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Abstract

We have investigated the connection between the four-dimensional architecture of the bacterial nucleoid and the organism’s
global gene expression programme. By localizing the transcription machinery and the transcriptional outputs across the
genome of the model bacterium Salmonella enterica serovar Typhimurium at different stages of the growth cycle, a surprising
disconnection between gene dosage and transcriptional output was revealed. During exponential growth, gene output occurred
chiefly in the Ori (origin), Ter (terminus) and NSL (non-structured left) domains, whereas the Left macrodomain remained
transcriptionally quiescent at all stages of growth. The apparently high transcriptional output in Ter was correlated with an
enhanced stability of the RNA expressed there during exponential growth, suggesting that longer mRNA half-lives compensate
for low gene dosage. During exponential growth, RNA polymerase (RNAP) was detected everywhere, whereas in stationary
phase cells, RNAP was concentrated in the Ter macrodomain. The alternative sigma factors RpoE, RpoH and RpoN were not
required to drive transcription in these growth conditions, consistent with their observed binding to regions away from RNAP
and regions of active transcription. Specifically, these alternative sigma factors were found in the Ter macrodomain during
exponential growth, whereas they were localized at the Ori macrodomain in stationary phase.

DATA SUMMARY

1. Microarray datasets have been deposited at the National
Center for Biotechnology Information (NCBI) Gene Expres-
sion Omnibus (GEO) database; accession numbers
GSE97283 (chromatin immunoprecipitation-microarray
analysis data; url - https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE97283) and GSE97161 (transcriptome data;
url - https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=

blueprint for the gene expression programme of the cell
may be written into the geography and architecture of the
folded chromosome [1]. This programme possesses both
spatial and temporal dimensions, making it likely that the
positions of genes within the genome, together with the tim-
ing of their expression, are important determinants of the
programme’s operation [1, 2]. This proposal is supported by
the finding that the needs of gene regulation at the level of
transcription influence the relative locations of regulatory

GSE97161).

2. RNA sequencing data analysed in this manuscript was
previously published at DOI: http://dx.doi.org/10.1016/].
chom.2013.11.010. Raw reads (.fastq file format) and nor-
malized ‘IGB files’ (.gr file format) are available at NCBI
GEO database; accession number GSE49829.

INTRODUCTION

The bacterial chromosome is more than simply a carrier of
genetic information. It is becoming apparent that a

genes and of the structural genes, operons and regulons that
they control [2-10].

The chromosome of the model bacterium Salmonella enter-
ica serovar Typhimurium has been studied for many deca-
des as an aid to understanding the link between gene
position and bacterial physiology [11-17]. An advantage of
studies that focus on S. enterica serovar Typhimurium is
that the chromosome of this pathogen is closely related in
size, gene content and gene order to the chromosome of the
commensal bacterium Escherichia coli, arguably the best
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understood of all living cells [18]. The discovery that the
E. coli chromosome is divided into a small number of dis-
tinct domains was an important advance in our understand-
ing of bacterial chromosomal architecture [19-24]. An
analysis of permissible and non-permissible random intra-
chromosomal interactions performed using the bacterio-
phage lambda Int-mediated site-specific recombination
apparatus indicates that there are four macrodomains desig-
nated Ori (origin), Right, Ter (terminus) and Left, with Ori
and Right being separated by the non-structured right
(NSR) domain, while the non-structured left (NSL) domain
is interposed between Left and Ori [24-26] (Fig. 1a).

The bidirectional replication of the chromosome creates two
replichores (Left and Right), and the position of a gene along a
replichore between the origin and terminus of replication can
affect its level of expression simply due to copy number effects:
in rapidly-growing bacteria, there are more copies of genes
close to the origin than there are copies of genes near the ter-
minus [27-29]. However, gene position may also influence
expression due to variations in DNA topology around the
chromosome, a proposal that is supported by experimental
evidence [30-33]. In addition to location, gene orientation is
also thought to avoid head-on collisions between the moving
replication fork complex and transcription complexes, espe-
cially in the cases of heavily transcribed genes [34]. Further-
more, essential genes are preferentially coded on the leading
strand [35]. Inter-gene communication is likely to be an
important factor underlying the ability of different gene prod-
ucts to contribute to the same cellular process and/or to regu-
late each other’s expression. Gene networks linked by
diffusible gene products (RNA or protein) are probably
affected both by intergenic distances along the chromosome
and by distances between different segments of the folded
chromosome [5-10]. For example, gene product diffusion
rates in the crowded cytoplasm influence gene-gene commu-
nication [36, 37]. These may account for the presence of statis-
tically co-located (SC) genes whose products contribute to
common cellular functions or which cross-regulate one anoth-
er’s expression. Such SC genes occur with a regular periodicity
of 117 kbp along the toroidally wound chromosome, placing
them immediately above or below one another in the toroid in
ways that facilitate gene—gene communication over very short
distances [10].

In this study, we performed what is to the best of our knowl-
edge the first investigation of the genome-wide distribution
of transcription machinery and transcript output in the con-
text of the macrodomain structure of the S. enterica serovar
Typhimurium chromosome. Our data illustrate shifting
patterns of RNA polymerase (RNAP) and sigma factor
localization as a function of growth stage, and show that
assumptions based on gene dosage in growing cells are an
unreliable guide to predicting gene outputs.

METHODS

The 4878012 bp chromosome of S. enterica serovar Typhi-
murium SL1344 was divided into six even-sized domains of

IMPACT STATEMENT

This study employs a top-down analysis of genome-wide
transcriptional activity to identify broad geographical and
temporal patterns of gene expression and transcription
machinery distribution around the Salmonella enterica
chromosome. The multicopy gene effect created by chro-
mosome replication is superseded by regional differen-
ces in transcription activity, including the existence of a
consistently low activity macrodomain and the apparent
evolution of extended RNA half-lives near the replication
terminus that may counterbalance multicopy effects
nearer the origin of replication. Most surprising is the
discovery that inactive sigma factors bind to DNA away
from RNA polymerases (RNAPs), then reposition to loca-
tions diametrically opposed to RNAPs as transcriptional
activity shifts through growth. This research hints at
large-scale spatial organization of a bacterial chromo-
some consistent with the macrodomains described in
Escherichia coli. Charting the dynamic nature of chromo-
some spatial structure is an important step in identifying
the evolutionary constraints that shape bacterial chro-
mosomes and will contribute to the rational design of
synthetic chromosomes.

813 002 bp, oriented such that the Ori domain was centred
on the origin of replication (position 4 105 236). Similarly,
the 4639675bp E. coli K-12 substrain MG1655 chromo-
some was divided into six even-sized domains of
773279 bp, oriented such that the Ori domain was centred
on the origin of replication (position 3 923 883). Genes that
overlapped domain boundaries were assigned to the domain
that contained the majority of the gene (Table S1, available
with the online Supplementary Material). Transcripts-per-
million counts from published data [38, 39] were summed
for all protein-encoding genes in each domain. Culture con-
ditions were as in our previous work [39], except that in the
present study we used the terms EP (exponential phase),
LEPI (late exponential phase 1) and LEP2 (late exponential
phase 2) instead of EEP (early exponential phase), MEP
(mid exponential phase) and LEP, respectively, to reflect the
physiological changes occurring in growth in Luria-Bertani
(LB) medium [40].

Chromatin immunoprecipitation (ChIP) experiments were
conducted as previously described [38], using the following
monoclonal antibodies from Neoclone: RNAP RpoB
(W0001), RpoD (W0004), RpoH (WP006), RpoE (WP007),
RpoN (W0005). Transcriptomic and ChIP-microarray
(ChIP-chip) analyses were conducted as previously
described [41]. RNAP and sigma factor binding sites were
determined as those appearing in both of two independent
biological replicates [38, 41]; peaks identified in only one
replicate experiment represent false positives or weak pro-
tein binding sites; thus, our conservative approach of con-
sidering only shared peaks reduces the chance of analysing
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Fig. 1. Organization of and transcriptional activity in the S. enterica
serovar Typhimurium SL1344 chromosome. (a) Macrodomain organi-
zation of the E. coli MG1655 chromosome (outer ring; adapted from
Valens et al. [24]) compared to the S. enterica serovar Typhimurium

SL1344 chromosome divided into six equal sized portions (inner ring).
Coordinates of the S. enterica serovar Typhimurium chromosome are
indicated. The origin (oriC) and terminus (dif) site of chromosome repli-
cation are indicated; the region and direction of inversion that differs
between E. coli and S. enterica serovar Typhimurium is indicted by the
black lines in the Ter domains. (b, c) Distribution of transcription
across the S. enterica serovar Typhimurium chromosome in late expo-
nential phase growth (b) and early stationary phase (c), as quantified
by whole-genome tiled microarrays (blue) and RNA-seq (red). Microar-
ray data are expressed in arbitrary units (A.U.) by normalizing the sum
of expression values to a total of one million, making the genome-wide
gene expression profile comparable to the transcripts per million
guantification employed in RNA-seq analysis.

false-positive peaks. For RpoE, RpoH and RpoN datasets,
ChIP-chip was also conducted on cells deleted for these
sigma factors to identify background peaks that were sub-
tracted from wild-type ChIP-chip datasets. The microarray
datasets have been deposited at the National Center for Bio-
technology Information Gene Expression Omnibus data-
base, accession numbers GSE97283 (ChIP-chip data) and
GSE97161 (transcriptome data); lists of protein-DNA bind-
ing sites have been provided as supplemental materials in
Tables S2-56. Unbiased motif searching in the DNA bind-
ing sites was conducted as previously described [41].

RESULTS AND DISCUSSION

Domain structure and distribution of transcription
in the S. enterica chromosome

The chromosomes of E. coli MG1655 and S. enterica serovar
Typhimurium SL1344 are very similar in size, gene content
and gene order (Fig. S1). The gene insertions and deletions
that have occurred since the divergence of E. coli and
S. enterica from their last common ancestor are evenly dis-
tributed around their chromosomes [18]. There is a large
inversion encompassing the replication terminus, but this is
wholly contained within the Ter macrodomain (Fig. la).
The high degree of chromosome structural similarity makes
it reasonable to apply to the S. enterica chromosome the
broad outlines of the macrodomain organization of E. coli.
To observe genome-wide transcriptional activity in the con-
text of chromosome macrodomain architecture, we divided
the S. enterica chromosome into six equal-sized zones that
were approximately equivalent to the six domains of the
E. coli chromosome elucidated by Valens et al. [24]
(Fig. 1a). We then examined the spatial distribution of genes
encoding mRNA in multiple growth phases in the model
pathogen S. enterica serovar Typhimurium. This was done
by comparing whole-genome tiled oligonucleotide microar-
ray data to cDNA sequencing (RNA sequencing; RNA-seq)
data to quantify transcripts from protein-encoding genes in
two phases of growth, late exponential phase (ODggo 0.3)
and early stationary phase (ODgqp 2.0) in rich medium (LB;
5g NaCl 17"). Quantification of transcripts by microarray
and RNA-seq methods yielded similar measures of gene
expression, with remarkably similar transcriptional peaks
being observed in late exponential phase (Fig. 1b, c).
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Regions of high and low transcriptional output were distrib-
uted around the chromosome in both exponential growth
and stationary phase. An absence of local uniformity indi-
cated that the putative six macrodomains did not define
cohesive regions of transcriptional output. During rapid
growth in exponential phase, the highest transcriptional
peak was in the NSL domain and corresponded to a cluster
of ribosomal protein genes between rplQ (SL3381) and rps/
(SL3408) (Fig. 1b, ¢). The mRNAs from these rps and rpl
genes were significant outliers among the very high number
of transcripts originating from all NSL genes.

The hypothetical six-domain organization provided a useful
framework within which to identify broad patterns in
genome-wide transcriptomic and ChIP data in S. enterica
serovar Typhimurium. It also allowed the mRNA output to
be assessed in the context of expectations arising from gene-
dosage effects on transcript abundance. When a chromo-
some is replicating as fast as possible, a fresh round of
replication will initiate before the previous copy is complete.
Thus, a chromosome can have up to six active replication
forks, which creates a 6.5:2.2 ratio of Ori-proximal to Ter-
proximal gene copies during rapid growth [42, 43] (Fig. 2a).
Plotting transcript abundance from protein-encoding genes
according to six chromosomal macrodomains showed that
neither in rapid growth nor in stationary phase did broad
patterns of transcriptional output match the estimated
gene-dosage ratios (Fig. 2b). In exponential growth, tran-
scripts from the Ori and Ter macrodomains were very simi-
lar in number. In stationary phase, over twice as many
transcripts arose from the Ter macrodomain compared to
the adjacent Left macrodomain, even though gene dosage
across these contiguous domains should be equal at this
growth stage. Indeed, the Left macrodomain had the lowest
overall transcriptional output at all stages of growth
(Fig. 2b), despite containing the rrsG ribosomal operon at
its boundary with the NSL domain (Fig. 1a). This region of
the chromosome is unusual in having a G+C content that is
above average for the S. enterica serovar Typhimurium
genome [44] and in E. coli having DNA with less negative
supercoiling than the rest of the chromosome in both the
exponential and stationary phases of growth [33].

Distribution of transcript abundance across growth
phases

Transcript abundance was compared between five time
points in batch culture in LB: exponential phase, late expo-
nential phase 1, late exponential phase 2, early stationary
phase and late stationary phase (Fig. 3a). RNA-seq datasets
were normalized to one million transcripts, enabling direct
comparisons between samples and time points, and the
quantification of a gene’s expression in terms of genome-
wide transcriptional output, including rRNA and small
RNA species. As cell division slowed and stopped, tran-
scription shifted from protein-encoding genes to small
RNAs, resulting in a genome-wide 10- to 30-fold decrease
in mRNA levels (Fig. 3b). To better visualize the relative
transcriptional output from each domain through growth,

(a) Approximate gene copy number

-

NSL NSR
LEP1

Left Right

Ter

(b)  Percentage of transcripts per domain

17.4 13.3
.,
12.7 R8I 143
LEP1 ESP 20
135 16.1
- K
16.3 24.2

Fig. 2. Gene copy number and transcription output per chromosomal
domain. (a) The approximate numbers of gene copies in each of the
chromosomal domains is shown for an exponentially growing (left)
and a stationary phase (right) cell. The red-blue spectrum represents
a sliding scale of gene copies ranging from high (red) to unity (blue).
Gene copy numbers can be estimated by formulae derived from
experiments in E. coli B and E. coli K-12 [43]. Considering the similar
size of the S. enterica serovar Typhimurium and E. coli genomes, the
similar generation times of S. enterica serovar Typhimurium and E. coli
during growth in rich medium (LB), and that experimentally-deter-
mined relationships between growth rate and cellular parameters
hold constant across many measurements [42, 43], here we present
the mean gene copy numbers in each E. coli domain to approximate S.
enterica serovar Typhimurium gene copy numbers in exponential and
stationary phases of growth. The higher numbers of gene copies
closer to the origin of replication are predicted to elevate transcription
from the Ori domain compared to the Ter domain. LEP1, Late expo-
nential phase time point 1; ESP, early stationary phase; see Fig. 3(a)
for a growth curve. (b) mRNA abundance is expressed as a percentage
of total transcripts per chromosomal domain for S. enterica serovar
Typhimurium. The segments in this panel correspond to the domains
named in (a). The red-blue spectrum represents a sliding scale of
transcription outputs ranging from high (red) to low (blue).

we removed the rps-rpl genes (SL3381-3408) in the NSL
domain from the dataset because these 28 genes alone
account for 22% (EP), 19% (LEP1) and 14 % (LEP2) of
genome-wide transcription from protein-encoding genes,
corresponding to 61 % (EP), 58 % (LEP1) and 48 % (LEP2)
of transcripts originating from the NSL domain. Fig. 3(c)
shows that even by LEP1 (ODg 0.3), the Ter domain had
surpassed the Ori domain for transcriptional output. In sta-
tionary phase, more transcripts originated from the Ter
macrodomain than from any other domain (Fig. 3c). Over-
all, patterns of transcript abundance around the chromo-
some were not in agreement with expectations based on a
direct positive correlation between gene dosage and tran-
script abundance.
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Fig. 3. Transcript abundance per chromosomal domain as a function of growth stage. (a) A growth curve for S. enterica serovar Typhi-
murium strain SL1344 growing in aerated LB. Vertical lines along the curve indicate the time points at which samples were taken. (b)
A summary of transcript abundance for the six chromosomal domains at each of the five sampling points shown in (a). Transcripts
per million (TPM) are described in the Fig. 1 legend. (c) The same transcript abundance data in (b) plotted as per cent in each domain,
but with the transcripts from ribosomal protein genes rps-rpl (SL3381-3408) subtracted from the NSL domain. The spectrum at the
left of (b) indicates the average TPM per gene in each domain and the spectrum at the left of (c) indicates the percentage
of total transcript abundance in each domain ranging from high (red) to low (blue).

RNA stability may counterbalance gene dosage
effects during fast growth

The observation that transcripts from the Ter domain
were more abundant than expected from the gene-dosage
effect prompted us to consider that transcript stability
might not be evenly distributed around the chromosome,
and could offset and even counterbalance gene-dosage
effects. Analysis of previously published mRNA half-lives
in E. coli [45] revealed that during growth in LB, RNAs
encoded in the Ter domain have a significantly higher
mean half-life than RNAs encoded in the other five
domains (Fig. 4a). The mean stabilities of transcripts
encoded in the other domains were not significantly dif-
ferent from one another.

The biological imperative to conserve energy in nutrient-
poor conditions predicts that RNA turnover will be reduced
during growth in a minimal medium. Consistent with this,
RNAs across the genome were significantly more stable in
slower growth in M9 compared to LB (Fig. 4b). Ter domain
RNAs were still more stable than Right and Ori domain
RNAs, but not significantly different from the other
domains in nutrient-limited conditions. Data from Caulo-
bacter crescentus suggest that both mRNA production and
decay are compartmentalized by the organization of the
chromosome [36]. In S. enterica serovar Typhimurium, the
macrodomain structure of the chromosome may provide a
framework within which mRNA processes are spatially and
temporally organized.

Distribution of RNAP

We hypothesized that the transcription machinery (RNAP
and its sigma factors) would be concentrated in macrodo-
mains according to transcriptional output, and that tran-
scription machinery would concentrate in different

domains as the observed transcriptional output changes as
a function of the growth cycle.  ChIP-chip analysis
revealed that during exponential growth, RNAP was rela-
tively evenly distributed across the chromosome except at
the Ori and Ter domains where it was less abundant
(Fig. 5a). Conversely, during stationary phase, RNAP was
concentrated at Ter and its flanking domains and was fur-
ther depleted at Ori. The seven highly transcribed rrs ribo-
somal operons and the operon encoding ATP synthase are
located chiefly in the Ori and Ori-proximal domains of
the S. enterica serovar Typhimurium chromosome and are
known to bind RNAP abundantly during exponential
growth [44]. The highly expressed flagella operons are
located mainly at the intersection of the Ter-Left domains
and they also bind RNAP abundantly during exponential
growth [44]. Work with E. coli has shown that RNAP is
redistributed in stationary phase to non-coding regions of
the chromosome [46]. We observed an accumulation of
RNAP in the Ter domain in non-growing cells (Fig. 5a).
This does not reflect the presence of high concentrations
of stationary-phase-specific RpoS-dependent genes within
Ter, because the genes of the stationary phase stimulon
are evenly distributed around the chromosome [47]. Thus,
it is possible that the Ter domain becomes a depot for the
storage of DNA-bound RNAP during periods of low tran-
scriptional activity in non-growing bacteria. When E. coli
grows by doubling every 30 min, 12% of its 8400 RNAP
molecules are free and 28 % are bound non-specifically
[48]. Our data suggest that the proportion of non-specifi-
cally bound copies increases in stationary phase and that
much of this binding occurs in Ter. As the bacterium
leaves lag phase at the start of exponential growth, the
heavily transcribed operons in the Ori and Ori-proximal
domains will create a demand for RNAP. Although the
Ter domain is the most distant from Ori on the
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Fig. 4. Transcript stability as a function of chromosomal domain. Data from E. coli strain MG1655 are presented for cultures grown in
LB to ODggg 0.8 (a) or in M9 minimal medium with glucose to ODggo 0.8 (b). Lines in each scatter plot indicate the median and inter-
quartile ranges. A statistical analysis of the data is presented in the table below each panel together with a statement of statistical
significance.

chromosome circumference, in the folded nucleoid Ori
and Ter lie opposite one another [29], perhaps facilitating
the transfer of RNAP to those zones where it is needed.

Distribution of sigma factors

ChIP-chip revealed that during rapid growth and early
stationary phase, the primary ‘housekeeping’ sigma factor
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binding peaks appearing in both of two biological replicates. (b) Binding of the housekeeping sigma factor RpoD across each of the six
chromosomal domains in exponentially growing (left) and stationary phase (right) cells. (c) The distribution of the alternative sigma fac-
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colour code for each sigma factor is given in the key. (d) Unbiased motif searching of RpoN binding sites identified by ChIP-chip identi-

fied sites matching the RpoN binding site motif.

RpoD (67°) was concentrated in the Ori, NSR and NSL
domains (Fig. 5b), and was less abundant at Ter and
Left during exponential growth. Overall, this pattern did
not parallel the pattern of RNAP distribution at this
stage of the growth cycle (Fig. 5a). In stationary phase,

RpoD was evenly distributed around the chromosome,
due primarily to a depletion at NSR and enhanced occu-
pancy of Ter. Thus, in both stages of growth, the distri-
bution of RpoD did not correspond to RNAP
localization.
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The alternative sigma factors RpoN, RpoE and RpoH -
none of which was active in these culture conditions - dis-
played a binding pattern that was reciprocal to that of
RNAP: they were bound primarily in areas of low RNAP
occupancy (Fig. 5¢). Thus, there was a clear anti-correlation
between the binding pattern of RNAP and those of the alter-
nate sigma factors (RpoE, RpoH and RpoN). Unfortunately,
an equivalent anti-RpoS monoclonal antibody was not func-
tional in ChIP-chip experiments. Our results suggest that
when they are not participating in transcription initiation,
sigma factors nevertheless are associated with transcription-
ally non-active regions of the chromosome, in particular,
the Left macrodomain (Fig. 5¢).

RpoN is structurally distinct from the three RpoD sigma
factor family members RpoD, RpoE and RpoH [49]. RpoN
binds to its target promoters to create transcription initia-
tion complexes that remain silent until physical contact is
made with an appropriately primed enhancer-binding tran-
scription factor [50, 51]. This sigma factor can bind to pro-
moters even in the absence of RNAP core enzyme [52].
Unbiased motif searching of regions bound by RpoN identi-
fied a classical RpoN DNA binding site motif in stationary
phase binding sites (Fig. 5d), suggesting that this sigma fac-
tor was binding specifically though no similar motif was
detectable in RpoN binding sites in exponential phase.
Thus, even in culture conditions where RpoN is expected to
be transcriptionally inactive, RpoN is binding to its target
sites in keeping with its known physiological properties.

Previous work with S. enterica serovar Typhimurium defined
approximately 70 binding sites for RpoN. The binding sites
were distributed around the chromosome, with more than
half being within coding sequences [53, 54]. The Ori macro-
domain has the most RpoN sites (17), while the other domains
have approximately equal numbers: NSR (8), Right (10), Ter
(11), Left (12) and NSL (12). RpoN was not distributed in pro-
portion to the numbers of binding sites per domain (Fig. 5¢),
suggesting that the Right and Ter domains attracted the pro-
tein more abundantly in exponential phase and those sites in
the Ori, NSR, and NSL domains were more heavily bound in
stationary phase.

In the absence of conditions required for them to activate
transcription, RpoE (envelope stress) and RpoH (heat
shock) did not bind to DNA showing matches to their bind-
ing site consensus sequences, indicating that binding may
have been non-specific. Genes belonging to the S. enterica
serovar Typhimurium RpoE regulon [55] were more abun-
dant in the Left (9) and NSL (12) domains than in the
others: NSR (6), Right (3), Ter (4), Ori (6). S. enterica sero-
var Typhimurium genes matching confirmed members of
the E. coli RpoH regulon [56] were also unevenly distributed
among the chromosomal domains: NSR (11), Right (5), Ter
(9), Left (3), NSL (11) and Ori (9). Like RpoN, the distribu-
tions of RpoE and RpoH showed a strong anti-correlation
with RNAP rather than a positive correlation with their tar-
get promoters (Fig. 5¢). The genes encoding RpoD, RpoE,
RpoH and RpoN are located in NSL, a domain that does not

correspond with a peak for sigma factor binding at any stage
of the growth cycle. The significance of these colocations is
unknown at present, but they may facilitate the cross regula-
tion that has been detected between sigma factor genes [51,
55, 56].

Conclusions

Transcript abundance does not reflect gene dosage either
during rapid growth or in stationary phase. Instead, mRNA
output displays a domain-specific pattern in which Ter, the
macrodomain with the lowest gene dosage, has a higher out-
put than either the Left or Right macrodomains in rapidly
growing cells and exceeds that of Ori in non-growing cells.
These unexpected findings may reflect differences in mean
half-lives for mRNAs expressed in different domains, with
extended half-lives associated with Ter transcripts counter-
balancing the gene-dosage effect. During rapid growth, tran-
scription and RNAP are not well correlated, probably
reflecting the inability of our detection method to distin-
guish between specific and non-specific RNAP binding; but
in stationary phase, transcription and RNAP localize
around Ter. The pattern seen in rapid growth may reflect
the longer half-life of mRNA originating in Ter, while the
stationary phase pattern may reflect a role for Ter as a store
of non-transcribing RNAP during periods when the cell is
not growing. Although chemostat cultures and synchro-
nized cell studies will be useful to disentangle the effects of
growth rate and culture conditions, in the present study
cells were grown in rich medium in batch culture conditions
to support comparisons with other broad-scale studies con-
ducted in these same growth conditions in Salmonella and
E. coli over the past decades. We anticipate that similar tran-
scriptional and polymerase dynamics will be observed in
E. coli and other bacteria because the E. coli macrodomain
structure has also been successfully extrapolated to another
enteric bacterium, Dickeya dadantii (Erwinia chrysanthemi)
[32].

Under growth conditions that do not select for their activi-
ties, the alternative sigma factors RpoE, RpoH and RpoN
display a distribution pattern that is the reciprocal of that
seen for RpoD and RNAP. The alternative sigma factors
bind to chromosomal domains that are transcriptionally
quiescent. The consistently low transcriptional output of the
Left domain is intriguing as this domain has several unusual
traits, including a relatively low A+T base content, a lower
propensity to form curved DNA than other domains and
low levels of binding by the transcription silencing nucle-
oid-associated protein H-NS [44]. Despite little H-NS bind-
ing and high levels of binding by RpoD and RNAP in
exponential growth, the Left domain produces the fewest
transcripts at all stages of growth. Our data suggest that the
chromosome is divided into transcriptionally active and
inactive zones at different stages of growth, and that the
inactive zones store those parts of the transcription appara-
tus that are temporarily out of use.



Cameron et al., Microbial Genomics 2017;3

Funding information

This work was supported by grants from Science Foundation Ireland
(13/1A/1875 and 07/IN.1/B918), and the Natural Sciences and Engi-
neering Research Council of Canada (Discovery Grant 435784-2013).

Acknowledgements

We wish to thank Jay Hinton, Kristian Handler, and Agamemnon Car-
pousis for helpful discussions. We are also grateful to anonymous
reviewers for their constructive feedback during the review process.

Conflicts of interest
The authors declare that there are no conflicts of interest.

Data bibliography
1. Cameron ADS, Dillon SC, Kroger C, Beran L, Dorman CJ. Gene
Expression Omnibus GSE97283 (2017).

2. Cameron ADS, Dillon SC, Kroger C, Beran L, Dorman CJ. Gene
Expression Omnibus GSE97161 (2017).

References

1.

Sobetzko P, Travers A, Muskhelishvili G. Gene order and chromo-
some dynamics coordinate spatiotemporal gene expression dur-
ing the bacterial growth cycle. Proc Natl Acad Sci USA 2012;109:
E42-EB0.

. Dorman CJ. Genome architecture and global gene regulation in

bacteria: making progress towards a unified model? Nat Rev
Microbiol 2013;11:349-355.

. Berlatzky IA, Rouvinski A, Ben-Yehuda S. Spatial organization of a

replicating bacterial chromosome. Proc Natl Acad Sci USA 2008;
105:14136-14140.

. Janga SC, Salgado H, Martinez-Antonio A. Transcriptional regula-

tion shapes the organization of genes on bacterial chromosomes.
Nucleic Acids Res 2009;37:3680-3688.

. Jeong KS, Ahn J, Khodursky AB. Spatial patterns of transcrip-

tional activity in the chromosome of Escherichia coli. Genome Biol
2004;5:R86.

. Junier [, Rivoire 0. Conserved units of co-expression in bacterial

genomes: an evolutionary insight into transcriptional regulation.
PLoS One 2016;11:e0155740.

. Junier |, Hérisson J, Képes F. Genomic organization of evolution-

arily correlated genes in bacteria: limits and strategies. J Mol Biol
2012;419:369-386.

. Képes F. Periodic transcriptional organization of the E. coli

genome. J Mol Biol 2004;340:957-964.

. Mathelier A, Carbone A. Chromosomal periodicity and positional

networks of genes in Escherichia coli. Mol Syst Biol 2010;6:366.

. Wright MA, Kharchenko P, Church GM, Segré D. Chromosomal

periodicity of evolutionarily conserved gene pairs. Proc Natl Acad
Sci USA 2007;104:10559-10564.

. Chowdhury C, Chun S, Sawaya MR, Yeates TO, Bobik TA. The

function of the PduJ microcompartment shell protein is deter-
mined by the genomic position of its encoding gene. Mol Microbiol
2016;101:770-783.

. Fitzgerald S, Dillon SC, Chao TC, Wiencko HL, Hokamp K et al.

Re-engineering cellular physiology by rewiring high-level global
regulatory genes. Sci Rep 2015;5:17653.

. Hudson RE, Bergthorsson U, Roth JR, Ochman H. Effect of chro-

mosome location on bacterial mutation rates. Mol Biol Evol 2002;
19:85-92.

. Mira A, Ochman H. Gene location and bacterial sequence diver-

gence. Mol Biol Evol 2002;19:1350-1358.

. Pavitt GD, Higgins CF. Chromosomal domains of supercoiling in

Salmonella typhimurium. Mol Microbiol 1993;10:685-696.

. Schmid MB, Roth JR. Gene location affects expression level in Sal-

monella typhimurium. J Bacteriol 1987;169:2872-2875.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

. Sharp PM, Shields DC, Wolfe KH, Li WH. Chromosomal location

and evolutionary rate variation in enterobacterial genes. Science
1989;246:808-810.

. Jacobsen A, Hendriksen RS, Aaresturp FM, Ussery DW, Friis C.

The Salmonella enterica pan-genome. Microb Ecol 2011;62:487-
504.

. Garcia-Russell N, Harmon TG, Le TQ, Amaladas NH, Mathewson

RD et al. Unequal access of chromosomal regions to each other in
Salmonella: probing chromosome structure with phage lambda
integrase-mediated long-range rearrangements. Mol Microbiol
2004;52:329-344.

Garcia-Russell N, Orchard SS, Segall AM. Probing nucleoid struc-
ture in bacteria using phage lambda integrase-mediated chromo-
some rearrangements. Methods Enzymol 2007;421:209-226.

Niki H, Yamaichi Y, Hiraga S. Dynamic organization of chromo-
somal DNA in Escherichia coli. Genes Dev 2000;14:212-223.

Rebollo JE, Frangois V, Louarn JM. Detection and possible role of
two large nondivisible zones on the Escherichia coli chromosome.
Proc Natl Acad Sci USA 1988;85:9391-9395.

Rocha EP. The organization of the bacterial genome. Annu Rev
Genet 2008;42:211-233.

Valens M, Penaud S, Rossignol M, Cornet F, Boccard F. Macrodo-
main organization of the Escherichia coli chromosome. EMBO J
2004;23:4330-4341.

Esnault E, Valens M, Espéli O, Boccard F. Chromosome structur-
ing limits genome plasticity in Escherichia coli. PLoS Genet 2007;3:
e226.

Messerschmidt SJ, Waldminghaus T. Dynamic organization: chro-
mosome domains in Escherichia coli. J Mol Microbiol Biotechnol
2014;24:301-315.

Couturier E, Rocha EP. Replication-associated gene dosage
effects shape the genomes of fast-growing bacteria but only for
transcription and translation genes. Mol Microbiol 2006;59:1506—
1518.

Lesterlin C, Mercier R, Boccard F, Barre FX, Cornet F. Roles for
replichores and macrodomains in segregation of the Escherichia
coli chromosome. EMBO Rep 2005;6:557-562.

Reyes-Lamothe R, Wang X, Sherratt D. Escherichia coli and its
chromosome. Trends Microbiol 2008;16:238-245.

Bryant JA, Sellars LE, Busby SJ, Lee DJ. Chromosome position
effects on gene expression in Escherichia coli K-12. Nucleic Acids
Res 2014;42:11383-11392.

Gerganova V, Berger M, Zaldastanishvili E, Sobetzko P, Lafon C
et al. Chromosomal position shift of a regulatory gene alters the
bacterial phenotype. Nucleic Acids Res 2015;43:8215-8226.

Jiang X, Sobetzko P, Nasser W, Reverchon S, Muskhelishvili G.
Chromosomal "stress-response” domains govern the spatiotem-
poral expression of the bacterial virulence program. MBio 2015;6:
e00353-15.

Lal A, Dhar A, Trostel A, Kouzine F, Seshasayee ASN et al.
Genome scale patterns of supercoiling in a bacterial chromosome.
Nat Commun 2016;7:11055.

Pomerantz RT, O'Donnell M. Direct restart of a replication fork
stalled by a head-on RNA polymerase. Science 2010;327:590-592.

Rocha EP, Danchin A. Essentiality, not expressiveness, drives
gene-strand bias in bacteria. Nat Genet 2003;34:377-378.

Montero Llopis P, Jackson AF, Sliusarenko O, Surovtsev |,
Heinritz J et al. Spatial organization of the flow of genetic infor-
mation in bacteria. Nature 2010;466:77-81.

Parry BR, Surovtsev IV, Cabeen MT, O'Hern CS, Dufresne ER et al.
The bacterial cytoplasm has glass-like properties and is fluidized
by metabolic activity. Cell 2014;156:183-194.

Kroger C, Dillon SC, Cameron AD, Papenfort K, Sivasankaran SK
et al. The transcriptional landscape and small RNAs of Salmonella
enterica serovar Typhimurium. Proc Natl Acad Sci USA 2012;109:
E1277-E1286.



Cameron et al., Microbial Genomics 2017;3

39.

40.

41.

42.

43.

44,

45,

46.

47.

Kroger C, Colgan A, Srikumar S, Handler K, Sivasankaran SK
et al. An infection-relevant transcriptomic compendium for Salmo-
nella enterica serovar Typhimurium. Cell Host Microbe 2013;14:
683-695.

Sezonov G, Joseleau-Petit D, D'Ari R. Escherichia coli physiology
in Luria-Bertani broth. J Bacteriol 2007;189:8746-8749.

Dillon SC, Cameron AD, Hokamp K, Lucchini S, Hinton JC et al.
Genome-wide analysis of the H-NS and Sfh regulatory networks
in Salmonella Typhimurium identifies a plasmid-encoded tran-
scription silencing mechanism. Mol Microbiol 2010;76:1250-1265.

Klumpp S, Zhang Z, Hwa T. Growth rate-dependent global effects
on gene expression in bacteria. Cell 2009;139:1366-1375.

Bipatnath M, Dennis PP, Bremer H. Initiation and velocity of chro-
mosome replication in Escherichia coli B/r and K-12. J Bacteriol
1998;180:265-273.

Lucchini S, Rowley G, Goldberg MD, Hurd D, Harrison M et al. H-
NS mediates the silencing of laterally acquired genes in bacteria.
PLoS Pathog 2006;2:e81.

Bernstein JA, Khodursky AB, Lin PH, Lin-Chao S, Cohen SN.
Global analysis of mMRNA decay and abundance in Escherichia coli
at single-gene resolution using two-color fluorescent DNA micro-
arrays. Proc Natl Acad Sci USA 2002,99:9697-9702.

Grainger DC, Aiba H, Hurd D, Browning DF, Busby SJ. Tran-
scription factor distribution in Escherichia coli: studies with FNR
protein. Nucleic Acids Res 2007;35:269-278.

Peano C, Wolf J, Demol J, Rossi E, Petiti L et al. Characterization
of the Escherichia coli o° core regulon by chromatin immunopre-
cipitation-sequencing (ChIP-seq) analysis. Sci Rep 2015;5:10469.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Patrick M, Dennis PP, Ehrenberg M, Bremer H. Free RNA poly-
merase in Escherichia coli. Biochimie 2015;119:80-91.

Feklistov A, Sharon BD, Darst SA, Gross CA. Bacterial sigma fac-
tors: a historical, structural, and genomic perspective. Annu Rev
Microbiol 2014;68:357-376.

Bush M, Dixon R. The role of bacterial enhancer binding proteins
as specialized activators of o-54-dependent transcription. Microbiol
Mol Biol Rev 2012;76:497-529.

Zhang N, Buck M. A perspective on the enhancer dependent bac-
terial RNA polymerase. Biomolecules 2015;5:1012-1019.

Buck M, Cannon W. Specific binding of the transcription factor o>*
to promoter DNA. Nature 1992;358:422-424.

Hartman CE, Samuels DJ, Karls AC. Modulating Salmonella Typhi-
murium’s response to a changing environment through bacterial
enhancer-binding proteins and the RpoN regulon. Front Mol Biosci
2016;3:41.

Samuels DJ, Frye JG, Porwollik S, Mcclelland M, Mrazek J et al.
Use of a promiscuous, constitutively-active bacterial enhancer-
binding protein to define the ¢ (RpoN) regulon of Salmonella
Typhimurium LT2. BMC Genomics 2013;14:602.

Skovierova H, Rowley G, Rezuchova B, Homerova D, Lewis C
et al. Identification of the o= regulon of Salmonella enterica sero-
var Typhimurium. Microbiology 2006;152:1347-1359.

Nonaka G, Blankschien M, Herman C, Gross CA, Rhodius VA. Reg-
ulon and promoter analysis of the E. coli heat-shock factor, o2,

reveals a multifaceted cellular response to heat stress. Genes Dev
2006;20:1776-1789.

the world.

Five reasons to publish your next article with a Microbiology Society journal
1. The Microbiology Society is a not-for-profit organization.

2. We offer fast and rigorous peer review — average time to first decision is 4-6 weeks.

3. Our journals have a global readership with subscriptions held in research institutions around

80% of our authors rate our submission process as ‘excellent’ or ‘very good".
5. Your article will be published on an interactive journal platform with advanced metrics.

Find out more and submit your article at microbiologyresearch.org.



http://www.microbiologyresearch.org

