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Extrachromosomal Nucleolus-Like Compartmentalization by a Plasmid-Borne Ribosomal RNA Operon and Its Role in Nucleoid Compaction
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In the fast-growing Escherichia coli cells, RNA polymerase (RNAP) molecules are concentrated and form foci at clusters of ribosomal RNA (rRNA) operons resembling eukaryotic nucleolus. The bacterial nucleolus-like organization, spatially compartmentalized at the surface of the compact bacterial chromosome (nucleoid), serves as transcription factories for rRNA synthesis and ribosome biogenesis, which influences the organization of the nucleoid. Unlike wild type that has seven rRNA operons in the genome in a mutant that has six (Δ6rrn) rRNA operons deleted in the genome, there are no apparent transcription foci and the nucleoid becomes uncompacted, indicating that formation of RNAP foci requires multiple copies of rRNA operons clustered in space and is critical for nucleoid compaction. It has not been determined, however, whether a multicopy plasmid-borne rRNA operon (prrnB) could substitute the multiple chromosomal rRNA operons for the organization of the bacterial nucleolus-like structure in the mutants of Δ6rrn and Δ7rrn that has all seven rRNA operons deleted in the genome. We hypothesized that extrachromosomal nucleolus-like structures are similarly organized and functional in trans from prrnB in these mutants. In this report, using multicolor images of three-dimensional superresolution Structured Illumination Microscopy (3D-SIM), we determined the distributions of both RNAP and NusB that are a transcription factor involved in rRNA synthesis and ribosome biogenesis, prrnB clustering, and nucleoid structure in these two mutants in response to environmental cues. Our results found that the extrachromosomal nucleolus-like organization tends to be spatially located at the poles of the mutant cells. In addition, formation of RNAP foci at the extrachromosomal nucleolus-like structure condenses the nucleoid, supporting the idea that active transcription at the nucleolus-like organization is a driving force in nucleoid compaction.
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INTRODUCTION

In Escherichia coli (E. coli), the growth rate is determined by growth medium (Kjeldgaard et al., 1958; Schaechter et al., 1958; Jin et al., 2012). E. coli cells grow rapidly in LB at 37°C with a doubling time about 20 min. In a fast-growing cell, there are multiple copies of the genome (Nielsen et al., 2007) and most RNA polymerase (RNAP) molecules engage in transcription of ribosomal RNA (rRNA) operons (French and Miller, 1989). There are seven almost identical rRNA operons which in total encompass only ∼1% of the genome, four of which are near the origin of chromosome replication oriC. Thus, cell size, copy numbers of bacterial chromosome (named nucleoid) and rRNA operon (rrn), and the organization of the nucleoid are sensitive to growth conditions (Jin et al., 2013).

Imaging RNAP-GFP using microscopy in bacterial cells has advanced our understanding of the distribution and the organization of the transcription machinery. Images of bacterial RNAP were first reported in Bacillus subtilis (Lewis et al., 2000), which showed that most of RNAP lies within the core of the nucleoid but is minimal at the peripheral region of the nucleoid and that, in fast-growing cells, for each nucleoid there are two RNAP foci named transcription foci at rRNA genes clusters in the oriC region. However, the effect of RNAP’s distribution on the organization of the nucleoid was not determined. Using advanced imaging systems and tools, extensive studies in E. coli have revealed that the transcription machineries not only are spatially organized but also influenced the nucleoid structure. Images of RNAP from these two bacteria share similarities but also reveal differences. These differences could be due to microbial diversity, and/or different cell imaging techniques used in different studies. In E. coli cells grown in nutrient rich LB, RNAP molecules are concentrated and form foci at clusters of rRNA operons resembling eukaryotic nucleolus-like structure (Cabrera and Jin, 2003). The 3D images of multicolor superresolution Structured Illumination Microscopy (3D-SIM) reveal that under optimal growth conditions (LB at 37°C), RNAP foci, spatially located at the periphery of the compact nucleoid, co-localize with transcriptional factors, NusA and NusB, both of which are involved in rRNA synthesis and ribosome biogenesis (Greenblatt and Li, 1981; Torres et al., 2004; Greive et al., 2005; Stagno et al., 2011; Bubunenko et al., 2013). RNAP foci thus represent transcription factories (Cook, 2010; Papantonis and Cook, 2013) for the expression of growth genes, analogous to the eukaryotic Pol I activity at the nucleolus in the nucleus (Jin et al., 2017). Such an organization of hyperstructure (Norris et al., 2007) would considerably facilitate RNAP recycling and recruitment for synchronized active rRNA synthesis, rRNA processing and ribosome assembly in spatial proximity. However, RNAP is mobile, and RNAP foci and the associated macromolecular organization are dynamic and sensitive to environmental cues (Bakshi et al., 2012; Endesfelder et al., 2013; Jin et al., 2013, 2015; Stracy et al., 2015). For example, the transcription foci and possibly the nucleolus-like structure disappear, leading to an expanded nucleoid when growth is slowing down or arrested during stress responses (Cabrera and Jin, 2003), such as by amino acid starvation, which induces the stringent response (Cashel et al., 1996; Durfee et al., 2008) or with rifampicin treatment, which inhibits transcription initiation. A strong, positive correlation between the presence of transcription foci and the occurrence of relatively compact states of the nucleoid demonstrates an interconnection of the organizations of transcription machinery and the nucleoid (Jin et al., 2013). However, determining whether transcription associated with the bacterial nucleolus-like structure or organization (hereafter they are used interchangeably) plays a direct role in the compaction of the nucleoid has been difficult to dissect.

Having multiple copies of rRNA operons in the bacterial genome is a prerequisite for the formation and organization of RNAP foci in E. coli. A series of chromosomal rrn deletion(s) has been constructed and characterized (Condon et al., 1993, 1995; Quan et al., 2015). E. coli strains in which two out of seven rRNA operons were deleted in the genome behave like wild type in growth rate, formation and organization of RNAP foci, and nucleoid structure. However, mutant strains in which additional multiple chromosomal rRNA were deleted reduce growth rate and cause changes in the distribution of RNAP and nucleoid structure (Jin et al., 2016). For example, in the mutant strain (Δ6rrn), in which six out seven rRNA operons were deleted from the genome, there are no apparent transcription foci and the nucleoid becomes uncompacted under optimal growth conditions (LB at 37°C). These phenotypes of Δ6rrn can be explained by reduced rRNA synthesis and ribosome biogenesis due to the lack of bacterial nucleolus-like organization in the cell (Cabrera et al., 2009). Thus, this genetic background has provided a unique system to address the potential role of bacterial nucleolus-like organization supplemented in trans by a multicopy plasmid-borne rRNA operon in nucleoid compaction. Previously it was briefly reported (Jin et al., 2017) that the RNAP foci reappear in the mutant strain that harbors pKK3535 (in which the rrnB operon is cloned into pBR322 vector; hereafter, this plasmid-borne rRNA operon is referred to as prrnB) (Kingston et al., 1981). However, the organization of the transcription machinery and the distribution of prrnB have not been determined. In this study, we characterized the structure and function of RNAP foci in the mutants of Δ6rrn/prrnB and Δ7rrn/prrnB, in which all seven chromosomal rRNA operons were deleted. Our results showed that analogous to wild type, RNAP forms foci at clusters of prrnB for rRNA synthesis and ribosome biogenesis in the two mutants, and suggested that active transcription at the extrachromosomal nucleolus-like organization is a driving force in nucleoid compaction.

MATERIALS AND METHODS

Bacterial Strains, Growth Conditions, and Technologies

All of the strains used in the study are derivatives of the prototype K-12 MG1655. Table 1 lists the strains and plasmids used in the study. The MG1655 strain has a doubling time 20 min in LB at 37°C (Jin et al., 2013), as measured by determining the increase of OD at 600 nm (OD600) of bacteria cultures in a shaking flask as a function of time. The chromosomal rpoC-venus and nusB-mCherry fusions were described previously (Cagliero and Jin, 2013; Cagliero et al., 2014) and have no effect on cell growth. They were introduced to different strains either by P1 phage transduction or by phage lambda Red recombineering (Datsenko and Wanner, 2000). The bacterial media and techniques used are described elsewhere (Miller, 1972). All cultures were grown in Luria-Bertani medium (LB which is tryptone 10 g/l, yeast extract 5 g/l, NaCl 5 g/l) with vigorous agitation in a water bath at 37°C. Overnight cultures were diluted 1/200 into fresh medium. Samples used for microscopic observation were removed from cultures at an OD 0.2 at 600 nm (OD600), and when indicated, rifampicin (150 μg/ml), chloramphenicol (200 μg/ml), and freshly made serine hydroxamate (SHX; 100 mM) were added to the log phase cultures at time zero, and sampled at indicated times. These inhibitors stopped cell growth almost immediately. Media downshifts (from LB to minimal medium) were performed by filtering the exponentially growing culture after the absorbance reached OD600 0.2. Cells were then collected on a nitrocellulose Millipore HA WP04700 filter (47 mm diameter with a 0.45 μm pore diameter). The filtration was performed using a vacuum pump (Millipore), allowing a minimal amount of time to obtain the new condition (about 1 min). Filtered cells were washed with 5X filtered-volume of the minimum medium, followed by resuspension (vortexing) for 1 min in the same volume of pre-heated growth minimum medium (as time zero). Later, incubation was performed under the same shaking and temperature conditions. All materials used were preheated at incubation temperature (at 37°C) to avoid abrupt changes in temperature. The downshift minimal medium is a supplement of M63x salt, 0.01 M CaCl2, 0.1 M MgSO4, and 0.4% glucose. The antibiotics and chemicals were from Sigma.

TABLE 1. Bacterial strains and plasmids.
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3D Superresolution Microscopy

Because both the distribution of E. coli RNAP and the nucleoid structure are extremely sensitive to perturbations in the environment, cells were immediately fixed using formaldehyde (3.7% v/v final) after sampling (Cabrera and Jin, 2003). It is critical and mandatory to use fixed cells on slides to study the dynamic organization of RNAP and DNA in fast growing cells under optimal growth conditions (Jin et al., 2015). The procedure of culture sampling and multicolor 3D SIM imaging was as described (Mata Martin et al., 2018). The 3D superresolution microscopy was performed with a Nikon N-SIM Ti-2E inverted microscope with a CFI SR HP Apochromat TIRF 100XC Oil (NA 1.49) objective and LU-NV series laser units. Images with a high signal-to-noise ratio were captured with a high-resolution ORCA-Flash 4.0 sCMOS camera (Hamamatsu Photonics K.K.). We performed three grid rotations per image and at least 15 z-sections of 0.1 μm to acquire the whole cells. The exposure time and setting are determined by the fluorescence proteins. After image acquisition, images were processed to correct for chromatic aberration using the Software NIS-Elements Ar/NIS-Elements C using the inframe calibration beads for optimum alignment, and were reconstituted.

The cells edited and illustrated are representative of the majority of the observed cells. Pictures were processed uniformly using FijiJ to crop and choose the best z-slice or maximum intensity projection slide and were false-colored with Adobe Photoshop.

Image Analyses

Relative nucleoid size (RNS) [ratio of size of nucleoid(s) over size of the cell] was measured as described (Cabrera et al., 2009). For each condition, 100 cells were analyzed. Contrast analysis of the distribution of RNAP in nucleoids was described (Cabrera and Jin, 2003). A Java applet named Nucleoid Analyzer was written for the measurements. At each position in the nucleoid, the Venus fluorescence signal is proportional to the concentration of RNAP. The homogeneity in the RNAP distribution can be evaluated by measuring the differences in fluorescence signals between each position of the nucleoid and its neighboring positions. In nucleoids in which RNAP is not distributed homogeneously (nucleoids with transcription foci), there will be more differences on average in the fluorescence signal between neighboring positions than in nucleoids in which the RNAP is distributed homogeneously (nucleoids without transcription foci). For each growth condition, nucleoids of > 100 cells were analyzed and the data were presented as normalized contrast, as described (Cabrera and Jin, 2003). Contrast analysis of the distribution of DNA signals was similarly measured and presented. The measurement of distribution profiles in a population of cells was performed in FijiJ by Analyzer Plot Profile. Cells were segmented, giving a cell outline and a cell midline. The distances were normalized to 1 and -1 at the cell midline from the outline in one pole to the outline in the opposite pole. The 2D histograms of the distributions were generated by binning cells into different lengths (3.1–4.6 m long); they indicate the probability density distribution of a body in the cell across the X-axis for 100 cells.

Live-Cell Imaging Using a Microfluidics System

Overnight cells from 32°C in LB (16 h) were injected into an ONIX Microfluidic Perfusion System (CellASIC) and were allowed to grow at 32°C in LB with a pressure of 2 psi. The cells were growing in the microfluidic device with a continuous flow of fresh LB; the temperature was controlled by Zeiss control temperature module S. The time-lapse images were acquired using an inverted microscope (Zeiss Axio Observer) with a Plan Apochromat 100 × /1.4 oil phase objective and a 1.6 Optovar, with a high signal-to-noise ratio and high-resolution EMCCD camera (Hamamatsu). Each experiment was performed at least three times; in total, 37 cells for each condition were imaged. The cells illustrated are representative observed cells. Pictures were processed uniformly and were false-colored with Adobe Photoshop.

Cell Lysis and Imaging Released Nucleoids and Transcription Factories

Immediately after sampling, the cells were fixed for 20 min at room temperature with formaldehyde (3.7% v/v final). The cells were centrifuged at 5000 g for 5 min; resuspended in 50 μl of 10 mM Tris (pH 8.0), 10 mM EDTA, 20% sucrose, 0.2 μl Ready-lyse lysozyme (Epicenter); and incubated for 30 min at 37°C. The cell lysis was completed by the addition of 50 μl of water. After lysis, a 2-μl aliquot of the lysate containing nucleoids was dropped onto a microscopy slide with 2 μl of 1% warm low melting point agarose + 10 μg/ml Hoechst 33342. The slides were imaged immediately with YFP channel for RNAP-Venus, DAPI channel for DNA, mCherry channel for NusB-mCherrry using an inverted microscope (Zeiss Axio Observer) with a Plan Apochromat 100 × /1.4 oil phase objective and a 1.6 Optovar, with a high signal-to-noise ratio and high-resolution EMCCD camera (Hamamatsu).

RNA-Fluorescence in Situ Hybridization (FISH)

The RNAI was used as a probe to observe the subcellular localization of the plasmid-borne prrnB. The different probes cover all RNAI regions. Probe design was based on the protocol described by Raj et al. (2008) and Raj and Tyagi (2010). Each probe was ordered with a 3′ amine group, which allows covalent modification with NHS-ester derivatives of fluorescent dye molecules and were labeled with red fluorescence compound Atto 594 NHS ester as described previously (Skinner et al., 2013). Fluorescence in situ hybridization was carried out according to the protocol reported previously (Skinner et al., 2013). Briefly, cells were fixed using formaldehyde (37%) and PBS (10%) for 30 min. Fixed cells were centrifuged at 4000 rpm for 5 min and washed three times in PBS and subsequently incubated in 70% Ethanol for 60 min at room temperature. Cells were washed three times in a washing solution (2xSSC and 40% formamide in DEPC water) for 5 min at 37°C. After washing the cells were incubated with the probes in hybridization buffer (2xSSC, 40% formamide, 10% dextran sulfate in DEPC water) overnight at room temperature. After incubation overnight, the cells were washed three times in the washing solution and three times in 2xSSC. A cell suspension was applied to the slides for imaging. All images were imaged and processed as described previously in the Section “3D Superresolution Microscopy.”

Plasmid Copy Number Determination by qRT-PCR

The method was used as previously described (Lee et al., 2006; Anindyajati et al., 2016). Briefly, the single-copy gene tdk and bla on the chromosome and pKK3535, respectively, were chosen to quantify the absolute plasmid copy number. The tdk gene was amplified by PCR and cloned into a pBAD24 plasmid to produce pBAD24-tdk, which also has one copy of bla gene in the backbone. A 10-fold serial dilution series of the plasmid pBAD24-tdk extracted from E. coli, ranging from 1 × 10-4 to 1 × 10-9 copies/μl, were used to make the standard curve for the tdk and bla genes. Then the pKK3535 plasmid and genome DNA were extracted from Δ6rrn and Δ6rrn/prrnB grown in LB at 37°C by Wizard® Genomic DNA Purification Kit (Promega), and diluted to 2 ng/μl. Quantification of the chromosome (tdk) and plasmid (bla) were performed using SYBR® Green based qRT-PCR. Using the Ct values, the absolute quantities of the chromosome and plasmid were determined according to the standard curve. The plasmid copy number was then calculated by dividing the above quantity of the plasmid by the amount of the chromosome.

RESULTS

Extrachromosomal Nucleolus-Like Compartmentalization by a Multicopy Plasmid-Borne Ribosomal RNA Operon

RNAP Foci Organization Independent of Chromosomal rRNA Operons

Previously, a comparison was made only between the Δ6rrn and Δ6rrn/prrnB strains (Jin et al., 2017). Because in pKK3535 (Kingston et al., 1981) the rrnB operon was cloned into the pBR322 vector and to eliminate a potential effect by the vector, we introduced the pBR322 into Δ6rrn (Δ6rrn/pBR322), and examined the phenotypes of the two strains, Δ6rrn/pBR322 and Δ6rrn/prrnB, under optimal growth conditions (LB at 37°C). We found no differences between Δ6rrn and Δ6rrn/pBR322, both of which have the same generation time (τ= 37 min). The generation time for Δ6rrn/prrnB is longer (τ= 43 min), indicating that prrnB did not suppress the growth defect of the Δ6rrn mutant. The slower growth rate of Δ6rrn/prrnB compared to Δ6rrn/pBR322 is likely due to an unbalanced growth condition caused by the prrnB. SIM images show that there are no RNAP foci in either Δ6rrn or Δ6rrn/pBR322 strains and the nucleoid is expanded in those cells; however, RNAP foci are evident in Δ6rrn/prrnB (Figure 1), indicating that the formation of RNAP foci is caused by the plasmid-borne rrnB. Unlike wild type, in which multiple RNAP foci are spatially located at the surface of four nascent nucleoids, in Δ6rrn/prrnB, there are usually two larger RNAP foci, which are primarily located at the cell poles. To eliminate a potential effect of the remaining chromosomal rrnC in the Δ6rrn mutant cells on the formation of RNAP foci, we examined the Δ7rrn/prrnB mutant cells, in which all seven rRNA operons were deleted in the genome. Like Δ6rrn/prrnB, usually two large RNAP foci are apparent and located at cell poles in Δ7rrn/prrnB (Figure 1), indicating that the formation/organization of RNAP foci is independent of chromosomal rRNA operons but is associated with the plasmid-borne rrnB. Each of the Δ6rrn/prrnB and Δ7rrn/prrnB cells on average has two apparent nascent nucleoids which are compact.
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FIGURE 1. Compartmentalization of RNAP foci and nucleoid condensation caused by the plasmid-borne prrnB in Δ6rrn and Δ7rrn mutants. Shown are SIM images of RNAP, DNA, and an overlay RNAP (green) and DNA (red) in representative single cells during optimal growth (LB, 37°C). Wild type (wt) is included as a control. RNAP is tagged with yellow Venus fluorescent protein (rpoC-venus) and DNA is stained with Hoechst 33342, as described in the Section “Materials and Methods.” Note that the defects in the Δ6rrn or Δ7rrn strains in the organization of RNAP foci and nucleoid structure can be complemented by a plasmid-borne rRNA operon (prrnB) in those mutant cells. RNAP foci mainly locate at the cell poles in the two mutants. The cell shape is outlined by a dotted line. The scale bar represents 1 μm. The two-color graphics show the distribution profiles of RNAP and nucleoid in a population of 100 cells; Y-axis is the probability density of RNAP (green line) and DNA (red line) across the cell length (X-axis) from one pole (–1) to another pole (+1).



Like their counterparts in wild type, formation/organization of RNAP foci in the Δ6rrn/prrnB and Δ7rrn/prrnB mutants is also sensitive to environmental cues (Figures 2A,B). For example, RNAP foci disappear when the mutant cells were downshifted from LB to minimal medium or starved for amino acids by the addition of SHX. The synthesis of rRNA in cells is significantly reduced by these two treatments. Similarly, there were no RNAP foci when cells were treated with antibiotic rifampicin that inhibits transcription (re)initiation. In addition, similar to wild type, the nucleoids become expanded in those stressed cells compared to those in cells under optimal growth conditions (see details below).
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FIGURE 2. Organizations of RNAP foci and the nucleoids are sensitive to changes in growth medium and/or stress. Shown are SIM images of RNAP, DNA, and two-color overlays of RNAP (green) and DNA (red), from representative single cells of Δ6rrn/prrnB (A) and Δ7rrn/prrnB (B) during optimal growth (LB) and after perturbations induced by SHX treatment for 30 min (+SHX 30′), nutrient down shift from LB to minimal medium M63+glucose for 5 min (LB→M63 5′), and after rifampicin treatment for 10 min (+Rif 10′). The cell shape is outlined by a dotted line. The scale bar represents 1 μm. The two-color graphics show the distribution profiles of RNAP and nucleoid in a population of 100 cells, as described in the Figure 1 caption.



Colocalization of RNAP Foci and Clusters of prrnB

To determine whether RNAP foci are associated with the plasmid-borne prrnB, we attempted to co-image RNAP and the plasmid in the Δ6rrn/prrnB and Δ7rrn/prrnB cells. Our first approach using DNA-FISH assay failed because of the harsh conditions required in the protocol, including high temperatures, destroyed RNAP foci and the nucleoid structure. We then successfully used the RNA-FISH method, which used mild conditions, to detect the location of prrnB by hybridization of fluorescent DNA probes of the RNAI transcripts (Morita and Oka, 1979) made from PBR322 vector portion. We chose RNAI as a tag for the location of prrnB because RNAI targets the replication region of the plasmid (Davison, 1984). Our results showed that, like RNAP’s distribution, the distribution of the plasmid-borne prrnB is sensitive to growth conditions. Under optimal growth conditions, there are primarily two clusters of prrnB, which are located at the cell poles and are colocalized with RNAP foci in the mutants (Figure 3A). In contrast, signals of pBR322 from the RNA-FISH are scattered in the Δ6rrn/pBR322 cells. In addition, both RNAP foci and prrnB clusters are absent in the cells of stressed mutants, caused by nutrient downshift, amino acid starvation, and rifampicin treatment (Figures 3B,C). We concluded from these results that active rRNA synthesis promotes the clustering of plasmid-borne prrnB in the mutants.
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FIGURE 3. Active transcription of prrnB promotes coordinated organization of RNAP foci and prrnB clusters. (A–C) RNA-Fluorescence in situ hybridization (FISH). Shown are SIM images of prrnB, RNAP, DNA, two-color overlays of RNAP (green) and prrnB (red), DNA (green) and prrnB (red), and three-color overlays of prrnB (red), RNAP (green) and DNA (blue) from representative single cells during optimal growth (LB) (A), and (B,C) after perturbations induced by SHX treatment for 30 min (+SHX 30′), nutrient down shift from LB to minimal medium M63+glucose for 5 min (LB→M63 5′) and after rifampicin treatment for 10 min (+Rif 10′). The distribution of prrnB is determined by RNA-FISH as described in the Section “Materials and Methods.” The cell shape is outlined by a dotted line. The scale bar represents 1 μm. The three-color graphics show the distribution profiles of RNAP, nucleoid and prrnB in a population of 100 cells; Y-axis is the probability density of the plasmid prrnB (red line), RNAP (green line), nucleoid DNA (blue line) across the cell length (X-axis) from one pole (–1) to another pole (+1). Note that prrnB clusters and RNAP foci perfectly colocalize (overall yellow color on the RNAP/prrnB overlay) and are located near the cell poles during optimal growth (A); however, the distributions of both prrnB and RNAP become random without foci and clusters in stressed cells (B,C). (D) Plasmid copy number determination by qRT-PCR. A 10-fold serial dilution series of the plasmids pBAD24-tdk were used to make the standard curves for the tdk and bla genes, respectively (dash lines). The pKK3535 plasmid and genome DNA extracted from the strain (Δ6rrn and Δ6rrn/prrnB) were used by qRT-PCT to determine the Ct values of tdk from genome and bla from pKK3535 (solid lines). Based on the differences of the two Ct values, the copy numbers of pKK3535 relative to genome were calculated, as described in the Section “Materials and Methods.”



We also determined the relative copy number of the plasmid prrnB compared to a single-copy chromosomal gene (tdk) in the Δ6rrn/prrnB cells grown in LB at 37°C, and found that, on average, there are 12.0 ± 1.2 copies of prrnB per genome (Figure 3D), or about 24 copies of prrnB per cell because most of the cells have two nascent nucleoids per cell as revealed by cell images (Figure 1). Thus, it is estimated that each of the two RNAP foci is organized at a prrnB cluster of about 12 copies. This could explain why the RNAP foci appear to be larger in the two mutants than those RNAP foci in wild type, in which each of RNAP foci locates at a cluster of about six rRNA operons (Cagliero et al., 2014). We concluded that in both Δ6rrn/prrnB and Δ7rrn/prrnB mutants, RNAP foci are located at clusters of plasmid-borne rrnB resembling extrachromosomal bacteria nucleolus-like organization.

Colocalization of the Foci of RNAP Foci and NusB That Participate in rRNA Synthesis and Ribosome Biogenesis

In wild type, RNAP foci at the bacterial nucleolus-like structure represent transcription factories for rRNA synthesis and ribosome biogenesis because they co-localize with the foci of NusA and NusB (Cagliero et al., 2014; Jin et al., 2017), two transcription factors involved in those processes (Greenblatt and Li, 1981; Torres et al., 2004; Greive et al., 2005; Stagno et al., 2011; Bubunenko et al., 2013). To determine whether RNAP foci also associated with the Nus factors in both Δ6rrn/prrnB and Δ7rrn/prrnB mutants, we chose to co-image RNAP with NusB that binds to nascent rRNA for rRNA processing. SIM images revealed that NusB foci are apparent and they are colocalized with RNAP foci at the cell poles in the two mutants (Figure 4A). Live-cell imaging using a microfluidic system also confirmed colocalization of the foci of RNAP and NusB at the cell poles (Figures 4B,C). These results indicate that, despite differences in spatial locations, the compositions of the extrachromosomal bacteria nucleolus-like organization in the two mutants are likely to be the same as that of the bacterial nucleolus-like structure in wild type (Jin et al., 2017). Because prrnB supports cell growth in the Δ7rrn/prrnB mutant, we concluded that transcription factories at the extrachromosomal bacteria nucleolus-like organization are fully functional for rRNA synthesis and ribosome biogenesis.
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FIGURE 4. Foci of nascent rRNA-binding protein NusB colocalizes with RNAP foci in the Δ6rrn/prrnB and Δ7rrn/prrnB mutants containing the chromosomal nusB-mCherry fusion (A). Shown are SIM images of NusB, RNAP, DNA, two-color overlays of RNAP (green) and NusB (red), DNA (green) and NusB (red), and three-color overlays of RNAP (green), NusB (red) and DNA (blue) from representative single cells under optimal growth conditions (LB, 37°C). NusB is tagged with m-Cherry fluorescent protein in the two mutant chromosomes. Note that NusB foci are at the cells poles, and the NusB foci signals perfectly colocalize with RNAP foci signals (overall yellow color on the RNAP/NusB overlay). The cell shape is outlined by a dotted line. The scale bar represents 1 μm. The three-color graphics show the distribution profiles of NusB, RNAP and nucleoid in a population of 100 cells; Y-axis is the probability density of NusB (red line), RNAPs (green line) and nucleoid (blue line) across the cell length (X-axis), as described in the Figure 1 caption. Live-cells imaging of Δ6rrn nusB-mCherry/prrnB (B) and Δ7rrn nusB-mCherry/prrnB (C) using microfluidics confirms that RNAP foci and NusB colocalize at the cell poles in the mutants containing the chromosomal nusB-mCherry fusion. Cells were growing in LB using the CellASIC ONIX microfluidic system, as described in the Section “Materials and Methods.” Note that RNAP foci and NusB foci are colocalized at the cell poles, and the changes in the cells position and size during the imaging process. The scale bar represents 2 μm.



Long-Range Interaction Between RNAP Foci at Extrachromosomal Nucleolus-Like Organization and the Bacterial Chromosome

Condensed Nucleoids in the Mutants Which Have RNAP Foci Associated With prrnB Clusters

We next addressed questions regarding the effect of RNAP foci at the extrachromosomal nucleolus-like organization on nucleoid organization in trans in the Δ6rrn/prrnB and Δ7rrn/prrnB mutants. In wild type, transcription and the distribution of RNAP link to the organization of the nucleoid (Cabrera and Jin, 2003; Jin and Cabrera, 2006; Jin et al., 2013). We used several approaches to determine whether RNAP foci at the extrachromosomal nucleolus-like structure also influence the organization of the nucleoid in these two mutants. First, we measured relative nucleoid size (RNS) [ratio of size of nucleoid(s) over size of the cell], as previously described (Cabrera et al., 2009). In the control Δ6rrn/pBR322 cells in which there is no RNAP foci (Figure 1), the nucleoids are expanded (Figure 5A) with a mean RNS value of 0.79; the distributions of DNA and RNAP are relatively homogeneous, as indicated by contrast analyses (Cabrera and Jin, 2003) (Figures 5B,C). In contrast, in the Δ6rrn/prrnB and Δ7rrn/prrnB cells, RNAP foci are apparent (Figure 1) and the nucleoids are compact with a small RNS value of about 0.56–0.58, and the distributions of DNA and particularly RNAP are highly heterogeneous (Figures 5B,C) due to the presence of RNAP foci at the cell poles.
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FIGURE 5. Image analyses of the relative nucleoid size, nucleoid organization, and the distribution of RNAP in different strains under different growth conditions. (A) Mean values of relative nucleoid size (RNS) of indicated strains under optimal growth (LB, 37°C) and indicated stressed conditions from a population of 100 cells. RNS was measured as described in the Section “Materials and Methods.” Larger values of RNS indicate more expended nucleoids in the cells. (B) Normalized contrast parameters of the distributions of DNA signals in indicated strains under different growth conditions. The normalized contrast parameters were measured from 100 nucleoids as described in the Section “Materials and Methods.” In this analysis, larger values indicate more heterogeneous distribution of DNA signals with structured features, and are correlated with compact nucleoids. In contrast, smaller values of normalized contrast indicate more homogenous distribution with less structured features, and are correlated with larger values of RNS. (C) Normalized contrast parameters of the distributions of RNAP signals in indicated strains under different growth conditions. The normalized contrast parameters were measured from 100 cells as described in the Section “Materials and Methods.” In this analysis, larger values of normalized contrast indicate more heterogeneous distributions of the RNAP, which in turn are indicative of the presence of transcription foci. In contrast, smaller values indicate that RNAP is more homogeneously distributed and that there is a lack of RNAP foci.



Second, we determined the effects of stresses on the formation of RNAP foci, the organization of extrachromosomal nucleolus-like structure and the nucleoid organization. As described above, cells were stressed when the nutrient downshifted, were starved for amino acid, or were treated with rifampicin. Under those stress conditions, RNAP foci are absent (Figures 2A,B) and the nucleoids become expanded with increased values of RNS (Figure 5A), and the distributions of DNA and RNAP converted to relatively homogeneous states compared to cells prior to the stresses (Figures 5B,C). Because the disappearance of RNAP foci is also associated with the dispersing of the clusters of prrnB in the stressed mutants as described above (Figures 3B,C), we concluded that active transcription at the extrachromosomal nucleolus-like structure is required for the nucleoid compaction.

Compacted Nucleoids and Transcription Factories Released From Lysed Mutant Cells

We also examined isolated nucleoids by co-imaging RNAP and DNA from lysed cells of different strains (Figure 6). The nucleoids released from the Δ6rrn nusB-mCherry /pBR322 cells are expanded with large areas (2D images), and are associated with RNAP and NusB. In contrast, the nucleoids released from the Δ6rrn nusB-mCherry /prrnB and Δ7rrn nusB-mCherry /prrnB cells lysates are compact with much smaller areas, and are associated with RNAP, but not with NusB, suggesting weak interactions between DNA and NusB. In addition, released RNAP foci from those cells lysates are evident as indicated by having strong RNAP-Venus signals but minimal DNA signals, indicating that RNAP foci associated with the extrachromosomal nucleolus-like structure can be physically separated from the nucleoid. The isolated RNAP foci are also colocalized with the foci of NusB, demonstrating that they are isolated transcription factories for rRNA synthesis and ribosome biogenesis.
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FIGURE 6. Released nucleoids and transcription factories for rRNA synthesis and ribosome biogenesis from lysed mutant cells. Cells of indicated strains grown in LB at 37°C were lysed followed by coimaging of NusB, RNAP, DNA in released nucleoids, and transcription factories and cells using wide field epifluorescence microscopy, as described in the Section “Materials and Methods.” Shown are images of NusB, RNAP, and DNA, and overlays of RNAP (green) and NusB (red) and DNA (green) and NusB (red). No intact cells were visualized because they were completely lysed. Note that there are very low NusB signals in the nucleoid of the Δ6rrn nusB-mCherry/prrnB and Δ7rrn nusB-mCherry/prrnB cells, in contrast to that in Δ6rrn nusB-mCherry/pBR322. The cycles indicated putative transcription factories, which have strong colocalized signals of NusB and RNAP but very low DNA signals, and they are present only in cells harboring the prrnB. The scale bar represents 2 μm. Area mean (μm2), maximum and minimum values of the areas of 100 isolated nucleoids from different strains are indicated in the last column of the figure. Smaller areas indicate more compact organizations of the nucleoids.



Hypercondensed Nucleoid in the Mutant Cells Treated With Chloramphenicol

To provide further evidence that transcription activity of the extrachromosomal nucleolus-like organization drives nucleoid compaction, we utilized another phenotype of the two mutants after chloramphenicol treatment, which is known to condense nucleoids (van Helvoort et al., 1996; Zimmerman, 2002). It was reported that due to reduced rRNA synthesis, the nucleoid is less condensed after chloramphenicol treatment in the Δ6rrn mutant cells compared with wild type (Cabrera et al., 2009). We repeated the experiments with the Δ6rrn/pBR322 strain and obtained similar results. We then examined the effect of RNAP foci on the nucleoid compaction in Δ6rrn/prrnB and Δ7rrn/prrnB after chloramphenicol treatment (Figure 7). Our results show that the nucleoids become hyper-condensed after chloramphenicol treatment in the two mutants. This is the same result as wild type but different from Δ6rrn/pBR322. For example, image analyses showed that 20 min after the addition of the antibiotic, the RNS value has decreased more than twofold from 0.56 (prior to the treatment) to 0.27 in Δ6rrn/prrnB cells. In contrast, in the control Δ6rrn/pBR322 cells, the RNS value has reduced only about 1.25-fold from 0.76 (prior to the treatment) to 0.61, 20 min after the treatment, and reduced only about 1.55-fold (0.76 vs. 0.49) 40 min after the addition of chloramphenicol. Similar results were obtained in the Δ7rrn/prrnB cells. We concluded that RNAP foci associated with the extrachromosomal nucleolus-like structure in trans has a long-range effect in compacting the nucleoid.
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FIGURE 7. Active transcription of the extrachromosomal nucleolus promotes hyper-condensation of the nucleoids in cells treated with chloramphenicol mimicking wild type (wt). Shown are SIM images of indicated cells before and after chloramphenicol treatment. For simplicity, only an overlay RNAP (green) and DNA (red) is shown prior to the antibiotic treatment (LB) because Figure 1 includes more detailed sets of images. Images of RNAP and DNA and an overlay RNAP (green) and DNA (red) are shown in cells treated with the antibiotic for 20 min. As a control, wt is included in the experiments. The cell shape is outlined by a dotted line. The scale bar represents 1 μm. The two-color graphics show the distribution profiles of RNAP (green) and DNA (red) in a population of 100 cells 20 min after the antibiotic treatment, as described in the Figure 1 caption. Mean values of relative nucleoid size (RNS) in different cells population (100 cells) before, and at 20 and 40 min after chloramphenicol treatment are also shown. Images and image analyses show that, as in wt, the nucleoids become hyper-condensed in the Δ6rrn/prrnB and Δ7rrn/prrnB cells, in contrast, the nucleoids are still relatively expanded in Δ6rrn/pBR322 after the chloramphenicol treatment.



There is an intriguing observation indicating that the RNAP–DNA interaction is altered in cells treated with chloramphenicol. We found that, similar to wild type, in both mutants treated with chloramphenicol there are apparent “free” or dissociated RNAP in the cytoplasmic spaces (Figure 7). Because RNAP usually binds to DNA strongly, the dissociation of RNAP from the genomic DNA and hyper-condensed nucleoid only reported during osmotic stress (Cagliero and Jin, 2013). It is unlikely that the dissociations of RNAP under these two physiological conditions share common mechanisms, and understanding the molecular mechanism whereby RNAP dissociates from the nucleoid after chloramphenicol treatment is beyond the scope of this study. We speculate that the treatment of chloramphenicol causes significant changes in supercoiling states and/or the organization of the nucleoid, reducing the binding of RNAP released after completing transcription.

Active Transcription at Clusters of rRNA Operon Is Essential for the Formation of RNAP Foci and Nucleoid Compaction in the Mutants

To determine whether active transcription from other strong promoters in multicopy plasmids also lead to RNAP foci formation, we examined the effects of pTac-16S and pT7-rpoC in Δ6rrn cells, and found that they behaved similarly to Δ6rrn/pBR322 cells in the distribution of RNAP and the nucleoid structure (Figure 8). To determine whether active transcription of rrnB from a low copy number plasmid has similar effects as multicopy prrnB, we co-imaged RNAP and DNA in Δ6rrn/pK4-16. The plasmid pK4-16 contains rrnB in the pSC101 vector that has 3–4 copies in a log phase cell (Lutz and Bujard, 1997). The results showed in contrast to Δ6rrn/prrnB, there are only small changes in the distribution of RNAP and the nucleoid structure in Δ6rrn/pK4-16 compared to Δ6rrn/pBR322 (Figure 8). From these results, we concluded that active transcription at clusters of rRNA operon is essential for the compartmentalization of the extrachromosomal nucleolus-like organization and the nucleoid compaction.
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FIGURE 8. Active transcription at clusters of rRNA operon is essential for the compartmentalization of the extrachromosomal nucleolus-like organization and the nucleoid compaction. (A) Shown are SIM images of RNAP, DNA, and an overlay RNAP (green) and DNA (red) in representative single cells harboring different plasmids as indicated during optimal growth (LB, 37°C). Δ6rrn/pBR322 and Δ6rrn/prrnB are included as controls. RNAP is tagged with yellow Venus fluorescent protein (rpoC-venus) and DNA is stained with Hoechst 33342, as described in the Section “Materials and Methods.” Note that the defects in the Δ6rrn strain in the organization of RNAP foci and nucleoid structure cannot be complemented by a low copy plasmid-borne rrnB (pK4-16), nor by others two plasmids carrying strong promoters (pTac-16S and pT7-rpoC). The cell shape is outlined by a dotted line. The scale bar represents 1 μm. The two-color graphics show the distribution profiles of RNAP and nucleoid in a population of 100 cells, as described in the Figure 1 caption. (B–D) Image analyses of the relative nucleoid size, nucleoid organization, and the distribution of RNAP. (B) Mean values of relative nucleoid size (RNS). (C) Normalized contrast parameters of the distributions of DNA. (D) Normalized contrast parameters of the distributions of RNAP signals in indicated strains. The normalized contrast parameters were measured from 100 cells as described in the Section “Materials and Methods” and in the Figure 5 caption.



DISCUSSION

In this report, we determined the structure and function of the extrachromosomal bacterial nucleolus-like organization from plasmid-borne prrnB in the Δ6rrn/prrnB and Δ7rrn/prrnB strains. Our study demonstrates that there are many similarities between RNAP foci at clusters of prrnB and their counterparts at clusters of chromosomal rRNA operons. The results from the rrn deletion strains harboring prrnB have implications for the formation of bacterial nucleolus-like organization from clustering of the rRNA operon in wild-type E. coli cells. This study also suggests that active transcription at transcription factories for rRNA synthesis and ribosome biogenesis is a nucleoid compaction force.

The Transcription Machineries at Chromosomal rrn Clusters and at Extrachromosomal prrnB Clusters Share Striking Similarities

There are many parallels in these two systems. First, they have similar compositions. In the Δ6rrn/prrnB and Δ7rrn/prrnB mutants, RNAP foci co-localize with NusB foci (Figure 4A) and function as transcription factories during optimal growth, just like in wild type. In addition to NusA and NusB, there may be other components (both protein and nucleic acids), because transcription factories are likely to be macro-structures containing multiple components. It is proposed that the organization of such macro-structures is entropy-driven (Marenduzzo et al., 2006). Putative transcription factories, which can be separated from the nucleoid, are evident from lysed cells of the two mutants (Figure 6). Thus, the mutant can be used as a useful system in the isolation and the identification of the components of transcription factories. Second, they have similar responses to environmental cues. The formation/organization of RNAP foci and prrnB clusters are concurrent and colocalized under optimal growth conditions. However, in nutrient-poor minimal medium and stressed conditions, both RNAP and prrnB are dispersed in the nucleoid (Figure 3B). Third, they are fully functional for rRNA synthesis and ribosome biogenesis. Note that in the Δ7rrn/prrnB mutant, prrnB is the only source for those functions to support cell growth; it is lethal for Δ7rrn in the absence of prrnB.

In addition, transcription factories in both wild type and the Δ6rrn/prrnB and Δ7rrn/prrnB mutants are spatially compartmentalized at the edge of the nucleoid; however, they are predominantly located toward the cell poles in the mutants. We do not know why the cell poles are the preferred location for transcription factories in these mutants. Considering that the prrnB clusters (on average 12 copies) are larger than the chromosomal rrn clusters (on average 6 copies), we speculate that there is more cytoplasmic space in the cell poles of these mutants that can accommodate the macro-structure of multiple components and avoid collision with the nucleoids. Larger chemoreceptor and other complexes are located in the cell poles (Maddock and Shapiro, 1993; Lybarger et al., 2005; Laloux and Jacobs-Wagner, 2014; Draper and Liphardt, 2017).

Active Transcription Is Essential for rRNA Operons Clustering

Our results show that the formation and the organization of both RNAP foci and prrnB clusters are sensitive to growth medium and conditions (Figure 3B). RNAP foci and prrnB clusters are evident during optimal growth conditions; however, the distributions of both RNAP and prrnB become random during nutrient downshift and stresses. We conclude from these results that active transcription of rRNA operons is essential for the clustering or assembling of prrnB. In support of this conclusion, it has been reported that active transcription from a constitutive promoter is a driving force in assembling a relatively low copy plasmid (Sanchez-Romero et al., 2012). We further suggest that the same principle also applies to assembling and disassembling of chromosomal rrn clusters in response to growth medium and conditions in wild-type cells. Recently it was reported that colocalization of different chromosomal rRNA operons occurred with and without active transcription using epifluorescence microscopy and in living cells (Gaal et al., 2016). However, it has been demonstrated that live-cell imaging protocols, such as those used by Gaal et al. (2016), induce stress response and cause changes in the organization of the nucleoid (Cabrera and Jin, 2003; Jin et al., 2015). In addition, because E. coli cells are small it is essential to study the colocalization with superresolution microscopy. Thus, it remains to be determined whether different chromosomal rRNA operons are spatially in proximity under different growth conditions.

Active Transcription at the Bacterial Nucleolus-Like Organization Is a Driving Force in Nucleoid Compaction?

In the absence of multicopy prrnB, or in the presence of low copy plasmid-borne rrnB, the nucleoids are uncompacted in the Δ6rrn mutant host cells (Figure 8). However, when prrnB is supplemented in trans, formations of RNAP foci and clusters of prrnB condense the nucleoids in the Δ6rrn/prrnB and Δ7rrn/prrnB mutants during optimal growth conditions, demonstrating that active transcription at the extrachromosomal nucleolus-like organization is essential for nucleoid compaction. The structure of the nucleoid is proposed to be determined by a balance of expansion and compaction forces (Woldringh et al., 1995). Our study suggests that active transcription at extrachromosomal nucleolus-like organization is a nucleoid compaction force; however, how this force drives nucleoid compaction remains to be determined.

Because of the similarities between the organizations of transcription factories at extrachromosomal prrnB clusters and at chromosomal rrn clusters, as detailed above, we argue that the two systems play a similar role in the condensation of the nucleoid in the cell. We speculate that active transcription of transcription factories not only for rRNA synthesis and ribosome biogenesis from clusters of rRNA operons but also for the expression of other growth genes at various locations in the genome through long-range interactions between bacterial nucleolus-like organization and the chromosome (Jin et al., 2017). RNAP is mobile (Bakshi et al., 2012; Endesfelder et al., 2013; Stracy et al., 2015) in transcription factories, and thus able to capture promoters of other growth genes in the genome. Active transcription of transcription factories induces supercoiling. DNA loops and supercoiling (Liu and Wang, 1987; Postow et al., 2004; Booker et al., 2010) could facilitate those long-range interactions, leading to nucleoid compaction. Recently, bacterial condensin has been shown to bind to multiple sites in rDNAs and other regions of the genome (Yano and Niki, 2017), which could provide another means for long-range interaction. In the future, identification and characterization of the components of transcription factories mentioned above will shed light on the mechanism of nucleoid compaction in the cell.

AUTHOR CONTRIBUTIONS

All authors designed the experiments, discussed the results, and contributed to the final manuscript. CM, ZS, and YZ performed the experiments and analyzed the data. CM and DJ wrote the manuscript.

FUNDING

This research was supported by the Intramural Research Program of the NIH, National Cancer Institute, Center for Cancer Research.

ACKNOWLEDGMENTS

The authors acknowledge the support from the NCI, CCR Core Facility (Optical Microscopy and Analysis Laboratory) for the SIM imaging system. They also thank Selwyn Quan and Catherine Squires for the rrn deletion strains, and Cedric Cagliero for discussions.

REFERENCES

Anindyajati, Anindyajati, A. A., Riani, C., and Retnoningrum, D. S. (2016). Plasmid copy number determination by quantitative polymerase chain reaction. Sci. Pharm. 84, 89–101. doi: 10.3797/scipharm.ISP.2015.02

Bakshi, S., Siryaporn, A., Goulian, M., and Weisshaar, J. C. (2012). Superresolution imaging of ribosomes and RNA polymerase in live Escherichia coli cells. Mol. Microbiol. 85, 21–38. doi: 10.1111/j.1365-2958.2012.08081.x

Bolivar, F., Rodriguez, R. L., Betlach, M. C., and Boyer, H. W. (1977). Construction and characterization of new cloning vehicles. I. Ampicillin-resistant derivatives of the plasmid pMB9. Gene 2, 75–93. doi: 10.1016/0378-1119(77)90074-9

Booker, B. M., Deng, S., and Higgins, N. P. (2010). DNA topology of highly transcribed operons in Salmonella enterica serovar Typhimurium. Mol. Microbiol. 78, 1348–1364. doi: 10.1111/j.1365-2958.2010.07394.x

Bubunenko, M., Court, D. L., Al Refaii, A., Saxena, S., Korepanov, A., Friedman, D. I., et al. (2013). Nus transcription elongation factors and RNase III modulate small ribosome subunit biogenesis in Escherichia coli. Mol. Microbiol. 87, 382–393. doi: 10.1111/mmi.12105

Cabrera, J. E., Cagliero, C., Quan, S., Squires, C. L., and Jin, D. J. (2009). Active transcription of rRNA operons condenses the nucleoid in Escherichia coli: examining the effect of transcription on nucleoid structure in the absence of transertion. J. Bacteriol. 191, 4180–4185. doi: 10.1128/JB.01707-08

Cabrera, J. E., and Jin, D. J. (2006). Active transcription of rRNA operons is a driving force for the distribution of RNA polymerase in bacteria: effect of extrachromosomal copies of rrnB on the in vivo localization of RNA polymerase. J. Bacteriol. 188, 4007–4014. doi: 10.1128/JB.01893-05

Cabrera, J. E., and Jin, D. J. (2003). The distribution of RNA polymerase in Escherichia coli is dynamic and sensitive to environmental cues. Mol. Microbiol. 50, 1493–1505. doi: 10.1046/j.1365-2958.2003.03805.x

Cagliero, C., and Jin, D. J. (2013). Dissociation and re-association of RNA polymerase with DNA during osmotic stress response in Escherichia coli. Nucleic Acids Res. 41, 315–326. doi: 10.1093/nar/gks988

Cagliero, C., Zhou, Y. N., and Jin, D. J. (2014). Spatial organization of transcription machinery and its segregation from the replisome in fast-growing bacterial cells. Nucleic Acids Res. 42, 13696–13705. doi: 10.1093/nar/gku1103

Cashel, M., Gentry, D. R., Hernandez, V. J., and Vinella, D. (1996). “The stringent response,” in Escherichia coli and Salmonella: Cellular and Molecular Biology, ed. F. C. Neidhardt (Washington, DC: American Society for Microbiology), 1458–1496.

Condon, C., French, S., Squires, C., and Squires, C. L. (1993). Depletion of functional ribosomal RNA operons in Escherichia coli causes increased expression of the remaining intact copies. EMBO J. 12, 4305–4315.

Condon, C., Liveris, D., Squires, C., Schwartz, I., and Squires, C. L. (1995). rRNA operon multiplicity in Escherichia coli and the physiological implications of rrn inactivation. J. Bacteriol. 177, 4152–4156. doi: 10.1128/jb.177.14.4152-4156.1995

Cook, P. R. (2010). A model for all genomes: the role of transcription factories. J. Mol. Biol. 395, 1–10. doi: 10.1016/j.jmb.2009.10.031

Datsenko, K. A., and Wanner, B. L. (2000). One-step inactivation of chromosomal genes in Escherichia coli K-12 using PCR products. Proc. Natl. Acad. Sci. U.S.A. 97, 6640–6645. doi: 10.1073/pnas.120163297

Davison, J. (1984). Mechanism of control of DNA replication and incompatibility in ColE1-type plasmids–a review. Gene 28, 1–15. doi: 10.1016/0378-1119(84)90082-9

Draper, W., and Liphardt, J. (2017). Origins of chemoreceptor curvature sorting in Escherichia coli. Nat. Commun. 8:14838. doi: 10.1038/ncomms14838

Durfee, T., Hansen, A. M., Zhi, H., Blattner, F. R., and Jin, D. J. (2008). Transcription profiling of the stringent response in Escherichia coli. J. Bacteriol. 190, 1084–1096. doi: 10.1128/JB.01092-07

Endesfelder, U., Finan, K., Holden, S. J., Cook, P. R., Kapanidis, A. N., and Heilemann, M. (2013). Multiscale spatial organization of RNA polymerase in Escherichia coli. Biophys. J. 105, 172–181. doi: 10.1016/j.bpj.2013.05.048

French, S. L., and Miller, O. L. Jr. (1989). Transcription mapping of the Escherichia coli chromosome by electron microscopy. J. Bacteriol. 171, 4207–4216. doi: 10.1128/jb.171.8.4207-4216.1989

Gaal, T., Bratton, B. P., Sanchez-Vazquez, P., Sliwicki, A., Sliwicki, K., Vegel, A., et al. (2016). Colocalization of distant chromosomal loci in space in E. coli: a bacterial nucleolus. Genes Dev. 30, 2272–2285. doi: 10.1101/gad.290312.116

Greenblatt, J., and Li, J. (1981). Interaction of the sigma factor and the nusA gene protein of E. coli with RNA polymerase in the initiation-termination cycle of transcription. Cell 24, 421–428. doi: 10.1016/0092-8674(81)90332-9

Greive, S. J., Lins, A. F., and von Hippel, P. H. (2005). Assembly of an RNA-protein complex. Binding of NusB and NusE (S10) proteins to boxA RNA nucleates the formation of the antitermination complex involved in controlling rRNA transcription in Escherichia coli. J. Biol. Chem. 280, 36397–36408. doi: 10.1074/jbc.M507146200

Jin, D. J., and Cabrera, J. E. (2006). Coupling the distribution of RNA polymerase to global gene regulation and the dynamic structure of the bacterial nucleoid in Escherichia coli. J. Struct. Biol. 156, 284–291. doi: 10.1016/j.jsb.2006.07.005

Jin, D. J., Cagliero, C., Izard, J., Martin, C. M., and Zhou, Y. N. (2016). “The distribution and spatial organization of RNA polymerase in Escherichia coli: growth rate regulation and stress responses,” in Stress and Environmental Regulation of Gene Expression and Adaptation in Bacteria, Vol. 2, ed. F. J. d. Bruijn (Hoboken, NJ: Wiley).

Jin, D. J., Cagliero, C., Martin, C. M., Izard, J., and Zhou, Y. N. (2015). The dynamic nature and territory of transcriptional machinery in the bacterial chromosome. Front. Microbiol. 6:497. doi: 10.3389/fmicb.2015.00497

Jin, D. J., Cagliero, C., and Zhou, Y. N. (2012). Growth rate regulation in Escherichia coli. FEMS Microbiol. Rev. 36, 269–287. doi: 10.1111/j.1574-6976.2011.00279.x

Jin, D. J., Cagliero, C., and Zhou, Y. N. (2013). Role of RNA polymerase and transcription in the organization of the bacterial nucleoid. Chem. Rev. 113, 8662–8682. doi: 10.1021/cr4001429

Jin, D. J., Mata Martin, C., Sun, Z., Cagliero, C., and Zhou, Y. N. (2017). Nucleolus-like compartmentalization of the transcription machinery in fast-growing bacterial cells. Crit. Rev. Biochem. Mol. Biol. 52, 96–106. doi: 10.1080/10409238.2016.1269717

Kashlev, M., Martin, E., Polyakov, A., Severinov, K., Nikiforov, V., and Goldfarb, A. (1993). Histidine-tagged RNA polymerase: dissection of the transcription cycle using immobilized enzyme. Gene 130, 9–14. doi: 10.1016/0378-1119(93)90340-9

Kingston, R. E., Gutell, R. R., Taylor, A. R., and Chamberlin, M. J. (1981). Transcriptional mapping of plasmid pKK3535. Quantitation of the effect of guanosine tetraphosphate on binding to the rrnB promoters and a lambda promoter with sequence homologies in the CII binding region. J. Mol. Biol. 146, 433–449. doi: 10.1016/0022-2836(81)90041-3

Kjeldgaard, N. O., Maaloe, O., and Schaechter, M. (1958). The transition between different physiological states during balanced growth of Salmonella typhimurium. J. Gen. Microbiol. 19, 607–616. doi: 10.1099/00221287-19-3-607

Laloux, G., and Jacobs-Wagner, C. (2014). How do bacteria localize proteins to the cell pole? J. Cell Sci. 127, 11–19. doi: 10.1242/jcs.138628

Lee, C., Kim, J., Shin, S. G., and Hwang, S. (2006). Absolute and relative QPCR quantification of plasmid copy number in Escherichia coli. J. Biotechnol. 123, 273–280. doi: 10.1016/j.jbiotec.2005.11.014

Lewis, P. J., Thaker, S. D., and Errington, J. (2000). Compartmentalization of transcription and translation in Bacillus subtilis. EMBO J. 19, 710–718. doi: 10.1093/emboj/19.4.710

Liu, L. F., and Wang, J. C. (1987). Supercoiling of the DNA template during transcription. Proc. Natl. Acad. Sci. U.S.A. 84, 7024–7027. doi: 10.1073/pnas.84.20.7024

Lutz, R., and Bujard, H. (1997). Independent and tight regulation of transcriptional units in Escherichia coli via the LacR/O, the TetR/O and AraC/I1-I2 regulatory elements. Nucleic Acids Res. 25, 1203–1210. doi: 10.1093/nar/25.6.1203

Lybarger, S. R., Nair, U., Lilly, A. A., Hazelbauer, G. L., and Maddock, J. R. (2005). Clustering requires modified methyl-accepting sites in low-abundance but not high-abundance chemoreceptors of Escherichia coli. Mol. Microbiol. 56, 1078–1086. doi: 10.1111/j.1365-2958.2005.04593.x

Maddock, J. R., and Shapiro, L. (1993). Polar location of the chemoreceptor complex in the Escherichia coli cell. Science 259, 1717–1723. doi: 10.1126/science.8456299

Marenduzzo, D., Micheletti, C., and Cook, P. R. (2006). Entropy-driven genome organization. Biophys. J. 90, 3712-3721. Epub 2006 Feb 3724. doi: 10.1529/biophysj.105.077685

Mata Martin, C., Cagliero, C., Zhe, S., Chen, D., and Jin, D. J. (2018). Imaging of transcription and replication in the bacterial chromosome with multicolor three-dimensional superresolution structure illumination microscopy. Bacterial Chormatin: Methods and Protocols. Springer.

Miller, J. H. (1972). Experiments in Molecular Genetics. Plainview, NY: Cold Spring Harbor Laboratory Press.

Morita, M., and Oka, A. (1979). The structure of a transcriptional unit on colicin E1 plasmid. Eur. J. Biochem. 97, 435–443. doi: 10.1111/j.1432-1033.1979.tb13131.x

Nielsen, H. J., Youngren, B., Hansen, F. G., and Austin, S. (2007). Dynamics of Escherichia coli chromosome segregation during multifork replication. J. Bacteriol. 189, 8660–8666. doi: 10.1128/JB.01212-07

Norris, V., den Blaauwen, T., Cabin-Flaman, A., Doi, R. H., Harshey, R., Janniere, L., et al. (2007). Functional taxonomy of bacterial hyperstructures. Microbiol. Mol. Biol. Rev. 71, 230–253. doi: 10.1128/MMBR.00035-06

Papantonis, A., and Cook, P. R. (2013). Transcription factories: genome organization and gene regulation. Chem. Rev. 113, 8683–8705. doi: 10.1021/cr300513p

Postow, L., Hardy, C. D., Arsuaga, J., and Cozzarelli, N. R. (2004). Topological domain structure of the Escherichia coli chromosome. Genes Dev. 18, 1766–1779. doi: 10.1101/gad.1207504

Quan, S., Skovgaard, O., McLaughlin, R. E., Buurman, E. T., and Squires, C. L. (2015). Markerless Escherichia coli rrn deletion strains for genetic determination of ribosomal binding sites. G3 (Bethesda) 5, 2555–2557. doi: 10.1534/g3.115.022301

Raj, A., and Tyagi, S. (2010). Detection of individual endogenous RNA transcripts in situ using multiple singly labeled probes. Methods Enzymol. 472, 365–386. doi: 10.1016/S0076-6879(10)72004-8

Raj, A., van den Bogaard, P., Rifkin, S. A., van Oudenaarden, A., and Tyagi, S. (2008). Imaging individual mrna molecules using multiple singly labeled probes. Nat. Methods 5, 877–879. doi: 10.1038/nmeth.1253

Sanchez-Romero, M. A., Lee, D. J., Sanchez-Moran, E., and Busby, S. J. (2012). Location and dynamics of an active promoter in Escherichia coli K-12. Biochem. J. 441, 481–485. doi: 10.1042/BJ20111258

Schaechter, M., Maaloe, O., and Kjeldgaard, N. O. (1958). Dependency on medium and temperature of cell size and chemical composition during balanced grown of Salmonella typhimurium. J. Gen. Microbiol. 19, 592–606. doi: 10.1099/00221287-19-3-592

Skinner, S. O., Sepulveda, L. A., Xu, H., and Golding, I. (2013). Measuring mRNA copy number in individual Escherichia coli cells using single-molecule fluorescent in situ hybridization. Nat. Protoc. 8, 1100–1113. doi: 10.1038/nprot.2013.066

Stagno, J. R., Altieri, A. S., Bubunenko, M., Tarasov, S. G., Li, J., Court, D. L., et al. (2011). Structural basis for RNA recognition by NusB and NusE in the initiation of transcription antitermination. Nucleic Acids Res. 39, 7803–7815. doi: 10.1093/nar/gkr418

Stracy, M., Lesterlin, C., Garza de Leon, F., Uphoff, S., Zawadzki, P., and Kapanidis, A. N. (2015). Live-cell superresolution microscopy reveals the organization of RNA polymerase in the bacterial nucleoid. Proc. Natl. Acad. Sci. U.S.A. 112, E4390–E4399. doi: 10.1073/pnas.1507592112

Torres, M., Balada, J. M., Zellars, M., Squires, C., and Squires, C. L. (2004). In vivo effect of NusB and NusG on rRNA transcription antitermination. J. Bacteriol. 186, 1304–1310. doi: 10.1128/JB.186.5.1304-1310.2004

van Helvoort, J. M., Kool, J., and Woldringh, C. L. (1996). Chloramphenicol causes fusion of separated nucleoids in Escherichia coli K-12 cells and filaments. J. Bacteriol. 178, 4289–4293. doi: 10.1128/jb.178.14.4289-4293.1996

Woldringh, C. L., Jensen, P. R., and Westerhoff, H. V. (1995). Structure and partitioning of bacterial DNA: determined by a balance of compaction and expansion forces? FEMS Microbiol. Lett. 131, 235–242. doi: 10.1111/j.1574-6968.1995.tb07782.x

Yano, K., and Niki, H. (2017). Multiple cis-Acting rDNAs contribute to nucleoid separation and recruit the bacterial condensin Smc-ScpAB. Cell Rep. 21, 1347–1360. doi: 10.1016/j.celrep.2017.10.014

Zimmerman, S. B. (2002). Toroidal nucleoids in Escherichia coli exposed to chloramphenicol. J. Struct. Biol. 138, 199–206. doi: 10.1016/S1047-8477(02)00036-9

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Mata Martin, Sun, Zhou and Jin. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-09-01115-t001.jpg
Strains

CC72
SQz5

CC125
CC126
CCa78
SQ171

CC379
CC382
CC383
CC384
CC385
CC386
CCa387
CC389

Plasmids

PtRNAGT7

pKK3535
pBR322
pDJ2485

PMKA201
pK4-16

Relevant Genotype

MG1655 rpoC-Venus

MG1655 A6rm
[(ArrmGADEHB)(ptRNAB7)]

SQZ5 rpoC-Venus
CC125(pKK3535)
CC125(pBR322)

MG1655 A7rm
[(ArrnGADEHBC)(ptRNAG7,
pKK3535)]

SQ171 rpoC-Venus

CC125 nusB-mCherry::Kan
CC126 nusB-mCherry::Kan
CC378 nusB-mCherry::Kan
CCB379 nusB-mCherry::Kan
CC125(pTac-16S)
CC125[pMKA201(pT7-rpoC)]
CC125(pK4-16)

Description

tRNA genes cloned in p15
replicon

rrB operon cloned in pBR322
cloning vector

pTac-16S (16S rBRNA gene
inserted into pKK223-3)

pT7-rpoC in pTZ19R
rrnB operon cloned in pSC101

Source/Reference

Cagliero and Jin, 2013
Cabrera et al., 2009

This work
This work
This work
Quan et al., 2015

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

Source/Reference
Cabrera et al., 2009
Kingston et al., 1981

Bolivar et al., 1977
Cabrera and Jin, 2006

Kashlev et al., 1993
Quan et al., 2015





OPS/images/fmicb-09-01115-g008.jpg
Distribution Profile

g A N\"\ n f\,{\r\
:k A% o
~ T/ \
Q / A\
g9 A N
< | \ \
~ [ Y
Q| L
° N\ A
V. w' "" y ‘Y J
x VAR
Q. \‘\
S
£
Q
RNS c DNA Contrast analysis D RNAP Contrast analysis
MEAN 0.0 o
A6rrn/pBR322 0.79:0.024 & ,,, g
Aé6rrn/pTac-16S 0.78+0.005 'g' ‘g’
A6rrn/pT7-rpoC 0.82£0.013 S °* b
@ —==- @
A6rrn/pK4-16 0.83£0.016 N 502 : N
A6rrn/prrnB 0.56£0.003 £ ? g
= 0.01 = -
3 s = T 2
0.00 i *
v & < © Q
& & & &
& «‘@Q (‘\‘\Q «‘éo é&
S s






OPS/images/fmicb-09-01115-g006.jpg
2






OPS/images/fmicb-09-01115-g007.jpg
+Cm 20 min

LB

—_ O N W -— 00 O

[) = X=-K=] -0 O

F I=R=-K-] -R=-K-]

g FERE RS
NN O O - O

o oo o oo o

£

s . 5B . oo

Z OoON < O N <

14 EEE EEE
(GNSNS] (SRS NS

& \\.\

= S~

S 2

o

c

2 1

-

=2

2 ==

w "~

o

<

Z

14

< B

4

(m]

ol

<B

e

(1’4

o

<

4

(14

m 2zsygdiuiigy

0.56+0.003
0.27+0.004
0.21+0.003

CmO0’
Cm 20’
Cm 40’

0.58+0.016
0.24+0.009
0.2310.004

Cm0’
Cm 20’
Cm 40’

\VKJPJ\

guiid/uiigy

MY

guudiuiiyy





OPS/images/cross.jpg
3,

i





OPS/images/cover.jpg


OPS/images/fmicb-09-01115-g004.jpg





OPS/images/fmicb-09-01115-g005.jpg
A6rrn/pBR322

a6rrn/prrnB

A7rrn/prrnB

RNS

OD 0.2LB 37°C
LB --> M63 5'
+SHX 30"

+Rif 20"

0D 0.2 LB 37°C
LB --> M63 5'
+SHX 30*

+Rif 20"

0D 0.21B 37°C
LB --> M63 5'
+SHX 30"

+Rif 20"

0D 0.21LB 37°C
LB --> M63 5'
+SHX 30*

+Rif 20"

MEAN

0.52+0.009
0.72+0.004
0.79+0.008
0.7610.008
0.7910.024
0.83:0.016
0.8110.006
0.7810.006
0.56+0.003
0.78+0.017
0.77+0.022
0.81+0.009
0.58+0.011
0.8210.004
0.7410.003
0.7410.005

B

0.05

0.04

0.02

Normalized contrast

- ,J,H{ A

DNA Contrast analysis

Cc

Normalized contrast

0.04

i

RNAP Contrast analysis

+ 44 & 4
,5& é{,\v ';{,\t & Q. & Q.
S A I O
S S ST & &S
& g £





OPS/images/logo.jpg
, frontiers
in Microbiology





OPS/images/fmicb-09-01115-g002.jpg
- A ™ ' A A AP .
- s e e T \ - i
e L Lyl
i - ' - 1 o
an l' / ’ l
' ’ 4 A ' :
\ » i - e - &
= - |
-
e \
-5 ;
. ’
? -
) l =
\ -
- -
S -————
-
o
O
<]
a0
-
0
0
-
)
Q
O
<l
)
-






OPS/images/fmicb-09-01115-g003.jpg
~N
~N
™~
@
Q
g
S
©
/]

A6rrn/prrnB

A7rrn/prrnB

tdk standard curve

DNA

IprrnB

HE
-l ™
s‘b
s =
N
Sl
.|
)
-~
-
[
+
c
)
™
>
I
w
+
T
Ein
™
HE
~
>
Q
-~
)
™~
-
' <
+
D
24
20
o
216
©
>
e
O 12

y = -3.1123x + 34.347
R? = 0.9964

1 1 1 1 1

1

- 5 6 7 8

9

log (pBAD24-tdk copy number)

IprrnB

24

20

16

Ct value

cell Distribution Profile

cell Distribution Profile

Distribution Profile

= .
. -
¥
/\
N N
. Y0
/e T, PR

bla standard curve

y =-3.161x + 34.591

R?=0.9939 N
1 1 1 1 1 1
4 5 6 7 8 9

log (pBAD24-tdk copy number)





OPS/images/fmicb-09-01115-g001.jpg
o
-
1

R A

N —

s===

!
L
\

-

N —

2

N - —

-

”
-
-
S~
N
.
e e






