caused by the asymmetry of the replication origin itself, where the initiator

protein DnaA multimerizes on the right side to melt an AT-rich region on the left side [32].

Intuitively, one could imagine the replication to start more easily in the direction where no ini-

tiator complex sits in the way. In the context of Chr2 regulation, the observed offset is interest-

ing because the exact time point of crtS site replication, and with it the time of Chr2 initiation,

depends on ori1 orientation. The frequent chromosomal inversions around ori1 discussed

above might consequently lead to frequent changes in Chr2 replication timing and might also

explain the observed deviation from exact termination synchrony in other Vibrios (Fig 7).

Materials and methods

Bacterial strains, plasmids, oligonucleotides and culture conditions

All strains, plasmids and oligonucleotides used in this study are listed in supporting S5–S7

Tables. Unless indicated otherwise, cells were grown in LB medium, Marine broth, or AB

medium supplemented with 25 μg/ml uridine, 10 μg/ml thiamine and 0.2% glucose with 0.5%

casamino acids (AB Glu CAA) or 0.4% sodium-acetate (AB So-Ac) [62]. Antibiotic selection

for E. coli was used at the following concentrations if not indicated otherwise: Ampicillin

100 μg/ml, kanamycin 35 μg/ml, spectinomycin 100 μg/ml. For growth curves, cells were

grown in a 96-well plate at 37˚C in a microplate reader (Victor X3 Multilabel Plate Reader,

PerkinElmer). OD450 was measured every 6 min for 18 h.

Construction of replicons and strains

ori2-based mini-chromosomes synVihaII and synVitaII were constructed as described in [34]:

ori2s with parAB and rctB were amplified from gDNA of the respective strain. For synVihaII,

the ori2 region was amplified with primers 1515/1517 and 1410/1516 from gDNA of V. har-
veyi. For synVitaII, the ori2 region was amplified with primers 1164/1557 from gDNA of V.

tasmaniensis. Both ori2 regions were assembled with AscI-digested synVicII-1.351 per Gibson

assembly [63] and transformed in E. coli XL1Blue cells. For integration of crtS in E. coli
MG1655, integration cassettes were constructed by MoClo assembly [64]. For pMA161, the

crtSwas amplified with primers 1474/1475 from gDNA of V. nigripulchritudo and for pMA892

with primers 1443/1444 from gDNA of V. parahaemolyticus. All PCR products were assembled

in pMA349 by MoClo assembly as described in [65] and transformed into E. coli TOP10 cells.

For pMA451, the backbone pMA327 was assembled with pICH50900, pMA709, pMA710,
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pMA431 and pMA161. For pMA454, the backbone pMA327 was assembled with pICH50900,

pMA709, pMA710, pMA431 and pMA892. All assemblies were transformed in E. coli DH5α
λpir cells. Integration cassettes were cut out with BsaI, integrated in E. coli AB330, transferred

in E. coli MG1655 per P1-transduction and recombined to remove the resistance as described

in [65]. oriII-based mini-chromosomes were added to wild type and crtS strains by conjugation

or transformation.

Synchronization of Vibrio cholerae
V. cholerae A1552 grown in AB Glu CAA was treated with 0.9 mg/ml serine hydroxamate

(SHX) at an OD450 of around 0.15 (exponential phase). After an incubation of 150 min, the

cells were harvested by centrifugation and re-suspended in fresh medium without SHX. Sam-

ples for flow cytometry and CGH were taken every 3.5 min if not indicated otherwise.

Flow cytometry

Unless described otherwise, the cells were harvested and washed twice in TBS (0.1 M Tris-HCl

pH 7.5, 0.75 M NaCl). They were fixed in 100 μl TBS and 1 ml 77% ethanol and stored at least

overnight at 4˚C. The samples were washed in 0.5 M sodium-citrate and treated with 5 ng/ml

RNase A in 0.5 M sodium-citrate for 4 hr at 50˚C. They were stained with 250 nM SYTOX

Green Nucleic Acid Stain (Thermo Fisher Scientific) and analyzed on Fortessa Flow Cytome-

ter (BD Biosciences). The SYTOX Green fluorescence was measured through a 530/30 nm

bandpass filter. V. cholerae A1552 cells grown in AB So-Ac were fixed with ethanol and stained

as described above. These cells served as the standard and were measured alternatingly with

the samples. Data was processed with the software FlowJo (Treestar, Ashland, USA). For dis-

play as density maps, the sample data was aligned to the corresponding standard and con-

verted into density maps by R.

Comparative genomic hybridization (CGH)

CGH was performed as described [37]. For hybridizing, Agilent SurePrint G3 Custom CGH

Microarrays, 8x60K (Design ID: 074887) were used. They were designed on V. cholerae
N16961 (NC_002505.1 and NC_002506.1) with a probe length of 60 bp and a probe distance

of 7 bp. Probes with multiple hybridization sites were excluded. As a reference, DNA from sta-

tionary V. cholerae A1552 grown in AB Glu CAA was used. Probe signal ratio values were

merged in 1000 bp windows. A Lowess fitting was applied to the microarray data to get a

locally weighted average (shown as green line in CGH plots). For Chr1, a stepwise function

was fitted on the data. The stepwise function divides the plot into five parts: two flat parts at

the edges (not yet replicated), one flat risen part in the middle (already replicated) and an

increasing and decreasing part (replicating at that moment). The four points at the transition

from one of these lines to the next were defined by chromosomal position (x1 to x4) and the

heights (h1 to h4). These values were estimated based on plots of the raw data and then used

for fitting in conjunction with the stepwise function using nls (nonlinear least-squares) of the

R statistics software. Mean positions of the replication forks were calculated as the middle of

the increasing (left fork) or decreasing (right fork) part. Progression and asymmetry of the

forks was calculated in Excel. For Chr2, copy number values of 10.000 bp windows were com-

pared to the mean copy number of the corresponding plot and displayed as above or below the

mean.
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Multiple sequence alignment

crtS sequences of Vibrionaceae in Fig 4A were found with BLAST [66]. The alignment was

done with ClustalOmega [67] and the layout with MView [68]. Additionally, crtS sites in 114

Vibrionaceae from NCBI were found with fuzznuc (http://www.hpa-bioinfotools.org.uk/pise/

fuzznuc.html) by using the sequence CAGnATATGTAACTnATGCTTTCGG with a maxi-

mum of three mismatches. This search resulted in only one hit per genome. The consensus

was visualized with WebLogo 2.8.2 [69].

For comparative genomics of Vibrionaceae, data of 29 fully sequenced and annotated

strains from NCBI were used. Positions of ori1 and ori2 were either found at dOriC [70] or by

assigning the intergenic region between gidA/mioC (ori1) or rctB/parAB (ori2). The genes were

either found by annotation or with BLAST [66]. One half of each chromosome was defined as

a replichore, and ter1 was then calculated as the opposite position to ori1 on Chr1 (ori1 + 1/2

Chr1). The position of crtSwas found using the consensus sequence with fuzznuc. Expected

values of both parameters were calculated by using the same data on both X and Y axis (two-

thirds Chr1 replichore and Chr2 replichore, respectively).

Mini-chromosome copy number analysis

Analysis of mini-chromosome copy numbers was as described [34]. Cells were grown in LB

medium containing either 100 or 500 μg/ml ampicillin at 37˚C in 96-well plates in a microplate

reader (infinite M200pro multimode microplate reader, Tecan). The 150 μl of main culture

was inoculated 1:1000 and growth curves recorded for 15 hr. Statistical significance of differ-

ences between wt and crtS strains was calculated by a two sample t-test. For better visualiza-

tion, 1 divided by the time needed to reach an OD of 0.1 was defined as a measure of the copy

number.

Sequencing

For Illumina sequencing of the Vibrionaceae, cells were grown in marine broth at either 28˚C

or 10˚C (Photobacterium profundum) to either exponentially or stationary phase. Genomic

DNA was prepared by incubating resuspended frozen cell pellets in 300 μl TE-buffer with

1.2% SDS and 4 mM EDTA for 5 min at 65˚C. After adding 750 μl isopropanol, the precipitate

was incubated in 500 μl TE with 50 μg RNase A for 90 min at 65˚C and additional 15 min at

37˚C with 50 μg proteinase K. DNA was isolated with phenol/chloroform. Final DNA was

resuspended in deionized sterile water and quantified using a NanoDrop (ThermoFisher Sci-

entific). Genomic DNA was sequenced by applying the Nextera XT library kit and a MiSeq v3

reagent kit with 150 cycles on an Illumina MiSeq (Illumina, USA).

For PacBio sequencing, V. cholerae A1552 [31] was grown in AB Glu CAA at 37˚C to sta-

tionary phase. Genomic DNA was prepared as above. Final DNA was resuspended in TE-

buffer and quantified using a NanoDrop (ThermoFisher Scientific) and a Qubit Fluorometer

(Life Technologies). The SMRTbell template library was prepared according to the instruc-

tions from PacificBiosciences, Menlo Park, CA, USA, following the Procedure & Checklist—

20 kb Template Preparation Using BluePippin Size-Selection System. Briefly, for preparation

of 15kb libraries ~8μg genomic DNA libraries was sheared using g-tubes from Covaris,

Woburn, MA, USA according to the manufacturer´s instructions. DNA was end-repaired and

ligated overnight to hairpin adapters applying components from the DNA/Polymerase Bind-

ing Kit P6 from Pacific Biosciences, Menlo Park, CA, USA. Reactions were carried out accord-

ing to the manufacturer´s instructions. BluePippin Size-Selection was performed according to

the manufacturer´s instructions with a size selection cutoff of 4 kb (Sage Science, Beverly, MA,

USA). Conditions for annealing of sequencing primers and binding of polymerase to purified
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SMRTbell template were assessed with the Calculator in RS Remote, PacificBiosciences, Menlo

Park, CA, USA. SMRT sequencing was carried out on the PacBio RSII (PacificBiosciences,

Menlo Park, CA, USA) taking one 240-minutes movie.

Genome assembly of V. cholerae A1552

Genome assembly was performed with the RS_HGAP_Assembly.3 protocol included in

SMRT Portal version 2.3.0. Both chromosomal contigs were successfully assembled and

trimmed, circularized, as well as adjusted to dnaA (Chr1) and rctB (Chr2) as the first gene.

Quality improvement of the PacBio HGAP assembly was performed by a mapping of all

corresponding Illumina short reads using the Burrows-Wheeler Aligner (BWA) using bwa aln

and bwa sampe [71]. Illumina reads were mapped onto the obtained chromosome and plasmid

sequences with subsequent variant and consensus calling using Varscan2 [72] and GATK [73].

A final quality score of QV60 was attained. Automated genome annotation was carried out

using Prokka [74]. The genome sequence was submitted to GenBank (Accession Number:

CP024867; CP024868).

Marker frequency analysis

In the first step, reads from the exponential and stationary phase were mapped on the respective

Vibrio replicons using qalign from the QuasR R package. Subsequently, replicon-wide coverage

was calculated by bedtools genomecov using the 5’ ends of the reads. Single base coverage was

smoothed by a 5 kbp sliding window averaging with a shift of 1 kbp. Windows with an internal

standard deviation that exceeded three times the difference between the median and the third

quartile of standard deviations of windows within 500 kbp were removed. These are windows,

with an average coverage that does not properly reflect the coverage of individual bases. Further-

more, windows with an internal standard deviation below three times the difference between the

median and the 1st quartile of standard deviations of windows within 500 kbp were removed.

These are windows with many bases of low or mostly zero coverage indicating deviations of

reads from the template sequence. The procedure removes unreliable window averages (data

points) taking the noisiness of the data and regional specificities into account. Sequence bias was

removed as follows: firstly, the coverage of exponential and stationary phase samples was nor-

malized to the total amount of mapped reads to remove the bias of total read counts in the sam-

ples. Then, ratios of exponential and stationary phase coverage were determined. Ratios were

subsequently corrected for a systematic sequence-dependent local bias [25], using the second

exponential phase sample.

Supporting information

S1 Fig. Differences in genomes of commonly used Vibrio cholerae created by inversions.

Circles represent Chr1, with green arrows indicating position and orientation of rRNA oper-

ons, and rectangles the position of ori1, crtS and difI. Colored lines show the distances between

the rRNA operons, arrowheads are for orientation between the maps. Black arrows highlight

the inversions. (A) Map of V. cholerae O1 El Tor N16961 Chr1 as described [8]. (B) Map of V.

cholerae O1 El Tor N16961 Chr1 as described [25]. (C) Map of V. cholerae A1552 Chr1 as

described here. (D) Size of the distances between the rRNA operons, based on NC_002505.1.

(TIF)

S2 Fig. Verification of inversions in V. cholerae A1552 with colony PCR. (A) Map of V. cho-
lerae N16961 chrI. Green lines represent rRNA operons, yellow, blue and red lines ori1, crtS
and difI, respectively. Purple lines show the binding position of the used primers for diagnostic

Synchronous termination of replication in Vibrionaceae

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007251 March 5, 2018 18 / 24

http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007251.s001
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007251.s002
https://doi.org/10.1371/journal.pgen.1007251


PCR on the forward (outer ring) and reverse strand (inner ring). Primer sequences are pro-

vided in supporting S7 Table. (B) Agarose gels of colony PCR on V. cholerae N16961 (strain

“N”) and V. cholerae A1552 (strain “A”). Tested operons and primer combinations are indi-

cated by green letters. All PCRs should give a product of approximately 6 kb, except GH, Bfw-

GHrv and D in A1552, which should yield a product of 12 kb (see red asterisks). False 6-kb

products in these cases are probably due to sequence similarity in the neighboring rRNA oper-

ons.

(TIF)

S3 Fig. Marker frequency analysis of synchronized V. cholerae Chr1. (A-I) Profiles of addi-

tional replicates and time points of genome-wide copy numbers after release from stringent

response. Derived data are summarized in Fig 2E.

(TIF)

S4 Fig. Growth of E. coli with and without crtS and ori2-based mini-chromosomes in stan-

dard ampicillin concentrations. Strains were grown in LB medium with 100 μg/ml ampicillin

in a 96-well plate at 37˚C. Annotation is as in Fig 5.

(TIF)

S5 Fig. Marker frequency analysis of different species of Vibrionaceae in stationary growth

phase. (A-K) Profiles of genome wide copy numbers based on Illumina sequencing. Grey dots

represent numbers of reads (normalized to a mean Chr1 copy number of 1). Black lines indi-

cate the mean copy number of each chromosome.

(TIF)

S6 Fig. Marker frequency analysis of different Vibrionaceae. (A-K) Profile of biological rep-

licates of genome wide copy numbers shown in Fig 7 (similar annotation).

(TIF)

S7 Fig. The delay between crtS replication and ori2 initiation is larger than expected. The

theoretic delay plotted against the real delay. Theoretic delay is the difference of one half of

Chr2 and the distance between crtS and ter1. The real delay is the distance of crtS and the posi-

tion on Chr1 with the same copy number as ori2 according to the MFA data. Red dots are val-

ues from all analyzed strains in Fig 7. The black line has a slope of 1 and simulates perfect

correlation.

(TIF)

S1 Table. Strains used in comparative genomics.

(PDF)

S2 Table. MFA data of Fig 7.

(PDF)

S3 Table. MFA data for supporting S6 Fig.

(PDF)

S4 Table. MFA data of stationary phase.

(PDF)

S5 Table. Strains used in this study.

(PDF)

S6 Table. Replicons used in this study.

(PDF)
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Writing – original draft: Franziska S. Kemter, Torsten Waldminghaus.

Writing – review & editing: Franziska S. Kemter, Boyke Bunk, Jennifer K. Teschler, Fitnat H.

Yildiz, Jörg Overmann, Torsten Waldminghaus.

References
1. Benjamin P, Firshein W. Initiation of DNA replication in vitro by a DNA-membrane complex extracted

from Bacillus subtilis. Proceedings of the National Academy of Sciences of the United States of Amer-

ica. 1983; 80(20):6214–8. Epub 1983/10/01. PMID: 6137820; PubMed Central PMCID: PMC394266.

2. Marczynski GT, Dingwall A, Shapiro L. Plasmid and chromosomal DNA replication and partitioning dur-

ing the Caulobacter crescentus cell cycle. Journal of molecular biology. 1990; 212(4):709–22. Epub

1990/04/20. https://doi.org/10.1016/0022-2836(90)90232-B PMID: 2329579.

3. Trojanowski D, Ginda K, Pioro M, Holowka J, Skut P, Jakimowicz D, et al. Choreography of the Myco-

bacterium replication machinery during the cell cycle. mBio. 2015; 6(1):e02125–14. Epub 2015/02/19.

https://doi.org/10.1128/mBio.02125-14 PMID: 25691599; PubMed Central PMCID: PMC4337567.

Synchronous termination of replication in Vibrionaceae

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007251 March 5, 2018 20 / 24

http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007251.s014
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007251.s015
http://www.ncbi.nlm.nih.gov/pubmed/6137820
https://doi.org/10.1016/0022-2836(90)90232-B
http://www.ncbi.nlm.nih.gov/pubmed/2329579
https://doi.org/10.1128/mBio.02125-14
http://www.ncbi.nlm.nih.gov/pubmed/25691599
https://doi.org/10.1371/journal.pgen.1007251


4. Wolanski M, Jakimowicz D, Zakrzewska-Czerwinska J. AdpA, key regulator for morphological differenti-

ation regulates bacterial chromosome replication. Open biology. 2012; 2(7):120097. Epub 2012/08/08.

https://doi.org/10.1098/rsob.120097 PMID: 22870392; PubMed Central PMCID: PMC3411110.

5. Jha JK, Baek JH, Venkova-Canova T, Chattoraj DK. Chromosome dynamics in multichromosome bac-

teria. Biochimica et biophysica acta. 2012; 1819(7):826–9. Epub 2012/02/07. https://doi.org/10.1016/j.

bbagrm.2012.01.012 PMID: 22306663; PubMed Central PMCID: PMC3348396.

6. Egan ES, Waldor MK. Distinct replication requirements for the two Vibrio cholerae chromosomes. Cell.

2003; 114(4):521–30. Epub 2003/08/28. PMID: 12941279.

7. Val ME, Soler-Bistue A, Bland MJ, Mazel D. Management of multipartite genomes: the Vibrio cholerae

model. Current opinion in microbiology. 2014; 22:120–6. Epub 2014/12/03. https://doi.org/10.1016/j.

mib.2014.10.003 PMID: 25460805.

8. Heidelberg JF, Eisen JA, Nelson WC, Clayton RA, Gwinn ML, Dodson RJ, et al. DNA sequence of both

chromosomes of the cholera pathogen Vibrio cholerae. Nature. 2000; 406(6795):477–83. Epub 2000/

08/22. https://doi.org/10.1038/35020000 PMID: 10952301.

9. Chao MC, Pritchard JR, Zhang YJ, Rubin EJ, Livny J, Davis BM, et al. High-resolution definition of the

Vibrio cholerae essential gene set with hidden Markov model-based analyses of transposon-insertion

sequencing data. Nucleic acids research. 2013; 41(19):9033–48. Epub 2013/08/01. https://doi.org/10.

1093/nar/gkt654 PMID: 23901011; PubMed Central PMCID: PMC3799429.

10. Duigou S, Knudsen KG, Skovgaard O, Egan ES, Lobner-Olesen A, Waldor MK. Independent control of

replication initiation of the two Vibrio cholerae chromosomes by DnaA and RctB. Journal of bacteriology.

2006; 188(17):6419–24. Epub 2006/08/23. https://doi.org/10.1128/JB.00565-06 PMID: 16923911;

PubMed Central PMCID: PMC1595377.

11. Pal D, Venkova-Canova T, Srivastava P, Chattoraj DK. Multipartite regulation of rctB, the replication ini-

tiator gene of Vibrio cholerae chromosome II. Journal of bacteriology. 2005; 187(21):7167–75. Epub

2005/10/21. https://doi.org/10.1128/JB.187.21.7167-7175.2005 PMID: 16237000; PubMed Central

PMCID: PMC1272990.

12. Orlova N, Gerding M, Ivashkiv O, Olinares PDB, Chait BT, Waldor MK, et al. The replication initiator of

the cholera pathogen’s second chromosome shows structural similarity to plasmid initiators. Nucleic

acids research. 2017; 45(7):3724–37. Epub 2016/12/30. https://doi.org/10.1093/nar/gkw1288 PMID:

28031373; PubMed Central PMCID: PMC5397143.

13. Jha JK, Li M, Ghirlando R, Miller Jenkins LM, Wlodawer A, Chattoraj D. The DnaK Chaperone Uses Dif-

ferent Mechanisms To Promote and Inhibit Replication of Vibrio cholerae Chromosome 2. mBio. 2017;

8(2). Epub 2017/04/20. https://doi.org/10.1128/mBio.00427-17 PMID: 28420739; PubMed Central

PMCID: PMC5395669.

14. Jha JK, Demarre G, Venkova-Canova T, Chattoraj DK. Replication regulation of Vibrio cholerae chro-

mosome II involves initiator binding to the origin both as monomer and as dimer. Nucleic acids research.

2012; 40(13):6026–38. Epub 2012/03/27. https://doi.org/10.1093/nar/gks260 PMID: 22447451;

PubMed Central PMCID: PMC3401445.

15. Gerding MA, Chao MC, Davis BM, Waldor MK. Molecular Dissection of the Essential Features of the

Origin of Replication of the Second Vibrio cholerae Chromosome. mBio. 2015; 6(4):e00973. Epub

2015/07/30. https://doi.org/10.1128/mBio.00973-15 PMID: 26220967; PubMed Central PMCID:

PMC4551981.

16. Marinus MG, Morris NR. Isolation of deoxyribonucleic acid methylase mutants of Escherichia coli K-12.

Journal of bacteriology. 1973; 114(3):1143–50. Epub 1973/06/01. PMID: 4576399; PubMed Central

PMCID: PMC285375.

17. Val ME, Kennedy SP, Soler-Bistue AJ, Barbe V, Bouchier C, Ducos-Galand M, et al. Fuse or die: how

to survive the loss of Dam in Vibrio cholerae. Molecular microbiology. 2014; 91(4):665–78. Epub 2013/

12/07. https://doi.org/10.1111/mmi.12483 PMID: 24308271.

18. Koch B, Ma X, Lobner-Olesen A. Replication of Vibrio cholerae chromosome I in Escherichia coli:

dependence on dam methylation. Journal of bacteriology. 2010; 192(15):3903–14. Epub 2010/06/01.

https://doi.org/10.1128/JB.00311-10 PMID: 20511501; PubMed Central PMCID: PMC2916376.

19. Demarre G, Chattoraj DK. DNA adenine methylation is required to replicate both Vibrio cholerae chro-

mosomes once per cell cycle. PLoS genetics. 2010; 6(5):e1000939. Epub 2010/05/14. https://doi.org/

10.1371/journal.pgen.1000939 PMID: 20463886; PubMed Central PMCID: PMC2865523.

20. Venkova-Canova T, Chattoraj DK. Transition from a plasmid to a chromosomal mode of replication

entails additional regulators. Proceedings of the National Academy of Sciences of the United States of

America. 2011; 108(15):6199–204. Epub 2011/03/30. https://doi.org/10.1073/pnas.1013244108 PMID:

21444815; PubMed Central PMCID: PMC3076835.

21. Ramachandran R, Jha J, Paulsson J, Chattoraj D. Random versus Cell Cycle-Regulated Replication

Initiation in Bacteria: Insights from Studying Vibrio cholerae Chromosome 2. Microbiology and

Synchronous termination of replication in Vibrionaceae

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007251 March 5, 2018 21 / 24

https://doi.org/10.1098/rsob.120097
http://www.ncbi.nlm.nih.gov/pubmed/22870392
https://doi.org/10.1016/j.bbagrm.2012.01.012
https://doi.org/10.1016/j.bbagrm.2012.01.012
http://www.ncbi.nlm.nih.gov/pubmed/22306663
http://www.ncbi.nlm.nih.gov/pubmed/12941279
https://doi.org/10.1016/j.mib.2014.10.003
https://doi.org/10.1016/j.mib.2014.10.003
http://www.ncbi.nlm.nih.gov/pubmed/25460805
https://doi.org/10.1038/35020000
http://www.ncbi.nlm.nih.gov/pubmed/10952301
https://doi.org/10.1093/nar/gkt654
https://doi.org/10.1093/nar/gkt654
http://www.ncbi.nlm.nih.gov/pubmed/23901011
https://doi.org/10.1128/JB.00565-06
http://www.ncbi.nlm.nih.gov/pubmed/16923911
https://doi.org/10.1128/JB.187.21.7167-7175.2005
http://www.ncbi.nlm.nih.gov/pubmed/16237000
https://doi.org/10.1093/nar/gkw1288
http://www.ncbi.nlm.nih.gov/pubmed/28031373
https://doi.org/10.1128/mBio.00427-17
http://www.ncbi.nlm.nih.gov/pubmed/28420739
https://doi.org/10.1093/nar/gks260
http://www.ncbi.nlm.nih.gov/pubmed/22447451
https://doi.org/10.1128/mBio.00973-15
http://www.ncbi.nlm.nih.gov/pubmed/26220967
http://www.ncbi.nlm.nih.gov/pubmed/4576399
https://doi.org/10.1111/mmi.12483
http://www.ncbi.nlm.nih.gov/pubmed/24308271
https://doi.org/10.1128/JB.00311-10
http://www.ncbi.nlm.nih.gov/pubmed/20511501
https://doi.org/10.1371/journal.pgen.1000939
https://doi.org/10.1371/journal.pgen.1000939
http://www.ncbi.nlm.nih.gov/pubmed/20463886
https://doi.org/10.1073/pnas.1013244108
http://www.ncbi.nlm.nih.gov/pubmed/21444815
https://doi.org/10.1371/journal.pgen.1007251


molecular biology reviews MMBR. 2017; 81(1). Epub 2016/12/03. https://doi.org/10.1128/MMBR.

00033-16 PMID: 27903655; PubMed Central PMCID: PMC5312244.

22. Stokke C, Waldminghaus T, Skarstad K. Replication patterns and organization of replication forks in

Vibrio cholerae. Microbiology. 2011; 157(Pt 3):695–708. Epub 2010/12/18. https://doi.org/10.1099/mic.

0.045112-0 PMID: 21163839.

23. Rasmussen T, Jensen RB, Skovgaard O. The two chromosomes of Vibrio cholerae are initiated at dif-

ferent time points in the cell cycle. The EMBO journal. 2007; 26(13):3124–31. Epub 2007/06/09. https://

doi.org/10.1038/sj.emboj.7601747 PMID: 17557077; PubMed Central PMCID: PMC1914095.

24. David A, Demarre G, Muresan L, Paly E, Barre FX, Possoz C. The two Cis-acting sites, parS1 and

oriC1, contribute to the longitudinal organisation of Vibrio cholerae chromosome I. PLoS genetics.

2014; 10(7):e1004448. Epub 2014/07/11. https://doi.org/10.1371/journal.pgen.1004448 PMID:

25010199; PubMed Central PMCID: PMC4091711.

25. Val ME, Marbouty M, de Lemos Martins F, Kennedy SP, Kemble H, Bland MJ, et al. A checkpoint con-

trol orchestrates the replication of the two chromosomes of Vibrio cholerae. Science advances. 2016; 2

(4):e1501914. Epub 2016/05/07. https://doi.org/10.1126/sciadv.1501914 PMID: 27152358; PubMed

Central PMCID: PMC4846446.

26. Kadoya R, Chattoraj DK. Insensitivity of chromosome I and the cell cycle to blockage of replication and

segregation of Vibrio cholerae chromosome II. mBio. 2012; 3(3). Epub 2012/05/10. https://doi.org/10.

1128/mBio.00067-12 PMID: 22570276; PubMed Central PMCID: PMC3350373.

27. Baek JH, Chattoraj DK. Chromosome I controls chromosome II replication in Vibrio cholerae. PLoS

genetics. 2014; 10(2):e1004184. Epub 2014/03/04. https://doi.org/10.1371/journal.pgen.1004184

PMID: 24586205; PubMed Central PMCID: PMC3937223.

28. Egan ES, Lobner-Olesen A, Waldor MK. Synchronous replication initiation of the two Vibrio cholerae

chromosomes. Current biology CB. 2004; 14(13):R501–2. Epub 2004/07/10. https://doi.org/10.1016/j.

cub.2004.06.036 PMID: 15242627.

29. Ferullo DJ, Cooper DL, Moore HR, Lovett ST. Cell cycle synchronization of Escherichia coli using the

stringent response, with fluorescence labeling assays for DNA content and replication. Methods. 2009;

48(1):8–13. Epub 2009/02/28. https://doi.org/10.1016/j.ymeth.2009.02.010 PMID: 19245839; PubMed

Central PMCID: PMC2746677.

30. Haralalka S, Nandi S, Bhadra RK. Mutation in the relA gene of Vibrio cholerae affects in vitro and in vivo

expression of virulence factors. Journal of bacteriology. 2003; 185(16):4672–82. Epub 2003/08/05.

https://doi.org/10.1128/JB.185.16.4672-4682.2003 PMID: 12896985; PubMed Central PMCID:

PMC166452.

31. Yildiz FH, Schoolnik GK. Role of rpoS in stress survival and virulence of Vibrio cholerae. Journal of bac-

teriology. 1998; 180(4):773–84. Epub 1998/02/24. PMID: 9473029; PubMed Central PMCID:

PMC106954.

32. Breier AM, Weier HU, Cozzarelli NR. Independence of replisomes in Escherichia coli chromosomal rep-

lication. Proceedings of the National Academy of Sciences of the United States of America. 2005; 102

(11):3942–7. Epub 2005/03/02. https://doi.org/10.1073/pnas.0500812102 PMID: 15738384; PubMed

Central PMCID: PMC552787.

33. Schallopp N, Milbredt S, Sperlea T, Kemter FS, Bruhn M, Schindler D, et al. Establishing a System for

Testing Replication Inhibition of the Vibrio cholerae Secondary Chromosome in Escherichia coli. Antibi-

otics (Basel). 2017; 7(1). Epub 2018/01/04. https://doi.org/10.3390/antibiotics7010003 PMID:

29295515.

34. Messerschmidt SJ, Schindler D, Zumkeller CM, Kemter FS, Schallopp N, Waldminghaus T. Optimiza-

tion and Characterization of the Synthetic Secondary Chromosome synVicII in Escherichia coli. Fron-

tiers in bioengineering and biotechnology. 2016; 4:96. Epub 2017/01/10. https://doi.org/10.3389/fbioe.

2016.00096 PMID: 28066763; PubMed Central PMCID: PMC5179572.

35. Uhlin BE, Nordstrom K. Plasmid incompatibility and control of replication: copy mutants of the R-factor

R1 in Escherichia coli K-12. Journal of bacteriology. 1975; 124(2):641–9. Epub 1975/11/01. PMID:

1102525; PubMed Central PMCID: PMC235950.

36. Carleton S, Projan SJ, Highlander SK, Moghazeh SM, Novick RP. Control of pT181 replication II. Muta-

tional analysis. The EMBO journal. 1984; 3(10):2407–14. Epub 1984/10/01. PMID: 6437809; PubMed

Central PMCID: PMC557701.

37. Milbredt S, Farmani N, Sobetzko P, Waldminghaus T. DNA Replication in Engineered Escherichia coli

Genomes with Extra Replication Origins. ACS synthetic biology. 2016; 5(10):1167–76. Epub 2016/10/

22. https://doi.org/10.1021/acssynbio.6b00064 PMID: 27268399.

38. Kennedy SP, Chevalier F, Barre FX. Delayed activation of Xer recombination at dif by FtsK during sep-

tum assembly in Escherichia coli. Molecular microbiology. 2008; 68(4):1018–28. Epub 2008/03/28.

https://doi.org/10.1111/j.1365-2958.2008.06212.x PMID: 18363794.

Synchronous termination of replication in Vibrionaceae

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007251 March 5, 2018 22 / 24

https://doi.org/10.1128/MMBR.00033-16
https://doi.org/10.1128/MMBR.00033-16
http://www.ncbi.nlm.nih.gov/pubmed/27903655
https://doi.org/10.1099/mic.0.045112-0
https://doi.org/10.1099/mic.0.045112-0
http://www.ncbi.nlm.nih.gov/pubmed/21163839
https://doi.org/10.1038/sj.emboj.7601747
https://doi.org/10.1038/sj.emboj.7601747
http://www.ncbi.nlm.nih.gov/pubmed/17557077
https://doi.org/10.1371/journal.pgen.1004448
http://www.ncbi.nlm.nih.gov/pubmed/25010199
https://doi.org/10.1126/sciadv.1501914
http://www.ncbi.nlm.nih.gov/pubmed/27152358
https://doi.org/10.1128/mBio.00067-12
https://doi.org/10.1128/mBio.00067-12
http://www.ncbi.nlm.nih.gov/pubmed/22570276
https://doi.org/10.1371/journal.pgen.1004184
http://www.ncbi.nlm.nih.gov/pubmed/24586205
https://doi.org/10.1016/j.cub.2004.06.036
https://doi.org/10.1016/j.cub.2004.06.036
http://www.ncbi.nlm.nih.gov/pubmed/15242627
https://doi.org/10.1016/j.ymeth.2009.02.010
http://www.ncbi.nlm.nih.gov/pubmed/19245839
https://doi.org/10.1128/JB.185.16.4672-4682.2003
http://www.ncbi.nlm.nih.gov/pubmed/12896985
http://www.ncbi.nlm.nih.gov/pubmed/9473029
https://doi.org/10.1073/pnas.0500812102
http://www.ncbi.nlm.nih.gov/pubmed/15738384
https://doi.org/10.3390/antibiotics7010003
http://www.ncbi.nlm.nih.gov/pubmed/29295515
https://doi.org/10.3389/fbioe.2016.00096
https://doi.org/10.3389/fbioe.2016.00096
http://www.ncbi.nlm.nih.gov/pubmed/28066763
http://www.ncbi.nlm.nih.gov/pubmed/1102525
http://www.ncbi.nlm.nih.gov/pubmed/6437809
https://doi.org/10.1021/acssynbio.6b00064
http://www.ncbi.nlm.nih.gov/pubmed/27268399
https://doi.org/10.1111/j.1365-2958.2008.06212.x
http://www.ncbi.nlm.nih.gov/pubmed/18363794
https://doi.org/10.1371/journal.pgen.1007251


39. Dupaigne P, Tonthat NK, Espeli O, Whitfill T, Boccard F, Schumacher MA. Molecular basis for a pro-

tein-mediated DNA-bridging mechanism that functions in condensation of the E. coli chromosome.

Molecular cell. 2012; 48(4):560–71. Epub 2012/10/23. https://doi.org/10.1016/j.molcel.2012.09.009

PMID: 23084832.

40. Espeli O, Borne R, Dupaigne P, Thiel A, Gigant E, Mercier R, et al. A MatP-divisome interaction coordi-

nates chromosome segregation with cell division in E. coli. The EMBO journal. 2012; 31(14):3198–211.

Epub 2012/05/15. https://doi.org/10.1038/emboj.2012.128 PMID: 22580828; PubMed Central PMCID:

PMC3400007.

41. Demarre G, Galli E, Muresan L, Paly E, David A, Possoz C, et al. Differential management of the repli-

cation terminus regions of the two Vibrio cholerae chromosomes during cell division. PLoS genetics.

2014; 10(9):e1004557. Epub 2014/09/26. https://doi.org/10.1371/journal.pgen.1004557 PMID:

25255436; PubMed Central PMCID: PMC4177673.

42. Hawkins M, Malla S, Blythe MJ, Nieduszynski CA, Allers T. Accelerated growth in the absence of DNA

replication origins. Nature. 2013; 503(7477):544–7. Epub 2013/11/05. https://doi.org/10.1038/

nature12650 PMID: 24185008; PubMed Central PMCID: PMC3843117.

43. Koch B, Ma X, Lobner-Olesen A. rctB mutations that increase copy number of Vibrio cholerae oriCII in

Escherichia coli. Plasmid. 2012; 68(3):159–69. Epub 2012/04/11. https://doi.org/10.1016/j.plasmid.

2012.03.003 PMID: 22487081.

44. Meibom KL, Blokesch M, Dolganov NA, Wu CY, Schoolnik GK. Chitin induces natural competence in

Vibrio cholerae. Science. 2005; 310(5755):1824–7. Epub 2005/12/17. https://doi.org/10.1126/science.

1120096 PMID: 16357262.

45. Zhu J, Miller MB, Vance RE, Dziejman M, Bassler BL, Mekalanos JJ. Quorum-sensing regulators con-

trol virulence gene expression in Vibrio cholerae. Proceedings of the National Academy of Sciences of

the United States of America. 2002; 99(5):3129–34. Epub 2002/02/21. https://doi.org/10.1073/pnas.

052694299 PMID: 11854465; PubMed Central PMCID: PMC122484.

46. Skovgaard O, Bak M, Lobner-Olesen A, Tommerup N. Genome-wide detection of chromosomal rear-

rangements, indels, and mutations in circular chromosomes by short read sequencing. Genome

research. 2011; 21(8):1388–93. Epub 2011/05/11. https://doi.org/10.1101/gr.117416.110 PMID:

21555365; PubMed Central PMCID: PMC3149504.

47. Sanderson KE, Liu SL. Chromosomal rearrangements in enteric bacteria. Electrophoresis. 1998; 19

(4):569–72. Epub 1998/05/20. https://doi.org/10.1002/elps.1150190417 PMID: 9588803.

48. Raeside C, Gaffe J, Deatherage DE, Tenaillon O, Briska AM, Ptashkin RN, et al. Large chromosomal

rearrangements during a long-term evolution experiment with Escherichia coli. mBio. 2014; 5(5):

e01377–14. Epub 2014/09/11. https://doi.org/10.1128/mBio.01377-14 PMID: 25205090; PubMed Cen-

tral PMCID: PMC4173774.

49. Darling AE, Miklos I, Ragan MA. Dynamics of genome rearrangement in bacterial populations. PLoS

genetics. 2008; 4(7):e1000128. Epub 2008/07/25. https://doi.org/10.1371/journal.pgen.1000128 PMID:

18650965; PubMed Central PMCID: PMC2483231.

50. Messerschmidt SJ, Waldminghaus T. Dynamic organization: chromosome domains in Escherichia coli.

Journal of molecular microbiology and biotechnology. 2014; 24(5–6):301–15. Epub 2014/01/01. https://

doi.org/10.1159/000369098 PMID: 25732334.

51. Sobetzko P, Jelonek L, Strickert M, Han W, Goesmann A, Waldminghaus T. DistAMo: A Web-Based

Tool to Characterize DNA-Motif Distribution on Bacterial Chromosomes. Frontiers in microbiology.

2016; 7:283. Epub 2016/03/26. https://doi.org/10.3389/fmicb.2016.00283 PMID: 27014208; PubMed

Central PMCID: PMC4786541.

52. Valens M, Penaud S, Rossignol M, Cornet F, Boccard F. Macrodomain organization of the Escherichia

coli chromosome. The EMBO journal. 2004; 23(21):4330–41. Epub 2004/10/08. https://doi.org/10.

1038/sj.emboj.7600434 PMID: 15470498; PubMed Central PMCID: PMC524398.

53. Schrader JM, Shapiro L. Synchronization of Caulobacter crescentus for investigation of the bacterial

cell cycle. Journal of visualized experiments JoVE. 2015;(98). Epub 2015/05/06. https://doi.org/10.

3791/52633 PMID: 25938623; PubMed Central PMCID: PMC4541484.

54. Helmstetter CE, Eenhuis C, Theisen P, Grimwade J, Leonard AC. Improved bacterial baby machine:

application to Escherichia coli K-12. Journal of bacteriology. 1992; 174(11):3445–9. Epub 1992/06/01.

PMID: 1592802; PubMed Central PMCID: PMC206025.

55. Bates D, Epstein J, Boye E, Fahrner K, Berg H, Kleckner N. The Escherichia coli baby cell column: a

novel cell synchronization method provides new insight into the bacterial cell cycle. Molecular microbiol-

ogy. 2005; 57(2):380–91. Epub 2005/06/28. https://doi.org/10.1111/j.1365-2958.2005.04693.x PMID:

15978072; PubMed Central PMCID: PMC2973562.

56. Wechsler JA, Gross JD. Escherichia coli mutants temperature-sensitive for DNA synthesis. Molecular &

general genetics MGG. 1971; 113(3):273–84. Epub 1971/01/01. PMID: 4946856.

Synchronous termination of replication in Vibrionaceae

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007251 March 5, 2018 23 / 24

https://doi.org/10.1016/j.molcel.2012.09.009
http://www.ncbi.nlm.nih.gov/pubmed/23084832
https://doi.org/10.1038/emboj.2012.128
http://www.ncbi.nlm.nih.gov/pubmed/22580828
https://doi.org/10.1371/journal.pgen.1004557
http://www.ncbi.nlm.nih.gov/pubmed/25255436
https://doi.org/10.1038/nature12650
https://doi.org/10.1038/nature12650
http://www.ncbi.nlm.nih.gov/pubmed/24185008
https://doi.org/10.1016/j.plasmid.2012.03.003
https://doi.org/10.1016/j.plasmid.2012.03.003
http://www.ncbi.nlm.nih.gov/pubmed/22487081
https://doi.org/10.1126/science.1120096
https://doi.org/10.1126/science.1120096
http://www.ncbi.nlm.nih.gov/pubmed/16357262
https://doi.org/10.1073/pnas.052694299
https://doi.org/10.1073/pnas.052694299
http://www.ncbi.nlm.nih.gov/pubmed/11854465
https://doi.org/10.1101/gr.117416.110
http://www.ncbi.nlm.nih.gov/pubmed/21555365
https://doi.org/10.1002/elps.1150190417
http://www.ncbi.nlm.nih.gov/pubmed/9588803
https://doi.org/10.1128/mBio.01377-14
http://www.ncbi.nlm.nih.gov/pubmed/25205090
https://doi.org/10.1371/journal.pgen.1000128
http://www.ncbi.nlm.nih.gov/pubmed/18650965
https://doi.org/10.1159/000369098
https://doi.org/10.1159/000369098
http://www.ncbi.nlm.nih.gov/pubmed/25732334
https://doi.org/10.3389/fmicb.2016.00283
http://www.ncbi.nlm.nih.gov/pubmed/27014208
https://doi.org/10.1038/sj.emboj.7600434
https://doi.org/10.1038/sj.emboj.7600434
http://www.ncbi.nlm.nih.gov/pubmed/15470498
https://doi.org/10.3791/52633
https://doi.org/10.3791/52633
http://www.ncbi.nlm.nih.gov/pubmed/25938623
http://www.ncbi.nlm.nih.gov/pubmed/1592802
https://doi.org/10.1111/j.1365-2958.2005.04693.x
http://www.ncbi.nlm.nih.gov/pubmed/15978072
http://www.ncbi.nlm.nih.gov/pubmed/4946856
https://doi.org/10.1371/journal.pgen.1007251


57. Eberle H, Forrest N, Hrynyszyn J, Van Knapp J. Regulation of DNA synthesis and capacity for initiation

in DNA temperature sensitive mutants of Escherichia coli I. Reinitiation and chain elongation. Molecular

& general genetics MGG. 1982; 186(1):57–65. Epub 1982/01/01. PMID: 7050626.

58. Lee LF, Yeh SH, Chen CW. Construction and synchronization of dnaA temperature-sensitive mutants

of Streptomyces. Journal of bacteriology. 2002; 184(4):1214–8. Epub 2002/01/25. https://doi.org/10.

1128/jb.184.4.1214-1218.2002 PMID: 11807086; PubMed Central PMCID: PMC134811.

59. 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. https://doi.org/10.1016/j.cell.2006.12.043 PMID:

17350574; PubMed Central PMCID: PMC1850998.

60. Waldminghaus T, Weigel C, Skarstad K. Replication fork movement and methylation govern SeqA bind-

ing to the Escherichia coli chromosome. Nucleic acids research. 2012; 40(12):5465–76. Epub 2012/03/

01. https://doi.org/10.1093/nar/gks187 PMID: 22373925; PubMed Central PMCID: PMC3384311.

61. Withers HL, Bernander R. Characterization of dnaC2 and dnaC28 mutants by flow cytometry. Journal

of bacteriology. 1998; 180(7):1624–31. Epub 1998/04/16. PMID: 9537356; PubMed Central PMCID:

PMC107071.

62. Clark DJ, Maaløe O. DNA replication and the division cycle in Escherichia coli. Journal of molecular biol-

ogy. 1967; 23(1):99–112. http://dx.doi.org/10.1016/S0022-2836(67)80070-6.

63. Gibson DG, Young L, Chuang RY, Venter JC, Hutchison CA 3rd, Smith HO. Enzymatic assembly of

DNA molecules up to several hundred kilobases. Nature methods. 2009; 6(5):343–5. Epub 2009/04/14.

https://doi.org/10.1038/nmeth.1318 PMID: 19363495.

64. Weber E, Engler C, Gruetzner R, Werner S, Marillonnet S. A modular cloning system for standardized

assembly of multigene constructs. PloS one. 2011; 6(2):e16765. Epub 2011/03/03. https://doi.org/10.

1371/journal.pone.0016765 PMID: 21364738; PubMed Central PMCID: PMC3041749.

65. Schindler D, Milbredt S, Sperlea T, Waldminghaus T. Design and Assembly of DNA Sequence Libraries

for Chromosomal Insertion in Bacteria Based on a Set of Modified MoClo Vectors. ACS synthetic biology.

2016; 5(12):1362–8. Epub 2016/06/17. https://doi.org/10.1021/acssynbio.6b00089 PMID: 27306697.

66. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local alignment search tool. Journal of

molecular biology. 1990; 215(3):403–10. Epub 1990/10/05. https://doi.org/10.1016/S0022-2836(05)

80360-2 PMID: 2231712.

67. Sievers F, Wilm A, Dineen D, Gibson TJ, Karplus K, Li W, et al. Fast, scalable generation of high-quality pro-

tein multiple sequence alignments using Clustal Omega. Molecular systems biology. 2011; 7:539. Epub

2011/10/13. https://doi.org/10.1038/msb.2011.75 PMID: 21988835; PubMed Central PMCID: PMC3261699.

68. Brown NP, Leroy C, Sander C. MView: a web-compatible database search or multiple alignment viewer.

Bioinformatics. 1998; 14(4):380–1. Epub 1998/06/20. PMID: 9632837.

69. Crooks GE, Hon G, Chandonia JM, Brenner SE. WebLogo: a sequence logo generator. Genome

research. 2004; 14(6):1188–90. Epub 2004/06/03. https://doi.org/10.1101/gr.849004 PMID: 15173120;

PubMed Central PMCID: PMC419797.

70. Gao F, Luo H, Zhang CT. DoriC 5.0: an updated database of oriC regions in both bacterial and archaeal

genomes. Nucleic acids research. 2013; 41(Database issue):D90–3. Epub 2012/10/25. https://doi.org/

10.1093/nar/gks990 PMID: 23093601; PubMed Central PMCID: PMC3531139.

71. Li H, Durbin R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics.

2009; 25(14):1754–60. Epub 2009/05/20. https://doi.org/10.1093/bioinformatics/btp324 PMID:

19451168; PubMed Central PMCID: PMC2705234.

72. Koboldt DC, Chen K, Wylie T, Larson DE, McLellan MD, Mardis ER, et al. VarScan: variant detection in

massively parallel sequencing of individual and pooled samples. Bioinformatics. 2009; 25(17):2283–5.

Epub 2009/06/23. https://doi.org/10.1093/bioinformatics/btp373 PMID: 19542151; PubMed Central

PMCID: PMC2734323.

73. McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A, et al. The Genome Analysis

Toolkit: a MapReduce framework for analyzing next-generation DNA sequencing data. Genome

research. 2010; 20(9):1297–303. Epub 2010/07/21. https://doi.org/10.1101/gr.107524.110 PMID:

20644199; PubMed Central PMCID: PMC2928508.

74. Seemann T. Prokka: rapid prokaryotic genome annotation. Bioinformatics. 2014; 30(14):2068–9. Epub

2014/03/20. https://doi.org/10.1093/bioinformatics/btu153 PMID: 24642063.

Synchronous termination of replication in Vibrionaceae

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007251 March 5, 2018 24 / 24

http://www.ncbi.nlm.nih.gov/pubmed/7050626
https://doi.org/10.1128/jb.184.4.1214-1218.2002
https://doi.org/10.1128/jb.184.4.1214-1218.2002
http://www.ncbi.nlm.nih.gov/pubmed/11807086
https://doi.org/10.1016/j.cell.2006.12.043
http://www.ncbi.nlm.nih.gov/pubmed/17350574
https://doi.org/10.1093/nar/gks187
http://www.ncbi.nlm.nih.gov/pubmed/22373925
http://www.ncbi.nlm.nih.gov/pubmed/9537356
http://dx.doi.org/10.1016/S0022-2836(67)80070-6
https://doi.org/10.1038/nmeth.1318
http://www.ncbi.nlm.nih.gov/pubmed/19363495
https://doi.org/10.1371/journal.pone.0016765
https://doi.org/10.1371/journal.pone.0016765
http://www.ncbi.nlm.nih.gov/pubmed/21364738
https://doi.org/10.1021/acssynbio.6b00089
http://www.ncbi.nlm.nih.gov/pubmed/27306697
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1016/S0022-2836(05)80360-2
http://www.ncbi.nlm.nih.gov/pubmed/2231712
https://doi.org/10.1038/msb.2011.75
http://www.ncbi.nlm.nih.gov/pubmed/21988835
http://www.ncbi.nlm.nih.gov/pubmed/9632837
https://doi.org/10.1101/gr.849004
http://www.ncbi.nlm.nih.gov/pubmed/15173120
https://doi.org/10.1093/nar/gks990
https://doi.org/10.1093/nar/gks990
http://www.ncbi.nlm.nih.gov/pubmed/23093601
https://doi.org/10.1093/bioinformatics/btp324
http://www.ncbi.nlm.nih.gov/pubmed/19451168
https://doi.org/10.1093/bioinformatics/btp373
http://www.ncbi.nlm.nih.gov/pubmed/19542151
https://doi.org/10.1101/gr.107524.110
http://www.ncbi.nlm.nih.gov/pubmed/20644199
https://doi.org/10.1093/bioinformatics/btu153
http://www.ncbi.nlm.nih.gov/pubmed/24642063
https://doi.org/10.1371/journal.pgen.1007251

