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ABSTRACT

In a fast-growing Escherichia coli cell, most RNA
polymerase (RNAP) is allocated to rRNA synthesis
forming transcription foci at clusters of rrn oper-
ons or bacterial nucleolus, and each of the several
nascent nucleoids contains multiple pairs of replica-
tion forks. The composition of transcription foci has
not been determined. In addition, how the transcrip-
tion machinery is three-dimensionally organized to
promote cell growth in concord with replication ma-
chinery in the nucleoid remains essentially unknown.
Here, we determine the spatial and functional land-
scapes of transcription and replication machineries
in fast-growing E. coli cells using super-resolution-
structured illumination microscopy. Co-images of
RNAP and DNA reveal spatial compartmentation and
duplication of the transcription foci at the surface
of the bacterial chromosome, encompassing multi-
ple nascent nucleoids. Transcription foci cluster with
NusA and NusB, which are the rrn anti-termination
system and are associated with nascent rRNAs. How-
ever, transcription foci tend to separate from SeqA
and SSB foci, which track DNA replication forks
and/or the replisomes, demonstrating that transcrip-
tion machinery and replisome are mostly located in
different chromosomal territories to maintain har-
mony between the two major cellular functions in
fast-growing cells. Our study suggests that bacte-
rial chromosomes are spatially and functionally or-
ganized, analogous to eukaryotes.

INTRODUCTION

Unlike a eukaryotic cell that has defined phases in the cell
cycle (S, G2, M and G1), a rapidly growing bacterial cell
such as Escherichia coli has no distinct stages in the cell
cycle; therefore, all processes, such as transcription, repli-

cation and chromosome segregation, are intimately entan-
gled. E. coli is capable of rapid growth, with a growth rate
as fast as ∼20 min (Lennox Broth (LB) at 37◦C), which
is far shorter than the time needed for the completion of
one round of chromosome (nucleoid) replication and segre-
gation (>74 min) (1). Consequently, maximum expression
of growth-promoting genes and multiple genome replica-
tions are concurrently achieved in a fast-growing cell. We
have only begun to understand how a fast growth rate in-
fluences the distribution of RNA polymerase (RNAP) (2,3);
however, how the transcription machinery is spatially orga-
nized and, particularly, how transcription and replication
machineries maintain harmony in a fast-growing cell, re-
mains unknown.

To maintain a fast growth rate in E. coli, the majority of
RNAP molecules form foci and are believed to engage in
transcription of growth-promoting genes, most of which are
ribosomal RNA operons (rrn) (3,4). There are seven almost
identical rrn operons in the origin of chromosome replica-
tion (oriC) half of the genome, four of which are located
near the oriC. An E. coli cell growing in rich media, such as
LB, contains several nascent nucleoids with multiple repli-
cation forks (5); thus, copies of the rrn operons are favor-
ably amplified and can be present in up to ∼50 copies due
to their locations in the genome (6). Because the number
of RNAP foci or transcription foci (these terms are here-
after used interchangeably) revealed by wide-field fluores-
cent microscopy is significantly smaller than the calculated
number of rrn copies in a fast-growing cell, it is inferred that
transcription foci are located at clusters of rrn or bacterial
nucleolus-like structures (4). Recently, super-resolution mi-
croscopy (such as photoactivated localization microscopy,
or PALM) was used to examine the distribution of RNAP
in fast-growing cells and identified clusters of RNAP, their
sizes ranging from 70 to 800 RNAP molecules, which are
likely to be transcription foci at single or clustered rrn oper-
ons (7). In addition, transcription of rrn is regulated by an
antitermination mechanism during elongation (8–10). Ge-
netically, NusA and NusB factors and the boxA sequence
in the nascent rRNA are critical for the rrn antitermination
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system in E. coli, analogous to the lambda N-mediated an-
titermination system (11–13). NusA is an RNAP-associated
protein during elongation (14). NusB together with ribo-
somal protein S10 binds the boxA RNA (15–17), but it
does not associate with RNAP in vitro. The distributions
of NusA and NusB in Bacillus subtilis have been reported
(18,19); however, whether NusA and NusB are associated
with transcription foci in fast-growing E. coli cells remains
unknown. The role of RNAP and transcription in the orga-
nization of bacterial nucleoid has been established (3,20,21);
however, whether transcription machinery is spatially and
functionally organized in E. coli chromosome has not been
determined.

In a fast-growing E. coli cell, the genome is continuously
replicated, with up to five genome equivalent (6) and multi-
ple pairs of replication forks to ensure passage of at least one
intact bacterial chromosome into each of the two daughter
cells (5). Replication machinery, also called the replisome
(22), which consists of the DNA polymerase III holoen-
zyme (23) and single-stranded DNA-binding (SSB) proteins
(24,25), is located at each replication fork. Another protein,
SeqA (26), polymerizes with the nascent hemimethylated
DNA at or near DNA replication forks (27–31). Genome
conformation capture analysis demonstrates that the E. coli
chromosome is organized by DNA replication (through
SeqA-mediated interactions) and transcription (32); how-
ever, the mechanisms underlying nucleoid organization re-
main to be determined. A longstanding interest in the field
has been to determine how the two major cellular functions,
transcription and replication, maintain harmony to avoid
conflicts between DNA replication and transcription (33),
particularly in fast-growing cells.

In this study, we determined the spatial organization
and composition of prominent transcription foci which
are engaged in active rRNA synthesis, as well as the spa-
tial relationship between transcription and replication ma-
chineries in fast-growing E. coli cells using super-resolution-
structured illumination microscopy (SR-SIM) (hereafter
referred to as SIM) (34,35). This method surpasses the
diffraction limit of conventional wide-field fluorescence mi-
croscopy. Our results from co-imaging of proteins and DNA
by SIM reveal novel features of functional chromosomal
territories in fast-growing bacterial cells.

MATERIALS AND METHODS

Bacterial strains, bacterial growth and techniques

The strains used in the study are derivatives of CC72
(MG1655 with a chromosomal rpoC-venus gene fusion)
(36). The strains containing mCherry fusions to the car-
boxy termini of the NusA, NusB, SeqA and SSB proteins
were generated by standard phage lambda Red-mediated
recombination system (37) using a cassette that contains
the mCherry gene linked to a selectable KanR marker and
flanked by sequences in the interested genes. All constructed
strains were checked by polymerase chain reaction and/or
sequencing. All of the fluorescent proteins are regulated and
expressed from their original chromosomal positions. The
growth rates for all of the strains were similar to that of
the parental strain, MG1655. The bacterial media and tech-
niques were as previously described (38). Cells were grown

in LB (tryptone 10 g/l, yeast extract 5 g/l, NaCl 5 g/l)
overnight at 37oC before being diluted to an optical den-
sity (OD600) of 0.02 in fresh LB and harvested at early log
(or exponential) phase.

Microscopy and image analysis

The microcopy was performed as previously described (20).
Cells were fixed using formaldehyde (3.7% v/v final) be-
fore being mounted on a microscope slide for imaging (4).
An inverted microscope (Zeiss Axio Observer) with a Plan-
Apochromat 63x/1.46 Oil DIC objective and an ELYRA
S.1 SIM module was used for SIM microscopy. Images
with a high signal-to-noise ratio were captured with a high-
resolution EMCCD camera. We performed three grid ro-
tations per image. For each channel, we set the exposure
such that all fluorescence proteins in the cell were imaged
(no more signal was detectable at the end of the acquisi-
tion process). The high-resolution SIM images were recon-
stituted using Zeiss proprietary software (ZEN, black edi-
tion). Prior to image acquisition, the microscope was cali-
brated using fluorescence beads, and the calibration profile
was used to realign each channel after image acquisition to
correct for chromatic aberration. Each condition consists of
three independent biological replicates. The imaged fields
were chosen randomly to better represent the entire popu-
lation of cells.

Images were processed and analyzed using MATLAB.
The heat map images were determined from the log2 of the
normalized intensities of the signals from the two channels
involved. The segmentations of nucleoids, foci of RNAP-
Venus and other proteins (mCherry fusions) in different
channels were performed by applying the Laplacian of
Gaussian edge detection method (39) with optimal parame-
ters. To refine the detection of mCherry fusion and RNAP-
Venus, a watershed segmentation method was used (40) to
separate adjacent foci. Because E. coli cells are rod shaped
(cylinder-like) the placement of a population of cells on mi-
croscope slides will be random and reflecting different rota-
tions of cells on the short axis. Thus, co-localization anal-
yses were based on two-dimensional (2D) images as best
estimates. The foci-clustering frequencies of a particular
protein-mCherry fusion and RNAP-Venus in each cell were
measured using a subcellular co-localization analysis as de-
scribed (41). Specifically, the positions of the weighted cen-
troids of the foci in the two channels were determined and
the distance between each mCherry-weighted centroid and
its closest RNAP-Venus-weighted centroid was recorded in
the 2D image analysis. Two foci were scored as co-localized
if the distance of the two centroids was below the theo-
retical microscope resolution for the mCherry (140 nm).
The co-localization frequency is represented as the frac-
tion of mCherry foci which co-localized with at least one
of the transcription foci (RNAP-Venus) in a cell and the
central tendency of the distribution (average) in a popula-
tion of cells is represented by the median. Co-localization of
mCherry foci and RNAP-Venus foci was also represented as
a cumulative distribution of pairwise distance as described
(42). To generate the random data set, the regions of interest
from different channels were merged. Within the merged re-
gion, the position of each mCherry centroid was randomly
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shuffled and similar analyses were performed. Only the dis-
tances ranging from 0 to 1000 nm were included in the plots
to avoid scaling issue and increase the readability. The cells
illustrated are representatives of the majority of the ob-
served cells. Pictures were processed uniformly and false-
colored with Adobe Photoshop.

RESULTS

Spatial compartmentalization of transcription foci in the nu-
cleoids of fast-growing cells

We wished to know where transcription foci are spatially lo-
cated in the nucleoids of fast-growing cells. To determine the
spatial organization of the transcription machinery in the
bacterial nucleoid, we performed SIM co-imaging of RNAP
and DNA in fast-growing cells (LB, 37◦C, doubling time
20 min). Given its resolution (∼140-nm lateral and ∼300-
nm axial for a typical Venus fluorophore), SIM would be as
effective as PALM in detecting small transcription foci in
fast-growing cells, because analysis of PALM images reveals
that even small clusters (foci) of 70 RNAPs form a sphere
of ∼160 nm in diameter (7), which is larger than the SIM
resolution. The enhanced optical resolution by SIM would
also reveal more details of bacterial chromosome, thus en-
abling the determination of the spatial relationship between
transcription foci and the nucleoids in a fast-growing cell.

Compared to previous reports (4,20,36,43) our SIM im-
ages of RNAP and DNA in a representative fast-growing
cell were superior in quality (Figure 1A), with rich textu-
ral details, largely due to an increased signal-to-noise ra-
tio and improved resolution. As with the RNAP picture,
the DNA images revealed a striking heterogeneity in the
nucleoid structure, containing areas of high and low DNA
density, as well as apparent voids, very similar to what was
recently described in super-resolution microscopy (44) and
unlike the blob morphology typically described in the lit-
erature (45). There were, on average, four apparent nascent
nucleoids per cell, although the degree of entanglement be-
tween nascent nucleoids varies from cell to cell. Transcrip-
tion foci were present in each of the four apparent nascent
nucleoids (overlay of RNAP/DNA). This feature indicates
that the transcription machinery was duplicated along with
newly replicated and segregated chromosomes in the fast-
growing cells. The median number of transcription foci re-
vealed by SIM was eight per cell in the fast-growing cell
populations (Figure 1B), compared with the median num-
ber of four per cell detected by wide-field fluorescence mi-
croscopy under the same growth conditions (3). The extra
transcription foci identified by SIM are likely attributed to
small clusters of 70 RNAPs revealed by PALM (7). Thus, on
average there are about two transcription foci, per nascent
nucleoid in a fast-growing E. coli cell.

An RNAP/DNA overlay indicated that high intensities
signals for RNAP and DNA were located at different lo-
cations in the nucleoids of a fast-growing cell (Figure 1A,
RNAP/DNA overlay). The inverse relationship between
the signal intensities of RNAP and DNA was also clearly
visualized with the normalized log2 (RNAP/DNA) density
plot or heat map, in which the ratios of intensities between
pairs of pixels from the two channels were determined [Fig-
ure 1A, log2 (RNAP/DNA)]. In this heat map, warmer col-

ors (yellow to red) represent the areas being enriched with
RNAP over DNA; conversely, colder colors (yellow to dark
blue) indicate the areas enriched with DNA over RNAP.
There is a clear clustering of pixels indicating regions en-
riched in RNAP over DNA (red color) and vice versa (blue
color). As expected, the transcription foci show an enrich-
ment of RNAP over DNA approaching 10-fold, whereas
the high-density DNA regions show an enrichment of DNA
over RNAP, also close to 10-fold, in the cell. Together, our
results indicate that the RNAP and DNA signals are not ho-
mogenously distributed in the nucleoid, but rather in large,
mutually exclusive organizations and that the transcription
machinery is located in compartments at the periphery of
the nucleoid in a fast-growing cell.

The rrn antitermination system (NusA and NusB) co-
localizes with transcription foci

RNAP forms prominent transcription foci for active rRNA
synthesis in fast-growing E. coli cells (3,4). To determine
the composition of transcription machinery in fast-growing
cells we chose two Nus factors. NusA and NusB are com-
ponents of the rrn antitermination system and are likely to
locate at positions where active rRNA synthesis occurs. We
constructed NusA-mCherry and NusB-mCherry fusions at
the original chromosomal loci in the CC72 strain that has
the chromosomal rpoC-venus fusion and examined their re-
lationship with RNAP. Strains with these fusions have wild-
type growth phenotypes. These constructs enabled us to si-
multaneously image NusA or NusB along with RNAP and
the nucleoid in fast-growing cells.

Figure 2A shows the images of NusA, nucleoid and
RNAP in a typical fast-growing cell. The distribution of
NusA is very similar to that of RNAP:NusA forms foci and
it locates at the nucleoid and its surroundings (DNA/NusA
overlay). The co-localization of NusA-mCherry foci and
transcription (RNAP-Venus) foci is apparent from the
RNAP/NusA overlay. The normalized log2 (RNAP/NusA)
heat map from the signal intensities of RNAP and NusA
also clearly showed a similar distribution pattern between
RNAP and NusA (Figure 2A), as indicated by an over-
all yellow color of the heat map, in contrast to the log2
(RNAP/DNA) heat map described above (Figure 1A).
There were seven NusA foci per cell on average (Figure 2B),
a value that is similar to the RNAP foci in fast-growing
cells (Figure 1). To quantify the co-localization of the NusA
foci with the RNAP foci in fast-growing cells, we performed
foci co-localization analysis in a population of cells (>100
cells) by measuring the distance between their weighted cen-
troids (see the Materials and Methods section). Our mea-
surements showed that on average, 86% of NusA foci are
co-localized with at least one RNAP focus in the cells (Fig-
ure 2C), whereas a random data set showed an average of
0%. Additionally, the cumulative distribution of the dis-
tance between NusA foci and RNAP foci showed an un-
equivocal co-localization of both proteins with 82.3% of
them being within 140 nm of each other (Figure 2D), while
the distribution of the random data set showed essentially
no co-localization (1.9%) between the two proteins.

Similarly, the distribution of NusB mimicked that of
RNAP in a fast-growing cell (Figure 3A). The overlay of
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Figure 1. SIM co-imaging of RNAP and DNA reveals spatial compartmentalization of transcription foci in fast-growing cells. (A) Images of RNAP, DNA
(nucleoid), and an overlay of RNAP and DNA from a representative fast-growing E. coli cell (LB, 37◦C). On the overlay image, the RNAP is false-colored
in green and the nucleoid in red. The scale bar represents 2 �m. The log2 (RNAP/DNA) plot (heat map) is a quantitative representation of the relationship
between RNAP and DNA, which is represented by a color scale bar with values ranging from −3 to 3. Note that regions enriched up to 8-fold in RNAP
over DNA are at the periphery of the nucleoid (red foci) and regions enriched up to 8-fold in DNA over RNAP in the center of the nucleoid (blue regions).
(B) The histogram showing the distribution of apparent RNAP-Venus foci in fast-growing cells. The red line indicates the median number of transcription
foci in the population of cells.

RNAP/NusB revealed an almost complete co-localization
of the NusB-mCherry foci and transcription foci (RNAP-
Venus) in the cell. The normalized log2 (RNAP/NusB) heat
map also exhibited homogenous distribution between the
signals of RNAP and NusB, similar to the relationship be-
tween RNAP and NusA. There were six NusB foci per cell
on average (Figure 3B), a value that is close to that of RNAP
foci and NusA foci. Foci co-localization analysis of a pop-
ulation of cells showed that on average, 100% of NusB foci
are co-localized with at least one RNAP focus under this
optimal growth condition (Figure 3C), and a random data
set showed an average of 0%. Similar to NusA, the cumu-
lative distribution of NusB foci and RNAP foci also exhib-
ited almost perfect co-localization with 87.1% of the foci
of NusB and RNAP being co-localized (Figure 3D). The
random data set showed very poor co-localization (4.6%).
Note that the transcription foci or the co-localized foci of
RNAP/NusA/NusB have different sizes: while most are

large, some are smaller, and few are punctate spots. We pos-
tulate that the apparent heterogeneity of the foci, which are
fortuitously captured in the images, reflects the dynamic na-
ture of transcription machinery in fast-growing cells where
DNA replication is active.

Together, our results show significant foci co-localization
of RNAP with both Nus factors involved in the rrn antiter-
mination system, thus demonstrating that the two Nus fac-
tors are integral components of transcription machinery en-
gaged in active rRNA synthesis in fast-growing cells. Im-
portantly, these foci numbers are far fewer than the ∼ 50
copy numbers of rrn operons per cell calculated from the
growth rate (6), further supporting the notion that these
larger foci of transcription machinery are located at clusters
of rrn operons or nucleolus-like structures (3,4).



13700 Nucleic Acids Research, 2014, Vol. 42, No. 22

Figure 2. NusA involved in rRNA transcription antitermination forms foci and co-localizes with transcription foci in fast-growing cells. (A) Images of
NusA, RNAP, DNA (nucleoid), overlays of NusA (red) and DNA (green), RNAP (green) and NusA (red) and log2 (RNAP/NusA) (heat map) from a typ-
ical fast-growing E. coli cell as described in the legend to Figure 1. Note that NusA foci are at the periphery of the nucleoid and that NusA signals perfectly
co-localize with RNAP signals (overall yellow color on the RNAP/NusA overlay and on the heat map). (B) The histogram depicting the distribution of
apparent NusA-mCherry foci in fast-growing cells. The red line indicates the median number of NusA foci in the population of cells. Note that the median
number of NusA foci is close to that of transcription foci in fast-growing cells. (C) Co-localization frequency between the NusA foci and transcription
foci in fast-growing cells. The red line indicates the median co-localization frequency of NusA foci with transcription foci in the population of cells as
described in the Materials and Methods section. Most (86%) of the NusA-mCherry foci co-localize with at least one of the transcription foci in the cells.
The average co-localization frequency of NusA foci and RNAP foci from a random data set is 0%. (D) Cumulative distribution of the distances between
NusA foci and their closest RNAP foci in the population of cells as described in the Materials and Methods section. () NusA-mCherry RNAP-Venus and
(- - -) NusA-mCherry RNAP-Venus random. The gray rectangle represents the co-localization area (≤140 nm). 82.3% of the NusA foci are within 140 nm
of the closest RNAP foci. Only the distances ranging from 0 to 1000 nm were included in the plot to avoid scaling issue and increase the readability.

Spatial segregation of transcription and replication ma-
chineries in fast-growing cells

Having found spatial compartmentalization of transcrip-
tion machinery in the nucleoid, we wished to determine the
spatial relationship between transcription and replication
machineries in fast-growing cells using SIM. We hypothe-
sized that one effective way to maintain the harmony be-
tween replication and transcription machineries is to have
spatial segregation of these two important cellular func-
tions in a fast-growing cell. To test this hypothesis, we
made two new constructs in the parental strain with the
RNAP-Venus fusion background. One resulting strain con-
tained an additional chromosomal SeqA-mCherry fusion
and the other an SSB-mCherry fusion. SeqA foci or SSB
foci serve as a proxy for replisome localization in the cell.
While SeqA, with potentially several hundred molecules,
binds nascent hemimethylated DNA behind each replica-
tion fork (26,28,31,46), SSB coats the single-stranded DNA
at each replication fork and interacts with the DNA poly-
merase (24,25).

Images from SIM co-imaging of RNAP, SeqA and DNA
in a typical fast-growing cell (LB, 37◦C) are shown in Fig-
ure 4A. The overlay of SeqA and DNA showed two to three
SeqA foci in each of the four nascent nucleoids in the cell,
consistent with previous reports stating that each nascent
nucleoid contains multiple pairs of replication forks in fast-
growing cells in LB (5,47). The RNAP/SeqA overlay also

revealed that the locations of SeqA foci tend to separate
from those of transcription foci. This feature is also mani-
fested in the normalized log2 (RNAP/SeqA) heat map (Fig-
ure 4A), in which RNAP foci (warm color) appear to be
separated from SeqA foci (cold color). Although in this
study we focused on the visualization of the spatial organi-
zation of transcription and replication machineries in fast-
growing cells, the overlay of DNA and SeqA (Figure 4A) re-
vealed that SeqA foci tend to separate from high intensities
of DNA signals, indicating that SeqA foci are also mainly
segregated from the mass of DNA in the nucleoids in the
cell.

Images analysis of a population of fast-growing cells
showed that on average, each cell contains 10 SeqA foci
(Figure 4B). Considering that the SIM has a higher reso-
lution, this value is consistent with the previous reported
numbers of SeqA foci in fast-growing cells by wide-field
fluorescence microscopy (29,48). The co-localization effi-
ciency of SeqA foci with transcription foci in the popula-
tion of cells was determined and found that the clustering
frequency of SeqA and RNAP foci is low, with an aver-
age of 20% (Figure 4C), confirming that foci of SeqA and
RNAP are largely segregated in fast-growing cells. The same
analysis performed on the random data sets showed no co-
localization (0%). Additionally, the cumulative distribution
of the distance between SeqA foci and RNAP foci (Fig-
ure 4D) revealed that despite the low co-localization fre-
quency (21.5%) the spatial relationship between the foci of
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Figure 3. Nascent rRNA-binding protein NusB forms foci and co-localizes with transcription foci in fast-growing cells. (A) Images of NusB, RNAP,
DNA (nucleoid), overlays of NusB (red) and DNA (green), RNAP (green) and NusB (red) and log2 (RNAP/NusB) (heat map) from a representative fast-
growing E. coli cell as described in the legend to Figure 1. Similar to NusA, NusB foci are at the periphery of the nucleoid and that NusB signals perfectly
co-localize with RNAP signals (overall yellow color on the RNAP/NusB overlay and on the heat map). (B) The distribution of apparent NusB-mCherry
foci in fast-growing cells. The red line in the histogram indicates the median number of NusB foci in the population of cells. Note that the median number
of NusB foci is close to that of NusA or transcription foci in fast-growing cells. (C) Co-localization frequency between the NusB foci and transcription
foci in fast-growing cells. The red line indicates the median co-localization frequency of NusB foci with transcription foci in the population of cells as
described in the Materials and Methods section. Almost all of the NusB-mCherry foci co-localize with at least one transcription foci in the cells. The
average co-localization frequency of NusB foci and RNAP foci from a random data set is 0%. (D) Cumulative distribution of the distances between NusB
foci and their closest RNAP foci in the population of cells as described in the Materials and Methods section. () NusB-mCherry RNAP-Venus and (- - -)
NusB-mCherry RNAP-Venus random. The gray rectangle represents the co-localization area (≤140 nm). 87.1% of the NusB foci are within 140 nm of the
closest transcription foci.

two proteins is not random (3% of co-localization). Interest-
ingly, most of the SeqA foci (≥90%) were constrained within
470 nm of the closest transcription foci. To resolve whether
the observed spatial segregation of transcription and repli-
cation machineries is correlated with cell cycle parameters,
we also performed an analysis to determine whether there
is a relationship between the number of SeqA foci per cell
and the co-localization frequency of SeqA and RNAP foci,
but found no such relationship (r = 0.02).

SSB behaved similarly as SeqA in a typical fast-growing
cell (Figure 5A). The spatial segregation of RNAP foci and
SSB foci was manifested in the overlay of RNAP and SSB
and the quantitative log2 (RNAP/SeqA) heat map. SSB foci
also appeared to be located mainly at nucleoid regions con-
taining low intensities of DNA signals (DNA/SSB overlay).
Also similar to the distribution of SeqA foci in a popu-
lation of fast-growing cells, on average there were 11 SSB
foci per cell, a value that corresponds to two or three SSB
foci in each of the four nascent nucleoids in a cell (Fig-
ure 5B). In addition, on average only 16% of SSB foci are
co-localized with RNAP foci in the population of cells (Fig-
ure 5C), which is above the random (0%). Similar to SeqA,
the cumulative distribution of distance between foci of SSB
and RNAP (Figure 5D) showed a poor non-random co-
localization with only 22.3% being co-localized (4.3% for
random). Note also that the vast majority (≥90%) of SSB
foci are constrained within 670 nm of the closest RNAP

foci. Additionally, no relationship between the number of
SSB foci per cell and the co-localization frequency of SSB
and RNAP foci was found (r = 0.04). Thus, SSB foci and
transcription foci are also mostly spatially segregated in
fast-growing cells. Together, our results show that in con-
trast to the NusA/B foci that are co-localized with RNAP
foci, there is an apparent spatial segregation of transcription
and replication machineries in fast-growing cells.

DISCUSSION

In this work, we used SIM to focus on the spatial organi-
zation of transcription machinery, the composition of tran-
scription machinery and its relationship with the replisome
in a fast-growing E. coli cell. There are mainly three findings
from this study: (i) NusA and NusB are integral compo-
nents of transcription machinery engaged in active rRNA
synthesis; (ii) transcription machinery is spatially organized
into functional compartments, indication of an important
functional landscape in bacterial chromosome for maxi-
mal rRNA synthesis; and (iii) transcription and replication
machineries are spatially segregated, indicating an impor-
tant mechanism whereby the two cellular functions main-
tain harmony and avoid conflicts. Our study indicates that
super-resolution co-imaging of DNA and components of
cellular functions is an effective technique to determine spa-
tial and functional organization of bacterial chromosome.
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Figure 4. Spatial segregation of transcription foci and replication forks tracked by SeqA in fast-growing cells. (A) Images of SeqA, RNAP, DNA (nucleoid),
overlays of SeqA (red) and DNA (green), RNAP (green) and SeqA (red) and log2 (RNAP/SeqA) (heat map) from a representative fast-growing E. coli
cell as described in the legend to Figure 1. SeqA foci are largely located at different positions from transcription foci (red and green colors on the overlay
of SeqA and RNAP and red and blue color on the heat map). Note also that SeqA foci appear mainly to be separated from high intensities of DNA
signals in the nucleoids (red and green colors on the overlay of SeqA and DNA). (B) The distribution of apparent SeqA-mCherry foci in a population of
fast-growing cells. The red line in the histogram indicates the median number of SeqA foci in those cells. (C) Co-localization frequency between the SeqA
foci and transcription foci in fast-growing cells. The red line indicates the median co-localization frequency of SeqA foci with transcription foci in the
population of cells as described in the Materials and Methods section. Majority of SeqA foci are separated from transcription foci in the fast-growing cells.
The average co-localization frequency of SeqA foci and RNAP foci from a random data set is 0%. (D) Cumulative distribution of the distances between
SeqA foci and their closest RNAP foci in the population of cells as described in the Materials and Methods section. () SeqA-mCherry RNAP-Venus and
(- - -) SeqA-mCherry RNAP-Venus random. The gray rectangle represents the co-localization area (≤140 nm). Only 21.5% of the SeqA foci are within 140
nm of the closest transcription foci.

Composition and spatial organization of transcription ma-
chinery in fast-growing cells

Although it has been known that NusA and NusB are
important for the rrn antitermination function in E. coli
genetically and biochemically, it remained undetermined
whether the two Nus factors are associated with transcrip-
tion foci in fast-growing E. coli cells, in which rRNA synthe-
sis is most active. Our study provides the first cell biology-
based evidence that the two Nus factors are integral com-
ponents of the transcription machinery because their foci
co-localize with RNAP foci with a frequency of 86–100% in
fast-growing cells. Our results indicate that NusB binds to
nascent pre-rRNAs cotranscriptionally and intimately as-
sociates with transcription foci in fast-growing cells. Our
results thus support the notion that transcription machin-
ery forms foci for rRNA synthesis at clusters of rrn operons
or bacterial nucleolus, thus functioning as specialized tran-
scription machinery in fast-growing cells. Identification of
other components or factors in the transcription machinery
of fast-growing cells is warranted for future studies. Under
the optimal growth condition, there are up to four nascent
nucleoids per cell, and each nascent nucleoid has, on av-
erage, about two foci of the transcription machinery, indi-
cating that transcription machinery is duplicated and dis-
tributed during DNA replication and segregation.

During replication of rrn operons, it is conceivable that
transcription foci are somehow disassembled allowing repli-
cation forks to pass through the region and followed by re-
assembly of transcription machinery at rrn clusters. This
proposition is suggested by the apparent heterogeneity of
the foci of RNAP/NusA/NusB and by the poor but above
random co-localization of transcription and replication ma-
chineries. Although formation of transcription foci does
not happen concomitantly with cell division, newly divided
daughter cells will ‘inherit’ the functional machinery with-
out the need for de novo synthesis and/or assembly. Because
transcription foci at nucleoid-like structures are critical for
growth rate regulation in E. coli (2), this feature can explain,
in part, why newly divided daughter cells maintain the same
fast growth rate as the parental cells.

Co-imaging of RNAP with DNA using SIM enables us to
visualize the spatial relationship between transcription ma-
chinery and bacterial chromosome. Our results show that
transcription foci are located at the nucleoid surface where
DNA density is low, possibly in DNA loops containing clus-
ters of rrn operons or bacterial nucleolus. This spatial orga-
nization of the transcription machinery has logistical ad-
vantages, such as enhancing the coupling of rrn transcrip-
tion and ribosomal assembly, and possibly channeling nu-
cleoside triphosphates (NTPs) effectively in the regions. It
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Figure 5. Spatial segregation of transcription foci and replisomes tracked by SSB. (A) Images of SSB, RNAP, DNA (nucleoid), overlays of SSB (red) and
DNA (green), RNAP (green) and SSB (red) and log2 (RNAP/SSB) (heat map) from a typical fast-growing E. coli cell as described in the legend to Figure 1.
SSB foci tend to separate from transcription foci (red and green colors on the overlay of SSB and RNAP and red and blue color on the heat map). Note
also that SSB foci seem largely to be separated from high intensities of DNA signals in the nucleoids (red and green colors on the overlay of SSB and
DNA). (B) The distribution of apparent SSB-mCherry foci in fast-growing cells. The red line in the histogram indicates the median number of SSB foci in
the population of cells. Note that the median number of SSB foci is close to that of SeqA foci in fast-growing cells. (C) Co-localization frequency between
the SSB foci and transcription foci in fast-growing cells. The red line indicates the median co-localization frequency of SSB foci with transcription foci in
the population of cells as described in the Materials and Methods section. Most of the SSB foci are segregated from transcription foci in fast-growing cells.
The average co-localization frequency of SSB foci and RNAP foci from a random data set is 0%. (D) Cumulative distribution of the distances between
SSB foci and their closest RNAP foci in the population of cells as described in the Materials and Methods section. () SSB-mCherry RNAP-Venus and (- -
-) SSB-mCherry RNAP-Venus random. The gray rectangle represents the co-localization area (≤140 nm). Only 22.3% of the SSB foci are within 140 nm
of the closest RNAP foci.

would be interesting to determine experimentally whether
different rrn operons located at different parts of genome
are clustered with the transcription machinery, and other
hyperstructures (49), such as nucleotide biosynthesis ma-
chinery, are also located near the transcription machinery
in fast-growing cells. In addition, because highly expressed
genes are in a highly interactive environment and present
in large clusters (32), transcription foci are likely to be net-
working hubs for the transcription of growth-promoting
genes, most of which are rrn operons, in fast-growing cells
(3). The spatial compartmentation of transcription foci also
suggests that these foci could be used as RNAP pools to
effectively interact with DNA loops containing non-rrn
growth-promoting genes located a distance away by hop-
ping three-dimensionally (50), rather than by traveling lin-
early or laterally. Such an organization would reduce the
transcription traffic jam and allow for maximum use of lim-
ited RNAP in the cell (2). It would be interesting to identify
other non-rrn genes and RNAs in these potential transcrip-
tion hubs.

Segregated functional chromosomal territories for transcrip-
tion and replication machineries in fast-growing cells

We also studied the spatial relationship between transcrip-
tion and replication machineries in fast-growing cells by co-
imaging RNAP with SSB, which is an integral component
of replisomes, or SeqA, which tracks replication forks. Our
results show that SeqA and SSB behave similarly; there are
multiple SSB or SeqA foci in each of the nascent nucleoids,
reflecting the presence of multiple pairs of replication forks
in a fast-growing cell. Remarkably, transcription and repli-
cation machineries are largely spatially segregated, possi-
bly into functional chromosomal territories; thus, our study
reveals an important mechanism for maintaining harmony
between transcription and replication in fast-growing cells.
Our finding could explain the reported observations based
on Chip-chip analysis of cells grown in LB that genome-
wide regions with strong RNAP binding signals such as
the rRNA operons are not bound by SeqA (51). The spa-
tial segregation of the two machineries is not absolute be-
cause SeqA or SSB foci partially (∼16–22%) associate with
RNAP foci in fast-growing cells. This partial co-localization
between transcription and replication machineries could be
attributed to the 2D measurements of 3D cells. In addition,
transcription machinery and replisomes are dynamic; lo-
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cally the two machineries will likely intercept and resolve at
some point of the cell cycle. While foci of SeqA and SSB are
maintained after inhibition of transcription and other cellu-
lar perturbations (24,48), transcription foci disappear under
those conditions because they are extremely sensitive to en-
vironmental cues which affect growth rate and/or physiol-
ogy (3,4,21,36). Thus, development of fast super-resolution
time-lapse live-cell imaging techniques will be necessary to
address the dynamic interaction and segregation of the two
active cellular functions in fast-growing cells.

Although it was not the focus of this study, co-imaging of
SeqA (or SSB) and DNA revealed that replication machin-
ery appears to be mainly located at regions of nascent nu-
cleoids containing low intensities of DNA in a fast-growing
cell, suggesting that replisomes also locate at the surface of
the nucleoids. We speculate that replisomes are also spa-
tially organized into compartmentation in bacterial nu-
cleoid, similarly to transcription machinery but located in
different locations. Because both replication and transcrip-
tion machineries are likely associated with DNA loops at
the nucleoid peripheries, it follows that their spatial segre-
gation is constrained by the perimeter of a single nascent
nucleoid. A fast growing E. coli cell on average is ∼5 �m
in length and has 4 nascent nucleoids with their cumulative
length being ∼50% of the cell length (20); thus, the size of
each nascent nucleoid is estimated to be ∼500–650 nm, a
value very close to the distance constraints we observed be-
tween the transcription and replication machineries in the
cumulative distribution plots. Further research is needed to
study spatial and functional organization of replication ma-
chinery during the cell cycle in fast-growing E. coli cells,
in which cell cycle parameters are much more complicated
(1) than in slow-growing cells (doubling time >100 min)
(24,52,53).

In summary, our study shows the first SIM images re-
vealing that transcription machinery is spatially organized
into functional compartments and that transcription and
replication machineries are largely spatially segregated in
the nucleoids of fast-growing E. coli cells. These features
are biologically significant. Like eukaryotes, in which func-
tional chromosomal territories are important for chromo-
some biology (54–56), our study demonstrates that spatial
and functional compartmentation and segregation are also
conserved in bacterial chromosome biology. Thus, E. coli
will be an attractive model system to study chromosome bi-
ology in cells during growth and stress responses.
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