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RNase Il is required for localization to the nucleoid
of the 5’ pre-rRNA leader and for optimal induction

of rRNA synthesis in E. coli
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ABSTRACT

It has recently been demonstrated that ribosomes are preferentially localized outside the nucleoid in Escherichia coli, but little is
known about the spatial regulation of pre-rRNA processing. In this work, | investigate the cellular distribution of leader pre-rRNAs
using RNA-FISH. In contrast to mature rRNA, the 5’ proximal leader region associates with the nucleoid, and this association
occurs in an RNase IlI-dependent manner. Moreover, RNase 11l plays a role in the rapid induction of ribosomal operons during
outgrowth and is essential in the absence of the transcriptional regulator Fis, suggesting a linkage of transcription and RNA

processing for ribosomal operons in E. coli.
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INTRODUCTION

The coupling of processes required for gene expression is
widely recognized to have an important regulatory role
(Maniatis and Reed 2002). This coupling ensures a quantita-
tive and qualitative control on the final outcome of the tran-
scription process (Maniatis and Reed 2002; Muhlemann and
Jensen 2012). One of the first examples of coupling discovered
was the cotranscriptional translation of mRNAs in bacteria
(Miller et al. 1970). This phenomenon is thought to have a
role in mRNA quality control by averting unproductive tran-
scription events. In eukaryotes, where the two processes occur
in different cellular compartments, the principal quality con-
trol mechanisms are established at different levels, i.e., mes-
senger ribonucleoprotein (mRNP) nuclear export control
and nonsense-mediate decay RNA degradation, while roughly
keeping a similar objective (Luna et al. 2008; Dahan and
Choder 2013). Although translation-dependent mRNA stabi-
lization (protection from RNA degradation of productive
transcripts) provides a straightforward quality control mech-
anism for mRNAs, faithful noncoding RNA production has
to be monitored by alternative means, such as detection of
proper association of RNP proteins or correct RNA folding.
Ribosomes are the most abundant RNPs in the cell and are
roughly composed of two-thirds rRNA (ribosomal RNA) and
one-third ribosomal proteins. Transcription of rRNA operons
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is strictly modulated to fine-tune their synthesis with the
cellular needs for protein production. The common view is
that this regulation has a major energetic cost component.
Thatis, the cells should adjust rRNA synthesis to satisfy the de-
mand for ribosome production while avoiding excess rRNA
(Schneider et al. 2002). Likewise, environmental alterations
thatlead to alower requirement for protein synthesis promote
the degradation of rRNA by specific RNases (Deutscher 2009;
Zundel et al. 2009; Basturea et al. 2011). The action of RNases
onrRNA metabolism is not only ascribed to degradation path-
ways during low energy conditions, but also plays a major role
on rRNA quality control and during the processing of pre-
rRNA.

In Escherichia coli, rRNAs are transcribed from seven loci as
preribosomal transcripts that are processed into mature rRNA
forms present in ribosomes. The early processing events are
carried out by RNase III (Gegenheimer et al. 1977; King and
Schlessinger 1983) and correspond to endonucleolytic cleav-
ages in two stem-loop regions encompassing 16S and 23S
rRNA regions (Young and Steitz 1978; Apirion and Miczak
1993; Kaczanowska and Ryden-Aulin 2007). Kinetic analysis
of newly synthesized precursors and mature rRNA indicate
that RNase III processing of pre-rRNA occurs cotranscrip-
tionally (Gegenheimer and Apirion 1975). Additional down-
stream cleavages by other RNases result, along with nucleotide
covalent modifications, in the formation of mature 168, 23S,
and 5S fragments (Srivastava and Schlessinger 1990; Kacza-
nowska and Ryden-Aulin 2007). Although processing of
pre-rRNA by the different nucleases can generally be car-
ried out in the absence of previous endonucleolytic steps
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(Gegenheimer et al. 1977), proper stepwise cleavages are re-
quired for efficient downstream processing events (Li et al.
1999).

In this work, I use RNA-FISH for single cell visualization of
the pre-rRNA in E. coli, focusing on the cellular distribution of
the 5" externally transcribed spacer (5'ETS), referred to here as
the “leader,” in wild type and RNase I1I-deficient cells. In con-
trast to the mature rRNA, the 5’ terminal leader region accu-
mulates in the bacterial nucleoid area. This pattern is lost in
the absence of RNase III. In addition, RNase III is required
for the rapid transition from low to high rRNA synthesis oc-
curring upon exit from stationary phase when new media is
supplied for bacterial growth. Further supporting the role of
RNase III on ribosomal operon induction, there is an in-
creased requirement of the rRNA transcriptional activator
Fis for cell growth in the absence of RNase I1I.

RESULTS AND DISCUSSION

5’ proximal pre-rRNAs preferentially localize
to the nucleoid

In exponentially growing E. coli cells, ribosomal RNPs, visual-
ized by following the distribution of S2 or L7/L12 ribosomal
proteins, are spatially segregated from the nucleoid, suggesting
that the majority of mRNA translation is in fact not directly
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coupled to transcription (Azam et al. 2000; Bakshi et al.
2012). The separation of nucleoid/ribosome-rich areas is fur-
ther supported by the direct visualization of ribosomes in fixed
cells using electron microscopy (Robinow and Kellenberger
1994). On the other hand, the distribution of pre-rRNA re-
gions that are not incorporated into the ribosomes is not
known. Gathering such information could help to understand
the processing and degradation mechanisms of ribosomal op-
eron transcripts.

In order to analyze pre-rRNA localization, I first tested and
evaluated different variations of the RNA-FISH method, using
the distribution of total rRNAs as a positive control. To this
end, RNA-FISH analyses were done using the EUB338 probe
(for simplicity referred to here as “16S probe”), which hybrid-
izes against the highly conserved helix14 of 16S rRNA and
is widely applied in bacterial taxonomy and ecology studies
(Amann et al. 1990a,b; Konings and Gutell 1995). Using
the protocol that gave the best signal to noise ratio (see
Materials and Methods), the signal in exponentially growing
E. coli fixed cells showed a nonhomogeneous distribution
(Fig. 1A, top left). Furthermore, when compared with the nu-
cleoid signal, obtained by DAPI staining, it became apparent
that DAPI and 16S rRNAs signals do not show much overlap
(Fig. 1A, top row). Microscopic analysis of cells in stationary
phase showed a smaller size and a broader DAPI signal (Fig.
1A, second row). In agreement with the extensive rRNA
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FIGURE 1. Pre-rRNA leader associates with the nucleoid. RNA-FISH analysis of wild type cells in exponential phase, stationary phase, or upon 5/60
min of nutrient deprivation, using an Atto647-labeled probes against (A) and (C) 16S rRNA, or (B) pre-rRNA leader (5'L1). The cells were grown in
LB-Lennox for ~20 h at 37°C with shaking, and either fixed (see Materials and Methods), for stationary phase analysis, or diluted 1/200 in LB-Lennox.
The freshly diluted cells were then incubated at 37°C with shaking at 225 rpm and fixed during exponential phase (after ~2 h 30 min/ODgq ~ 0.2), for
exponential phase analysis, or spun down and incubated in carbon-source free M63 media for the indicated period of time. Atto647, DAPI, Atto647/
phase contrast overlay (red/blue) and phase contrast images for each condition are shown. RNA-FISH analyses of wild type cells fixed after overnight
(O.N.) growth in LB-Lennox at 37°C shown in C. The fake color assigned to each dye in the overlay is indicated by colored rectangles.
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degradation that occurs during stationary phase (Deutscher
2003), the 16S ribosomal rRNA signal was close to or below
detection level. Cells in earlier stationary phase (overnight cul-
ture), and after 1 h of nutrient deprivation, show detectable
signal levels (Fig. 1C). The cellular variability in 16S signal
intensity from overnight cultures is in line with the reported
increase heterogeneity in cell populations during the transi-
tion from exponential to stationary phase (Makinoshima
et al. 2002). Therefore, RNA-FISH analyses using fixed cells
reveal a preferential localization outside of the nucleoid of
16S rRNAs, thus resembling the ribosomal cellular distribu-
tion reported previously using different techniques (Azam
et al. 2000; Bakshi et al. 2012).

Due to the long half-life of ribosomal RNPs (Piir et al.
2011), probes targeting total ribosomal RNAs cannot be
used reliably as tools to evaluate the transcriptional status of
ribosomal operons. Conversely, pre-rRNA regions are unsta-
ble, and their levels change dramatically with environmental
conditions that alter rRNA operon transcription (Cangelosi
and Brabant 1997). Hence, the use of a 5" proximal probe,
targeting the RNA region located before the first described
endonucleolytic cleavage site, may provide useful information
about the initial site of processing/degradation of pre-rRNAs.
RNA-FISH using the 5'L1 probe, complementary to the 5 ETS
from nucleotides +136 to +186, showed a preferential overlap
with the cellular areas strongly stained by DAPI in exponential
cells, suggesting localization to the nucleoid region (Fig. 1B,
top) and no signal in cells in late stationary phase. In contrast
to the 16S probe, whose signal can be readily detected in cells
subject to nutrient deprivation even after 1 h, the 5'L1 probe
signal is undetectable as soon as 5 min after carbon source
depletion (Fig. 1, cf. A and B, third and fourth row). A corol-
lary of this is that RNA-FISH analysis using the 5'L1 probe,
alone or in combination with the 16S probe, could serve as a
tool to monitor the metabolic state of single cells in heteroge-
neous E. coli populations. Interestingly, the pattern observed
with the 5'L1 probe, along with the short half-life of the pre-
rRNA leader, suggests that the degradation of the 5" proximal
pre-rRNA leader occurs during or shortly after the process of
transcription.

RNase 11l cleavage is required for the
preferential nucleoid localization of 5’ proximal
pre-rRNA leader

RNase Il is an important endonuclease (Gan et al. 2008) with
a conserved protein domain present in Rntl, Dicer, and
Drosha endoribonucleases (Lamontagne et al. 2001). RNase
III is the first nuclease acting on 5" pre-rRNAs, with cleavages
sites at positions +175/180 (schematized in Fig. 2A); and it is
followed by the subsequent action of RNase E and RNase G (Li
et al. 1999). This sequential action makes sense from the per-
spective of the high dependence of RNase E activity on the
structure and chemical nature of RNA area upstream of the
cleavage sites (Mackie 1998).
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FIGURE 2. RNase III cleavage sites define the border for leader local-
ization to the nucleoid. (A) Schematic representations of the ribosomal
operons from P1 promoter to the 16S region indicating the coordinates
for the P1 transcription start site (TSS) (+1), and for the mature 16S
rRNA (+293/1834). Other features highlighted are the Fis binding sites
(white ovals); the promoter (white box), leader (gray line), and 16S
(black line) regions; and RNase III (+175/180) and E (+227) cleavage
sites (carnelian arrows). The RNA regions hybridizing with the 5'L0,
5'L1, 5'L2, and 16S probes are marked as red lines, whereas the 5'L2-
A and 5'L2-B are indicated by the letters “A” and “B” below the 5'L2
line. (B) RNA-FISH analysis of cells growing exponentially using probes
hybridizing upstream of and downstream from the 5'L1 probe. Hybrid-
ization and imaging as in Figure 1.

The results obtained with probe 5'L1 showed that at least the
5’ pre-rRNA region located before the RNase III cleavage sites
(5’ Proximal Pre-RRNALeader or 5P-PRL) associates with the
nucleoid. This was confirmed by using the 5'L0 probe, hybrid-
izing further upstream of the cleavage site for RNase III (Fig.
2A,B). A putative cotranscriptional processing by RNase E
should also lead to enrichment in nucleoid colocalizing signal
when using probes hybridizing in between the RNase IIland E
cleavage sites of the leader region. Nevertheless, RNA-FISH
analysis using a probe (5'L2) located 3’ of the RNase III cleav-
age site did not revealed nucleoid enrichment (Fig. 2B).
Further analysis using the probes 5'L2-A (Fig. 2A,B)—hybrid-
izing exclusively the pre-rRNA region between the RNase III
and E cleavage sites—and 5'L2-B (Fig. 2A,B)—hybridizing af-
ter the RNase E cleavage site—confirmed that the RNase III
cleavage site region defines the border for nucleoid locali-
zation of 5" pre-rRNA. This set of data suggests that RNase
E processing of pre-rRNA does not occur cotranscriptionally
but occurs once the partially processed pre-rRNA has left the
nucleoid. This conclusion is in agreement with the reported
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spatial separation of RNase E from the nucleoid (Taghbalout
and Rothfield 2007; Khemici et al. 2008). Fractionation assays
also indicate a possible localization of RNase III in the inner
cytoplasmic membrane (Miczak et al. 1991), but this conclu-
sion is in contradiction with the RNA-FISH results presented
here and with previously reported results (Gegenheimer and
Apirion 1975). Direct visualization of RNase III distribution,
following an rnc-GFP fusion (see Materials and Methods),
confirmed the lack of enrichment of RNase III in the cellular
membrane area (Supplemental Fig. 1).

The RNA-FISH results using a series of probes against the 5/
leader are in agreement with a putative role for RNase IIlin nu-
cleoid distribution of 5P-PRL. Consequently, the effect of de-
leting the rnc gene—encoding RNase III in E. coli—on pre-
rRNA localization was tested. In line with the prediction, the
rnc-14 deletion allele completely disrupts the preferential nu-
cleoid association of 5P-PRL (Fig. 3A). Thus, the localized dis-
tribution of 5P-PRL in wild type cells could be an indication
of rapid processing and degradation of this fragment during
or shortly after the process of transcription or, alternatively,
of a role of RNase III as a quality control agent retaining
pre-rRNA until properly cleaved, as shown for certain RNase
protein complexes in eukaryotic systems (Hilleren et al. 2001;
Jensen et al. 2001, 2003). Using a separation-of-function rnc
mutant that retains RNA binding activity while disabling
cleavage could help to discern between the two possibilities.
As shown in Figure 3B, the rnc-70 mutation, eliminating the
cleavage activity of RNase III but maintaining its RNA bind-
ing activity (Li and Nicholson 1996; Dasgupta et al. 1998),
did not show a strong association of pre-rRNA and DAPI sig-
nals but did show a pre-rRNA signal distribution all along the
cell volume. The results presented here indicate that RNase I1I
endonucleolytic activity governs the localization of 5P-PRL in
the nucleoid and supports the proposed cotranscriptional
processing of pre-rRNA by RNase II1.
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rnc deletion mutants are slow in rRNA operon induction
and synthetically lethal with fis

In spite of its importance, the absence of cellular RNase I1I is
not lethal in E. coli (Kindler et al. 1973; Takiff et al. 1989),
a result that can be partially attributed to the existence of al-
ternative—although inefficient without the initial action of
RNase III—pre-rRNA processing pathways (Gegenheimer
etal. 1977; King and Schlessinger 1983). This raises the ques-
tion of why cells have evolved this complex processing mech-
anism for the maturation of the ribosomal operons. One
possible explanation involves the use of leader sequence and
its processing as a regulatory mechanism for the proper fold-
ing of rRNA (Theissen et al. 1990; Bubunenko et al. 2013).
Due to the high degree of coupling shown for different steps
in gene expression regulation, it is tempting to speculate that
processing of the rRNA leader may play a role on coordination
of other rRNA transactions.

To test a possible role of RNase III on transcription induc-
tion of ribosomal operons, RNA-FISH analyses of wild type
and rnc mutants were repeated after 1-h outgrowth, a condi-
tion selected due to the low level of nascent pre-rRNA at
time zero, the rapid induction of the ribosomal operons
(Paul et al. 2004, references therein), and to the lag in cell
growth in rnc mutants upon nutrient up-shift from stationary
phase (Supplemental Fig. 2). As can be observed in Figure 4A,
wild type cells showed cell morphology and rRNA signal, as
evaluated with 5'L1 and 16S probes, typical of exponential
growing cells after 1-h outgrowth. On the other hand, rnc mu-
tants were significantly delayed on the transition to exponen-
tial metabolism using the same criteria (cf. in Fig. 4A the
>95% cells with strong ribosomal signal in wild type to the
~45% in rnc mutants).

To further test the hypothesis of a coupling of RNase III
processing with transcription activation of the ribosomal
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FIGURE 3. RNase III cleavage of pre-rRNA is required for nucleoid localization of 5P-PRLs. RNA-FISH analysis, using the indicated probes (see Fig.
2A), of cells growing in exponential phase containing (A) a nonpolar rnc deletion allele (rnc14), or (B) an rnc separation-of-function allele (r1¢70; RNA

binding” RNase™). Hybridization and imaging as in Figure 1.
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FIGURE 4. RNaselll stimulates rapid induction of ribosomal operons and genetically interacts
with Fis. (A) RNase III is required for optimal induction of ribosomal operons. RNA-FISH anal-
ysis of wild type (WT), rncl4 and rnc70 cells grown like in Figure 1 but fixed after 60 min out-
growth from stationary phase. Hybridization and imaging as in Figure 1. The percentages of
cells with signal using probes 16S and 5'L1 are indicated. (B) Plvir phage transduction of fisA:
kan deletion allele into wild type (WT), rncl4 and rnc70 recipient strains. The cells were plated
in LB-Lennox media containing kanamycin and incubated at 37°C overnight. (C) Plvir phage
transduction of fisA::kan deletion allele into WT and rncl4 recipient strains transformed with
an empty vector (pBAD) or the same vector containing fis under the control of an arabinose in-
ducible promoter (pBAD-fis). The cells were plated in LB-Lennox media containing kanamycin
with (+Ara) or without (—Ara) arabinose and incubated overnight at 37°C. Hybridization and

A role for RNase 1l influence on
ribosomal operon transcription?

The data presented here may indicate an
effect on RNase III on ribosome operon
transcription. In spite of the novelty of
this concept, previous research data fit
this idea. The cotranscriptional coupling
of RNase III processing has already been
established (Gegenheimer and Apirion
1975) and is further supported by this
work. Interestingly, classic electron mi-
croscopy analysis of wild type and rnc mu-
tants should be re-evaluated in light of a
recent paper describing a correlation be-
tween RNA polymerase distribution and
speed on the ribosomal operons (Dennis
etal. 2009). The nascent pre-rRNPs grow
steadily as the polymerases transcribe 5’
to 3’ from the leader to the spacer region
(between 16S and 23S regions) and is
followed by a re-establishment of the gra-
dient in the spacer (Quan et al. 2005).
Concomitantly, there is a decrease in
the number of transcription complexes
per nucleotide in the leader and spacer
(Quan et al. 2005), a result that suggests
anincreased speed of the RNA polymerase
in these areas (Dennis et al. 2009). In the

imaging as in Figure 1.

operons, I asked if the absence of the ribosomal operon tran-
scriptional activator Fis (Ross et al. 1990; Bokal et al. 1997;
Paul et al. 2004) could exacerbate the rRNA induction defect
of an rnc mutation. Similar to rnc, deletion of fis is not
lethal (Johnson et al. 1988; Koch et al. 1988), a result attrib-
utable to the high homeostatic control of ribosomal operons
(Paul et al. 2004). To obtain double rnc fis mutants, phage P1
generalized transduction using a Kan"-marked deletant fis
strain as donor, and either wild type or isogenic rnc deletion
mutants as receptors, was performed. Although an enhanced
effect on rRNA operon induction in the double mutant could
have been anticipated, surprisingly the genetic interaction
of rnc and fis was stronger than expected since no viable dou-
ble mutants could be obtained (Fig. 4B). A possible defect
of rnc strains as receptor in phage P1 transduction was ruled
out by repeating the transduction of the fisA::kan allele to
an rnc recipient strain containing a plasmid expressing fis
only when arabinose was added to the media (Fig. 4C). The
interplay of fis and rnc mutations indicates an essential re-
quirement of Fis for cell viability in the absence of RNase
III and suggests that Fis-mediated transcription activation
is critical for ribosomal operon transcription in the absence
of RNase IIL
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absence of RNase III, not only the double

pre-rRNP length gradient is lost but also

the relative RNA polymerase occupancy
in the spacer and nonspacer regions are approximately similar
(Hofmann and Miller 1977; French and Miller 1989).

I propose, as a working model, that the nascent pre-16S
rRNPs, and by extension pre-23S rRNPs, need to be uncou-
pled from the elongating RNA polymerases by RNase I1II for
efficient transcription. In this model, that I nicknamed the
“Atlas model” due to the postulation that nascent pre-rRNP
may represent a heavy burden for RNA polymerase transcrip-
tion, cotranscriptional pre-rRNA cleavage by RNase III re-
lieves the transcription apparatus of the heavily decorated
pre-rRNA still attached to the polymerase after synthesis of
the 16S copy (Supplemental Fig. 3). Moreover, cotranscrip-
tional release of pre-16S rRNP, and again pre-23S rRNP,
would facilitate the rapid segregation of ribosomal particles
to the space outside of the nucleoid (Bakshi et al. 2012).
Upon cleavage by RNase III, 5P-PRL remains in the nucleoid,
where it is degraded, and the pre-16S rRNP is translocated to
the “cytoplasmic region.” Not only the aforementioned elec-
tron microscopy analysis fits the model but also RNA locali-
zation analysis of the ITS between the 16 and 23 S loops,
using a probe hybridizing against nucleotides +2206 to
42255 (immediately upstream of the RNase III cleavage site
on the 23S loop) (Supplemental Fig. 4).
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An important follow-up point is how the DAPI-enriched
pre-rRNA fragments are confined to the nucleoid area. One
possibility is that the nucleoid-associated pre-rRNA fragments
do indeed diffuse to the ribosome rich areas but are rapidly de-
graded by RNases, thus preventing their detection. I disfavor
this possibility on account of the strong signal observed out-
side the DAPI region when using probes targeting pre-rRNA
leader regions located immediately downstream from the
RNase III cleavage site (Fig. 2B). Additionally, since E. coli
does not have 5'-3" RNases, it would be expected to detect sig-
nal all over the cells when using the 5" end-proximal probe
(5'L0), even more so when taking into account the high level
of RNA secondary structure right upstream of the RNase II1
cleavage site. An alternative explanation is the existence of a
specific nucleoid retention factor for some pre-rRNA frag-
ments. Although RNase III could theoretically be that factor,
this protein does not have a localized cellular distribution
(Supplemental Fig. 1), nor is the separation of function
rnc70 allele able to provide nucleoid retention capabilities.
Recently, Bubunenko etal. (2013) have shown a striking inter-
play between the Nus factors and RNase III on the modula-
tion of pre-rRNA biogenesis. Nus proteins bind both the
pre-rRNA boxA loop, located upstream of the RNase I1I cleav-
age sites on the leader and internal spacer, and RNA polymer-
ase. Altogether, this makes the Nus complex an optimal
candidate for a factor mediating the regulation of pre-rRNA
localization.

MATERIALS AND METHODS

Bacterial strains and plasmids

Wild type K-12 E. coli strain MG1655 (F- - ilvG- rfb-50 rph-1) has
been previously described (Blattner et al. 1997). The mutant strains
used are isogenic to MG1655 and were constructed by introducing
into the wild type the rnc-14A:Tn10"™ (Takiff et al. 1989), rnc70
TDI-17A::Tn10"® (Dasgupta et al. 1998), and fisA:Kan® (Baba
etal. 2006) alleles by P1kc transduction (Lennox 1955). The plasmid
pBAD24 is an Amp" multicopy expression plasmid containing the
araBAD promoter (Guzman et al. 1995). Plasmid pBAD24-fis was
constructed by placing the fis ORF under the control of the araBAD
promoter. To this end, an EcoRI/Smal PCR fragment was obtained us-
ing genomic DNA of MG1655 as template and the oligos fis-ecori-5’
(CCGCGAATTCGCCAATGTTCGAACAACGCGTAAATTCT).
fis-smal-3" (ATTATCCCGGGTCACTCCCTTTGTGACACCTA
TAA) was cloned into pPBAD24 opened with EcoRI and Smal. The
plasmid pBAD24-rnc-sfGFP (GenBank ID: KF020495), contains
the rnc gene fused to the N terminus of a superfolder enhanced GFP
gene. The sfGFP fragment was created using gene synthesis tech-
nology (Excellgen), taking as template a superfolder enhanced GFP
gene sequence optimized for E. coli expression (GenBank ID:
HQ873313.1), and cloned into pBAD24 using the oligos sfGFP-
Eco-linker-5" (CCGCGAATTCGCCAATGGCTCGAGCCCGGGC
GCGTAAAGGCGAAGAG) and sfGFP-Xbal-linker-3" (CCTCCT
CCAATCTAGACCTTTGTACAGTTCATCCATACCATG) to create
the plasmid pBAD24-sfGFPx2 (GenBank ID: KF020494). The rnc
ORF was amplified from genomic DNA using the oligos rnc-ecori-

5" (CCGCGAATTCGCCAATGAACCCCATCGTAA) rnc-xhol-3'
(TTTATCTCGAGGTTCCAGCTCCAGTTTTTTC), and cloned
into EcoRI-Xhol of pBAD24-sfGFPx2. Positive clones were scored
by restriction mapping and by visualization of green fluores-
cence of colonies grown in arabinose containing media using a
Dark Reader blue light transilluminator with an amber screen (Clare-
chemical).

Cell growth conditions, fixation procedure,
probes, and probe labeling

Cells were grown at 37°C in LB-Lennox media with shaking at 225
rpm unless indicated otherwise. For nutrient depletion experiments,
bacteria growing exponentially in LB-Lennox were spun down for 1
min and incubated in carbon-source free M63 minimal medium at
37°C with shaking for either 5 or 60 min before fixation. In experi-
ments requiring expression from pBAD24 plasmids, arabinose was
added to a final 0.1% concentration. The cultures were fixed, adding
formaldehyde to a final concentration of 4% and incubating the
cells for 1 h. Fixed cells were washed three times with PBS and
kept at 4°C. Probe 16S (GCTGCCTCCCGTAGGAGT) has been de-
scribed previously with the name EUB338 (Amann et al. 1990a). As
probes specific for the pre-rRNA leader, I used the rr1B oligonucle-
otides 5L0 (ATACGCCTTCCCGCTACAGAGTCAAGCATTTA
TTTTTGCTTTCTCTGCCG), 5Ll (TGCCCACACAGATTGTCT
GATAAATTGTTAAAGAGCAGTGCCGCTTCGCT), 5'L2 (TGTT
CACTCTTGAGACTTGGTATTCATTTTTCGTCTTGCGACGTT
AAGAAT), 5L2-A (TCATTTTTCGTCTTGCGACGTTAAGAAT),
and 5L2-B (TGTTCACTCTTGAGACTTGGTAT). Probe ITS1
(CTTTCGATTCATCATCGTGTTGCGAAAATTTGAGAGACTCA
CGAACAACT) hybridizes against the spacer pre-rRNA region locat-
ed immediately upstream of the pre-23S loop RNase III cleavage
site. In all the probes, the T nucleotides in bold represent an amino
modified C6 dT, suitable for fluorophore conjugation (IDT tech-
nologies). The probes were labeled with Atto647N NHS ester
(Fluka).

RNA-FISH

Bacterial RNA-FISH procedure was done by modifying a yeast-opti-
mized protocol (Malagon and Jensen 2008). Briefly, fixed cells were
washed with PBS, subjected to an enzymatic treatment with lysozyme
to eliminate the bacterial cell wall (10 mg/mL lysozyme >40,000
units/mg of protein, in PBS containing 0.1 volume of ribonucleoside
vanadyl complex, 45 min at 30°C), followed by membrane permea-
bilization with cold ethanol 70%. After two washes with PBS, cells
were preincubated with hybridization solution for 30 min, followed
by an overnight incubation at 37°C with the fluorescent probe. Two
times SSC, 40% formamide, 12% dextran sulfate (average MW
>500,000, Sigma-Aldrich), 1% ribonucleoside vanadyl complex,
salmon sperm DNA 0.1 mg/mL; yeast tRNA 0.1 mg/mL, BSA 0.1
mg/mL, and heat denatured probe at 500 ng/mL was used as hybrid-
ization solution. After incubation, cells were washed for 30 min four
times, twice at 37°C and twice at room temperature, in prehybridiza-
tion solution, followed by a 5-min wash with PBS. Cells were added
to coverslips pretreated with polylysine, incubated at room temper-
ature for 1 h, mounted with DAPI-containing vectashield mounting
solution (Vector Laboratories), and visualized after placed and sealed
on microscopy slides.
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Imaging

Imaging was done using an Eclipse E100 epifluorescence microscope
(Nikon) equipped with a SensiCam-qe camera (Cooke), a Light
Engine S/N 1240 illumination source (Lumecor), and a FF410/
504/582/669-Di01-25 x 26-QF multiwavelengh filter (Semrock).
The slides were visualized using a 100x CFI Plan Apo Ph3 DM objec-
tive (Nikon) and 1.5 refraction index Type DF immersion oil
(Cargille Laboratories). DAPI, GFP, and fluorescence-labeled probes
were visualized after illumination with beams of 390 + 9, 485 + 20,
and 650 + 7 nm, respectively. All probe images were taken with bin-
ning 1 and using near similar exposure times and image scaling when
using the same probe. All panels in the figures have an original lateral
size of 150 pixels (9.675 um). We used Metamorph 7.6.4.0 software
(Molecular Devices) for image acquisition and Adobe Photoshop for
image handling.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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