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ABSTRACT

Transcription termination in bacteria can occur ei-
ther via Rho-dependent or independent (intrinsic)
mechanisms. Intrinsic terminators are composed of
a stem-loop RNA structure followed by a uridine
stretch and are known to terminate in a precise man-
ner. In contrast, Rho-dependent terminators have
more loosely defined characteristics and are thought
to terminate in a diffuse manner. While transcripts
ending in an intrinsic terminator are protected from
3′-5′ exonuclease digestion due to the stem-loop
structure of the terminator, it remains unclear what
protects Rho-dependent transcripts from being de-
graded. In this study, we mapped the exact steady-
state RNA 3′ ends of hundreds of Escherichia coli
genes terminated either by Rho-dependent or inde-
pendent mechanisms. We found that transcripts gen-
erated from Rho-dependent termination have precise
3′-ends at steady state. These termini were local-
ized immediately downstream of energetically stable
stem-loop structures, which were not followed by uri-
dine rich sequences. We provide evidence that these
structures protect Rho-dependent transcripts from
3′-5′ exonucleases such as PNPase and RNase II, and
present data localizing the Rho-utilization (rut) sites
immediately downstream of these protective struc-
tures. This study represents the first extensive in-
vivo map of exact RNA 3′-ends of Rho-dependent
transcripts in E. coli.

INTRODUCTION

Transcription termination sets the gene 3′-end boundary
and prevents leakage into downstream genes, enabling con-
trolled expression in the densely packed genomes of bac-
teria (1). In addition, termination determines the exact 3′-
terminal sequence of the mRNA, which often holds impor-
tant information for transcript stability or for regulating
gene expression (2,3). Bacteria rely on two major mecha-
nisms for terminating the transcription reaction, which are

defined according to their dependence on the proteinaceous
termination factor, Rho (4).

Rho-independent terminators, also known as intrinsic
terminators, efficiently destabilize the elongating RNA-
polymerase (RNAP) complex in the absence of Rho and
are encoded by a short ∼30nt DNA sequence downstream
of the protein-coding region of the gene, as well as in some
regulatory 5′ mRNA leaders (5,6). These terminators are
composed of two main modules: a GC-rich sequence that
folds into an energetically stable stem-loop RNA structure
and a 7–8 nt uridine rich sequence (7–10). Termination ini-
tiates when the U-rich tract is transcribed and occupies the
transcription bubble, causing the RNAP to pause and al-
lowing the upstream stem-loop forming sequence to nucle-
ate, which disrupts the transcription complex (8,9,11). Thus,
the site of termination is precisely defined by the terminator
sequence and results in mRNAs with stem-loop structures
at their 3′-end, a feature that protects them from being di-
gested by processive 3′-5′ exonucleases (8,12).

Transcripts regulated by Rho-dependent termination
must associate with Rho during their transcription elon-
gation stage. Rho forms a homohexameric ring complex
and translocates on the nascent mRNA through its pore
in an ATP-dependent manner from 5′ to 3′, resulting in a
competition with the elongating RNAP (8). Rho prefer-
entially binds the nascent mRNA at unstructured, C-rich,
G-poor RNA sequences that activate its translocation ac-
tivity and are generally defined as Rho-utilization (rut) se-
quences (13,14). In contrast to the compact encoding of in-
trinsic terminators, rut sequences can be encoded by ∼80–
90 nucleotides and may be positioned in variable positions
at over 100nt upstream to the actual site of termination (14–
16). Furthermore, the efficiency of termination is depen-
dent on kinetic coupling between the elongating RNAP and
the translocating Rho that lags behind, resulting in ‘diffuse’
termination at multiple positions that are enriched around
RNAP pause sites (17). While mRNAs terminated by the in-
trinsic mechanism are protected from degradation by their
3′ stem-loop structure, it remains unknown whether or how
Rho-dependent genes are stabilized.

Despite the accumulation of insights into the Rho-
dependent termination mechanism, in-vivo mapping of 3′
termini of Rho-dependent transcripts has largely been lim-
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ited to a few model cases. In this study, we utilize a com-
bination of RNA-seq approaches to map the RNA 3′-ends
of both intrinsic and Rho-dependent transcripts with single
nucleotide precision and across hundreds of operons.

MATERIALS AND METHODS

Strains, growth conditions and RNA extraction

Escherichia coli BW25113 and the pnp, rnb and rnr single
deletion strains from the keio collection (18) were cultured
in LB media (10 g/l tryptone, 5 g/l yeast extract 5 g/l NaCl)
under aerobic conditions at 37◦C with shaking. Bacterial
pellets were collected by centrifugation (4,000 rpm, 5 min,
at 4◦C), flash frozen and stored in –80◦C until RNA extrac-
tion. For RNA isolation, frozen pellets were thoroughly re-
suspended and mixed in 100 �l lysozyme solution (1 mg/ml
in 10 mM Tris–HCl and 1 mM EDTA) pre-warmed to 37◦C
and then incubated at 37◦C for 1 min. The cells were then
lysed by immediately adding 1 ml tri-reagent (Trizol) fol-
lowed by vigorous vortexing for 10 s until solution was
cleared. Following an incubation period of 5 min at room
temp (RT), 200 �l chloroform was added and the sample
was vortexed for another 10 s until homogeneous. The sam-
ple was incubated for 2–5 min at RT until visible phase sep-
aration was observed and then centrifuged at 12,000g for
10 min. The upper phase was gently collected (about 600�l)
and mixed at a 1:1 ratio with 100% isopropanol and then
mixed by vortexing for 2–3 s. The sample was incubated for
1 h at –20◦C and then centrifuged (14,000 rpm, 30 min, at
4◦C) to collect the RNA pellet. The solution was removed
without disturbing the pellet, followed by two consecutive
wash rounds using 750 �l 70% ethanol. The pellets were air
dried for 5 min and then dissolved in nuclease free H2O and
incubated for 5 min at 50◦C. All RNA samples were treated
with TURBO deoxyribonuclease (DNase) (Life technolo-
gies, AM2238).

Library construction, deep-sequencing and read mapping

Term-seq and RNA-seq libraries were constructed as de-
scribed by Dar et al. (19) and were sequenced on the Il-
lumina Nextseq 500 platform in paired ends mode. The
sequencing data has been deposited at Gene Expression
Omnibus (GEO) under the GSE109766 accession code.
Reads were then mapped to the reference genome using
NovoAlign (Novocraft) V3.02.02 with default parameters,
discarding reads that mapped to more than one genomic po-
sition. Paired reads in which the mapped insert length was
greater than 500nt were discarded. Gene annotation and se-
quences were downloaded from Genbank (CP009273).

Identification of dominant RNA 3′-end

The number of 3′-end reads mapped to each genomic po-
sition was measured, and sites appearing in at least two of
three replicates with an average coverage greater or equal to
four reads were collected for downstream analysis. For each
3′-end site the average library insert length was calculated
using the paired end read mapping positions. Sites were then
associated with their respective genes, requiring that the av-
erage insert length allow at least 1nt overlap with the end of

the genes’ coding region. Dominant 3′-ends were assigned
as the most highly covered position associated with the 3′
end of a gene. In cases where equal coverage was shared be-
tween multiple sites, the position furthest downstream was
selected.

Termini sequence and structure analysis

The upstream and downstream sequences relative to the ex-
act termination sites were collected from the latest version
of the reference genome (as described above). For the nu-
cleotide usage enrichment analyses, the frequency of each
base in a given position relative to the dominant 3′ ends (–1,
+1, etc.) was calculated using the sequences above and com-
pared to an identical calculation resulting from sampling
10,000 randomly chosen intergenic positions as described
in (19). The log2 fold enrichment was calculated and plot-
ted as in Figure 2. Predicted RNA structural stability anal-
ysis was performed by folding the 45nt long DNA sequence
found upstream to the dominant 3′ ends using the RNAfold
software (20). Distribution comparison was performed with
the Wilcoxon rank-sum test R package using the two-sided
hypothesis testing mode.

Measuring rho-dependence and exonuclease activity

The data from (21) was mapped against the E. coli genome
(accession no.: CP009273) as described above and the
number of reads per nucleotide was calculated for con-
trol and for Bcm-treated samples. The RNA-seq coverage
immediately downstream and upstream of dominant ter-
mini was used to estimate the readthrough in the control
(basal readthrough) and in the Bcm-treated sample, where
Rho is inhibited. Specifically, the average RNA-seq read
coverage over the downstream 75nt and the upstream as
250nt was calculated and the readthrough was measured
as their ratio. Rho-dependence was measured as the differ-
ence in readthrough between the Bcm and control samples
(e.g. for 5% readthrough in control and 40% readthrough
in Bcm, the estimated rho-dependence was measured as
35%). Genes covered on average with less than 20 reads
per nucleotide, or where the control readthrough (basal
readthrough) was greater than 30%, were discarded from
this analysis. The final set included 462 transcripts for which
we were able to calculate a rho-dependence score based on
the readthrough in Bcm treatment, as described above. The
measured rho-dependence scores in this set were used to
classify transcripts according to their termination strategy.
Transcripts with a rho-dependence score of 5% or less were
classified as rho-independent (n = 174) and transcripts with
a score of 30% or more were classified as Rho-dependent (n
= 144). Transcripts with values greater than 5% but smaller
than 30% (n = 144) were not used in the analyses. We found
that the results described in the manuscript were not sensi-
tive to small changes in these cutoff values. The entire set
of 462 transcripts considered in this analysis is available in
Supplementary Table S2 along with their respective mea-
sured rho-dependence scores.

Exonuclease activity was measured in an identical man-
ner to rho-dependence, but the Bcm samples were replaced
with samples generated with exonuclease-deleted strains
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taken from the keio collection (pnp, rnb and rnr) and com-
pared to a control generated with the parental keio strain
(WT) (18).

RESULTS

Mapping the 3′ termini of Rho-dependent and independent
transcripts in Escherichia coli

Accurate and comprehensive mapping of RNA 3′-ends can
shed important light on termination mechanisms in bacte-
ria and archaea (19,22). While E. coli is considered one of
the best studied model microbes, a high-resolution map of
RNA 3′-ends in this organism was still missing (23). We rea-
soned that such a map, in combination with a method for
measuring rho-dependence, would enable a direct compari-
son of 3′ termini between transcripts terminated by Rho-
dependent or independent mechanisms. We therefore ap-
plied the recently developed term-seq method (24) to com-
prehensively map the exposed RNA 3′-ends in three expo-
nentially growing E. coli cultures, which resulted in over 5.5
million uniquely mapped paired-end sequencing reads rep-
resenting the exact positions of in-vivo RNA 3′-ends (Meth-
ods). The dominant 3′ terminus, defined as the most highly
covered, reproducibly occurring 3′-end present downstream
of the gene (detected in at least two independent experi-
ments with an average coverage of at least four reads across
all three replicates), was detected for 1098 individual tran-
scripts (Methods; Supplementary Table S1).

While term-seq provides high-resolution maps of the
RNA 3′ ends associated with genes, more data is required to
determine whether the genes are dependent on rho for their
termination. In an earlier study, Peters et al. identified over a
thousand regions where Rho-dependent termination takes
place by exposing E. coli bacteria to a sub-lethal dosage
of Bicyclomycin (Bcm), a potent Rho inhibitor, and then
sequencing mRNAs using a strand-specific RNA-seq pro-
tocol (21). In Bcm treated bacteria, the activity of Rho is
compromised and leads to leaky transcription beyond Rho-
dependent termination sites (21,25,26). To complement the
term-seq analysis, we used the Peters et al. (21) data to eval-
uate the rho-dependence of each of the transcripts for which
we were able to assign a dominant 3′ end, and for which sig-
nificant coverage was available in the Peters et al. (21) RNA-
seq experiments. Specifically, we estimated rho-dependence
as the Bcm-dependent ‘read-through’, i.e., the relative in-
crease in RNA-seq coverage downstream of the dominant 3′
termini in Bcm-treated bacteria as compared with the con-
trol (Figure 1; Materials and Methods).

We calculated a rho-dependence metric for 42%
(462/1098) of the genes in our data, which were covered
by sufficient amount of RNA-seq reads in the Peters et al.
experiment and for which we were able to assign an domi-
nant 3′ end using term-seq (Figure 1A–C; Supplementary
Table S2; Materials and Methods). This analysis divided
our gene set into a clear group of rho-independent genes
and a second group of genes showing a varied distribution
of rho-dependence (Figure 1C). Based on these data, we
classified our genes into two groups: genes displaying <5%
rho-dependence (i.e. <5% ‘read through’ downstream of
the gene terminus in the Bcm-treated samples) were classi-
fied as rho-independent (Figure 1A) and those presenting

Bcm-dependent leakage rates larger than 30% were marked
as Rho-dependent (Figure 1B). This classification resulted
in a set of 174 independent and 144 Rho-dependent genes
(Figure 1A–C). This analysis suggests that >30% (144/462)
of E. coli genes depend on rho for their termination, a figure
which agrees with previous estimates of 20–50% (25–27).
Whereas most of the gene-associated rho-dependent 3′
termini analyzed above were mapped to intergenic regions,
we also identified 14 cases where the termini were localized
over 30 bases into the downstream gene (Supplementary
Table S2).

We find that rho-dependent and independent genes are
encoded on both strands with similar frequency and are
uniformly distributed across the genome. In addition, com-
paring the RNA-seq coverage levels of Rho-dependent and
independent genes, we found that genes with intrinsic termi-
nation mechanisms had on average a 6-fold higher expres-
sion level than Rho-dependent genes (P < 10−17, Wilcoxon
rank-sum; Figure 1D), suggesting that termination strategy
might be linked with additional aspects of gene regulation.

Molecular determinants of RNA 3′-ends of Rho-dependent
transcripts

The known molecular mechanism of Rho-dependent termi-
nation, in which the rho factor must ‘catch up’ with the
transcribing RNAP complex to catalyze its dissociation,
suggests that the termination sites of Rho-dependent genes
ought to be dispersed across multiple positions downstream
of the gene (8). Indeed, in-vitro Rho-dependent termina-
tion assays often show multiple or smeared termination pat-
terns (17). In contrast, we find that the vast majority of the
in-vivo RNA 3′-end reads associated with Rho-dependent
transcripts are narrowly distributed within a space of 2–
3nt relative to the dominant site, as is also seen (and ex-
pected) for rho-independent genes (Figure 2A; Materials
and Methods). These results demonstrate that in steady-
state, the RNA 3′-ends of Rho-dependent transcripts are
not dispersed but are rather locally precise, similarly to rho-
independent termini.

While the sequence and RNA-structure determinants of
intrinsic terminators are well understood, it is still unknown
whether termini of Rho-dependent transcripts share any
unifying characteristics (8,14). To assess the effectiveness
of our classification according to rho-dependence, we ana-
lyzed the sequence motifs and predicted RNA structure sur-
rounding the dominant 3′ ends of rho-independent and de-
pendent genes. For each group, we calculated the nucleotide
usage frequency at specific positions relative to the 3′ end
and compared their relative enrichment compared to ran-
domly selected intergenic regions (Materials and Methods).
In agreement with the knowledge on the mechanism of in-
trinsic termination we found that 99% (172/174) of the rho-
independent 3′ termini mapped in our analysis occur im-
mediately downstream of stable hairpin structure, most of
which are followed by a uridine rich sequence (Figure 2B
and C; Supplementary Table S2). Surprisingly, we find that
all but one of the 3′ termini of Rho-dependent transcripts,
including those localized within protein-coding regions of
downstream genes, were also associated with stem-loop
structures, which presented nearly identical stem and loop
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Figure 1. Mapping of Rho-dependent and independent RNA 3′ termini. Inhibition of the Rho termination factor using Bcm identifies Rho-dependent
transcript elongation (read-through) beyond the major 3′ terminus. Dominant 3′-ends recorded with term-seq are depicted as black arrows and their
height represents the average number of supporting reads for the position, as calculated from three replicates. RNA-seq coverage taken from Peters et
al. (21) representing the control (black line) and Bcm treated (green) samples were normalized by the number of uniquely mapped reads in each library.
Genes are shown below as red (sense strand direction) and blue (antisense strand) box arrows. (A and B) Shown are examples of rho-independent (A) and
dependent (B) genes along with their recorded rho-dependence metric. (C) Distribution of Rho-dependent ‘read-through’ levels in Bcm-treated samples.
The classification thresholds are shown by vertical dashed lines. (D) Average expression differences between Rho-dependent and independent genes. The
distributions were compared using a two-sided Wilcoxon rank-sum test (P < 10−17).

length distributions and folding energies as intrinsic termi-
nators (Figure 2B and D; Supplementary Table S2; Materi-
als and Methods). However, these termini had substantially
reduced uridine content and were not associated with the
adenosine rich tracts commonly detected upstream of the
stem-loops of intrinsic terminators (8,28) (Figure 2C–D).
Instead, RNA termini of Rho-dependent transcripts were

followed by a mild enrichment of cytosine-over-guanosine
usage in the downstream DNA sequence (Figure 2D).

3′ terminal stem-loop structures stabilize Rho-dependent mR-
NAs

The genome-wide analysis of Rho-dependent transcripts
by Peters et al. (21) showed that many estimated termina-
tion positions occurred within a distance of a few hundred
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Figure 2. Determinants of RNA 3′ termini of Rho-dependent and independent transcripts. (A) Term-seq mapped 3′-ends are tightly distributed around the
dominant 3′ termini position in both rho-independent (red boxes) and dependent (blue boxes) transcripts. The relative term-seq signal is calculated for the
20 nucleotide positions adjacent to the dominant terminator site (10nt on each side). Outliers are shown as black dots. (B) The dominant termini of both
rho-independent and dependent transcripts occur immediately downstream of energetically stable stem-loop structures compared with random genomic
sequences (n = 10,000). The distributions were compared using a two-sided Wilcoxon rank-sum test (P < 10−76). Nucleotide frequency meta-analysis
across all rho-independent (C) or dependent (D) dominant 3′ termini was measured by comparing the genomic sequences surrounding the termini sets to
randomly selected intergenic positions (n = 10,000).
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nucleotides of repetitive extragenic palindromic (REP) ele-
ments (21). Such REP elements commonly occur in the in-
tergenic regions of E. coli and when transcribed, fold into
stable secondary structures that resist exonuclease diges-
tion (29–31). Peters and colleagues therefore suggested that
Rho-dependent termination occurs far downstream of REP
elements, which then act to protect Rho-dependent tran-
scripts from premature transcript degradation, similarly to
the RNA structures of rho-independent terminators (21).
This hypothesis is also supported by the detection of higher
C/G utilization ratios downstream of the REP elements,
implying that the rut sequences, and therefore termination,
occur downstream of the REPs (21). However, less than
half of all of the termination sites detected by Peters et al.
were found to be associated with REP elements. In addition,
REP elements were also shown to sometime play direct roles
in Rho-dependent termination (32). Our high-resolution 3′-
end mapping now suggests that most Rho-dependent tran-
scripts maintain energetically stable stem-loop structures
that define the transcript terminus at steady state. However,
only 24% (35/144) of these were associated with annotated
REP elements, compared with 13% (22/174) of the intrin-
sic terminators (P = 0.008, Fisher’s exact test; Materials and
Methods).

Under the protection hypothesis, Rho-dependent termi-
nation should take place far downstream of the detected 3′
stem-loop structures, generating a long 3′ UTR tail which is
then rapidly trimmed by 3′-5′ exonucleases up until the pro-
tective stem-loop (21). We reasoned that in this scenario,
perturbing 3′-5′ exonuclease activity in the cell should re-
sult in stabilization of longer 3′ UTRs downstream of these
stem-loops, revealing a signal that is difficult to detect in
the WT steady state conditions. We therefore sequenced the
mRNAs of mutant E. coli strains deleted for each of the
three major 3′-5′ exonucleases: Polynucleotide Phosphory-
lase (PNPase), RNase II or RNase R (33) (Materials and
Methods). While these exonucleases work on a redundant
set of RNA substrates, double or triple deletion mutants are
non-viable (34).

We compared the RNA-seq coverage downstream of
the dominant termini between the WT and exonuclease-
deficient strains, allowing us to estimate the relative amount
of transcript that is trimmed under each genetic back-
ground, which we defined here as ‘exonuclease activity’
(Figure 3A and B; Supplementary Table S3; Materials
and Methods). We find that exonuclease dependent 3′-to-
5′ trimming is significantly enriched downstream of Rho-
dependent 3′-ends as compared to intrinsically terminated
transcripts (Figure 3; Materials and Methods). These de-
cay patterns were mainly dependent on PNPase (pnp) and
RNase II (rnb) but not on RNase R (rnr) (Figure 3B). Ter-
mini trimmed by RNase II were generally also trimmed
by PNPase (Figure 3C). These results support the model
in which Rho-dependent transcripts terminate in a ‘dif-
fuse’ manner downstream of the stem-loop structure and
are then trimmed in a 3′-5′ direction, leaving stable RNA
3′ stem-loop structures to stabilize the mRNA in a manner
similar to transcript terminated by rho-independent termi-
nators.

DISCUSSION

In this study we mapped the positions of exposed RNA 3′-
ends associated with Rho-dependent or independent tran-
scripts in E. coli. This analysis was based on a combination
of term-seq and RNA-seq experiments in control or Bcm
treated bacteria, in which Rho is inhibited (21). We found
that mRNAs that depend on Rho for their termination have
locally precise termini that are directly downstream to an
energetically stable stem-loop structure, essentially identical
to that found in rho-independent terminators (but without
the U-rich tract). While these structures could potentially
hold direct roles in termination (35), as occurs in indepen-
dent terminators, our data support a model in which they
mainly serve as protective elements that resist 3′-5′ exonucle-
ase digestion, validating the hypothesis put forth by Peters
and colleagues (21).

Our experiments with exonuclease deficient strains
strongly support the notion that termination occurs down-
stream of the measured termini and that the transcript is
rapidly trimmed by housekeeping exonucleases such that in
steady-state, the vast majority of mRNA isoforms have the
processed, stable 3′ end.

The observation that almost all E. coli genes are protected
by stem-loop RNA structures provides an improved under-
standing of the ‘rules’ for productive gene encoding and
expression in bacteria. Moreover, the fact that these struc-
tures are energetically indistinguishable from those found
in intrinsic terminators implies that terminators could eas-
ily switch between Rho-dependent and independent dur-
ing evolution, simply by altering the uridine content down-
stream the stem-loop. Furthermore, the reduced and con-
fined uridine enrichment downstream of stem-loop struc-
tures defining the steady-state termini of Rho-dependent
transcripts could be indicative of cases where the gene is
terminated by inefficient intrinsic mechanisms (because of
lower uridine content) but is also terminated by Rho to
achieve efficient control of expression. Such cases might be
indicative of transition states between termination mecha-
nisms.

Terminator evolution is also potentially interesting in
light of our discovery that rho-dependence is anti-correlated
with gene expression levels (Figure 1D). It stands to rea-
son that Rho-dependent termination would be, on aver-
age, a less efficient mechanism than intrinsic termination,
which naturally would be less robust to perturbations that
influence Rho abundance or activity (e.g. Bcm sensitivity).
Thus, one possible explanation for the observation that
Rho-dependent genes have significantly lower expression is
that higher expression of Rho-dependent genes may result
in unwanted readthrough into neighboring genes, which
might disrupt tightly regulated expression programs or even
generate interference via antisense transcription (36). An-
other potential explanation is that the interaction with Rho
also results in premature termination within the coding-
region, which could limit the expression from such genes. In
support of the later hypothesis, ChIP-seq experiments have
shown that Rho can be detected across the protein-coding
regions of its target mRNAs (37).

Our study provides insights into the characteristics of 3′
termini of Rho-dependent transcripts and suggests that es-
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sentially all protein-coding genes in E. coli must maintain
energetically stable RNA structures at their termini to re-
main protected from 3′-5′ exonucleases. The comprehensive
mapping of transcript 3′ ends in E. coli provides a new layer
of information that expands the understanding of gene ex-
pression in one of the most studied model bacteria.

DATA AVAILABILITY
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Sorek/ecoli termseq/.
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