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The spatial organization of DNA within the bacterial nucleoid remains unclear. To investigate chromosome orga-
nization in Escherichia coli, we examined the relative positions of the ribosomal RNA (rRNA) operons in space. The
seven rRNA operons are nearly identical and separated from each other by as much as 180° on the circular genetic
map, a distance of ≥2 million base pairs. By inserting binding sites for fluorescent proteins adjacent to the rRNA
operons and then examining their positions pairwise in live cells by epifluorescence microscopy, we found that all
but rrnC are in close proximity. Colocalization of the rRNA operons required the rrn P1 promoter region but not the
rrn P2 promoter or the rRNA structural genes and occurred with and without active transcription. Non-rRNA op-
eron pairs did not colocalize, and the magnitude of their physical separation generally correlated with that of their
genetic separation. Our results show that E. coli bacterial chromosome folding in three dimensions is not dictated
entirely by genetic position but rather includes functionally related, genetically distant loci that come into close
proximity, with rRNA operons forming a structure reminiscent of the eukaryotic nucleolus.
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The Escherichia coli chromosome is a single ∼4.6-mil-
lion-base-pair (bp) circular DNA molecule with a contour
length of ∼1.5 mm, ∼1000-fold longer than the bacterial
cell. One operon of ∼5 kb (the length of a ribosomal
RNA [rRNA] operon) in theory could stretch the entire
length of the bacterial cell if it were present as B-form
DNAwithout compaction. How the chromosome is com-
pacted and folded to form the bacterial nucleoid has been
the subject of intense investigation in recent years, in part
because it has implications for genome integrity, cell divi-
sion, gene expression, and antibiotic resistance.

Unlike the eukaryotic nucleus, the bacterial nucleoid is
not physically separated from the cytoplasm by a mem-
brane. However, like the eukaryotic chromosome, the
bacterial chromosome appears to be highly organized,
changes with the cell cycle, and responds to nutritional
conditions (Thanbichler and Shapiro 2006; Dorman
2013; Jin et al. 2013; Dame and Tark-Dame 2016). This
has led to characterizations of the nucleoid as a complex
and evolving but coherent object whose intrinsicmechan-
ical features govern its structure (Fisher et al. 2013).

In one model, the E. coli chromosome is described as a
condensed body consisting of a compressed linear array
with oriC at the center and the two ends of the array

connected by an elongated ter region (Wang et al. 2006;
Wiggins et al. 2010). In a second model, the left and right
arms of the chromosome are folded together with oriC at
one end and ter at the other end of the filament (Youngren
et al. 2014). In a thirdmodel, the chromosome is organized
into four macrodomains and two nonstructured regions
with a locus able to interact only with another locus in
the same macrodomain or with a locus in the nonstruc-
tured regions, resulting in genetic and spatial separation
betweendifferentpartsof thechromosome (Espéli andBoc-
card 2006; Espeli et al. 2008). Themodels are notmutually
exclusive, and certain models could be more applicable to
certain times, growth conditions, or bacterial species.

How specific DNA loci are arranged within these broad
general outlines remains to be determined. The positions
of individual loci in space are dynamic (Espeli et al. 2008),
but systematic, genome-wide cytological analyses of both
the E. coli andCaulobacter crescentus chromosomes con-
cluded that the linear order of genes in space recapitulates
the genetic map (Viollier et al. 2004; for review, see Wang
and Rudner 2014). The linear array has been pictured as a
“bottlebrush” in which interwound loops extrude from a
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central nucleoid scaffold (Le et al. 2013; Wang and Rudner
2014). The termacrodomain is organized by theMatP and
YfbV proteins (Thiel et al. 2012), but the identities of the
short- and long-range interactions that might organize
other parts of the chromosome remain unclear. DNA-
binding proteins such as SeqA, SlmA, MukB, and H-NS
have been proposed to be important for nucleoid organiza-
tion by contributing to the interactions between different
loci (Wang and Rudner 2014; Dame Tark-Dame 2016).
Our interest in E. coli chromosome structure emerged

from our long-term focus on the mechanisms responsible
for ribosome synthesis and its control (Paul et al. 2004).
rRNA synthesis rates are coordinated with the cell’s
translational capacity following nutritional shifts such
as amino acid starvation. The primary signal molecules
responsible for adjusting ribosome synthesis rates to
changing nutritional conditions are ppGpp, an “alar-
mone” whose synthesis is induced by uncharged transfer
RNAs (tRNAs) in the ribosomal A site (Paul et al. 2004;
Potrykus and Cashel 2008; Ross et al. 2016), and the con-
centration of the initial NTP responsible for forming the
rRNA transcript (Murray et al. 2003).
When cells grow rapidly in richmedium, themajority of

the cell’s RNA polymerase (RNAP) is engaged in tran-
scribing rRNA in order to produce the large number of
ribosomes needed to meet the cell’s translational require-
ments. Conversely, when cells grow slowly, there ismuch
less rRNA transcription in order to shift the cell’s utiliza-
tion of nutritional resources to other priorities (Paul et al.
2004). The combined effects on rRNA promoters of
various regulators—including ppGpp, NTPs, Fis (a nucle-
oid-associated protein that activates rrn P1 promoters),
and other factors—account for the correlation between
growth rate and ribosome synthesis rates, and these fac-
tors can compensate for each other in mutants lacking in-
dividual regulators (Paul et al. 2004).
A complete understanding of the control of ribosome

synthesis depends on identification of not only the cis-act-
ing sites and the trans-acting factors responsible for regu-
lation but also the cellular locations of these events in
space and time. In theory, changes in the spatial locations
or organization of the rRNA operons could accompany or
even contribute to the changes in rRNA synthesis rates
that result from changes in nutritional and environmental
conditions.
In eukaryotes, the nucleolus is the site for rRNA syn-

thesis and assembly of the translation machinery. It can
bemade from hundreds or thousands of rRNA genes often
arrayed in tandem but sometimes from arrays onmultiple
chromosomes that colocalize (Pederson 2011; McStay
2016). It is a complex network of macromolecules that
can make up as much as 25% of the volume of the nucle-
us. The nucleolus is thought to have evolved tomaximize
the efficiency of ribosome synthesis and ribosome matu-
ration by forming at a specific location in the chromo-
some, the NOR (nucleoid-organizing region). The NOR
and the nucleolus remain active subjects of investigation
in eukaryotic cell biology (McStay 2016).
Several reports in recent years have speculated that

there might be nucleolus-like structures in bacteria (e.g.,

Lewis et al. 2000; Cabrera and Jin 2003; Endesfelder
et al. 2013; Jin et al. 2013). Fluorescence-labeled “tran-
scription foci” were observed in fast-growing strains
encoding fusions of GFP to RNAP, correlating with the
high numbers of RNAP molecules expected to be en-
gaged in transcribing rRNA under these conditions.
Consistent with the idea that at least some of these fluo-
rescent foci represented rRNA operons, their intensities
declined in starved or slowly growing cells. Superresolu-
tion imaging showed that RNAPs formed clusters that
occupied specific regions of the nucleoid under the
conditions examined; i.e., at fast growth rates when there
are large numbers of RNAPs actively transcribing rRNA
operons (Bratton et al. 2011; Bakshi et al. 2013; Endes-
felder et al. 2013; Stracy et al. 2015). However, such stud-
ies directly addressed only the locations of RNAP and
not the positions of the different rRNA operons. Since
detection depended on the presence of high numbers of
RNAPs, no information was obtained about the positions
of the rDNA at low growth rates when rRNA transcrip-
tion was low.
In contrast to previous studies, we took a direct ap-

proach to address whether rRNA operons are in close
proximity in space. Using recombineering and counterse-
lection approaches, we inserted sites for different fluores-
cent DNA-binding proteins adjacent to the different
rRNA operons as well as many other genetic loci. We
then compared the relative positions of rRNA operons
and other genes pairwise in live cells.
We show here that most of the rRNA operons are in

close proximity in space. The physical separation between
six of the seven rRNA operons (all except rrnC) is in the
range of ∼80 to ∼130 nm independent of the genetic dis-
tance between them (in kilobases). Our data suggest that
E. coli rRNA operons form a structure reminiscent of a eu-
karyotic nucleolus. The promoter region is necessary
and sufficient for this “colocalization” of rRNA operons,
but, surprisingly, the formation and persistence of the nu-
cleolus-like structure do not depend on formation of an
open transcription initiation complex (RPO) or active
transcription. We speculate that this structure facilitates
ribosome assembly, as has been proposed in eukaryotes,
and that it also contributes to folding of the bacterial
chromosome.

Results

Relative positions of rRNA operons in space in living cells

There are seven nearly identical rRNA operons in E. coli,
dispersed in the origin of replication-proximal half of the
chromosome (rrnA, rrnB, rrnC, rrnD, rrnE, rrnG, and
rrnH; for historical reasons, there is no rrnF). Each operon
contains a 16S, 23S, and at least one 5S rRNA gene as well
as one, two, or three tRNA genes (Keener and Nomura
1996). The positions of the seven rRNA operons are dis-
played schematically on the genetic map in Figure
1A. These and other loci examined here are superimposed
on the proposed locations of the E. colimacrodomains (see
above) in Supplemental Figure S1.
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In order to examine the relative positions of the rRNA
operons in space, we adapted a previously described sys-
tem using two different ParB homologs, each of
which binds to a different DNA sequence (parS site)
inserted next to an rRNA operon (Nielsen et al. 2006).
The ParB protein that binds to one of these sites was
fused to cyan fluorescent protein (CFP), and the ParB
that binds to the other parS site was fused to yellow fluo-
rescent protein (YFP). The ParB derivatives do not recog-
nize the host par sites used for bacterial chromosome
partitioning, and the ParB mutants that were used did
not retain their partitioning functions. The ParB-CFP
and ParB-YFP proteins were expressed from the same plas-
mid, and their emission patterns were examined by epi-
fluorescence microscopy. In order to measure the spatial
separation between rRNA operons, we merged the digital
images of the operons examined pairwise at the appropri-

ate wavelengths for CFP and YFP (see the Materials and
Methods).

Each rRNA operon was examined pairwise in EZ-rich
defined glucose medium (doubling time 40 min at 30°C)
with at least three other rRNA operons (Fig. 1B; Table
1), allowing calculation of their relative positions. Fluores-
cence images (without any image processing) of a repre-
sentative field of cells containing both rrnD-CFP and
rrnG-YFP are shown in Figure 1C.A phase contrast image
of the same field is shown in Figure 1D (left), and the su-
perimposed fluorescence and phase contrast images are
shown in Figure 1D (right). Figure 1E shows a representa-
tive cell from this rrnD-CFP, rrnG-YFP population.
Unprocessed CFP, YFP, and merged images are shown
in the top row of Figure 1E. The calculated centers of
fluorescence of the observed foci are shown at the inter-
section of the white cross-hairs (centroids) (see the

Figure 1. rRNA operons are in close proximity in
space. (A) Locations of rRNAoperons on theE. coli ge-
neticmap. (B) The rRNAoperon pairs examined. Each
operonwas examined pairwisewith at least three oth-
er rRNAoperons. See Table 1 for a complete set of the
rRNA and non-rRNA loci examined. (C ) Field of fluo-
rescent cells (RLG11975) containing ParB-CFP (cyan
fluorescent protein) bound adjacent to rrnD (left)
and ParB-YFP (yellow fluorescent protein) adjacent
to rrnG (right). Cells were grown in EZ-rich defined
medium at 30°C and analyzed in mid-log phase. (D,
left) The same field examined by phase contrast.
(Right) The same field with fluorescent images super-
imposed on the phase contrast image. (E, top row)
Representative cell from the population shown in C
and D containing unprocessed images of an rrnD-
CFP, rrnG-YFP pair. For illustration only, the inter-
section of the white lines indicates the position of
the centroid. Centroids were determined as described
in theMaterials andMethods. (Bottom row) Same cell
as above, but images were smoothed to illustrate the
position of the centroid. (F ) Distribution of the mea-
sured distances between CFP and YFP foci: rrnD,
rrnG (RLG11975). (Throughout thiswork, theCFP fu-
sion is listed first, and the YFP fusion is listed second.)
The data are grouped in 50-nm bins for purposes of il-
lustration. The red line represents the position of the
median. In some graphs, the median appears to be off-
set because of binning, but this does not influence its
numerical value. The genetic distance (separation be-
tween operons in kilobases), physical distance (sepa-
ration between the measured CFP and YFP
centroids in nanometers), and the number of cells
measured (n) are indicated. Distributions for all of
the rRNA operon pairs that are not shown in Figure
1 (except those containing rrnC) are in
Supplemental Figure S2. Pairs containing rrnC are
in Figure 2 and Supplemental Figure S5. (G) Distribu-
tion of the measured distances between the CFP and
YFP foci: rrnE, rrnB (RLG10650). (H) Distribution of
the measured distances between the CFP and YFP

foci: rrnH, rrnD (RLG10668). (I ) Distribution of the measured distances between the CFP and YFP foci: rrnG, rrnH (RLG11977). (J)
rrnD, rrnB (RLG11507). (Left) Cells were grown in MOPS minimal medium with glucose (doubling time 63 min; one chromosome per
cell). (Middle) Cells grown in EZ-rich glucose definedmedium (40min; one or two chromosomes per cell). (Right) Cells grown in LB com-
plex medium (33 min; as many as four chromosomes per cell).
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Materials andMethods). For illustration, the centroids are
also pictured as smoothed dots on the images in the bot-
tom row of Figure 1E. Figure 1F shows the distances be-
tween the rrnD-CFP and rrnG-YFP operons as a
distribution ofmeasurements of pairs from802 cells based
on the distances between the calculated centroids of the
two foci (see the Materials and Methods). Distributions
of measured distances between three other representative
rRNA operon pairs are shown in Figure 1, G–I. Additional
examples of measured rRNA operon pairs are in
Supplemental Figure S2.
The median distances between the complete set of

rRNA operons (in nanometers) is shown in Table 1 along
with the genetic distances between the rRNA loci (in ki-
lobases), the number of cells examined (n), and the inner
and outer quartiles of the observed distributions. The ge-
netic distances between rRNA operon pairs ranged from
42 kb (rrnB, rrnE) to 2134 kb (rrnG, rrnH), a separation
of ∼180° on the circular representation of the E. coli chro-
mosome (Fig. 1A). This genetic separation is similar in ki-
lobases to that between the origin and terminus of
replication (oriC, ter; 2320 kb). Notably, the physical sep-
aration between the rRNA operons that were closest to-
gether (rrnB, rrnE) (Fig. 1G) and farthest apart (rrnG,
rrnH) (Fig. 1I) were virtually identical (128 nm and 127
nm, respectively). In fact, six of the seven rRNA operons
(i.e., all except rrnC, which is discussed below) were locat-
ed very close to each other in space (63–132 nm) in spite of
their widely dispersed locations on the genetic map. In
contrast, non-rRNA locus pairs were much further apart
in space (see below).
Because it has been reported that ParB proteins bind at

the parS site and spread out from the nucleation site, we
tested whether ParB affected expression of an rrnB P1 pro-
moter-lacZ fusionwhose transcription start sitewas 80 bp
downstream from a parS site. As shown in Supplemental
Table S2 and its legend, binding of ParB does not spread
to the promoter region or this is insufficient to interfere
with transcription. We conclude that ParB binding is un-
likely to be perturbing the system. We also measured
the effect of ParB on antibiotic resistance of a nearby kana-
mycin or tetracycline resistance cassette. Again, at stan-
dard antibiotic concentrations, little or no effect of ParB
binding was detected on antibiotic resistance (data not
shown).

DNA movement could account for part of the apparent
distance separating rRNA operons

The bacterial chromosome is dynamic (Espeli et al.
2008). Therefore, we asked whether movement of two
foci during the time required to measure their relative po-
sitions could account for the ∼100-nm separation be-
tween the rRNA operons. The time needed to switch
filters and collect two images of the same cell was ≤1
sec (see the Materials and Methods). Tracking of single
loci with time indicated that the median distance
traveled by the YFP focus formed at rrnE was 84 nm/
sec ± 24 nm/sec and that the median distance traveled
by the CFP focus at rrnD was 69 nm/sec ± 14 nm/sec

(Supplemental Fig. S3). In both cases, movement ap-
peared to be random.
The distance traveled per second places a boundary on

the precision with which we can conclude that two foci
are in the same place at the same time. Because this dis-
tance is almost as great as the measured distances sepa-
rating six of the seven rRNA operons, two foci that
appear to be separated by ∼100 nm could, in theory, oc-
cupy the same space at the same time, but their posi-
tions might have changed during the time required to
record the images. Thus, the apparent separation be-
tween the rRNA operons could represent the actual sep-
aration in space between rRNA loci, or the loci could
fully overlap in space. However, two loci could also
move further apart during the time required for creating
the images.
Our methods allow us to measure the relative positions

of centroid pairs to a precision of∼100 nm; i.e.,∼5%of the
long axis and ∼10% of the short axis of an average cell. In
any case, the genetically distant rRNA operon focus pairs
are much closer together than their genetic locations
would predict. However, our use of the term “colocaliza-
tion” is not meant to imply that the two foci necessarily
interact physically. Colocalization could result from
physical interaction of the operons or independent posi-
tioning of the rRNA loci at the same location.

The number of chromosomes does not influence the
apparent distance between rRNA operons on the same
chromosome

E. coli chromosome replication takes ∼40 min, but
cell division times in rich medium can be substantially
shorter than this. To ensure segregation of a complete
chromosome to each daughter cell, new rounds of replica-
tion are initiated before the previous round finishes.
Therefore, depending on the nutritional conditions of
the culture, cells can contain four or even more copies
of individual loci.
Under the culture conditions used in Figure 1 (EZ-rich

glucose defined medium), cells generally had either one
or two rrnB-CFP and rrnD-YFP foci, although a few had
as many as four (Fig. 1J). For illustration, the representa-
tive images chosen in Figure 1, E–I, contained a single
pair of rRNA foci. However, measurements of the distanc-
es between rRNA operons weremade on all cells with dis-
crete fluorescent foci. Images of rRNA operon pairs in
cells with one, two, or four pairs of fluorescent foci are
shown in Figure 1J. Independent of the number of foci
per cell, foci of the same color were separated, whereas
CFP and YFP focus pairs were in close proximity. We in-
terpret these results to mean that newly replicated chro-
mosomes separate quickly, and rapid chromosome
segregation may prevent potential interactions between
rRNAoperons on different chromosomes in the same cell.
We also asked whether the separation between rRNA

operon pairs differed quantitatively in the subsets of the
population with one pair of foci versus two pairs of foci
(Supplemental Fig. S4A,B). The cells with one or two pairs
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Table 1. Genetic distances (in kilobases) and measured physical distances (in nanometers) between foci

Allele pairs
(CFP, YFP)

Strain number
(RLG#)

Genetic
distance Median Q1 Q3

Number of foci
pairs measured for
each construct Notes

rRNA–rRNA pairs
rrnE, rrnB 10650 42 kb 128 nm 77 nm 196 nm 520
rrnA, rrnB 11531 131 kb 82 nm 48 nm 128 nm 602
rnnA, rrnD 10665 605 kb 114 nm 71 nm 164 nm 601
rrnH, rrnE 10669 667 kb 102 nm 67 nm 169 nm 497
rrnD, rrnG 11975 705 kb 120 nm 67 nm 190 nm 802
rrnG, rrnD 11980 705 kb 105 nm 62 nm 182 nm 705
rrnD, rrnB 11507 746 kb 115 nm 66 nm 184 nm 419
rrnD, rrnE 10673 778 kb 106 nm 72 nm 182 nm 691
rrnA, rrnH 10654 830 kb 63 nm 38 nm 96 nm 480
rrnB, rrnG 11974 1441 kb 109 nm 66 nm 190 nm 654
rrnH, rrnD 10668 1437 kb 132 nm 82 nm 200 nm 492
rrnH, rrnG 11977 2134 kb 127 nm 80 nm 186 nm 761

Pairs containing rrnC
rrnC, rrnA 12000 93 kb 265 nm 152 nm 459 nm 447
rrnC, rrnB 12002 225 kb 238 nm 133 nm 347 nm 598
rrnC, rrnD 12003 512 kb 235 nm 115 nm 387 nm 467
rrnC, rrnG 12005 1217 kb 330 nm 195 nm 550 nm 754
rrnC, oriC 11999 16 kb 122 nm 80 nm 185 nm 560

Control pairs (i.e., at least one non-rRNA locus)
rrnD, yhdZ 10922 6 kb 102 nm 58 nm 163 nm 533
rrnE, yjaA 7495 6 kb 93 nm 58 nm 132 nm 510
rrnD, arcF 10962 11 kb 124 nm 79 nm 207 nm 485
rrnD, envR 10964 16 kb 134 nm 82 nm 192 nm 558
rrnD, rep245 11985 37 kb 141 nm 88 nm 213 nm 495
rpsL, rrnD 11990 52 kb 150 nm 85 nm 242 nm 505
rrnD, ispB 10928 96 kb 172 nm 105 nm 278 nm 593
yghJ, arsR 10996 220 kb 191 nm 115 nm 299 nm 872
rrnB, oriC 7440 241 kb 445 nm 295 nm 608 nm 487
rrnD, yghJ 10993 315 kb 190 nm 119 nm 311 nm 691
rrnD, mocA 11511 413 kb 220 nm 92 nm 457 nm 614
rrnE, yjhE 13889 450 kb 259 nm 160 nm 445 nm 445
rrnE, araC 11986 503 kb 239 nm 133 nm 409 nm 680
rrnH, λatt 11503 567 kb 217 nm 131 nm 337 nm 612
yjhE, rrnA 11957 615 kb 244 nm 139 nm 361 nm 536
yjhE, rrnD 11519 1222 kb 286 nm 174 nm 410 nm 487
λatt, rrnE 13658 1233 kb 357 nm 211 nm 492 nm 507
serT, rrnE 13866 1466 kb 410 nm 275 nm 509 nm 753
serT, rrnG 13867 1692 kb 504 nm 327 nm 807 nm 559
arsR, λatt 7731 2100 kb 261 nm 147 nm 338 nm 502
ter, oriC 7438 2341 kb 642 nm 461 nm 804 nm 637

Pairs containing mutated rrnD operons and rrnG
ΔrrnD, rrnG 13970 705 kb 290 nm 170 nm 395 nm 662
rrnDa, rrnG 14083 705 kb 102 nm 61 nm 170 nm 1393 aΔ16S-23S-5S
rrnDb, rrnG 13995 705 kb 316 nm 204 nm 412 nm 852 bΔFis sites ΔP1P2
rrnDc, rrnG 14187 705 kb 275 nm 189 nm 398 nm 527 cΔFis sites ΔP1
rrnDd, rrnG 14524 705 kb 104 nm 63 nm 159 nm 468 dΔP2
rrnDe, rrnG 14417 705 kb 295 nm 167 nm 394 nm 468 eΔFis sites
rrnDf, rrnG 14180 705 kb 245 nm 122 nm 397 nm 659 fΔFis sites ΔP2
rrnDg, rrnG 14517 705 kb 251 nm 133 nm 330 nm 471 gΔP1P2
rrnDh, rrnG 14904 706 kb 114 nm 69 nm 166 nm 457 h−10 TCTAAC

Pairs examined in the presence of rifampicin or in stationary phase
rrnD, rrnG 11975 705 kb 118 nm 75 nm 174 nm 678 Rifampicin
rrnH, rrnD 10668 2134 kb 128 nm 82 nm 186 nm 578 Rifampicin
ter, oriC 7438 2320 kb 486 nm 281 nm 702 nm 450 Rifampicin
rrnD, rrnG 11975 705 kb 105 nm 70 nm 168 nm 655 Stationary phase
ter, oriC 7438 2341 kb 415 nm 350 nm 608 nm 615 Stationary phase

Continued
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had almost identical median distances between rRNA op-
erons, and the distributions were very similar.
Newly replicated sister chromatids stay together for a

short time before a completed new chromosome segre-
gates into what will become the daughter cell (Joshi
et al. 2011). Occasionally, we observed uneven numbers
of CFP and YFP foci (e.g., Supplemental Fig. S4C). Consis-
tent with the interpretation that the extra focus had just
replicated and was in the process of segregating to a new
position in the cell, the extra focus always resulted from
the parS site that was closer to the origin of replication.

rrnC does not colocalize with other rRNA operons

We measured the distances between rrnC and four other
rRNA operons (rrnD, rrnA, rrnB, and rrnG) (Table 1; Fig.
2A,B; Supplemental Fig. S5A,B). These distances (235-,
265-, 238-, and 330-nm median separation, respectively)
were much greater than the median distances for rRNA
operon pairs, not including rrnC (63–132 nm) (Table 1;
Fig. 1; Supplemental Fig. S2). Because rrnC is only ∼16
kb from the origin of replication (oriC), we also measured
the rrnC–oriC median separation. Not surprisingly, rrnC
and oriC were close in space (∼122 nm) (Fig. 2C). In con-
trast, rrnB did not colocalize with oriC (254 kb; 445 nm
apart) (Fig. 2D). Taken together, these results suggest
that the mechanism responsible for bringing the six
non-rrnC rRNA operons into close proximity is overrid-
den by the mechanism that controls oriC position during
the cell cycle.

Non-rRNA loci do not colocalize with rRNA operons or
other non-rRNA loci

We tested several rRNA operons for colocalization with
non-rRNA loci (Table 1; Fig. 2E,F; Supplemental Figs.
S5C–H).We also tested loci at increasing genetic distances
downstream from the parS site adjacent to the rrnD P1
promoter. Foci created by inserting a parS site at yhdZ,
6 kb downstream (adjacent to the rrnD transcription ter-

minators) (Supplemental Fig. S5C); at arcF, 11 kb down-
stream (Table 1); at envR, 16 kb downstream (Table 1);
or at rep245, 35 kb downstream (Table 1) were not statisti-
cally distinguishable from the parS site adjacent to the
rrnD P1 promoter (P > 0.05) (see the Materials and Meth-
ods). However, as the genetic separation between rrnD
and the downstream loci increased to 52 kb (rpsL)
(Supplemental Fig. S5D), 96 kb (ispB) (Supplemental Fig.
S5E), 315 kb (yghJ) (Supplemental Fig. S5F), 413 kb
(mocA) (Supplemental Fig. S5G), or 1222 kb (yaeF)
(Supplemental Fig. S5H), the spatial separations from
rrnD were statistically significant (P < 0.05).
Interestingly, serT, coding for a serine tRNA, did not

colocalize with rrnG (1692 kb and 504 nm apart) (Fig.
2F). If this tRNA gene is typical of other tRNA genes,
then not all stable RNA genes colocalize with the six
non-rrnC rRNA operons. Some other non-rRNA loci
were also examined as pairs with rRNA operons or each
other (Fig. 2E–H; Table 1). None of these pairs colocalized.
The separation of oriC from ter in space (Fig. 2H) has been
reported previously (Nielsen et al. 2006).
It is conceivable that the position of the parS site insert-

ed just upstream of the rRNA operon was not representa-
tive of the position of the entire operon. As noted above,
the positions of the foci formed by parS sites adjacent to
the rrnD promoters were indistinguishable from those
formed adjacent to the terminators 6 kb downstream
(rrnD-CFP, yhdZ-YFP) (Supplemental Fig. S5C). The
same result was obtained for rrnE-CFP and a focus formed
by a parS site 6 kb downstream (yjaA-YFP) (Table 1). We
conclude that the parS site just upstream of the promoter
is representative of the beginning and end of the operon.
However, future experiments will be needed to determine
whether other parts of the operon also colocalize with the
promoter and terminator regions.

Cis-acting DNA sequences required for colocalization:
the rrn P1 promoter region is necessary and sufficient

We next tested whether the genomic context of a natural
rRNA operon rather than the rRNA operon itself was

Table 1. Continued

Allele pairs
(CFP, YFP)

Strain number
(RLG#)

Genetic
distance Median Q1 Q3

Number of foci
pairs measured for
each construct Notes

Pairs examined in strains deleted for specific genes
rrnD, rrnG 14187 705 kb 110 nm 69 nm 153 nm 467 Δfis
rrnD, rrnG 14286 705 kb 100 nm 65 nm 150 nm 618 Δlrp
rrnD, rrnG 12042 705 kb 95 nm 61 nm 147 nm 507 Δhns
rrnD, rrnG 12047 705 kb 129 nm 78 nm 184 nm 742 ΔrecA
rrnE, rrnD 12048 772 kb 110 nm 74 nm 179 nm 518 ΔrecA

The constructs are listed in groups. For each pair of loci, the one listed first binds ParB-CFP, and the one listed second binds ParB-YFP.
ParB-CFP binds to the parS site from E. coli phage P1, and ParB-YFP binds to the parS site from Yersinia pestis plasmid PMT. Both ParB
fusions were expressed together from the same plasmid. Strain numbers in the figure legends allow cross-referencing with the statistics
in the table. The locations of the individual loci on the genetic map are pictured in Supplemental Figure S1. From the distribution of ob-
served distances between fluorescent foci, we report the 50th percentile (Median) as the typical value, and the 25th and 75th percentiles
(Q1 and Q3) as measures of the breadth of the distribution. Unless specified in the Notes column, cells were examined in mid-log phase
in EZ-rich glucose defined medium at 30°C. (CFP) Cyan fluorescent protein; (YFP) yellow fluorescent protein.
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responsible for its colocalization with other rRNA oper-
ons. Starting with an intact rrnD operon with an adjacent
parS site (Fig. 1F), we removed the DNA sequences from
just upstream of the rrnD promoters to just downstream
from the transcription terminators (i.e., from 397 bp up-
stream of the rrnD P1 transcription start site to 2 bp down-
stream from terminator T2), leaving the parS site intact
(Fig. 3A).Whereas themedian distance between the intact
rrnD operon and the intact rrnG operon was 120 nm (Fig.
1F), deletion of the entire rrnD operon, leaving the adja-
cent parS site in place, resulted in a median separation
of 290 nm (ΔrrnD) (Fig. 3A). We conclude that chromo-
somal context is insufficient to explain rRNA operon
colocalization.

We next dissected the rrnD operon to determine
which parts were responsible for its colocalization
with other rRNA operons. Removal of the structural
genes had little effect on colocalization (median distance

between ΔrrnD 16S–23S–5S and rrnG was 102 nm) (Fig.
3B). Like the other six rRNA operons in E. coli, rrnD has
two promoters, P1 and P2, and rrnD P1 is activated by
binding of the transcription factor Fis to sites upstream
of the promoter (Hirvonen et al. 2001). Removal of the
entire promoter region, leaving the structural genes in-
tact, eliminated colocalization (ΔFisΔP1ΔP2; 316 nm)
(Fig. 3C).

Removal of the Fis sites and the rrnD P1 promoter,
leaving the rrnD P2 region intact (ΔFisΔP1) (Fig. 3D),
also eliminated colocalization (the median rrnD–rrnG
distance was 275 nm, essentially the same as deletion of
the entire operon). Deletion of only the rrnD P2 region
did not affect colocalization (ΔP2; 104 nm) (Fig. 3E). Since
the rrnD P1–P2 region was necessary (Fig. 3C) and suffi-
cient (Fig. 3B) and the rrnD P2 region was dispensable
(Fig. 3E), we conclude that the P1 region is responsible
for colocalization.

Therefore, constructs were tested in which different
parts of the rrnD P1 region were eliminated: The regions
containing the Fis sites (ΔFis sites; 295 nm) (Fig. 3F), the
Fis sites and P2 (ΔFisΔP2; 245 nm) (Fig. 3G), or the P1
and P2 promoters but leaving the Fis sites intact
(ΔP1ΔP2; 251 nm) (Fig. 3H) all decreased colocalization.
Assuming that rrnD is characteristic of other rRNA oper-
ons, we conclude that the P1 promoter combined with
the region containing the Fis sites is responsible for
colocalization.

rRNA operons are in close physical proximity
independent of their transcription activities

In rapid exponential growth, rRNA operons are among
the most highly expressed transcription units in the
E. coli cell. Direct observation by transmission electron
microscopy showed that at least 65 RNAPs are present
on a single operon and that multiple operons are ex-
pressed coordinately (French and Miller 1989). Thus,
our observation that the promoter region is necessary
and sufficient for colocalization of rRNA operons invited
the hypothesis that active transcription by RNAPs was
responsible. To test this model, we treated cells with ri-
fampicin, an inhibitor of transcription, and measured the
distances between rRNA operon pairs. Rifampicin binds
adjacent to the RNAP active site, preventing RNA chain
growth beyond 2–3 nucleotides (nt) (Feklistov et al.
2008), thereby freezing the initial RNAP and excluding
additional RNAPs from accessing the rRNA promoter
(Ohlsen and Gralla 1992). RNA chains longer than 2–3
nt before rifampicin addition continue transcription un-
til reaching the terminator. Because rRNA chain growth
is ∼42 nt/sec (Gotta et al. 1991), RNAPs finish transcrip-
tion of an rRNA operon in ∼2 min (5000 nt/42 nt/sec =
119 sec).

After rifampicin addition, cells containing the rrn-CFP
and YFP fusions were visualized at various times from
10 to 45 min to ensure that the elongating RNAPs had
cleared the rRNA operons. The nucleoid in the rifampi-
cin-treated cells appeared expanded when examined by
DAPI staining (Fig. 4A,B), as reported previously (Cabrera

Figure 2. rrnC and non-rRNA loci do not colocalize with the
other rRNA operons. Each panel shows the distribution of mea-
sured distances between CFP and YFP foci. See the legend for Fig-
ure 1 for details. (A) rrnC, rrnD (RLG12003). (B) rrnA, rrnC
(RLG12000). Other rRNA operons pairs containing rrnC are in
Supplemental Figure S5. (C ) oriC, rrnC (RLG11999). (D) rrnB,
oriC (RLG7440). (E) λatt, rrnE (RLG13658). (F ) serT, rrnG
(RLG13867). (G) arsR, λatt (RLG1314). (H) oriC, ter (RLG7438).
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and Jin 2003). The distances between pairs of rRNA
operons were essentially the same in cells treated with ri-
fampicin for different times and in the untreated cells (for
the rrnD, rrnG pair, cf. Figs. 4C and 1F, 118 nm and 120
nm, respectively; for the rrnD, rrnH pair, cf. Figs. 4D
and 1E, 128 and 132 nm, respectively). Non-rRNA operon
pairs (e.g. oriC and ter) did not colocalize with or with-
out rifampicin (Figs. 4E, 2H, 486 nm and 642 nm,
respectively).
As a secondmeasure of the independence of active tran-

scription and rRNA operon colocalization, we next mea-
sured an rRNA operon pair in which the chromosomal
rrnD P1 promoter was inactivated by mutation (since
the P1 promoter was required for colocalization, whereas
the P2 promoter was not) (see above). The P1 promoter
contained a −10 hexamer in which the two most impor-
tant base pairs for open complex formation, the second
and sixth positions, were mutated to unfavorable bases
(TATAAT to TCTAAC) (Feklistov and Darst 2011). Con-
sistent with the model that RNAP activity is not respon-
sible for colocalization, the rrnD-CFP, rrnG-YFP distance

was unaffected (120 nm for the wild type vs. 114 nm for
the operon with the mutant promoter) (Figs. 1F, 4F).
As a third indicator that high transcription activity

was not responsible for rRNA operon colocalization, we
measured the median rrnD–rrnG distance in stationary-
phase cells. rRNA promoter activity was very weak in
stationary phase (Murray et al. 2003), but the separation
between the two rRNA operons was essentially the
same as in exponentially growing cells (105 nm in Fig.
4G vs. 120 nm in log phase in Fig. 1F). Although the short
length of stationary-phase cells limits the potential sepa-
ration between rRNA focus pairs theoretically possible
compared with that in exponentially growing cells, the
separation of oriC and ter (415 nm) was easily detectable
under these conditions (Fig. 4H), suggesting that the short
length of stationary-phase cells does not explain colocali-
zation of rRNA operons in stationary phase. Taken to-
gether, our results strongly suggest that the forces
responsible for colocalization of rRNA operons are not de-
pendent on high expression of rRNA operons (i.e., high
numbers of RNAPs).

Figure 3. Cis-acting requirements for rRNA operon
colocalization. In each panel, the foci were formed by
ParB-CFP bound adjacent to a mutant rrnD operon, and
ParB-YFP bound adjacent to a wild-type rrnG operon.
For comparison, the distribution of distances for the
wild-type rrnD–rrnG operon pair is shown in Figure 1F
(RLG11975): median separation 120 nm. Growth condi-
tionswere the same as in Figure 1 (log phase, EZ-rich glu-
cose defined medium). (A) Complete operon deletion
(ΔrrnD; RLG13970). Deletion is from 397 bp upstream
of the rrnD P1 transcription start site (TSS) to 2 bp down-
stream from terminator T2, leaving the ParS site intact.
(B) Deletion of rrnD structural genes (Δ16S-23S-5S;
RLG14083). Deletion is from 2 bp downstream from
rrnD P2 TSS to 2 bp downstream from terminator T2,
leaving the parS site and the promoters intact. (C ) Dele-
tion of rrnD promoters, including Fis sites (ΔFis sites
ΔP1P2; RLG13995). Deletion is from 397 bp upstream
of the P1 TSS to 2 bp downstream from the P2 TSS. (D)
Deletion of Fis sites and the P1 promoter (ΔFis sites
ΔP1; RLG14187). Deletion is from −397 to +1 with re-
spect to the P1 TSS. (E) Deletion of the P2 promoter
(ΔP2; RLG14524). Deletion is from −107 to +2 with re-
spect to the P2 TSS. (F ) Deletion of Fis sites (ΔFis sites;
RLG14417). Deletion is from −397 to −60 with respect
to the P1TSS. (G) Deletion of Fis sites and the P2 promot-
er (ΔFis ΔP2; RLG14180). Deletion is from −397 to −60
with respect to the P1 TSS and from −107 to +2 with re-
spect to the P2 TSS. (H) Deletion of the P1 and P2 pro-
moters (ΔP1ΔP2; RLG14517). Deletion is from −60
upstream of the P1 TSS to +2 downstream from the P2
TSS.
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Previously reported rRNA promoter-binding factors are
not required for bringing rRNA operons into close
proximity

In addition to RNAP, three transcription factors have been
reported to bind site-specifically to the E. coli rRNA pro-
moter region, Fis, Lrp, and H-NS (Ross et al. 1990; Hirvo-
nen et al. 2001; Dame et al. 2002; Pul et al. 2007). Each
has been reported to influence chromosome structure
(Skoko et al. 2006; Bouffartigues et al. 2007; Hadizadeh
et al. 2012), making these factors candidates for contribu-
tors to rRNA operon colocalization. However, themedian
distances separating rrnD and rrnG did not increase in

the Δfis, Δlrp, and Δhns strains: 110, 100, and 95 nm, re-
spectively, in the mutant strains (Fig. 5A–C) compared
with 120nm in thewild-type strain (Fig. 1F).Nevertheless,
it is possible that some or all of these factors play a role in
colocalization but that some degree of redundancy allows
the structure to remain in the absence of some of its
components.

RecA is not required for rRNA operon colocalization

The RecA protein is required for bringing together homol-
ogous DNA sequences for recombinational repair. As a
test for a role of homologous pairing to bring the rRNA op-
erons into close proximity, we compared the distances be-
tween two pairs of rRNA operons in cells lacking the recA
locus. The median distances between rrnD and rrnG and
between rrnD and rrnE were unaffected by the absence
of recA (cf. 129-nm and 110-nm median separation, re-
spectively, in Fig. 5D,E and 120 nm and 106 nm for
rrnD–rrnG and rrnD–rrnE in cells containing wild-type
recA in Fig. 1F; Supplemental Fig. S2). Consistent with
the absence of a requirement for recA for colocalization,
the rrnD promoter region colocalized with rrnG even
when the rrnD structural genes were removed (Fig. 3B).
Taken together, these results indicate that homologous
pairing is unlikely to be responsible for bringing rRNA op-
erons into close proximity.

Figure 4. Active transcription is unnecessary to bring rRNA op-
erons into close proximity. (A) DAPI-stained cells (RLG11975) in
the absence of rifampicin. (B) DAPI-stained cells (RLG11975) in
the presence of 100 μg/mL rifampicin for 30 min. Note nucleoid
expansion, suggesting that the drug treatment affected nucleoid
structure. (C ) rrnD, rrnG with rifampicin (RLG11975). Compare
with the rrnD, rrnG pair without rifampicin (Fig. 1F). (D) rrnH,
rrnD with rifampicin (RLG10668). Compare with Figure 1H. (E)
oriC, ter with rifampicin. The same pair without rifampicin is
shown in Figure 2H. (F ) rrnD −10 hexamer mutant, rrnG
(RLG14904). Compare with the wild-type rrnD, rrnG pair in Fig-
ure 1F. (G) rrnD, rrnG in stationary phase (RLG11975). Compare
with log-phase cells (Fig. 1F). (H) oriC, ter in stationary phase
(RLG7438). Compare with log-phase cells (Fig. 2H).

Figure 5. rRNA operons colocalize in strains lacking Fis, Lrp, H-
NS, or RecA. Same conditions as in Figure 1 (details in Table 1).
(A) rrnD, rrnG Δfis (RLG14187). Compare with Figure 1F. (B)
rrnD, rrnG Δlrp (RLG14286). Compare with Figure 1F. (C ) rrnD,
rrnG Δhns (RLG12042). Compare with Figure 1F. (D) rrnD, rrnG
ΔrecA (RLG12047). Comparewith Figure 1F. (E) rrnD, rrnE ΔrecA
strain (RLG12048). Compare with Supplemental Figure S2D.
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Discussion

The major results reported here are as follows: (1) rRNA
operons come into close proximity in live E. coli cells
even though they are as much as 180° apart on the E.
coli genetic map. (2) Generalizing from our results with
the rrnD operon, the rrn P1 promoter region accounts
for colocalization. (3) Transcription is not responsible for
bringing rRNA operons into close proximity. (4) The spa-
tial separation between non-rRNA loci generally corre-
lates with the genetic distance between them.
Figure 6A is a cartoon depicting connections between

six of the seven rRNA operons (all except rrnC). We
showed experimentally by measuring the 11 different
rrn–rrn pairs listed at the right of the cartoon that each
of these six rRNA operons is in close proximity to at least
three other rRNA operons (excluding rrnC). Because rep-
resentatives of all six were included in the operons tested
pairwise, we conclude that each of the six is in close prox-
imity to the other five rRNA operons. In contrast, rrnC
colocalizes only with oriC.
Four of the seven rRNA operons (rrnA, rrnB, rrnC, and

rrnE) are in the Ori macrodomain (Supplemental Fig.
S1A), whereas rrnD and rrnH are in the nonstructured

left (NSL) and nonstructured right (NSR) macrodomains,
respectively, and rrnG is in the left macrodomain (Espéli
and Boccard 2006). Identification of the proteins, RNAs,
and/or forces responsible for mediating colocalization of
the rRNA operons could provide important insights into
the formation and maintenance of macrodomains and
the interactions between them.
The origin and terminus of replication divide the E. coli

genome into two halves, referred to as replichores. rrnD
and rrnG are in the replichore that is replicated counter-
clockwise, and the other five rRNA operons are in the
replichore that is replicated clockwise (Dorman 2013).
Our results indicate that colocalization of rRNA operons
crosses not only macrodomain but also replichore bound-
aries. Cross-replichore interactions have also been report-
ed in theC. crescentus (Le et al. 2013) andBacillus subtilis
(Wang et al. 2015) genomes. However, those interactions
appear to be based on distance from the origin of replica-
tion rather than a shared function of the interacting
gene pairs.

The spatial separation between non-rRNA loci correlates
with the genetic distance between them

The discontinuity between the separation of rRNA oper-
on pairs compared with other loci was apparent when
the physical distances between loci were plotted on the
Y-axis versus the genetic distances between loci on the
X-axis (Fig. 6B). In contrast, the distances between non-
rRNA locus pairs (or between pairs of one rRNA locus
and a non-rRNA locus) generally increased with the
genetic distance between them (Fig. 6B, filled gray dia-
monds), consistent with previous studies onC. crescentus
loci (Viollier et al. 2004).
Two locus pairs deviated from the correlation between

genetic and physical separation, although not nearly as
dramatically as the rRNA operon pairs. arsR and λatt
were closer together (261 nm) than their genetic separa-
tion (2100 kb) predicted, and rrnB and oriC were further
apart (445 nm) than their genetic separation (241 kb) pre-
dicted. Although these pairs (denoted by asterisks in Fig.
6B) did not colocalize, like the rRNA locus pairs, they sug-
gest that the correlation between genetic and physical sep-
aration of chromosomal loci is not absolute. We speculate
that there could be other examples of long-distance locus-
specific colocalization in addition to those involving
rRNA operons.
The measured distances between foci were determined

in two dimensions. However, parS sites that came close to
each other in the X and Y planes potentially could have
beenwell separated from each other on theZ-axis.We sus-
pect that some small fraction of the foci that appeared to
be close together in space could have derived from pairs
that were actually well separated on the Z-axis. We also
note that the lack of synchrony and the absence of normal-
ization for cell length could have contributed to the width
of the distributions; i.e., differences in the stage of the cell
cycle for individual cells at the time when measurements
were taken could theoretically have broadened the mea-
sured distributions.

Figure 6. rRNA–rRNA pairs deviate from a general pattern in
which physical distance between loci increases with genetic dis-
tance. (A) Cartoon depicting colocalization of rRNA operons oth-
er than rrnC. The rRNA operon pairs measured are listed at the
right of the cartoon. (B) Graph showing genetic and physical dis-
tances between all locus pairs tested (Table 1). Physical distances
separating locus pairs in nanometers are plotted on theY-axis ver-
sus the genetic distances separating locus pairs in kilobases on
the X-axis. (Filled cyan circles) Pairs in which both loci are
rRNA operons other than rrnC; (filled red squares) rRNA oper-
on–rrnC pairs; (filled gray diamonds) one or both members of
the pair are not rRNA operons; (filled yellow triangle) rrnC–

oriC. The pairs whose genetic and physical separation were less
ormore than their genetic separation predicted are denoted by as-
terisks (see the Discussion).
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Other models

Although a molecular description of the nucleolus-like
structure is beyond the scope of this study, our results
demonstrate that the rrnD P1 promoter region (and, by
extrapolation, other rrn P1 promoters) is required for
formation and/or maintenance of this structure even
though rRNA transcription is not responsible. In previ-
ous wide-field studies using RNAP-GFP fusions, it was
observed that the fluorescent RNAP foci disappeared,
and RNAPs became evenly distributed when rRNA
transcription was reduced or inhibited (Cabrera and Jin
2003). Similarly, inhibition of rRNA transcription in
single-molecule studies resulted in more evenly distrib-
uted RNAPs (Endesfelder et al. 2013). Therefore, it was
proposed that a nucleolus-like structure might be creat-
ed by high numbers of RNAPs engaged in rRNA syn-
thesis. Likewise, in theory, macromolecular crowding
resulting from high amounts of rRNA transcription
could bring rRNA operons into close proximity passive-
ly by sequestering them in a part of the cell where such
large assemblies could be accommodated (Marenduzzo
et al. 2006). Although our data do not support the
conclusion that large numbers of RNAPs bring rRNA
operons together in space either actively or passively,
we have not ruled out a role for some other kind of
entropy-driven process that leads to rRNA operon
colocalization.

In theory, rRNA operon clustering could result from an
overall chromosome structure that has evolved to bring
the regions where the rRNA operons reside into close
proximity. We do not favor this model because a parS
site adjacent to the rrnD operon did not colocalize with
rrnG when the rrnD P1 promoter was removed, but all
other flanking regions were retained (Fig. 3).

We also do not favor the model that their strong se-
quence similarity brings the rRNA operons into close
proximity, since colocalization was recA-independent.
However, sequence homogenization between rRNA
gene sequences far apart on the bacterial chromosome
does imply that interactions between them can occur
on evolutionary time scales (Liao 2000; Hashimoto
et al. 2003).

Interactions between bacterial rRNA operons have not
been detected by chromosome capture approaches that
use cross-linking and next-generation sequencing to iden-
tify interactions between DNA sequences in growing
cells (e.g., Cagliero et al. 2013; Dekker et al. 2013; Le
et al. 2013; M Laub, pers. comm.; D Rudner, pers.
comm.). However, what we refer to as close spatial prox-
imity could still mean that the rRNA operons are as far
apart as ∼100 nm in space, the resolution limit in our
studies. It is possible that the rRNA operons are still
too far apart physically for detection by cross-linking
techniques.

Potential complex-bridging rRNA operons

As indicated above, the rrn P1 promoter region is the only
cis-acting determinant required for colocalization (Fig. 3).

However, our data do not prove that there are physical in-
teractions between the rrn P1 promoter regions, only that
they colocalize. They could serve as scaffolds for assembly
of some large complex that physically connects the rRNA
operons, or the complex could form only because the scaf-
folds are excluded from other locations. In either case,
since colocalization occurred even in the presence of ri-
fampicin, the complex could contain at most only one
molecule of RNAP per promoter. Furthermore, the com-
plex could not resemble an open complex, since colocali-
zation occurred even with an rRNA promoter lacking the
twomost critical nucleotides in the−10 hexamer for open
complex formation (Fig. 4D). Since both the RNAP-bind-
ing region in rrnD P1 and the region containing the Fis
sites were required, the potential structure would most
likely be a higher-order complex containing a single
RNAP from each contributing promoter region and other
trans-acting macromolecules that bind to, or derive from,
the region near or within the Fis sites. We note that non-
coding RNAs play a critical role in nucleolus assembly
and function in human cells (McStay 2016). Identification
of trans-acting participants responsible for colocalization
remains a challenge for the future.

Materials and methods

Strain constructions

Strains are described in Table 1 and the figure legends. Construc-
tions were based on a previously described method (Nielsen et al.
2006) in E. coli VH1000, a ΔlacZ MG1655 derivative described
previously (RLG3499) (Gaal et al. 1997). Briefly, parS sites (bind-
ing sites for ParB-GFP derivatives) were inserted at the positions
shown in Supplemental Figure S1 by double-stranded recombin-
eering (Thomason et al. 2007) using the primers listed in
Supplemental Table S1. DNA fragments were amplified from ge-
nomic DNA from strain RLG7419 (FHC2973) (Nielsen et al.
2006) with primer pairs containing 40–45 nt of homology with
the intended chromosomal site of insertion followed by 20–22
nt of homology with the parS-kanamycin (kan) or parS-chloram-
phenicol (cam) antibiotic resistance cassette. Recombineering
functions were induced from plasmid pSIM6 in recipient cells,
DNA was introduced by electroporation, and cells were allowed
to recover after electroporation in the absence of selection for
6–8 h before plating on the appropriate antibiotic (kan or cam).
Purified colonies lacking the temperature-sensitive pSIM6
plasmid were obtained by growth of the selection plates at 37°
C. The site of insertion was verified by PCR using primers flank-
ing the position of insertion. In the constructs in which a parS
site was adjacent to an rRNA operon, the downstream end of
parS was 250–500 bp upstream of the rrn P1 transcription start
site, depending on the operon (see Supplemental Table S1 for ex-
act location).
Two different versions of parS sites and cognate ParB proteins

were used: one derived from phage P1, and the other derived
from plasmid PMT. parS sites were created sequentially in the
same strain by recombineering before transformation with the
plasmid expressing the ParB fusion proteins. The ParB fusions
to CFP or YFP contained an N-terminal deletion that eliminated
partition functionwhile retainingDNA-binding activity (Nielsen
et al. 2006).When the identities of the parS siteswere switched so
that the same rRNA operon bound the other ParB protein, the re-
sults were the same (e.g., Table 1; Fig. 1F; Supplemental Fig. S2H).
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The ParB fusions were coexpressed without induction from plas-
mid pFHC2973 (Nielsen et al. 2006). The plasmid was always
kept under antibiotic selection (100 µg/mL ampicillin or
carbenicillin).
Deletions of the entire rrnD operon (Fig. 3) or portions of it were

created by replacing the deleted sequence with either a tetracy-
cline resistance cassette (amplified from RLG6341) or the same
kan resistance cassette described above. DNA fragments for
recombineering were amplified using the primers listed in
Supplemental Table S1. rrnD constructs in which the tetracy-
cline resistance cassette replaced the structural genes also con-
tained a kan resistance cassette upstream of the promoter
region, as described above (Supplemental Table S1). When con-
structs were made by both methods (i.e., with a tetracycline or
kan resistance cassette inserted in place of the deleted region),
both constructs resulted in identical localization of the fluores-
cent focus.
The rrnDP1 promoter construct inwhich the−10 hexamerwas

mutated at the twomost-conserved positions (Fig. 4F) was created
by recombineering using a two-step procedure. Briefly, the rrnD
P1 promoter (−40+1) in strain RLG11975 was replaced by the
cat-sacB cassette (amplified from RLG10405=NC397) (Svenning-
sen et al. 2005) with selection for growth on cam, resulting in
strain RLG13602. An rrnD P1 promoter fragment with two sub-
stitutions in the −10 hexamer (−40+1; TCTAAC), assembled by
annealing overlapping single-stranded oligonucleotides (nontem-
plate strand −80+1 and template strand −40+40) and extending
both strands with Sequenase (USB), was then introduced into
strain RLG13602 to replace the cat-sacB cassette, with selection
for growth on 5% (w/v) sucrose. The resulting strain (RLG14904)
was tested for the loss of cam resistance and verified by sequenc-
ing. Primers used for these constructions are in Supplemental
Table S1.
Precise deletions of the fis, lrp, hns, and recA genes (and re-

placement with antibiotic resistance cassettes) were created by
double-stranded recombineering in the strain forming a CFP fo-
cus at rrnD and a YFP focus at rrnG using primers listed in
Supplemental Table S1. In each case, a tetracycline resistance
cassette replaced the gene, starting precisely at the translation
initiation codon and ending with the stop codon.

Microscopy

Cells were grown overnight at 30°C with shaking in 2 mL of EZ-
rich glucose defined medium (TekNova). Two-hundred microli-
ters of the overnight culture was diluted into 10 mL of the
samemedium or the samemediumwithout amino acids (defined
minimal medium) and grown with aeration to OD600∼ 0.4, or,
where indicated, cells were grown into stationary phase. Cells
were spotted onto slides with agarose pads (MP Biomedicals) as
described (Levin 2002). After 10–15 min, a coverslip was added,
and the cells were examined immediately. As described below,
the time required for completion of CFP image collection, switch-
ing the filter, and YFP image collection was ∼1 sec.
In order to visualize foci simultaneously at two chromosomal

locations marked by CFP and YFP fusions, cells were examined
with a Nikon TI inverted epifluorescence microscope first under
visible illumination by phase contrast and then in quick succes-
sion at 480 nm and 535 nm for CFP and YFP, respectively. CFP
and YFP fusions were photographed with exposure times typical-
ly of 200–400 msec, depending on the brightness of the sample.
The delay between the two exposures was kept as short as possi-
ble without movement of the filter cube. The dichroic mirror
used was suitable for both wavelengths, facilitating superposi-

tion. The total time required for the two exposures and changing
the excitation and emission filters between exposures was≤1 sec.
Custom-made software (available on request) running under

Matlab was developed to identify cells with fluorescent foci
(>95% of the cell population), calculate the centroids of the
foci, and calculate the distances between the closest pairs fluo-
rescing with different colors. Centroids were determined by fit-
ting Gaussian curves to the fluorescent intensities and
identifying themaxima. Although the software automated the se-
lection process and the distance measurements, each of the 400–
800 cells used to construct each distribution was approved man-
ually. The median distances and the inner quartile ranges were
computed using Excel. The measured distances between focus
pairs were distributed into 50-nm bins for purposes of illustration
using SigmaPlot. Sometimes the median (represented on the dis-
tributions by a vertical red line) appears slightly offset from the
center of the distribution because of the sizes of the bins. Howev-
er, the bin size is arbitrary, and this does not influence themedian
value of the distribution. Statistical significance of measured dis-
tances between focus pairs was determined using the Mann-
Whitney U-test, which is preferable to a t-test for nonnormally
distributed populations.
For time-lapse examination of individual foci, cells were im-

aged at intervals of 1 sec (Supplemental Fig. S3). Displacements
of single fluorescent foci (from fusions with either YFP or CFP)
during successive 1-sec intervals were measured and plotted as
straight lines (Bakshi et al. 2013).
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