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The second messenger nucleotide ppGpp dramatically alters gene
expression in bacteria to adjust cellular metabolism to nutrient
availability. ppGpp binds to two sites on RNA polymerase (RNAP) in
Escherichia coli, but it has also been reported to bind to many other
proteins. To determine the role of the RNAP binding sites in the
genome-wide effects of ppGpp on transcription, we used RNA-seq
to analyze transcripts produced in response to elevated ppGpp levels
in strains with/without the ppGpp binding sites on RNAP. We exam-
ined RNAs rapidly after ppGpp production without an accompanying
nutrient starvation. This procedure enriched for direct effects of
ppGpp on RNAP rather than for indirect effects on transcription
resulting from starvation-induced changes in metabolism or on sec-
ondary events from the initial effects on RNAP. The transcriptional
responses of all 757 genes identified after 5 minutes of ppGpp in-
duction depended on ppGpp binding to RNAP. Most (>75%)were not
reported in earlier studies. The regulated transcripts encode products
involved not only in translation but also in many other cellular pro-
cesses. In vitro transcription analysis of more than 100 promoters
from the in vivo dataset identified a large collection of directly regu-
lated promoters, unambiguously demonstrated that most effects of
ppGpp on transcription in vivo were direct, and allowed comparison
of DNA sequences from inhibited, activated, and unaffected promoter
classes. Our analysis greatly expands our understanding of the
breadth of the stringent response and suggests promoter sequence
features that contribute to the specific effects of ppGpp.
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The second messengers ppGpp and pppGpp (together abbre-
viated here as ppGpp) have long been known to alter gene

expression after starvation of Escherichia coli for a variety of
nutrients, down-regulating stable RNA (rRNA and tRNA) genes
and up-regulating stress and starvation-related genes such as
those for amino acid biosynthesis (1, 2). ppGpp regulates tran-
scription initiation from specific promoters by binding directly to
RNA polymerase (RNAP) at two sites, generally conserved in
proteobacteria (3–5). “Site 1” is at the interface of the ω subunit
and the β′ subunit (4), and “site 2” is at the interface of the
transcription factor DksA and the secondary channel rim helices
of β′ (5). DksA is a small RNAP-binding protein present at
relatively constant concentrations in E. coli (6, 7). The combined
effects of amino acid substitutions in β′, ω, and DksA within the
two ppGpp binding sites render RNAP insensitive to effects of
ppGpp on transcription initiation in vitro and in vivo (5).
ppGpp can also bind to and affect the activities of a large

number of other proteins in addition to RNAP (1, 2), thereby
playing roles in processes as diverse as DNA replication (8, 9),
translation (10–12), nucleotide metabolism (2, 11–14), ribosome
biogenesis (11, 12, 15, 16), amino acid decarboxylation (17),
polyphosphate metabolism (18), and ppGpp metabolism itself
(11, 19, 20). Our studies were designed to distinguish the effects
of ppGpp on gene expression resulting from its binding to RNAP
versus other cellular targets.

Global transcriptional effects of ppGpp have been examined
previously, utilizing expression microarrays and strains containing or
lacking the genes for ppGpp synthesis (relA and spoT) following
starvation for serine (21) or isoleucine (22, 23). The transcriptomes
of wild-type, ΔrelA ΔspoT, and ΔdksA strains were also compared
in early stationary phase (24). Several hundred regulated genes were
identified, indicating that ppGpp affects the expression of many
cellular products. However, these studies did not distinguish effects
on transcription resulting from ppGpp binding directly to RNAP
from effects of ppGpp binding to other targets or from secondary
events subsequent to the direct effects of ppGpp binding to RNAP.
Distinguishing direct from indirect effects is necessary for un-
derstanding the mechanisms underlying a regulatory network.
High-throughput sequencing technologies (RNA-seq) that have

emerged since publication of the initial global studies are more
sensitive, reproducible, and versatile than expression microarrays
for genome-wide transcription regulation studies (25). To study the
global transcriptional effects of direct ppGpp binding to RNAP, we
used RNA-seq to identify regulated transcripts genome-wide pro-
duced before and after inducing synthesis of ppGpp in strains with
or without the ppGpp binding sites on RNAP. Analysis of tran-
scripts produced after only 5 min of ppGpp induction reduced
identification of products resulting from secondary events. Com-
parison of the effects of ppGpp in strains with and without the
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ppGpp binding sites on RNAP rather than in strains with and
without the ability to synthesize ppGpp eliminated potential effects
from loss of ppGpp binding to other cellular targets. Furthermore,
by producing ppGpp without nutrient starvation, we avoided iden-
tification of effects resulting from changes in metabolism in-
dependent of ppGpp production.
The results show that all transcriptional responses to ppGpp under

these conditions result from binding of ppGpp to RNAP rather than
to transcription factors or other potential targets. The much larger
number of genes and pathways identified here as regulated by ppGpp
indicates that the transcriptional response to ppGpp is considerably
broader than realized previously. A large subset of the regulated
promoters was analyzed by in vitro transcription, identifying DNA
sequence features contributing to the promoter-specific effects of
ppGpp and thus to the mechanism of the stringent response.

Results and Discussion
Transcriptional Response to Synthesis of ppGpp by Induction of a relA
Expression Plasmid. To study the transcriptional effects of ppGpp
binding to RNAP and to identify which of its effects are direct,
we used a two-pronged approach. First, RNA-seq was used to
identify regulated transcripts genome-wide after synthesis of
ppGpp in strains with and without the ppGpp binding sites on
RNAP, and second a large number of the promoters identified in
vivo were analyzed by in vitro transcription to unambiguously
identify direct effects of ppGpp.
ppGpp was produced without concurrent starvation by condi-

tional expression of a RelA variant from plasmid pALS13 lacking
its autoinhibitory domain, allowing continued synthesis of ppGpp
when induced with isopropyl β-D-1-thiogalactopyranoside (IPTG)
from the tac promoter in strains with or without the two binding
sites for ppGpp on RNAP (referred to as 1+2+ or 1−2−) (Fig. 1 A

and B). Plasmid pALS14, which codes for an inactive RelA vari-
ant, was used as a control for effects of IPTG induction. We
previously demonstrated that representative negatively (rRNA) or
positively (iraP) regulated promoters were not regulated in the
1−2− strain in vivo following induction of ppGpp by amino acid
starvation with serine hydroxamate (5). We evaluated use of the
inducible relA plasmid system instead of treatment with serine
hydroxamate, first by testing the response of the promoters for
transcription of rRNA and the iraP mRNA.
Unlike the mature rRNAs, the rRNA precursors are highly un-

stable, and the level of the leader RNA can serve as an estimate of
rRNA promoter activity. ppGpp induction inhibited rRNA leader
synthesis approximately fourfold in the wild-type strain in the first
5 min, but there was little or no effect in the 1−2− strain or in the
strains with the inactive ppGpp production plasmid (Fig. 1C). The
positively regulated iraP mRNA increased approximately fourfold
within 5 min of ppGpp induction in the 1+2+ strain but not in the
1−2− strain or in the strains with pALS14 (Fig. 1D). The fold effects
of ppGpp were qualitatively consistent with, although somewhat
smaller than, the results obtained after treatment with serine
hydroxamate (5), suggesting that the level of ppGpp produced in
our inducible system might be somewhat lower than that produced
by wild-type relA during a severe amino acid starvation. Residual
activity of the chromosomally encoded relA product could also limit
the fold increase in ppGpp concentration after IPTG induction
(and thus the observed magnitude of the transcriptional response).
We compared ppGpp and relA mRNA levels in the 1+2+ and

1−2− strains after conditional expression of the active RelA
variant without concurrent starvation (SI Appendix, Figs. S1 and
S2). ppGpp increased only in the strains containing pALS13 and
not with the control plasmid pALS14 (SI Appendix, Fig. S1 A and
B). Maximum ppGpp levels in the 1−2− strain were ∼70% as
high as those in the 1+2+ strain, correlating qualitatively with
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Fig. 1. Validation of ppGpp overexpression method. (A) Strains. (B) Workflow of the RNA-seq experiment. (C) qPCR analysis of unstable precursor RNA
transcripts from chromosomal rRNA operons after induction of RelA from pALS13 and pALS14 with 1 mM IPTG. (D) qPCR analysis of iraP transcripts after IPTG
addition as in C. Means and SDs are from three independent experiments.
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relA mRNA levels in the two strains (SI Appendix, Fig. S2 A and
B). The slight reduction in ppGpp production in the 1−2− strain
could not account for the complete loss of regulation observed,
given the reported IC50 for ppGpp in vitro (5) and the threshold
concentration of ppGpp required for its effects on rRNA tran-
scription in vivo (26).

Few, if Any, Effects of ppGpp on Transcription Result from ppGpp
Binding to Targets Other than RNAP During the Initial Phase of the
Response. RNA was sequenced from four strains (1+2+ and 1−2−,
each with pALS13 or pALS14) before (time 0) and at 5 and 10 min
after addition of IPTG to induce ppGpp synthesis. Three biological
replicates were measured at each time point (Fig. 1 A and B).
The RNA-seq results are displayed as a heatmap (Fig. 2A)

comparing RNA transcripts that changed in a statistically significant
manner by more than twofold to those at time 0 in response to
ppGpp synthesis (log2 ≥ 1.0 or −1; adjusted P value < 0.05; false
discovery rate controlled). The results for individual genes are
provided in three different formats. In general, fold effects are
reported in the text, whereas log2 values are reported in Datasets S1
and S2. A spreadsheet listing the log2 responses to ppGpp for all
detected transcripts is provided as Dataset S1, grouped by statistical
category, as well as gene identifier information (including b number
and gene coordinates). Dataset S2 lists all genes alphabetically,
including those for which no transcripts were detected or for which
the effect was not statistically significant. SI Appendix, Table S1
ranks the magnitudes of the effects for those genes most affected by
ppGpp (i.e., the top 10% negatively regulated and positively regu-
lated genes) and indicates the putative function of the gene product.
The number of genes whose expression was inhibited or acti-

vated after ppGpp production in the 1+2+ (wild-type) or 1−2−
(mutant) strains is shown in the Venn diagram in Fig. 2B. In the
1+2+ strain, expression of 757 genes changed twofold or more
(log2 ≥ 1.0 or −1) by 5 min (inhibited and activated genes
combined), and expression of 1,224 genes changed by 10 min. In

contrast, expression of only three genes changed twofold or more in
the 1−2− strain in the first 5 min and 52 genes by 10 min. Two of the
three transcripts that changed in the first 5 min in the 1−2− strain
changed only slightly (ydgI, 2.3-fold inhibited; phoH, 2.6-fold acti-
vated in Dataset S1). Even though these transcripts met our arbitrary
twofold cutoff for biological significance, they changed much more in
the 1+2+ strain (15.6-fold decrease and 9.9-fold increase, re-
spectively). Thus, whatever mechanism accounted for the effects of
ppGpp on these transcripts in the 1−2− strain, it accounted for only
a minor fraction of the regulation observed in the strain with wild-
type RNAP. The third transcript, yeeD, remained unchanged in the
1+2+ strain, although it increased slightly in the mutant strain. We
conclude that there are very few, if any, effects of ppGpp on tran-
scription that result from ppGpp binding to targets other than
RNAP, ruling out a major contribution of ppGpp to effects on
transcription from binding to transcription factors (or other proteins)
during the initial phase of the stringent response.
In the 1+2+ host strain without IPTG, the level of ppGpp at time

0 (i.e., without induction) was the same with the plasmids encoding
the active and inactive relA. Thus, the basal ppGpp level was de-
termined by the wild-type relA and spoT genes on the chromosome,
not by potential leaky expression from the plasmid-encoded relA (SI
Appendix, Expanded Materials and Methods). Interestingly, ppGpp
was higher in the 1−2− strain than in the 1+2+ strain (SI Appendix,
Fig. S1 A and B). Although our understanding of the mechanisms
controlling basal ppGpp levels is far from complete, there is an
inverse correlation between ppGpp levels and the steady-state
growth rate (26). Since the 1−2− strain grew significantly slower
than the 1+2+ strain under these growth conditions (30-min versus
20-min doubling time), probably because of its altered regulation of
transcription genome-wide even in the relatively rich medium used
here, the higher basal levels of ppGpp could result from the reduced
growth rate. Alternatively, the higher levels of ppGpp could cause
the decreased growth rate, or there could be feedback systems
controlling ppGpp synthesis and/or degradation that are affected by
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Fig. 2. Global gene expression changes in response
to ppGpp induction. (A) Heatmap shows log2 changes
in the 1+2+ and 1−2− strains. (B) Venn diagram
showing number of genes inhibited or activated at
least twofold in response to ppGpp in the 1+2+ and
1−2− strains. Small solid red circle (1−2−, 5 min) in the
activated genes diagram represents two genes, one
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ppGpp binding to RNAP. We return later in the manuscript to the
genes whose expression differs in the 1−2− and 1+2+ strains in the
absence of induction of the relA plasmid.

The Breadth of the Transcriptional Response to ppGpp Is Greater than
Recognized Previously. A much larger number of genes responded
to ppGpp in our study than in a previous expression microarray
study in which serine hydroxamate was used to induce ppGpp
synthesis (21). Because the timescales were the same, we were able
to compare our results with those in that study. Expression of
104 genes changed within 5 min in the previous report, whereas
757 genes responded to ppGpp induction within 5 min in our study.
Ten minutes after ppGpp induction, 264 genes changed in the
previous study, whereas 1,224 genes changed in our study. The
previous study used a cutoff of 2.8-fold (log2 = 1.5) versus the
twofold cutoff used in our study. When we used a log2 = 1.5 cutoff,
approximately threefold more genes were still identified in our
study (325 and 754 genes at 5 and 10 min, respectively, versus the
104 and 264 genes at 5 and 10 min, respectively, in the previous
study). Not all of the genes regulated by ppGpp in the previous
report were also identified as regulated in our study. In summary,
more than 75% of the genes identified as regulated by ppGpp in
our study were not identified as regulated by ppGpp previously. The
genes we identified probably still represent a lower limit of the
number of transcripts affected by ppGpp, since ppGpp synthesis
from the chromosomally encoded relA or spoT genes would likely
obscure changes in transcription that might occur at very low
ppGpp concentrations.
There were a number of differences in experimental design that

could account for the differences in the results obtained in the dif-
ferent studies. First, ppGpp was induced by amino acid starvation in
the reports cited above rather than by induction of relA with IPTG.
We suggest that many of the transcripts reported previously might
have resulted from changes in metabolism, independent of ppGpp
binding to RNAP. Second, use of ppGpp binding-deficient mutant
strains (4, 5) made it possible for us to eliminate ppGpp effects on
RNAP without eliminating ppGpp production, retaining ppGpp
binding to other cellular targets and thus their effects on metabolism.
Third, many secondary effects were probably eliminated by our focus
on genes responding within the first 5 min of ppGpp induction. Fi-
nally, the previous studies all employed expression microarrays, the
best technology available for genome-wide analysis at the time.
However, this technique has largely been superseded by the much
more sensitive and reproducible RNA-seq technology (25), allowing
analysis of regulation of lower abundance transcripts.
The results on the flagella regulon illustrate how induction of

ppGpp from the relA plasmid and analysis within 5 min resulted in
identification of genes only directly regulated by ppGpp. The fla-
gella regulon is a three-tiered transcriptional cascade that consists of
FhlDC, a master regulator that turns on expression of genes in a
second level of the cascade including the flagellar sigma factor σ28
encoded by fliA. In the third level of the cascade, σ28 activates a
multigene operon that includes fliC, the gene coding for the major
flagellin (27). Our RNA-seq data indicate that ppGpp directly in-
hibits transcription of fhlDC, but not the genes in the third level of
the cascade, consistent with our previous conclusions (28) and in
contrast to the conclusions from an expression microarray study that
reported that all but one of the genes in the flagellar cascade were
inhibited by ppGpp (22).
We used a version of the “Pathway Tools Omics Dashboard”

slightly modified from the one available on the EcoCyc webserver
(29) to visualize our transcriptomic data. The results are presented
in a series of panels, each containing genes broadly related to a cell
function defined by the Omics Dashboard tool (Fig. 3, SI Ap-
pendix, Fig. S3, and legends). Although there is some arbitrari-
ness in the classifications, the representation provides a snapshot
of the breadth of the effects of ppGpp on transcription. We note
that this display does not take into account the magnitude of the
changes within a particular category, only the percentages of
genes whose expression increased or decreased at least twofold
in response to ppGpp production. For brevity, most of the dis-

cussion below is limited to the results at 5 min after IPTG ad-
dition, although the data at 10 min are also presented in Datasets
S1 and S2.
Biosynthesis. In general, biosynthesis genes [including amino acid
biosynthesis (AA), fatty acid biosynthesis, and nucleotide bio-
synthesis genes] responded to ppGpp induction (Fig. 3A). Many
amino acid biosynthesis pathways increased even though all 20 aa
were provided in the culture medium, but ppGpp did not increase
expression of all amino acid biosynthesis pathways the same (Fig.
3B). Furthermore, not all genes within a regulon for a given amino
acid responded the same, for example, expression of at least 7 of the
12 genes in the arginine biosynthesis pathway (R) increased after
ppGpp induction, even though they might have been expected to
have been repressed by ArgR in the presence of arginine (Fig. 3C).
The analysis also identified a previously unsuspected ppGpp-

responsive promoter in the tryptophan biosynthetic operon
(trpLEDCBA). Transcription from the trp operon is regulated by
both the trp repressor, TrpR, and by a transcriptional attenuator
responsive to translation of the leader peptide, trpL (30). Since
tryptophan was present in the medium, transcription of trpLED
was turned off. However, transcription from the downstream part
of the operon, trpCBA, increased within 5 min in response to
ppGpp (>2-fold for trpC and 1.9-fold for trpB and trpA). Our data
suggest that a previously identified promoter just upstream of
trpC (31) is ppGpp responsive (Fig. 3D), perhaps increasing
tryptophan levels by allowing trpCBA to synthesize tryptophan
from serine and indole when trpLED transcription is off (32).
Response to stimulus. Fig. 3E indicates that many genes in this
diverse category, which includes genes for the responses to DNA
damage, osmotic stress, oxidants, and environmental treatments,
unexpectedly responded to ppGpp. These results suggest that
ppGpp senses not only nutrition-based stresses. For example, a
high percentage of cold response genes appear to be sensitive to
ppGpp, as predicted previously (33).
Central dogma: RNA, protein, and nucleotide synthesis. A large number
of genes related to nucleotide, protein, and RNA metabolism,
translation, and DNA synthesis are negatively regulated by
ppGpp (Fig. 3F), consistent with many previous reports (21, 23,
34). Our data are consistent with the general picture that cells go
into survival mode in response to production of ppGpp, turning
down synthesis of products required for growth and division.
ppGpp has long been known to regulate ribosomal RNA syn-

thesis directly, whereas effects of ppGpp on ribosomal protein
synthesis have generally been ascribed to posttranscriptional regu-
lation in which most r-protein mRNAs are translationally inhibited
and destabilized by binding specific translational repressor r-
proteins. The activities of these r-proteins as translational repres-
sors are ultimately determined by whether they are titrated away by
binding to rRNAs whose synthesis is controlled directly by ppGpp
(35). Some fraction of this regulation of r-protein mRNA stability
likely occurs very rapidly, within just a minute or two of ppGpp
induction (36), but our results along with those from some earlier
studies indicate that there are also direct effects of ppGpp on r-
protein promoters (37, 38). Although the mRNAs for some
r-proteins were too short to be retained in our RNA preparation,
all measurable r-protein mRNAs (corresponding to 78% of the
total number of r-protein genes) were inhibited by ppGpp within
10 min. Nevertheless, during a stringent response, the translational
feedback mechanism rather than the direct effect on promoter
activity is still likely to be responsible for the majority of inhibition
of r-protein mRNAs by ppGpp (39).
Our results greatly expand the number of genes related to the

translation machinery that are regulated by ppGpp. Fig. 3G and
SI Appendix, Table S2 indicate that about one-half of the genes
related to translation were inhibited by ppGpp induction, in-
cluding genes coding for r-proteins, rRNA processing, ribosome
maturation and modification enzymes, and ribosome assembly,
initiation, elongation, and termination factors. Consistent with a
recent proposal that SuhB, a protein originally annotated as an
inositol monophosphatase, plays a role in transcription anti-
termination and/or ribosome assembly (40), we found that SuhB
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is one of the most strongly ppGpp-inhibited transcripts (14-fold;
SI Appendix, Table S1).
tRNAs were not included in our RNA-seq study, because they

were too short to be retained quantitatively during RNA prepa-
ration (Materials and Methods). However, 12 of the 86 tRNA
genes are within rRNA operons and are thus directly regulated by
ppGpp (35), and promoters for many other tRNAs are also likely
to be regulated directly by ppGpp (e.g., ref. 41). The RNA-seq
analysis showed that some genes coding for tRNA processing and
modifying enzymes (e.g., rnpA, encoding the protein component of
RNase P; and rluB, encoding a tRNA pseudouridine synthase) are
also among the most strongly ppGpp inhibited genes (SI Appendix,
Table S2 and Datasets S1 and S2).
Other affected transcripts in the “central dogma” category in-

clude those encoding rRNA helicases, GTPases, and chaperones
needed for ribosome assembly (DeaD, SrmB, RimM, RimP, Era,
ObgE), RNases (RNase III, RNase T), as well as polyamine
transporters and RNA-modifying enzymes (methyltransferases,
pseudouridylases, and acetyltransferases). Although transcription of
some components of the ribosome has long been implicated as a
target of ppGpp, the number of genes in the translation category
directly regulated more than twofold within 5 min by ppGpp is far
greater than recognized previously (at least 115 genes; SI Appendix,
Table S2). For example, to our knowledge, methyltransferases have
not been identified previously as part of the ppGpp regulon (SI
Appendix, Table S3). Our data indicate that only the methyl-
transferases that modify substrates involved in translation are reg-
ulated by ppGpp (Fig. 3H and SI Appendix, Table S3).
As noted above, a major goal of our study was to determine

whether ppGpp binding to proteins other than RNAP played a
direct role in the effects of ppGpp on transcription. Previous

screens have identified ∼70 E. coli proteins that bind ppGpp di-
rectly in vitro, and many of the activities of these enzymes are
inhibited (11, 12). In addition to altering transcription from many
genes whose products participate in nucleotide biosynthesis (SI
Appendix, Table S2), ppGpp binds directly to at least 11 nucleotide
biosynthesis-related enzymes, reducing NTP pools (2, 11, 12). Ef-
fects of ppGpp on NTP levels are critical components of the reg-
ulation of transcription, including rRNA transcription, in E. coli as
well as in other bacteria (3, 11, 12, 14). Changes in NTP pools in the
1−2− strain are apparent even in the thin-layer chromatograms (SI
Appendix, Fig. S1).
At least 13 of the targets that ppGpp binds to directly are related

to translation, including GTPases required for ribosome assembly,
initiation, or elongation. The reduction in NTP synthesis and
thereby NTP levels (especially GTP) by ppGpp would make ppGpp
more effective as a competitive inhibitor of the GTPases. Direct
inhibition of transcription of mRNAs responsible for synthesis of
nucleotides and the translation apparatus, as well as direct ppGpp
inhibition of nucleotide synthesis and translation-related enzymes
themselves, are likely to synergize to tightly control nucleotide
metabolism and translation during a stringent response.
Other pathways regulated by ppGpp. The omics dashboard analysis
also identified some classes of genes whose regulation by ppGpp
was not expected. As illustrated in SI Appendix, Fig. S3D, tran-
scription from many genes in the “Energy” category was activated
by ppGpp. Many genes in the large “Cell Exterior” category were
also regulated by ppGpp (SI Appendix, Fig. S3F), including a large
number of genes in the cell wall, plasma membrane, transport, and
LPS metabolism groups. Eight of the 12 most inhibited genes and
5 of the 8 most activated genes are annotated as coding for im-
porters, transporters, permeases, or outer membrane proteins (SI
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Ribosome Biogenesis Inhibited by ppGpp 
    Assembly/Maturation Factors
Post Transcriptional Modifications
                  r-proteins
         rRNA

50% (16/32)
49% (17/35)
78% (42/54)
See Fig. 1C

Translation Factors Inhibited by ppGpp 

Cofactors (IFs, EFs, RRFs, etc)
            tRNA Maturation
       tRNA

   30%  (8/27)
   37% (28/75)
Not Determined

Methyltransferases Inhibited by ppGpp 
               r-protein
                 rRNA
                 tRNA
  Non-Ribosome Associated

67%   (2/3)
48% (11/23)
45%   (5/11)
  0%   (0/18)

Fig. 3. Visualization of transcriptomics data in rep-
resentative categories. Bars above the line represent
percentages of genes increased by ppGpp, and bars
below the line represent percentages of genes inhibited
by ppGpp. Number of genes in the category is indicated
beneath its name on the x axis. Categories are in al-
phabetical order. (A) EcoCyc dashboard “Biosynthesis”
category. (B) Amino acid biosynthesis pathways whose
transcription is regulated by ppGpp. (C) Arginine
biosynthesis-related operons regulated by ppGpp. (D)
Tryptophan biosynthesis operon regulation by ppGpp.
(E) ppGpp-responsive genes in the EcoCyc Dashboard
“Response to Stimulus” category. (F) ppGpp-responsive
genes in the EcoCyc Dashboard “Central Dogma” cat-
egory. (G) ppGpp-responsive genes related to trans-
lation (SI Appendix, Table S2). (H) ppGpp-responsive
genes coding for methyltransferases. ppGpp-responsive
genes in additional EcoCyc Dashboard categories are in
SI Appendix, Fig. S3.

8314 | www.pnas.org/cgi/doi/10.1073/pnas.1819682116 Sanchez-Vazquez et al.

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819682116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819682116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819682116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819682116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819682116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819682116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819682116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819682116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819682116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819682116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819682116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819682116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819682116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819682116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819682116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819682116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819682116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819682116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819682116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1819682116


Appendix, Table S1). Previous reports have implicated ppGpp as a
regulator of fatty acid enzyme expression or enzyme activity (e.g.,
ref. 42).

Regulation by ppGpp Under Steady-State Conditions. As indicated
above, there were differences in steady-state transcription in the
1+2+ and 1−2− strains (i.e., at time 0, before IPTG addition). Many
of the 223 genes that were expressed at least twofold differently in
the two strains were in pathways whose expression also changed in
response to ppGpp induction (compare SI Appendix, Table S4 and SI
Appendix, Fig. S4 with Dataset S1 and Fig. 3). A substantial number
of the transcripts that were differentially expressed in steady state
were in amino acid biosynthetic pathways and were lower in the 1−2−
than in the 1+2+ strain, consistent with the requirement for ppGpp
for activation of amino acid biosynthetic pathway expression. Simi-
larly, transcripts from nucleotide biosynthesis genes were higher in
the 1−2− than in the 1+2+ strain in the absence of ppGpp induction,
consistent with their inhibition by ppGpp. However, some of the
differences between the transcriptomes of the wild-type and 1−2−
strains, like those from comparison of the wild-type and ΔrelAΔspoT
(or ΔdksA) strains, may reflect transcripts that changed to compen-
sate for defects in cellular metabolism in the mutant strains and not
promoters that are regulated directly by ppGpp.

The RNA-Seq Dataset Is a Good Predictor of Promoters Negatively
Regulated by ppGpp and an Even Better Predictor of Promoters
Positively Regulated by ppGpp. The 757 genes whose transcripts
were regulated within 5 min by ppGpp represent 586 operons. To
ask whether the promoters for these genes are regulated directly by
ppGpp, 134 promoters from the RNA-seq dataset were chosen for
analysis in vitro in a purified system, either because they were af-
fected strongly in vivo, the function of the product was of interest to
us, or both. DNA fragments containing the promoters were cloned
into pRLG770, a plasmid containing transcription terminators
downstream of the promoter fragment insertion site (4). In vitro
transcription analysis was performed on reactions containing ppGpp
and DksA (since DksA forms part of ppGpp binding site 2) (5).
Transcripts were detected from 104 promoters, including 77 that
were regulated at least twofold by ppGpp within 5 min in the RNA-
seq analysis described above.
A representative gel showing effects of ppGpp and DksA on

three of the promoters (as well as on rrnB P1) is shown in Fig. 4A.
For those promoters analyzed both in vitro and in vivo, the effects in
vivo were generally somewhat larger than the effects observed in
vitro (not surprising since solution conditions were not optimized
for individual promoters). Thirty-eight of the 44 genes whose
transcription was inhibited at least twofold by ppGpp in vivo after
5 min of ppGpp induction (86%) were also inhibited in vitro, and
33 of the 34 genes that were activated in vivo were also activated in
vitro (97%). The effect of ppGpp/DksA on each of these 77 tran-
scripts is compared side-by-side in vivo and in vitro in SI Appendix,
Table S6, and the overall correlation is illustrated by a scatterplot
(Fig. 4B, plotted on a linear scale to match that in SI Appendix,
Table S6). As indicated above, discrepancies in the responses to
ppGpp in vitro versus in vivo were primarily quantitative, not
qualitative. A small number of cases in which genes were inhibited
slightly in vivo but activated slightly in vitro (upper left quadrant of
the plot) will require further analysis.
Fig. 4 C–E illustrates effects of ppGpp/DksA in vitro on all

104 promoters for which transcripts were obtained. Thirty-one
promoters were inhibited from ∼2-fold (dnaA) to as much as
∼20-fold (ndk; Fig. 4C), and 38 promoters were activated from
∼2-fold (ycgZ) to ∼6.5-fold (fimB; Fig. 4D). Effects on the
35 promoters that were affected less than twofold in vitro are
illustrated in Fig. 4E. Even though the magnitudes of the effects
of ppGpp/DksA in vitro on these promoters in the “unregulated”
class were small, most still correlated well with the results
obtained in vivo. Positive regulation in vitro was reported pre-
viously for only a few of the promoters included in Fig. 4 and SI
Appendix, Table S6 (e.g., refs. 43 and 44). The fold effect com-
parisons of ppGpp/DksA on several amino acid biosynthetic

promoters reported previously were not included here, because
the solution conditions used in vitro were different (45). How-
ever, these promoters are included in the list of promoters that
have been tested in vitro (SI Appendix, Table S5).
In the bar graphs, the inhibited promoters are ordered from

largest to smallest effect of ppGpp/DksA on transcription, and the
activated promoters are ordered from smallest to largest effect on
transcription. The colors of the bars match those in the heatmap in
Fig. 2A (inhibition in vivo is shown as a blue bar, and activation in
vivo is shown as a yellow bar), again illustrating the excellent cor-
relation between the effects observed in the RNA-seq and in vitro
transcription analyses, even for many promoters in the “un-
regulated” class (genes regulated twofold or less in vitro).
There are multiple potential explanations for promoters that

were active in the RNA-seq dataset but were inactive in vitro. For
example, the in vitro transcription reactions might lack a tran-
scription factor, the promoter might utilize a holoenzyme other than
Eσ70, or the solution conditions might be inappropriate. In sum-
mary, although our results may be biased somewhat by nonrandom
sampling, we conclude that the RNA-seq results are an excellent
predictor of direct inhibition in vitro and an even better predictor of
direct activation in vitro.
We predicted originally that positive regulation by ppGpp in vivo

might be indirect, since amino acid biosynthetic promoters were not
activated by ppGpp in vitro (46). It was proposed that, in the cell,
positive regulation might arise indirectly from inhibition of rRNA
transcription, which in turn would make more RNAP available for
promoters that recruited RNAP weakly and thus whose activities
could be improved by increasing the RNAP concentration (46, 47).
However, the discovery of DksA as a transcription factor and of its
role in formation of ppGpp binding site 2 demonstrated that ppGpp
can activate amino acid biosynthetic promoters directly (45). Al-
though there may be cases where regulation by ppGpp/DksA in vivo
may contain a component that is indirect through reduction in
rRNA transcription (e.g., ref. 48), the data presented here suggest
that the activation observed for most ppGpp-activated promoters in
vivo is likely to be direct.

Identification of Sequence Motifs Associated with Promoters
Inhibited or Activated by ppGpp/DksA. Attempts to identify pro-
moter motifs responsible for regulation by ppGpp/DksA have
had two major limitations. First, unlike classical transcription
factors that bind to specific DNA sequences, ppGpp and DksA
bind to RNAP but do not bind DNA. Rather, the sequence
signatures responsible for promoter regulation by ppGpp/DksA
are based on specific kinetic properties that result from multiple
RNAP–promoter interactions, effects of sequence on DNA
trajectory or curvature, and ease of strand separation (3, 49). At
this time, it is not possible to predict the kinetic properties of a
promoter solely from inspection of its sequence. Second, pre-
vious promoter sequence comparisons were compromised be-
cause the datasets of ppGpp/DksA-regulated promoters
included many promoters that are regulated indirectly.
The much larger number of promoters for which there is now

evidence for direct regulation by ppGpp both in vitro and in vivo
(Fig. 4 and SI Appendix, Table S6) allowed us to begin to search
for conserved sequence motifs. The results are displayed as se-
quence logos (50, 51) and as base distribution histograms (Figs. 5
and 6). In the sequence logos, the overall height of each stack
indicates the sequence conservation at that position (measured
in bits), whereas the height of individual letter symbols within the
stack reflects the relative frequency of the corresponding base at
that position. A sequence logo emphasizes the nucleotides
shared among promoter sequences, whereas a base distribution
histogram emphasizes the enrichment or depletion of each base
at a given position (which is sometimes not obvious from a se-
quence logo). Although 118 promoter sequences were used for
this analysis, the three subclasses (inhibited, unregulated, and
activated) are still small enough that additional sequences would
improve the predictive power of the data. Nevertheless, a few
sequence signatures are already apparent.
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Bacterial promoters typically contain conserved −10 and −35
elements and two regions of variable sequence and length, the
spacer separating the −10 and −35 elements and the discrimi-
nator region separating the −10 element from the transcription
start site (TSS). The −10/−35 spacer is typically 16–18 bp, and
the discriminator is typically 5–8 bp. To accommodate these
variable lengths, the −10 element, the −35 element, the ex-
tended −10 element, and the discriminator were aligned in-
dependent of their exact position relative to the TSS, as were the
sequences surrounding the TSS. Figs. 5 and 6 illustrate sequence
features of promoters inhibited or activated more than twofold
by ppGpp/DksA in vitro, and SI Appendix, Fig. S5 illustrates
sequence features in the class regulated by ppGpp/DksA less
than twofold in vitro.

−10 element. Contacts between RNAP and the −10 element have
long been recognized as essential for open complex formation
(52). The three most highly conserved positions in the −10 ele-
ment (T-12, A-11, and T-7) (Fig. 5A) matched the consensus
sequence in all three promoter classes (inhibited, activated, and
unregulated; Fig. 5 F and H, Fig. 5 G and I, and SI Appendix, Fig.
S5 C and D, respectively). However, there was a striking differ-
ence among the classes at positions −9 and −8, where an A is
strongly favored and a G is strongly disfavored in both the
inhibited and unregulated classes but not in the activated class
(Fig. 5 F–I; the preferences illustrated here are for the non-
template strand base, but the template strand base could be the
one responsible for the effect on transcription). Since A is much
preferred over T in the inhibited promoters, A+T content is not
an explanation for the preference. Positions −9 and −8 make
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Fig. 4. Transcription regulation by ppGpp/DksA in vitro. (A) Representative transcriptional responses to ppGpp/DksA in vitro (rrnB P1 and gpt, inhibited more
than twofold; yacC, regulated less than twofold; betI, activated more than twofold). Some unrelated gel lanes between the rrnB P1 and yacC reactions were
cropped out. RNA transcripts (labeled “transcript”) are ∼200 nt, ∼50 nt (+1 to approximately +50) from the DNA fragment containing the promoter, and
∼150 nt (approximately +50 to approximately +200) from the rrnB T1 terminator fragment in the plasmid. The RNA 1 transcript (∼110 nt) encoded by the
plasmid served as an internal control, indicating that the transcription reaction was active even when no transcript was obtained from the test promoter. (B)
Scatterplot comparing transcriptional responses to ppGpp/DksA in vitro (y axis) with responses after 5 min of ppGpp induction in the RNA-seq analysis (x axis).
Fold effects in the scatterplot are displayed on a linear scale to match the fold effects in SI Appendix, Table S6. Points represent effects on the 77 individual
genes whose expression increased more than twofold (data points to the right of the y axis) or decreased more than twofold (data points to the left of the y
axis) in vivo and that were also analyzed by transcription in vitro. The six transcripts that increased in vitro but decreased in vivo were argR, speA, rsmG, secE,
nusG, and trmA (SI Appendix, Table S6). (C–E) Responses to ppGpp and DksA of the 104 promoters for which transcripts were obtained in vitro. Promoters are
named by the gene immediately downstream. (C) Promoters inhibited more than twofold (transcription <0.5 in vitro compared with without ppGpp/DksA).
(D) Promoters activated more than twofold by ppGpp/DksA. (E) Promoters affected less than twofold in vitro. (1 on the y axis = no effect.) Colors indicate
responses of the same genes in the RNA-seq dataset. Blue, inhibited; yellow, activated; gray, regulated less than twofold; white, promoters that changed in
the presence of IPTG in the strain containing pALS14 (i.e., without ppGpp induction).
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only backbone contacts to RNAP in the open complex (52), but
the preferences could reflect interactions with RNAP in an in-
termediate not retained in subsequent complexes.
Extended−10 region.Contacts between RNAP and the extended −10
sequence (Ext −10) immediately upstream of the −10 motif (Fig.
5A) help stabilize the RNAP–promoter interaction. There is little
sequence conservation in the Ext −10 region specific to a partic-
ular ppGpp/DksA-regulated promoter class (Fig. 5 and SI Ap-
pendix, Fig. S5).
Discriminator region. The sequence between the −10 element and
the TSS is often referred to as the discriminator region and has
long been implicated in regulation by ppGpp (41). The inhibited
promoters have a very high G+C content in the downstream half
of the discriminator region, whereas the activated promoters
were more A+T-rich in this region (Fig. 5 J–M). The high G+C
content presumably makes the double helix in inhibited pro-
moters more difficult to open, and the high A+T content facil-
itates strand opening of the activated promoters.
Superimposed on the overall G+C versus A+T biases in the

discriminators of inhibited versus activated promoters (Fig. 5 J–
M), there are specific preferences, most notably a bias for A and
against C two positions downstream from the −10 element in
activated promoters (Fig. 5M). Although the basis for this se-
quence preference remains to be determined, we note that the
nontemplate strand G at position −5 can make a base-specific
contact with σ region 1.2 in the open complex (53, 54), and this
interaction interferes with regulation of rRNA promoters by

ppGpp (53). The behavior of rRNA promoters indicates that
sequence context is critical for regulation by ppGpp/DksA,
since changes in several other positions can result in loss of
regulation, even in the context of optimal discriminator se-
quences (53, 55, 56).
TSS region. Alignment of the discriminator either with respect to
the −10 hexamer or with respect to the TSS showed there was a
general preference for G+C-rich sequences in the inhibited
promoter population and a general preference for A+T-rich
sequences in the activated promoter population (Figs. 5 J–M
and 6 E–H). However, because the distance between the −10
hexamer and the TSS can vary, it was not apparent from the
alignment with respect to the −10 hexamer that there is very
strong conservation of a C at −1 in promoters inhibited by
ppGpp/DksA (>85% of the inhibited promoter population) (Fig.
6 E and G). A strong preference for C at −1 in the nontemplate
strand has been proposed to reflect stabilization of the incoming
NTP (most often ATP) by base stacking with a purine on the
template strand (57). We suggest that stabilization of the in-
coming rNTP by a G on the template strand at −1 may be es-
pecially important for promoters negatively regulated by ppGpp/
DksA, because they form intrinsically unstable open complexes
and require higher initiating rNTP concentrations for tran-
scription initiation (55, 58). This property of rRNA promoter
complexes is proposed to facilitate promoter escape (59).
−35 element. We aligned the promoter sequences by their −35
motif to address its impact on regulation by ppGpp and DksA. In
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Fig. 5. Sequence characteristics of promoters regu-
lated by ppGpp/DksA in vitro (Ext −10, −10, and
discriminator elements). (A) Consensus promoter el-
ements (nontemplate strand). Sequence conserva-
tion in the extended −10 region (B–E), −10 element
(F–I), and discriminator element (J–M). Promoters
from the ppGpp/DksA-inhibited class and the ppGpp/
DksA-activated class were aligned separately to cre-
ate sequence logos (50, 51) (B, C, F, G, J, and K) and
histograms of base distributions (D, E, H, I, L, and M)
for each position. In the histograms, base composi-
tion is indicated by black for A or T, and red for C or
G. Sequence logos and base distributions from the
regulated less than twofold by ppGpp/DksA in vitro
promoter class are in SI Appendix, Fig. S5.
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all three promoter classes, there was a strong preference for the
most conserved bases, TTG, the first three positions, and a
strong bias against a G at the fourth position (Fig. 6 A–D and SI
Appendix, Fig. S5 G and H). We conclude that there are no
strong −35 element preferences for regulation by ppGpp/DksA.
−10/−35 spacer. Finally, we tabulated the length of the spacer se-
quence separating the −10 and −35 hexamers in the inhibited and
activated promoter classes. Insertions that increase the rrnB
P1 spacer length from 16 to 17 bp reduce regulation of that pro-
moter (53), but Fig. 6 I and J shows that the most frequent spacer
length in both the inhibited and activated promoter classes is 17 bp
(as it is in the E. coli promoter population as a whole), and the
fraction of 16- and 18-bp spacer lengths within a class is roughly
equal. Thus, a 16-bp spacer is neither a requirement for, nor a re-
liable predictor of, inhibition or activation by ppGpp/DksA. Like
other determinants of regulation by ppGpp/DksA, the effect of
spacer length is context dependent.

Prospect. We have shown here that genome-wide effects of ppGpp
on transcription in E. coli are in large part direct, resulting from
ppGpp binding to its sites on RNAP. The physiological impact of
ppGpp binding to RNAP was already apparent from previous
studies (e.g., refs. 5 and 60), but the number of genes directly reg-
ulated by ppGpp is much larger than expected. More than 75% of
the genes we identified were not identified as regulated in previous
studies. The responses of the unexpected members of the regulon
will require further investigation. Although apparently not contrib-
utors to transcription regulation by ppGpp in E. coli, transcription
factors that bind ppGpp have been reported in another bacterial
species (61).
We emphasize that the transcriptional responses that result from

direct binding of ppGpp to RNAP are only one part of a broad
response that also includes direct binding of ppGpp to many other
enzymes. ppGpp regulates some products, for example, many nu-

cleotide synthesis and translation-related enzymes, at both the
transcription and activity levels.
The promoter sequence preferences identified here should guide

future investigations of the kinetic properties of promoters that
account for their regulation by ppGpp and ultimately aid in bio-
informatic prediction of the stringent response regulon in species
for which biochemical and genetic approaches are not available.

Materials and Methods
Strains, Plasmids, Oligonucleotides. Strains and plasmids are listed in SI Ap-
pendix, Table S7, and oligonucleotide sequences in SI Appendix, Table S8.

Strain Construction. RLG14535 [MG1655 rpoZ-kanR, rpoC-tetAR (1+2+)] and
RLG14538 [MG1655 rpoZΔ2–5-kanR, rpoC R362A R417A K615A N680A
K681A-tetAR (1−2−)] were transformed with pALS13 (encodes RelA lacking
its autoinhibitory domain) or a control plasmid pALS14 (inactive version of
RelA) to create the four strains used in Fig. 1A. See also SI Appendix, Ex-
panded Materials and Methods and Table S7.

Strain Growth, RNA, and ppGpp Analysis. Briefly, cells were grown at 37 °C in a
Mops-based rich defined medium with 100 μg/mL ampicillin, Mops EZ Rich
Defined Medium (Teknova; M2105), which contains all 20 aa, bases, vita-
mins, and glucose (SI Appendix, Expanded Materials and Methods). To
evaluate the response of promoters to induction of ppGpp using the relA
plasmid system, cells were grown in the medium above, and transcript levels
were determined by qPCR after 5, 10, or 15 min of ppGpp induction (5).
Strain growth and 32P-labeled ppGpp extraction and quantitation are de-
scribed in SI Appendix, Expanded Materials and Methods.

RNA Sequencing. RNA samples were sequenced by the University of Wis-
consin–Madison Biotechnology Center using an Illumina HiSeq 2000 set for
50-bp single-end reads (further details in SI Appendix, Expanded Materials
and Methods). High-throughput sequencing data have been deposited in
the NCBI Sequence Read Archive (SRA) under BioProject accession
no. PRJNA504613.
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Fig. 6. Sequence characteristics of promoters regu-
lated by ppGpp/DksA in vitro (−35 element, TSS region,
and −10/−35 spacer length). Sequence conservation in
the −35 element (A–D), TSS, and initial transcribed re-
gion (E–H) from promoters listed in SI Appendix, Table
S5. Sequence logos (50, 51) (A, B, E, and F) and base
distribution histograms (C, D, G, and H) are shown for
each position as in Fig. 5. (I and J) −10/−35 spacer
lengths for the ppGpp/DksA-inhibited and -activated
classes.

8318 | www.pnas.org/cgi/doi/10.1073/pnas.1819682116 Sanchez-Vazquez et al.

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819682116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819682116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819682116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819682116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819682116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819682116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819682116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819682116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819682116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819682116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819682116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819682116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819682116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1819682116


EcoCyc Omics Dashboard Tool. Dataset S1 was imported into an EcoCyc
(ecocyc.org) “Smart Table” and analyzed using the Omics Dashboard Tool
(29) (Fig. 3 and SI Appendix, Figs. S3 and S4). Further details are in SI Ap-
pendix, Expanded Materials and Methods.

In Vitro Transcription Analysis. Promoter fragments chosen for in vitro analysis
were amplified from chromosomal DNA and inserted into plasmid pRLG770,
which contains transcription termination sequences ∼140 bp downstream
from the site of insertion of the promoter fragment. Choice of promoters,
cloning into the plasmid vector, multiple round in vitro transcription con-

ditions, and sequence analysis are described in SI Appendix, Expanded Ma-
terials and Methods.
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