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Distinct heterochromatin-like domains promote
transcriptional memory and silence parasitic
genetic elements in bacteria
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Abstract

There is increasing evidence that prokaryotes maintain chromo-
some structure, which in turn impacts gene expression. We
recently characterized densely occupied, multi-kilobase regions in
the E. coli genome that are transcriptionally silent, similar to
eukaryotic heterochromatin. These extended protein occupancy
domains (EPODs) span genomic regions containing genes encoding
metabolic pathways as well as parasitic elements such as
prophages. Here, we investigate the contributions of nucleoid-
associated proteins (NAPs) to the structuring of these domains, by
examining the impacts of deleting NAPs on EPODs genome-wide in
E. coli and B. subtilis. We identify key NAPs contributing to the
silencing of specific EPODs, whose deletion opens a chromosomal
region for RNA polymerase binding at genes contained within that
region. We show that changes in E. coli EPODs facilitate an extra
layer of transcriptional regulation, which prepares cells for expo-
sure to exotic carbon sources. Furthermore, we distinguish novel
xenogeneic silencing roles for the NAPs Fis and Hfq, with the pres-
ence of at least one being essential for cell viability in the presence
of domesticated prophages. Our findings reveal previously unrec-
ognized mechanisms through which genomic architecture primes
bacteria for changing metabolic environments and silences harm-
ful genomic elements.
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Introduction

All organisms must organize immense amounts of genetic informa-
tion into a relatively small physical space within the cell. The mainte-
nance and accessibility of the DNA architecture are required for
efficient DNA replication, repair, and transcription, and division, and
thus for proper cell division required to sustain life. In the bacterium
Escherichia coli (E. coli), chromosome structure is mediated by
roughly a dozen small, basic nucleoid-associated proteins (NAPs)
(Luijsterburg et al, 2008; Dillon & Dorman, 2010; Shen & Landick,
2019) that work in concert to modulate supercoiling, DNA looping,
and distant chromosomal contacts (Postow et al, 2004; Deng et al,
2005; Grainger et al, 2008; Lim et al, 2012; Boudreau et al, 2018).
Despite substantial research effort, it is largely unclear how individual
NAPs impact the overall structure of the chromosome, due in part to
their promiscuous and overlapping binding across the genome (Ali
Azam et al, 1999; Dillon & Dorman, 2010; Amemiya et al, 2021).

In order to gain a comprehensive understanding of the contribu-
tion of NAPs to global protein occupancy and gene expression, we
used in vivo protein occupancy display at high resolution (IPOD-HR).
IPOD-HR is a method that provides a global snapshot of areas in the
genome where proteins are bound to DNA, thus yielding insight into
genome-wide regulation and structure (Vora et al, 2009; Freddolino
et al, 2021a). IPOD-HR revealed approximately two hundred regions
of the E. coli genome that are densely packed with protein but
exclude RNA polymerase, inviting striking comparisons to hete-
rochromatin found in eukaryotes (Freddolino et al, 2021a). These
regions are referred to as extended protein occupancy domains
(EPODs) and identified based on the presence of high levels of
protein occupancy over a length of 1 kb or more (Vora et al, 2009).
While EPODs have been shown to be partially occupied by NAPs,
and in some cases overlap with known binding sites for NAPs such
as H-NS (Freddolino et al, 2021a), the contributions of individual
NAPs on EPOD formation remain unexplored. Our previous findings,
consistent with studies in the literature, have implicated H-NS as a
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dominant gene silencer in E. coli (Ueguchi & Mizuno, 1993; Deng
et al, 2005; Shen & Landick, 2019; preprint: Freddolino et al, 2021b).
H-NS has the capacity to form filaments, tightly compacting dsDNA.
In vitro, H-NS has been shown that the two types of filaments, linear
or bridged, which block transcription initiation, while only bridged
filaments block transcription by blocking elongation (Singh et al,
2014; Kotlajich et al, 2015; Landick et al, 2015). Other proteins, such
as Hha and the H-NS paralog StpA, promote the formation of H-NS
filaments and modulate their structural properties (Valk et al, 2017;
Boudreau et al, 2018). In addition to H-NS’s role in global gene silenc-
ing, it is well documented to specifically silence horizontally acquired
DNA (Baumler, 2006; Lucchini et al, 2006; Navarre, 2006; Kahra-
manoglou et al, 2011; Freddolino et al, 2021a). While the dominant
form of filaments in vivo remains unknown, it is clear that H-NS plays
a major role in transcriptional silencing in the bacteria that carry it.

Recent data suggest that EPODs contribute to both the regulation
of metabolic pathways and the silencing of horizontally acquired
DNA (Scholz et al, 2019; Freddolino et al, 2021a); however, the
NAPs mediating this response for individual EPODs are unknown.
Additionally, evidence suggests that bacterial genomes have integra-
tion hotspots for horizontally acquired DNA (preprint: Nakamura
et al, 2021). We have found that EPODs have a higher Tn5 integra-
tion frequency compared to the rest of the genome (Freddolino et al,
2021a), perhaps giving insight that EPODs may be functional units
that serve as hotspots for foreign DNA integration. Additional data
using different mechanisms of horizontal gene transfer would be
required to further investigate the extent to which EPODs show
enhanced integration rates, as opposed to simply forming on hori-
zontally acquired DNA once it has already integrated. Understand-
ing the key protein components of EPODs and their roles in genome
organization will shed light on the relationship between the regula-
tion of transcription and genome architecture in bacterial genomes.

Here, we investigate the contributions of the major NAPs in E.
coli to maintaining the pattern of global protein occupancy, and the
effects of that occupancy on gene expression. Rather than simply
observing where one particular protein binds, we monitor the
complete set of changes in protein occupancy caused by loss of any
single NAP. We show that loss of any single NAP results in changes
to the global landscape of protein occupancy, albeit often less
dramatic than might be expected, as we show that NAPs are able to
compensate for each other to maintain EPOD structure even after
single NAP knockouts. Further, we demonstrate the function of
NAP mediated silencing of rare carbon metabolism and suggest that
this mechanism facilitates a transcriptional memory response. Addi-
tionally, we describe a previously unidentified prophage silencing
role for NAPs Hfq and Fis. Finally, we demonstrate the presence of
EPOD-like structures in the evolutionary distinct Gram-positive
Bacillus subtilis, which function similarly to facilitate silencing of
metabolic pathways and horizontally acquired genes.

Results

Large-scale patterns of protein occupancy are highly maintained
across conditions and laboratory isolates

In order to investigate the contributions of the major E. coli
nucleoid-associated proteins to the genome-wide pattern of protein
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occupancy, we applied our recently developed IPOD-HR method
(Freddolino et al, 2021a) to profile the changes in global protein
occupancy on the chromosome in the presence of several deletions
of nucleoid-associated protein coding genes. The IPOD-HR proce-
dure begins similarly to a chromatin immunoprecipitation (ChIP)
experiment, in which cells are cross-linked under a physiological
condition of interest, lysed, and the DNA digested (Appendix Fig
S1A). However, rather than pull down a single protein target with
an antibody as in ChIP, a phenol-chloroform extraction is
performed wherein an enrichment of protein-DNA complexes forms
in a white disk at the aqueous-organic interphase (Appendix Fig
S1A). The disk is isolated and washed thoroughly, and DNA is then
purified from the disk and compared to an input sample to reveal
the locations on the genome that were bound by proteins at the time
of crosslinking. The raw IPOD-HR signal contains contributions both
from RNA polymerase and from regulatory proteins. In order to
visualize protein bound to DNA aside from RNA polymerase, we
perform an RNA polymerase ChIP-seq experiment in parallel and
subtract the binding of RNA polymerase from our raw [POD-HR
signal (Appendix Fig S1B). In-depth methodological details are
given in the Methods section and in Freddolino et al (2021a). In our
initial applications of IPOD-HR in E. coli, we found that the method
was able to reveal the dynamics of individual transcription factor
binding sites after both genetic and physiological perturbations
(Freddolino et al, 2021a). We saw in contrast, however, that
hundreds of regions of extended protein occupancy (termed
Extended Protein Occupancy Domains or EPODs (Vora et al, 2009))
were fairly static across all tested conditions (three transcription
factor deletions and three growth conditions) (Freddolino et al,
2021a). Given that EPODs appear to arise largely due to the binding
of nucleoid-associated proteins (NAPs), in the present work, we
examined the contributions of different NAPs to the pattern of
EPODs along the chromosome.

To identify condition-dependent EPOD locations in the E. coli
genome, we applied EPOD calling equivalent to that in preprint:
Freddolino et al (2021b). There are two EPOD thresholds defined by
regions that are greater than 1,024 bp in length over which the
rolling mean protein occupancy in that region exceeds a specified
percentile compared to the rest of the genome (see Materials and
Methods). We term the two levels of stringency used here as “Loose
EPODs” (75" percentile cutoff; the “relaxed” threshold) and “Strict
EPODs” (90" percentile cutoff) (Fig 1A; further explained in Vora
et al (2009)). Here, we will focus primarily on “Strict EPODs” unless
otherwise noted. It was previously shown that the ~200 EPODs iden-
tified across the E. coli MG1655 (WT) genome show significantly
enriched overlaps with loci encoding genes involved in metabolism
and silencing of mobile elements (Freddolino et al, 2021a). As
remodeling of nucleoid organization has been previously detected in
response to environmental changes, such as media richness and
growth phase (Neeli-Venkata et al, 2016; Remesh et al, 2020; Verma
et al, 2020), we tested whether EPODs were one of the functional
units that mediated changes across growth conditions. To examine
the robustness of these domains under various physiological condi-
tions, we performed IPOD-HR on an MG1655 isolate (referred to as
“WT”), varying the media type and growth phase. IPOD-HR was
performed as previously described (Freddolino et al, 2021a);
samples were taken at mid-exponential growth phase or deep
stationary growth phase (D.S.; described in Materials and Methods
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below), in both rich defined media and minimal media with glucose
(see Materials and Methods). For all experiments, we used defined
media to maintain consistency in physiological experiments with
buffer conditions, salts, etc., and to avoid the noted variation occur-
ring in Lysogeny broth (LB medium) (Neidhardt et al, 1974; https://
schaechter.asmblog.org/schaechter/2009/11/the-limitations-of-1b-
medium.html). Even within E. coli MG1655 isolates, there are
genetic differences from variation in parental origin (Freddolino
et al, 2012) that have led to differences in what is deemed “WT”
across different laboratories. To examine the robustness of EPODs
between relatively similar isolates with minor genetic differences,
we used another MG1655 isolate (labeled WT (2)). In comparison
with WT, WT (2) is crl*, gatC*, glpR*, contains point mutations in
ybhJ and mntP and has an intact dgcJ (see Methods for details). The
variations between different MG1655 isolates are an important
consideration when comparing across various MG1655 datasets, as
our data suggest that small genetic differences may lead to wider
changes in gene regulation and protein occupancy landscapes
compared to changes in media sources, as we will discuss in detail
below.

The number and overall genomic coverage of EPODs across
conditions and genetic backgrounds remained relatively stable
(Fig 1B and C), with the greatest increases in coverage and counts
in cells in deep stationary phase and the WT (2) isolate. To examine
the changes in the locations and boundaries of EPODs, we calcu-
lated a measure that we refer to as the symmetrized overlap
distance, given by the difference between unity and the geometric
mean of the EPOD overlaps:

1—\/AB><BA

where Ag is the fraction of condition B’s EPODs overlapped by the
relaxed threshold EPODs (“Loose EPODs”; example in Fig 1A)
contained in condition A, and B, is the fraction of condition A
EPODs overlapped by the loose threshold EPODs from condition B.
A value of 0 indicates identical EPOD locations, since both overlaps
would be 1. The use of loose EPODs in the comparisons as opposed
to strict avoids overstating the differences between conditions based
on minor thresholding differences and emphasizes large and system-
atic changes in occupancy. The symmetrized overlap distances
between all pairs of conditions examined here are shown in Fig 1D.
Values within the heatmap displayed are calculated using the frac-
tion of EPODs contained in the relaxed threshold EPODs, defined as
in preprint: Freddolino et al (2021b), for each condition. Hierarchical
clustering analysis of these distances reveals that the major dif-
ferences stem decreasingly from growth phase, genotype, and then
media changes (Fig 1D). Notably, the EPOD location profiles for the
two MGI1655 isolates considered here were more similar to each
other than the WT deep stationary phase condition, but in all cases
a substantial majority of EPODs are conserved across conditions.
These findings support ongoing research that shows major changes
in nucleoid composition during later phases of growth (Ali Azam
et al, 1999; Grainger et al, 2008). Previous investigation of EPODs
under baseline growth conditions (exponential growth in rich
defined media) demonstrated that genes contained in EPODs were
enriched for several functionalities, including DNA transposition,
cytolysis, and LPS biosynthesis (Freddolino et al, 2021a). To identify
the pathways maintained across all conditions considered in Fig 1,
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we ran iPAGE (Goodarzi et al, 2009) to associate which gene ontol-
ogy (GO) terms fell within EPODs relative to the rest of the genome
(“Background”). We found that three GO terms remained highly
enriched in EPODs under all four conditions shown here: cytolysis,
LPS biosynthetic pathway, and cellular response to acid chemical,
demonstrating that EPOD-mediated regulation of these functionali-
ties persists across both physiological condition and the selected cell
lineages (Appendix Fig S2).

Important genetic differences have previously been observed
between various MG1655 isolates, which include mutations
expected to have regulatory consequences (Freddolino et al, 2012).
In the case of the WT versus WT (2) MG1655 isolates considered
here, one of the main genetic differences is the presence of an IS1
insertion sequence in the dgcJ gene (a putative diguanylate cyclase)
in WT that is absent in WT (2). Cyclic di-GMP generally regulates
the switch between adhesion/biofilm formation and motility across
a range of bacteria (Hengge, 2009). A dgcJ mutant exhibits increased
motility (Sanchez-Torres et al, 2011). In addition, WT (2) contains
an intact crl allele compared with the IS5-disrupted allele present in
WT, and the Crl regulon likewise contains a multitude of genes
involved in motility and adhesion (Santos-Zavaleta et al, 2019).
Based on these important genetic differences, we expected that the
overall regulatory states of WT and WT (2) would substantially dif-
fer with regard to motility and biofilm formation, although the direc-
tion of the effect is impossible to predict a priori due to the lack of
information on the precise effect of the dgcJ IS1 insertion (which
could in principle cause gain or loss of function) and the compli-
cated interaction of various GGDEF proteins in regulating motility
and biofilm formation (Sanchez-Torres et al, 2011). Indeed, we
observed an enrichment of EPODs on biofilm and adhesion-related
genes in the WT (2)-specific EPODs (Appendix Fig S2), indicating
that the additional EPODs unique to WT (2) were enriched on oper-
ons involved in establishing a sessile lifestyle. As noted above, the
strains considered here also differ in genotype at gatC, glpR, ybhJ,
and mntP; although it appears unlikely based on the genes involved,
we cannot rule out contributions from the differences at those loci
in the observed changes in EPOD locations. Taken together with our
deep stationary phase results, we show that IPOD-HR is able to
detect changes in global protein occupancy due to genetic and envi-
ronmental differences. We also note that while most EPODs are
preserved across a range of conditions, the positions of some EPODs
do indeed change in response to genetic and/or environmental
perturbations.

Silencing of the non-functional LPS gene pathway is maintained
across conditions

To better understand the dynamics of protein occupancy across dif-
ferent conditions at a locus that shows a heavily maintained EPOD,
we examined the changes in occupancy at a representative region,
the LPS biosynthesis locus (the waa operon) across conditions
(Fig 1E). The LPS pathway was noted to be silenced by EPODs in
our initial findings (Freddolino et al, 2021a). Typically, E. coli
express these operons as part of O antigen biosynthesis, a highly
beneficial cellular component that increases resistance to phage
infection and environmental pressures (Wang & Reeves, 1998;
D’Souza et al, 2002; Feng et al, 2005; Nakao et al, 2012; Linkevicius
et al, 2013; Wang et al, 2016). However, MG1655 contains an
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Figure 1. EPODs are highly robust across growth conditions.

The EMBO Journal

A Example regions exhibiting the IPOD-HR occupancy where EPOD calls are made. Loose EPODs (pink) and Strict EPODs (teal) represent spans of high protein
occupancy at lower and higher thresholds, respectively. Neighboring areas showing lower robust z scores are not EPODs. Note that following the definitions in
(preprint: Freddolino et al, 2021b), the presence of an EPOD requires a sustained region of high average occupancy, without any regions in which occupancy drops to
background levels. Thus, breaks in EPOD calls represent cases where a rolling average occupancy drops below the calling threshold (e.g., the breakpoint in the middle
of pinQ in the top panel), and regions of apparent occupancy may nevertheless not be called due to being below the minimum length threshold (as is the case for

nohA).

B Strict EPOD counts across WT (MG1655) E. coli cells are similar across different conditions. Cells were grown in: Rich (Rich Defined Media (see Materials and
Methods)), Min (Minimal Media) and collected at log phase growth or deep stationary phase (Deep Stat). WT (2) is a MG1655 isolate from another laboratory that
differs from our WT strain by four-point mutations and two insertion sequence integrations.

C Fractional coverage of Strict EPODs across the genome does not largely vary across conditions; however, cells grown in the Min condition have a slightly larger

coverage.

D To assess the similarity between EPOD calls in each condition, we calculated the symmetrized overlap distance of EPODs. A value of 0 indicates that the set of EPODs
are identical. Hierarchical clustering reveals that growth phase impacts EPOD location in this dataset.

E Specific locations across all conditions remain occupied by protein where EPODs across a representative region, the waa operon, were called (left) and unoccupied by
RNA polymerase (right). The quantile-normalized robust z scores of the protein occupancy at each 5 bp are represented by the IPOD-HR occupancy.

F Kernel density plots displaying the normalized histograms (smoothed by a kernel density estimator) of H-NS ChIP (Kahramanoglou et al, 2011) for regions of the
genome within EPODs versus Background (i.e., protein occupancy through the rest of the genome, where contiguous regions between EPODs were treated as a single
data point). H-NS binding shows a strong overlap with EPOD locations measured in all conditions. (*) indicates FDR-corrected P < 0.005 via permutation test
indicating an enrichment in H-NS ChIP binding in EPODs across conditions (against a null hypothesis of no difference in medians).

insertion element in wbbL, an upstream component of the LPS path-
way, rendering wbbL non-functional (Rubirés et al, 1997). Consis-
tent with prior observations, we observe robust protein occupancy
and minimal RNA polymerase occupancy across all conditions
(Fig 1E), although a qualitative change in the locations of the high-
occupancy regions is apparent in deep stationary phase, perhaps
reflecting a turnover in the predominant NAPs present under that
condition. Without functional genes in this pathway, there are no
biological benefits to expressing downstream genes under various
physiological conditions. We speculate that these components of the
LPS pathway are silenced due to the insertion element in wbbL as a
method to conserve resources. While the exact mechanism for the
establishment and maintenance of waa operon silencing is currently
unknown, we hypothesize that silencing may have been selected for
over the course of the subsequent evolution of MG1655.

Nucleoid-associated proteins are the main components of EPODs

We hypothesized that the maintenance of EPODs was largely driven
by NAP occupancy. H-NS has been widely described as a major
component of the E. coli nucleoid in exponential growth, specifically
inhibiting transcription and silencing mobile elements and prophages
(Ueguchi & Mizuno, 1993; Lucchini et al, 2006; Navarre et al, 2007;
Boudreau et al, 2018). We compared published H-NS binding sites
within EPODs compared to background (i.e., the remainder of the
genome) and found significant enrichments of H-NS binding in
EPODs across all considered conditions (Fig 1F), consistent with
previous observations (Vora et al, 2009). Thus, H-NS is facilitating
silencing of regions across the genome robustly in varying media,
growth phase, and slight genotype differences. However, we also
found previously that while the majority of EPODs overlap with
known H-NS binding regions, a substantial fraction do not (Fred-
dolino et al, 2021a). In addition, the fact that H-NS is present at a
particular EPOD does not necessarily mean that it is the only factor
(or even a necessary or sufficient factor) in forming that EPOD and
silencing the genes there. We thus sought to assess whether other
NAPs facilitate silencing of specific EPODs or whether H-NS is the
major silencing factor of EPODs across the E. coli genome.

© 2021 The Authors

The binding locations and biological roles of NAPs have been dif-
ficult to define largely because of their promiscuous binding across
the genome (Amemiya et al, 2021). Due to their propensity to bind
DNA and their high abundance in the cell, we hypothesized that
multiple NAPs contribute to EPODs. To examine the contributions
of a range of E. coli NAPs to EPODs, we made single deletions of the
most abundant E. coli NAPs (hns, stpA, fis, hfq, ihfAB, dps, and
hupAB) and performed IPOD-HR on the deletion strains. Since StpA
is a known paralog of H-NS and forms bridged filaments across
DNA (Lim et al, 2012; Boudreau et al, 2018), we also created an
hns/stpA double knockout and performed IPOD-HR. As the NAP
Dps is primarily expressed during stationary phase (Frenkiel-Krispin
et al, 2001; Nair & Finkel, 2004), we performed additional IPOD-HR
experiments on WT and Adps cells that were collected during deep
stationary phase (defined in Materials and Methods). EPOD counts
and coverage slightly varied across genotypes tested (Fig 2A and B),
with the largest loss of coverage observed in AstpAAhns. To exam-
ine shifts in EPOD locations, we again measured the symmetrized
overlap distance (defined for Fig 1D) and performed hierarchical
clustering (Fig 2C). The greatest changes in EPOD locations relative
to the baseline condition (WT cells in exponential phase) occur
within AstpAAhns and Aihf, both of which cause profound changes
in the profile of EPOD locations. The deep stationary phase samples
cluster together, indicating similar shifts in EPOD locations. Interest-
ingly, Ahns and Ahfg cluster together, perhaps suggesting a similar
role in silencing at some EPODs. Several other NAP deletions show
minimal effects on EPODs relative to WT cells, including deletions
of hupAB, stpA, and dps (in exponential phase), indicating that at
least under baseline conditions, these proteins do not contribute
strongly to defining EPODs.

Different EPODs are comprised of distinct combinations of NAPs

To identify the relative contribution of different NAPs in maintain-
ing a “standard” set of EPODs present in WT cells during exponen-
tial phase growth, we calculated the average of the total protein
occupancy signal across every EPOD location and other genomic
regions for each genotype (Fig2D). When comparing the WT
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median (pink dashed line) versus the deletion mutant medians
(blue), NAPs contributing to protein occupancy at EPODs that are
normally present during exponential growth phase display a statisti-
cally significant dip in occupancy. Consistent with our prior obser-
vations, the loss of occupancy at normal EPOD boundaries in
AstpAAhns cells is particularly profound. However, the hns single
mutant shows only a minor loss of occupancy which indicates that
StpA can largely compensate for its loss. Several other NAP dele-
tions also showed significant drops in occupancy at the standard
EPOD locations, often with a heavy lower tailed or even bimodal
distribution of occupancy changes, suggesting that only some subset
of EPODs were affected in each case. At the same time, in many
cases, RNA polymerase occupancy at a subset of affected EPODs is
observed to rise (Fig EV1A), indicating a de-repression of some
EPODs upon deletion of hupAB, hfq, hns, ihf, or (especially) in the
stpA/hns double knockout. The impact of the double (stpA and hns)
deletion is also demonstrated when looking at the association
between a previously published H-NS ChIP-seq dataset (Kahra-
manoglou et al, 2011) with EPODs in each mutant, where we see
that EPODs present in the double mutant lack H-NS enrichment
compared to background (Appendix Fig S3). Inspection of the
patterns of both total protein occupancy and RNA polymerase occu-
pancy across the waa operon provides an instructive example.
Whereas single deletions of hins or stpA show a minor effect on the
integrity of the waa EPOD, the AstpAAhns cells show nearly
complete loss of occupancy in this region (Fig 2E). At the same
time, there is a concomitant gain in RNA polymerase occupancy and
induction of RNA expression of waa operon genes (Fig 2F and G),
demonstrating that H-NS and StpA act jointly to maintain silencing
of the waa operon. While either can compensate for the other, the
loss of both silencers leads to substantial de-repression of genes in
this region.

Additionally, all NAPs exhibited changes in EPOD locations that
impacted the overlap of called EPOD regions. We examined the frac-
tion of EPODs contained in the relaxed threshold EPODs and found
the overlap between EPOD locations among different genotypes
dipped as low as 40% (Fig EV1B). Changes in protein occupancy
compared to WT at all regions of the genome and downstream hier-
archical clustering suggests a similar role of Hfq and H-NS in silenc-
ing specific regions of the genome (Appendix Fig S4).

HMM categorization reveals distinct EPOD classes dictated by
individual NAP profiles

Our data thus permit us to identify which NAPs regulate specific
EPODs across the genome. To provide an automated high-level clas-
sification of the regions across the genome specific to particular
NAPs, we used our IPOD-HR occupancy and RNA polymerase ChIP-
seq datasets across the NAP deletions and trained a six-state hidden
Markov model (HMM) that split the genome up into six classes (see
Materials and Methods for details). We were able to identify three
classes (2, 3, and 5) that were associated with EPODs, which exhib-
ited significant enrichments of IHF motifs (Salgado et al, 2018), Hfq
binding (see note in Materials and Methods), H-NS binding (Kahra-
manoglou et al, 2011), and Fis binding (Kahramanoglou et al,
2011), as well as a low abundance of motifs for the known DNA
methylases—Dam and Dcm (Salgado et al, 2018) (Table 1). In
particular, HMM class 2 is especially strongly associated with H-NS

6 of 24 The EMBO Journal ~41: 108708 | 2022

Haley M Amemiya et al

binding and likely represents H-NS/StpA-dependent EPODs (with
IHF also apparently contributing). HMM class 5 is associated with
high levels of Hfq and Fis binding and may represent EPODs
comprised in part by these two factors. In addition, class 5 had a
high abundance of transcription factor binding sites and promoters
(Salgado et al, 2018), further implicating this class serving a regula-
tory role. HMM class 3 represents yet another category of EPODs
that at present cannot be assigned. The utility of the HMM classifi-
cation is apparent in providing a quick interpretation of the dif-
ferences between EPODs. For example, the waa operon is almost
entirely associated with HMM class 2 (Fig 2E), which we assign as
an H-NS filament. On the other hand, the borders of the EPOD
instead fall into HMM class 3 or 5 and show loss of occupancy in an
hns deletion strain even if stpA is intact (Fig 2E), whereas the class
2 region does not. Thus, we find that StpA and H-NS together contri-
bute to large protein regions across the genome, and are the main
components silencing the O-antigen biosynthesis pathway. At the
same time, we observe the presence of two distinct classes of EPOD
occupancy (class 3 and class 5) that appear largely H-NS indepen-
dent and likely represent different types of large-scale repressive
protein occupancy.

It is essential to note that the HMM classes themselves are built
solely off of changes in total protein occupancy and RNA poly-
merase occupancy in the presence of various NAP deletions. Thus,
these data cannot by themselves distinguish between direct binding
of the indicated NAPs, versus indirect effects on protein occupancy
occurring downstream of the NAP deletions. However, the enrich-
ment and depletion statistics shown in Table 1 reflect direct
measurements of the binding profiles of the indicated factors and
thus provide strong independent evidence for enrichments of bind-
ing of specific NAPs at the indicated HMM classes (i.e., H-NS at
classes 2 and 3, IHF and Hfq at classes 2 and 5, Fis at class 5).

Metabolic pressures induce changes in EPODs

Many EPODs overlap operons involved in metabolic pathways and
thus silence pathways that may not be actively used in the cell
under the conditions that we studied. For example, during growth
in glucose rich defined media we observed an EPOD, associated
with HMM class 2 (H-NS filament), overlapping the idnDOTR
operon, specifically in the promoter of the operon. The idn operon
is essential for the metabolism of carbon sources such as idonate
and 5-ketogluconate, which are not present under typical laboratory
conditions. In particular, the idnD gene codes for the enzyme L-
idonate 5-dehydrogenase, which catalyzes the oxidation of L-
idonate to 5-ketogluconate (Bausch et al, 1998, 2004; Gémez et al,
2011). The idnDOTR operon and idnK are known to be transcrip-
tionally regulated by CRP, IdnR, GlaR, and GntR, but, to our knowl-
edge, no connection to regulation by NAP occupancy has been
described (Barh & Azevedo, 2017). Upstream of the idnDOTR
operon, there is a 215-bp regulatory region that lies in between idnK
and idnD (Bausch et al, 2004). In this region, there is a single puta-
tive IdnR/GntR-binding site, CRP binding site, and an UP element
(Bausch et al, 2004). Bausch et al (2004) previously showed that
induction of this pathway can occur due to exposure to L-idonate or
5-ketogluconate (KDG). The local positive regulator, IdnR, is acti-
vated by KDG (Bausch et al, 1998), and promotes the induction of
the rest of the operon. Following exposure to KDG in the absence of

© 2021 The Authors
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Figure 2. Loss of nucleoid-associated proteins (NAPs) leads to changes in EPODs.

A Number of EPODs called in different NAP deletions. D.S. denotes genotypes where cells were collected in the deep stationary phase of growth.

B Fractional coverage of EPODs for each genotype across the genome.

C Symmetrized overlap statistic comparing each pair of samples in the NAP deletion dataset. The symmetrized overlap denotes similarity between EPOD locations,
where a value of O = identical. Hierarchical clustering was performed to group like-genotypes.

D Distributions of mean protein occupancy at WT EPOD boundaries and background. The blue dots denote the median and the black line displays the interquartile
ranges in each condition. The dashed pink line represents the WT median. (*) indicate the Wilcoxon rank-sum test P value comparing the change in pseudomedian
versus WT for each condition that has been adjusted using the Benjamini and Hochberg method (against a null hypothesis of no difference in pseudomedians). The
gray line denotes the same comparison between the D.S. conditions. Underlined (*)’s indicate a gain in the pseudomedian compared to baseline conditions, while no
underline indicates a loss in the pseudomedian compared to baseline conditions. P value < 0.05 = * < 0.005 = **, < 0.0005 = *** Three biological replicates were
used for the “WT, Rich” case and “WT (deep stat)” case, and two biological replicates for the “WT, Min” and “WT (2), Rich” conditions.

E Protein occupancy over the waa operon. The quantile-normalized robust z scores of the protein occupancy at each 5 bp are represented by the IPOD-HR occupancy.
The EPOD over the waa operon is lost in the AstpAAhns condition which results in increased accessibility and RNA polymerase occupancy (Appendix Fig S3A).

F The loss in protein occupancy shown in (E) leads to increases in RNA polymerase occupancy across the waa operon.

RNA-seq analysis shows log fold change compared to WT of waa operon expression upon deletion of hns and stpA. (*) indicate q value < 0.05 = *, < 0.005 = **,

< 0.0005 = *** (called using DeSeq2, as described in Methods).

Table 1. HMM class enrichments.

Log, ratio enrichment

Group-level mean

HMM Class EPODs TFs Prom. IHF Dam Dcm H-NS Hfq Fis HU

0 095 349 231 -112 0.16 0.08 27655 -0.14 227.68 1.02
1 -036 -1.10 -117 -1.01 0.09 —0.04 340.21 0.19 231.26 1.07
2 136 1.22 —0.054 1.83 065 -078 1230.42 0.42 153.19 088
3 166 -2 4 -l42 015 019 60869 006 1931 0%
4 -153 —4.03 -241 —368 014 030 26833 -036 220.40 0.93
5 006 214 170 P} —03 03 4799 077 2811 108
Genome average - - - - - - 42224 0.03 217.63 0.99

Log, ratio enrichment: The ratio of the number of EPODs or motifs in a given HMM class to the total number of EPODs or motifs was calculated for each HMM
class. A chi-squared test was performed, and all categories were significantly associated with each class; values underlined had a P-value < 0.05. Group-level
mean: The 500-bp rolling mean for the binding of each NAP was used to calculate the group-level means for across each HMM class and compared with the
overall average for the genome. Permutation based P-values were calculated comparing each class versus the background. The values underlined had a P-value

< 0.05.

glucose, IdnT enables uptake of the carbon source, IdnD (as previ-
ously mentioned) catalyzes the reversible reduction of L-idonate to
5-ketogluconate, IdnO catalyzes the oxidation of 5-ketogluconate to
p-gluconate, and IdnK catalyzes the phosphorylation of p-gluconate
which then proceeds through the Entner-Doudoroff pathway to be
metabolized (Bausch et al, 1998). Since the idn operon appears to
be controlled by three local and one global regulators, the question
arises of what additional regulatory role might be provided by the
apparent silencing EPOD covering the idn promoter under standard
defined media conditions used here.

To explore the mechanisms of silencing at the idnDOTR operon,
we first referred to our NAP deletion dataset to see whether specific
NAP(s) silenced the operon. Data from a previous H-NS ChIP-seq
dataset (Kahramanoglou et al, 2011) plus the classification of this
region as a type 2 EPOD in our HMM suggested the presence of H-
NS bound to the idn promoter region. We performed RNA-seq in the
AstpAAhns background compared with the parental cells, and
discovered that H-NS and StpA indeed repress expression of the
idnDOTR operon (Fig EV2A and B). We leveraged this knowledge to
address whether we could induce changes in protein occupancy at
the EPOD covering the idn promoter by performing a carbon source
shift experiment outlined in Fig 3A (further explanation in Materials
and Methods). Briefly, cells were grown in minimal media with

8 of 24 The EMBO Journal ~41: 108708 | 2022

0.2% glucose (M9 Min Glu), shifted to minimal media with 0.2%
KDG as a sole carbon source (M9 Min KDG), and shifted back to M9
Min Glu. In all conditions, cells were collected at an ODggg 0of ~0.1
for both IPOD-HR to examine changes in EPODs and RNA-seq for
changes in expression. Notably, there was a severe lag for growth in
KDG. We found that growth in KDG led to a reduction in protein
occupancy and loss of the EPOD within the idnDOTR operon
promoter (Fig 3B; raw data represented in Fig EV2B). Upon shifting
the cells back to glucose, both the original pattern of protein occu-
pancy and the EPOD were restored (Fig 3B). The consistency with
the previously reported H-NS binding (Kahramanoglou et al, 2011),
coupled with our own findings that protein occupancy is reduced
while there is an induction of idnDOTR operon genes in the stpA
and hns double mutant (Fig EV2B), further supports our hypothesis
that H-NS is a major contributor to the suppression of the idnDOTR
operon (Fig 3B). The loss of EPOD occupancy in the KDG condition
was accompanied by an induction of expression of the idnDOTR
operon, and repression when EPOD occupancy was restored upon
the return to glucose as a carbon source (Fig 3C). Due to the long
lag in growth during the transfer from glucose to KDG as a carbon
source, we examined the correlation between the expression of all
genes in the three conditions to see whether there were broad
changes in expression when cells were forced to metabolize an

© 2021 The Authors
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Figure 3. Changes in EPODs are induced in specific conditions.

Haley M Amemiya et al

A Experimental overview. WT, MG1655 cells were grown in M9 minimal media with 0.2% glucose, samples were collected at mid log phase of growth (ODggo ~0.2) for
RNA-seq and IPOD-HR. The cells were back diluted to an ODgoo of ~0.1 in M9 minimal media with 0.2% 5-Keto-D-gluconic-acid (KDG), grown to an ODggg 0f ~0.2,
collected for RNA-seq and IPOD-HR. In the final shift, the cells were back diluted to an ODggp Of ~0.003 in M9 minimal media with 0.2% glucose, grown to ODggg 0f
0.2 and collected for RNA-seq and IPOD-HR. Two biological replicates were performed.

B Protein occupancy over the idn operon for each condition (colors are denoted in (A)). The quantile-normalized robust z scores of the protein occupancy at each 5 bp
are represented by the IPOD-HR occupancy. There is a large loss in protein occupancy when cells are shifted to KDG, leading to the loss of the called EPOD. Protein
occupancy is restored once cells are grown in the second glucose condition. The 500bp normalized average of previously published H-NS ChIP-seq (Kahramanoglou

et al, 2011) exhibits high H-NS binding on the idnD promoter region.

C To examine the expression of the idn operon at each shift, RNA-seq was performed. RNA-seq expression estimates log,-scaled for idn operon genes for WT cells
grown in each condition (as colored in (A)). Comparisons are denoted with colored dots with significance stars representing the adjusted P-value where (***) signify

g-values < 0.0005 (called using DeSeq2, as described in Methods).

D Spearman correlations are represented with the heatmap comparing the whole-transcriptome expression profiles in each condition, where identical expression values
for every gene show a Spearman correlation of 1. The symmetrized overlap distance was calculated for all EPODs for each condition, where a value of 0 is identical.
The colored squares on the sides of the heatmaps denote the condition (following the colors shown in (A)).

exotic carbon source (Fig 3D, top panel). The Spearman correlation
was extremely high when comparing all conditions (> 0.9), suggest-
ing that changes are localized to the idn operon and the small set of
other genes specifically regulated in response to the KDG carbon
source. Similarly, the symmetrized overlap distances comparing the
variation in EPOD locations across conditions were low, again
supporting the notion that changes are specific to the induced
operon (Fig 3D, bottom panel) and that no global rearrangement of
protein occupancy occurs during growth on KDG.

Given the sophisticated regulatory logic implemented at the idn
promoter by a combination of local (GlaR, GntR, IdnR) and global
(CRP) regulators, it is unclear what additional function is played by
the apparently repressive EPOD covering this region. Drawing inspi-
ration from the behavior of chromatin modifications in eukaryotes
(e.g., Francis & Kingston, 2001; Kundu et al, 2007; Lagha et al,
2017; Palozola et al, 2019), we hypothesized that one function of
EPODs could be to facilitate transcriptional memory. We thus
performed head-to-head competition experiments in KDG-
containing and glucose-containing media comparing the growth of
cells that have been exposed to KDG (Fig 4A). We utilized MG1655
lacZ::cat cells as a reference strain in order to enable colony count-
ing on MacConkey-lactose plates as a read out for the competitions.
WT (MG1655 lacZ*) cells were exposed to M9 minimal media +
KDG for 48 h, back diluted and grown in M9 minimal media +
glucose. During these growth periods, WT cells and lacZ::cat cells
that had been grown in + glucose overnight were back diluted and
mixed together into a tube containing KDG or glucose as carbon
sources. Serial dilutions were plated onto MacConkey-lactose plates
immediately after mixing and after 48 h of growth for each carbon
source condition (Fig 4A).

As shown in Fig 4B, we found that immediately after growth in
KDG media, the KDG-exposed cells showed strongly increased fit-
ness during competition in KDG relative to the KDG-naive cells (Day
0). The advantage of the KDG-exposed cells was lessened, but still
significant, after 12 h of outgrowth in glucose minimal media (Day
0.5) and then strongly diminished by 24 h (Day 1) and subsequently
absent. We interpret the very strong initial competitive advantage of
cells taken immediately from KDG as reflecting a cellular state
directly adapted to growth in KDG (including accumulations of the
IdnO/IdnT proteins), whereas the persistent advantage of the previ-
ously KDG-exposed cells after outgrowth in glucose demonstrates a
memory effect where the cells more readily respond to the presence
of KDG as a sole carbon source upon repeated exposure despite the
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transcriptional regulatory state having reset to be virtually indistin-
guishable from the original round of growth in glucose minimal
media prior to the second SKDG challenge (Fig 3). Given the long
outgrowth between the 0 and 0.5 day 5KDG challenges (the KDG-
exposed cells used in the competitions underwent no fewer than 8.0
doublings in M9 Glu between the 0 and 0.5 day time points; count
data are given in Appendix Table S1), it is expected that essentially
all of the Idn proteins would have been diluted to irrelevant levels.
While additional direct evidence is needed, our findings are consis-
tent with the possibility that the structure of the EPOD in this region
is such that transcriptional initiation is faster upon second induction
within some time window after an initial induction, providing a
transcriptional memory that facilitates responses to repeated
stresses. Given that EPOD occupancy on the idn promoter re-forms
rapidly after transfer back to M9 Glu media (Fig 3), any “memory”
must be implemented by molecular information beyond the simple
presence or absence of protein binding. This response may be medi-
ated by formation of bridged versus unbridged H-NS filaments in
this region, by post-translational modification of H-NS comprising
the EPOD (analogous to the histone code (Moazed, 2011)), or bind-
ing of unknown accessory factors. Further investigation of the kinet-
ics of EPOD re-formation after induction is lifted, and indeed the
identities of proteins that bind to the idn region immediately after
EPOD re-formation, will be required to distinguish between the
possible mechanisms noted above.

We also note that the competitive fitness in glucose of cells
immediately after KDG exposure was particularly poor, and
indeed, in a separate set of monoculture experiments, we observed
that the lag time for cells transferred from stationary phase in
SKDG media to glucose media was significantly longer than for the
transfer from glucose media to glucose media (Fig 4C; note that
the pregrowth procedures and growth conditions differ between
the competition experiments and the monocultures in Fig 4C,
likely accounting for the even more pronounced post-KDG lag
observed in the latter case). One possible explanation for these
findings would be that some of the gene products induced to
metabolize SKDG may themselves be detrimental under normal
growth conditions, and thus, another role of the EPOD at the idn
promoter may be to ensure tight silencing of these genes until they
are needed. It is also possible, however, that some other aspect of
global physiological state (e.g., stress-induced changes in transcrip-
tion or translation), rather than idn gene expression, are responsi-
ble for the observed lag.

© 2021 The Authors
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Multiple NAPs contribute to the silencing of prophages

In addition to metabolic processes, we also found that genes within
EPODs were overrepresented in Gene Ontology (GO) terms associ-
ated with annotated prophages (Freddolino et al, 2021a). Across the
E. coli genome, there are a number of xenogeneic elements that

The EMBO Journal

although maintenance of these elements can also be beneficial, as
they can promote resistance in the face of antibiotics (Wang et al,
2010). H-NS is known to silence cryptic prophages and is likely to
contribute to silencing the majority of horizontally acquired DNA in
E. coli (Hong et al, 2010; Wang et al, 2010). IPOD-HR successfully
resolved known H-NS silenced prophages (Fig 5A), where reduc-
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A Day -1 : KDG Naive mwT B =
Back Dilute and Combine M /acZ:.cat 215,
7] M9 Min KDG T
— ] M9 Min Glu o
[
2 *
'_ - 510-
P&
S——r a
S?P?neodéﬁf {Yon £
o5 4
S
M9 Min Glu x I
Grown O/N %
E Day 0 LTE_ -4
o | Back Dilute and Combine 0?0" - = = - - .
5 S
5 T T T T T
S ——1 0 1 2 3
a Days from KDG exposure

VS
(o *HRE
Oo *Ex _._ ® WT
M9 Min KDG M9 Min Glu
Grown 48 hrs  Grown O/N
= 60
% 2 Day 1
5 8 |Back Dilute and Combine
5< 0
58 <
48 hrs E
" (0857
> @y - | R
— 1
T a gwnegéafgg‘on 20
M9 Min Glu M9 Min Glu
Grown 24 hrs  Grown O/N
v e
Glu #1 5KDG Glu #2

Continue back dilutions for increased time in M9 Min Glu

Figure 4.

© 2021 The Authors

The EMBO Journal 41: 1087082022 11 of 24



<

The EMBO Journal

Figure 4. EPODs mediate transcriptional memory.
A Schematic of KDG competition experiments. Day —1: both the WT (red) and lacZ:cat (blue) are grown overnight (O/N) in M9 Min Glu. They are back diluted together

in M9 Min Glu (yellow) and M9 Min KDG (orange). Serial dilutions of each media condition were spotted both immediately after inoculation and after 48 h of growth
at 37°C. Day 0: The WT cells grown O/N in glucose from Day 0 were back diluted and grown in M9 Min KDG for 48 h—these cells are now “KDG Adapted”. These cells
were then competed against fresh lacZ:cat cells that were grown in M9 Min Glu O/N. A mixture of both of these cells were placed in M9 Min Glu and M9 Min KDG,
and spotted as previously described in Day 0. Day 1: The WT “KDG Adapted” cells grown in M9 Min KDG for 48 h were back diluted into M9 Min Glu and grown for 12
or 24 h (in separate cultures). As with Day 0, these cells were then competed against fresh lacZ:cat cells that were grown in M9 Min Glu O/N: A mixture of these cells
was placed in M9 Min Glu and M9 Min KDG, and spotted as previously described in Day 0, and recorded as Day 0.5 (12 h outgrowth in M9 Min Glu) and Day 1 (24 h
outgrowth in M9 Min Glu). The subsequent time points shown in (B) indicate the time KDG-adapted cells were grown in M9 Min Glu after they were KDG adapted
(e, Day 2 = 48 h, Day 3 = 72 h; fresh back-dilutions were performed every 24 h from the previous M9 Min Glu culture). All later time points follow the same

Haley M Amemiya et al

workflow as that shown for Day 1, beginning from cells that had been passaged additional times in M9 Min Glu.

B Difference in Log, ratio of fitnesses of the KDG-exposed cells with unexposed lacZ:cat (A\; see Materials and Methods) relative to that observed prior to KDG
exposure, given as a function of time since exposure to KDG. Day —1 corresponds to the day before KDG exposure, Day O is cells taken immediately after growth in
KDG, and subsequent time points reflect different durations of growth in M9 Min Glu prior to competition (see (A)). Points show medians across replicates (3
biological replicates for 0.5 days, 6 biological replicates for all other time points); error bars show 95% confidence intervals for the difference relative to the Day —1
time point, calculated using the R wilcox.test function. Significance was assessed using a Wilcoxon rank-sum test comparing the distribution at each time point to
the —1 day (naive) time point: *P < 0.05; **P < 0.005. Individual data points are shown in Appendix Fig S5.

C Lag times for cells grown in glucose, shifted to 5KDG, and then shifted back to glucose. (***) is defined as where the mean posterior probability of difference > 0.999,
assessed using a Bayesian model (see Materials and Methods for details); data points show the values obtained for three biological replicates. Errors bars show 95%

credible intervals.

accessibility to RNA polymerase are observed in an hns knockout
strain. For example, we observed a decrease in protein occupancy
along the promoter and gene body regions of sieB, a gene in the Rac
prophage that controls phage superinfection (Faubladier & Bouché,
1994), and corresponding increases in RNA polymerase occupancy,
in the Ans knockout strain. This indicates that while EPOD binding
is not completely absent in the hAns mutant across this particular
prophage, there is still a quantitative reduction in silencing protein
occupancy and corresponding transcriptional de-repression. As
noted above, not all EPODs correspond to H-NS binding; therefore,
it is likely that not all silenced prophages are located in H-NS
repressed regions. To examine the role of other nucleoid-associated
proteins in silencing prophages, we calculated the mean protein
occupancy across WT EPODs that overlap prophages, and deter-
mined how those occupancies changed upon deletion of different
NAPs. Overall median decreases in occupancy across prophage-
containing EPODs are observed upon deletion of dps, hupAB, hfg,
stpA, hns, stpA/hns, ihf, and in both deep stationary phase samples
compared to WT (occupancy distributions and statistical signifi-
cance calling are shown in Fig 5B). In addition, as shown in Fig
EV3, many individual EPODs show substantial changes in occu-
pancy even in cases where the median of the distribution is
unchanged.

Inspired by our findings above that only the combined deletion of
hns and stpA can reveal large changes in occupancy of many H-NS
silenced EPODs (Fig 2E-G), the minor loss of occupancy in some
genetic backgrounds led us to investigate whether there are certain
NAPs that work together to silence specific toxic elements. We exam-
ined the change in occupancy from each condition versus WT at WT
EPODs that overlap prophages and performed hierarchical clustering
analysis (Fig 5C) to identify regulators that play similar roles. Inter-
estingly, Ahns and Ahfg are clustered together, as are AstpA and
Afis, suggesting prophages are silenced by multiple factors and NAPs.
The association of multiple NAPs to specific prophage EPODs may
indicate that they act cooperatively, for instance in the case of H-NS
and StpA, or independently, which in many cases remains to be
determined. Our findings implicate the well-documented RNA chaper-
one Hfq (Nagai, 2002; Valentin-Hansen et al, 2004) (which has also
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been shown to bind and compact dsDNA (McQuail et al, 2020; Orans
et al, 2020)) as a novel silencer of prophages at the level of protein
occupancy across large genomic regions. Since H-NS and StpA are
paralogs that bind to similar regions of the chromosome, we specu-
lated that Hfq and Fis might play similarly complementary roles to
each other in terms of silencing some prophages despite their lack of
homology or structural similarity. In addition, from our HMM analy-
sis, both Fis and Hfq binding are enriched in HMM class 5 (Table 1),
again suggesting a link between the silencing roles and binding loca-
tions of Fis and Hfq.

Fis and Hfq are required for cell viability in a
prophage-dependent manner

Building off of the noted co-occurrence of Fis and Hfq binding in
HMM class 5 EPODs, we screened the genome for EPODs that
contained prophages that lost global protein occupancy upon dele-
tion of fis or hfg individually (e.g., Fig 6A). RNA-seq analysis
revealed that the genes within the prophage region depicted in Fig 6
A were de-repressed in both a Ahfg and Afis background, despite
only minimal losses in total protein occupancy (Fig 6B). While Fis
and Hfq are both NAPs, highly expressed, and bind promiscuously
across the genome, they are not known to silence genes via the
formation of densely occupied large-scale binding regions. Fis, while
known more in the literature as a transcriptional activator (Bokal
et al, 1995; Appleman et al, 1998), can inhibit transcription and act
as a repressor in certain contexts (Cho et al, 2008; Chintakayala
et al, 2013). Hfq is well known as a RNA chaperone (Updegrove
et al, 2016) and can bind nucleic acids (including DNA) across the
faces of the wheel-like homohexamer (Orans et al, 2020). Therefore,
we were not surprised to find that comparing the log fold change of
expression (relative to WT) of Ahfq and Afis cells were not highly
correlated among all genes (Fig 6C). However, when examining
only prophage genes, most genes were induced in one or both of the
knockout genotypes (Fig 6D). We quantified the number of genes
that were up or down in each genotype or both using the quadrant
map in Fig 6E. We applied this map and counted the rate ratios
comparing all genes versus prophage genes in each quadrant. The
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Figure 5. Nucleoid-associated proteins contribute to protein occupancy at EPODs that contain prophages.

A IPOD-HR occupancy and RNA polymerase occupancy over a known H-NS silenced prophage in WT (blue) and Ahns (red) cells. The quantile-normalized robust z
scores of the protein occupancy at each 5 bp are represented by the IPOD-HR occupancy.

B The mean protein occupancy (IPOD-HR occupancy) was calculated over WT EPOD locations that contain prophages (41 EPOD locations). As in Fig 2D, the blue dots
denote the median and the black line displays the interquartile ranges in each condition. The dashed pink line represents the WT median. (*) indicate significance
assessed via a Wilcoxon rank-sum test comparing the change in pseudomedian versus WT for each condition (against a null hypothesis of no difference in medians),
after application of a Benjamini—-Hochberg correction for multiple hypothesis testing. The smaller horizontal line denotes the same comparison between the D.S.
conditions. Q value < 0.05 = *, < 0.005=**, < 0.0005=***. Data were averaged across 2 (hupAB, fis, stpA, ihf, dps), 3 (WT, hfg, WT DS, dps DS), or 4 (hns, stpA/hns)

biological replicates.

C Mean protein occupancy was calculated across all WT EPOD locations that contain annotated prophages. The change in mean protein occupancy compared to WT
was calculated for each condition, where anything negative is a loss in occupancy compared to WT. Hierarchical clustering was performed to examine which
genotypes clustered together and were more similar. Permutation tests comparing the change in occupancy over EPODs containing prophages were performed
against the rest of the genome. P value < 0.05 = *, < 0.005 = ** indicate a negative mean change in occupancy compared to WT.

rate ratios of all genes versus prophage genes in the quadrant which
represented induced expression in both Ahfg and Afis was signifi-
cantly higher in prophage genes (Fig 6F). Thus, prophage genes are
specifically and significantly enriched among the set of genomic loci
that are repressed by both Fis and Hfq, suggesting that Fis and Hfq
bind and silence similar prophages, and also that a substantial frac-
tion of all prophages in fact appear to have strongly Fis/Hfq-
dependent occupancy.

Since the expression of genes from lysogenized bacteriophages
can be toxic to the cell even if they are no longer able to form
replication-competent virions (particularly if a lytic operon is
induced), we asked whether the combined loss of Afg and fis would
more strongly impact cell physiology. We performed P1 transduc-
tion experiments in a WT, MG1655 background and a Afis back-
ground, where we attempted to delete the genomic copy of hfg.
Interestingly, there was a dramatic loss of transduction efficiency in
the Afis background, and we were not able to create the Ahfg Afis
mutant (Fig 6G). The transduction efficiency for hfg::kan dropped
more than 100-fold in the Afis background, and the very small
number transductants that did form colonies could not be propa-
gated upon restreaking. To test whether the deletion of fis impacts
transduction efficiency as a whole, we attempted the same experi-
ment deleting cspE, another gene that has not been associated with
prophage silencing, and did not observe a similarly dramatic loss in
transductants, with simple loss of fis leading to only a ~4-fold loss
in transduction efficiency; thus, we infer that loss of hfg and fis is
synthetic lethal. To further test our hypothesis of synthetic lethality
between fis and hfq, we attempted to complement the combined loss
of fis and hfg using a copy of hfg on a temperature sensitive plas-
mid. We thus cloned hfq and its native promoters on a plasmid with
a temperature sensitive origin of replication (Link et al, 1997). The
plasmid was placed into WT and Afis cells, and the genomic copy of
hfq was deleted using P1 vir transduction (see Materials and Meth-
ods). Cells were grown at permissive temperature (30°C), and spot
titers were performed on LB and LB + chloramphenicol plates to
measure CFUs of the culture and presence of the plasmid. Cultures
were then shifted to 42°C, which prevents plasmid replication, and
thus induces dropping of the plasmid containing hfg. After 8 h of
growth at 42°C, spot titers were performed to assess CFUs. We
found again that the combination of AhfgAfis was not viable (Fig
EV4), supporting our conclusion of synthetic lethality. We hypothe-
sized that the expression of prophages silenced by Fis and Hfq led
to the inviability phenotype. To test this hypothesis, we utilized the
strain MDS42 (Posfai, 2006), which lacks the mobile elements and
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prophages in the E. coli K12 genome. We placed the temperature
sensitive plasmid containing hfg in MDS42 and MDS42 Afis cells
and performed the same temperature shift experiment as described
above. Removal of the prophages from the genome restored viability
(Fig EV4). We also observed a substantial rescue of transduction
efficiency, which reached the same level in the Afis background as
that of the control transduction with cspE::kan (Fig 6G); thus, the
lethality of the AhfgAfis is dependent on the presence of at least one
of the regions lost in MDS42. Since 42 large regions are deleted from
MDS42, we asked whether we could identify specific prophage
regions that led to inviability. Since there is loss in occupancy in
both Ahfg and Afis in the Fig 6A region (R1:564815-585633, within
the DLP12 prophage; Table 2), we deleted only R1:564815-585633,
and found a partial rescue of transduction efficiency (Fig 6G). We
found another region that met the same criteria (R3, within the Qin
prophage; Table 2) and also saw rescuing effects (Fig 6G). Another
region that contained prophages, but did not dip in occupancy in
both genotypes, did not impact viability (R2, within the Rac
prophage; Table 2; Fig 6G). Thus, we were able to define regions
that contribute to viability, and hone in on specific prophages that
are silenced by Fis and Hfq and, in the absence of repression by
those two NAPs, prevent cell growth. In particular, loss of either of
two prophages (DLP12 or Qin) was sufficient to restore the viability
of a Ahfq Afis double mutant. This novel interaction defines a new
role for NAPs in regulating the expression of prophages, implicating
additional E. coli NAPs in the establishment of defense mechanisms
against horizontally acquired DNA. It is especially notable that the
NAPs apparently involved in this case are not the classic xenogeneic
silencers (H-NS/StpA), but rather, appear to represent a separate
and complementary system for silencing potential lethal prophage
gene expression.

Extended protein occupancy domains silence horizontally
acquired DNA across diverse species

Because it relies only on elementary physico-chemical principles
rather than specific affinity reagents, IPOD-HR is an approach that
could be implemented in a wide variety of bacterial species. To
further our understanding of conserved features that regulate
bacterial genome architecture, we investigated whether a distantly
related bacterial species contained EPODs. We performed IPOD-HR
on the Gram-positive Firmicute Bacillus subtilis (B. subtilis)—a
soil-dwelling bacterium that has the ability to enter a number of
developmental platforms upon nutrient deprivation or other

© 2021 The Authors



Haley M Amemiya et al

The EMBO Journal

g Genotype +
5 — 15 3.0 WT :
5 Wiy W Afis 5
o HTTTTTTTUANN T, T _r:% W Ahfg
e 2 1G5 2.0
g gg :;.!Ci’ *FkFk :
8 (_) 5 Aﬁs : o :
O D, ' |
O N = E
T 31 U@ '
o ol ' 3 x :
O —s; 5 :
& N — :'jj 0.0 | _I I '
Y ; % essD rzpD borD ybcV
. Wi | AN B R1 Genes
cjﬂ 5".1 fg’l?’ cjl% cj\o-’ 5’19 ca‘bg 5%()6 %’\Q
Genomic Location (kbp)
C All Genes D Prophages
L] [ ] L
L L
4.0 Faran, [Cont o5 . .
L I .f‘ ‘ ’ L]
0.0|* . 2 .
7Y, .. =0 ” ..‘ {o
» %
Y
-4.0 -2.5 . T
. -
o Ahfq
-4.0 -2.0 0.0 2.0 4.0 6.0 2.0 0 20 4.0
e oo Ahfq Ahfq Transduced Genotype
rropnages _ G cspE kan hfq ‘kan
0.0
0.6, e ! lmm
-
l_
_5 = -2.5
0.4 *g' o
9 T 0
@ 22 50| -
© ®© Recipient Genotype
0.2. ----N 9 = T
I 8)\—’ 6 . Afis
- =1 Bl MDS42 Afis
o Il B Hm & mm Afis - R1
—— — 0 Afis-R2
Quadrant A\ Afis-R3
Figure 6.

© 2021 The Authors

The EMBO Journal

41:€108708 | 2022

15 of 24



The EMBO Journal

Haley M Amemiya et al

Figure 6. Loss of Fis and Hfq is lethal in a prophage-dependent manner.

A

Example prophage region that is annotated with the Fis- and Hfg-associated HMM class 5 in our genome-wide HMM classification (Table 1). The quantile-
normalized robust z scores of the protein occupancy at each 5 bp are represented by the IPOD-HR occupancy. Prophage genes are highlighted with a red box. The
major peak associated with WT IPOD-HR occupancy is represented in a gray dashed line as a reference to compare IPOD-HR occupancy in the other genotypes.
Modest loss of protein occupancy was observed at the same prophage-containing EPOD for Afis (light purple; see color key in (B)) and Ahfq (dark purple; see color
key in (B)) conditions compared to WT (gold).

RNA-seq of WT, Afis, and Ahfq were performed. The log fold change compared to WT was calculated at prophage genes contained in the dashed box in (A). Induction
of prophages across the region where loss in occupancy is observed. (*) indicate the adjusted P-value: < 0.10 = +, < 0.05 = *, < 0.005 = **, < 0.0005 = ***
(calculated using DeSeq2 as described in Methods).

The log fold change of all genes for Afis and Ahfq are shown in a hexbin plot. Counts for each gene transcript contained in one bin are denoted with the counts bar.
The log fold change of all prophage genes for Afis and Ahfq are shown in a hexbin plot.

Outline of quadrant map to calculate the number of genes that fall within each quadrant for (F). The symbols represent log fold changes compared to WT in Afis /
Ahfg. For instance, +/+ denotes a positive log fold change in Afis and Ahfq, —/+ denotes negative log fold change in Afis and positive in Ahfg.

Rate ratios of all genes (black) and prophage genes (red) in each quadrant outline in (E), showing a higher rate of genes that resided in the +/+ category, indicating
that many prophages are de-repressed in both Afis and Ahfg. (*) indicate the P-value calculated from testing the null that the rate ratios are the same. P-value

< 0.05 = * < 0.005 = **, < 0.0005 = *** (calculated using DeSeq2 as described in Methods).

P1 vir transduction experiment to test the viability of Afis and Ahfq. Strain identities are indicated in the box. Number of transductions was counted on LB + Kan
plates; all efficiencies are relative to WT, and thus the log-scaled relative transduction rate for the WT itself is O by definition. -R1 indicates that the prophage region
in (A) was deleted to test whether the loss of prophages silenced by Fis and Hfq restored viability of a AfisAhfq genotype. R2 and R3 were other regions in the
genome that contained prophages that appeared to have Fis/Hfg-dependent EPODs. Plotted values are mean efficiencies across replicates, with error bars showing a
95% credible interval obtained via Bayesian inference, assuming the replicate-level colony counts are Poisson distributed with a (conjugate) Gamma(0,0) prior; all log
ratios (including error bounds) are plotted relative to the mean WT value. Data obtained from 5 biological replicates for hfg::kan transductions and 4 biological

replicates for cspE::kan transductions.

Table 2. MDS42 regions containing prophages.

Region # Coordinates Genes Gene functions

1 564815-585633 essD, ybcsS, rzpD, rzoD, borD, ybcV, ybcW, nohB DLP12 prophage, putative prophage endopeptidase, lysozyme
2 1400247-1482201 lar, recT, ydaQ, ydaC, intR Rac prophage, recombinase, DNA renaturation

3 1627517-1652838 ynfo, ydfo, gnsB, ynfN, cspl, ydfP, hokD Qin prophage, cold shock, toxin anti-toxin system

environmental stressors, including the formation of desiccation
resistant endospores, biofilm formation, genetic competence, and
swimming/swarming motility phenotypes (Albano et al, 2005). We
performed IPOD-HR in B. subtilis strain PY79 and found multi-kb
regions of protein occupancy (EPODs) spanning genes that func-
tion in a number of metabolic pathways, suggesting a feature
conserved with E. coli (Fig 7A). Many of these pathways are acti-
vated in times of nutrient limitation and stress, similarly to the
silenced pathways we observe in E. coli. As regions of protein
occupancy were observed in horizontally acquired DNA in E. coli,
we proposed that regions of protein occupancy may play a role in
horizontally acquired DNA in B. subtilis. As B. subtilis is naturally
competent, the tight regulation of competence development is
especially important to regulate and protect against the acquisition
of harmful exogenous DNA elements. Surprisingly, we found that
many large negative occupancy peaks overlapped annotated
prophage genes (Fig 7B), appearing similar to EPODs but inverted
in sign.

One of the main regulators of competence in B. subtilis is Rok,
which acts as a direct repressor of competency genes, regulates
several secreted proteins and is involved in repression of mobile
genetic elements (Hoa et al, 2002; Albano et al, 2005; Smits &
Grossman, 2010). Due to the impact of Rok on gene regulation,
coupled with the promiscuous binding activity to A + T-rich
DNA, we propose that Rok may be a main component of protein
occupancy in B. subtilis. Surprisingly, while we did not see an
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enrichment of Rok binding in EPODs using available rok-myc
ChIP-chip data (Smits & Grossman, 2010), Rok binding was
highly correlated with the negative occupancy regions (Fig 7C
and D). To investigate this further, we performed IPOD-HR in
Arok cells and found that indeed, the loss of Rok resulted in an
increase in RNA polymerase binding at sites correlated with Rok
binding and loss of negative occupancy regions found in the WT
condition (Fig 7C). We examined whether negative peaks were
associated with discrepancies with read mapping efficiency and
found that there were no changes in the distribution of reads in
background, EPODs, or negative peaks (Fig EV5A). We subse-
quently performed our analysis pipeline to incorporate negative
occupancy and found that these negative EPODs, termed nEPODs,
correlated with Rok binding and were enriched for genes known
to be regulated by Rok, such as sporulation genes and genes
involved in competence activation. Importantly, we did not
observe correlations with any suspected nucleoid-associated
proteins or global regulators in negative peaks in E. coli, where
instead negative peaks are associated with highly transcribed
genes (Fig EV5). Thus, whereas in B. subtilis regions of extended
negative IPOD signal appear indicative of gene silencing due to
Rok binding, large regions of negative measured IPOD occupancy
in E. coli are areas of active transcription. These assessments are
critical when understanding global protein occupancy in new
species. The most likely explanation for our observations is that
Rok-DNA complexes are likely depleted rather than enriched from

© 2021 The Authors
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Figure 7. IPOD-HR in Bacillus subtilis reveals Rok-bound and SMC-bound domains.

A IPOD-HR ChIP-subtracted z scores and RNA polymerase ChIP in the vicinity of an extended protein occupancy domain (EPOD). ChlIP tracks are shown as log2
extracted/input ratios; the z score is the ChIP-subtracted robust z score smoothed with a 512-bp rolling median.

B IPOD-HR and RNA polymerase ChlIP tracks in the vicinity of a negative EPOD (nEPOD).
Effects of deletion of rok in the vicinity of an nEPOD; Rok ChIP data from (Smits & Grossman, 2010) shows a strong overlap with the nEPOD boundary, whereas that

occupancy region is lost in Arok cells.

D Distributions of Rok ChIP occupancies (see Materials and Methods) in the EPODs and nEPODs called in WT (top) or Arok (bottom) cells; note that the Rok ChIP
occupancy was taken only in WT cells. (*) indicates a significant difference from the “neither” distribution (that is, genomic sites that are not in an EPOD or nEPOD);

P < 0.05, permutation test.

E Comparison of IPOD occupancy and SMC ChlIP occupancy (see Materials and Methods) in the vicinity of several typical EPODs.
F  Genome-wide distributions of SMC binding in EPODs versus nEPODs as assessed in WT cells; (*) indicates a significant difference from the background distribution as

in panel D.

the interphase during the IPOD-HR phenol-chloroform extraction,
which would give rise to a large region of apparent depletion in
the resulting signal. It is possible that other proteins will be
encountered in other species that have similar properties,
although as noted above, we found no evidence for such behav-
ior among E. coli proteins.

Positive (standard) EPODs were also apparent in the B. subtilis
data, and we found them to be highly correlated with SMC binding
(Fig 7E and F), which is known to compact the genome in prepara-
tion for chromosomal segregation (Graumann, 2000; Sullivan et al,
2009; Wilhelm et al, 2015). Our findings align with known datasets
(preprint: Al-Bassam et al, 2021), and further our understanding of
the role of nucleoid binding proteins in defining the genome land-
scape across species. Without the dependency on antibody-based
methods, we can explore unknown protein functions across a vari-
ety of developmental platforms and species. These findings highlight
the broad utility of IPOD-HR, with the ability to detect both
conserved and novel genome architecture features in a variety of
distantly related bacterial species. In addition, we see that the
general pattern of large regions of high protein occupancy appar-
ently silencing horizontally acquired DNA is an extremely wide-
spread feature, occurring in at least two bacterial species separated
by more than 2 billion years of evolution.

Discussion

There is increasing evidence of a regulated genome architecture in
E. coli, both in terms of its three dimensional structure (Lioy et al,
2018; Verma et al, 2020; Walker et al, 2020; preprint: Wasim et al,
2021) and of the landscape of protein occupancy on the genome.
Both of these classes of features are largely supported by binding of
NAPs (Lioy et al, 2018; Freddolino et al, 2021a). IPOD-HR enabled
us to study global changes in chromosomal architecture—here
defined as highly protein occupied regions of the genome—across
species and implicated NAPs as the main component of EPODs.
Here, we show the robustness of these large protein domains across
media conditions, growth phase, and small genotype differences
(Fig 1). The maintenance of EPODs across conditions and ancestral
strains aligns with the idea that EPODs serve an important regula-
tory silencing role. A variety of questions emerge: How are EPODs
maintained through replication and growth? What recruits proteins
to these regions? Further studies are being performed to examine
the role of methylation in maintenance and recruitment of protein to
EPOD regions. As horizontally acquired DNA and methylation have
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been shown to be intertwined in E. coli (Shin et al, 2016), and we
found that dam and dcm sites are depleted in EPODs, we suspect
that DNA methylation may play a role in regulation of EPODs
containing prophages.

Our study shows that EPODs are partly composed by NAPs in E.
coli (Fig 2), with the largest contribution clearly made by the major
transcriptional silencers H-NS and StpA (consistent with an abun-
dance of prior evidence on the silencing roles of H-NS (Dorman,
2004; Singh et al, 2016), but with other NAPs or pairs of NAPs
making important contributions at a subset of loci. Due to the wide
binding capacity of NAPs across the genome, the question regarding
recruitment to EPODs emerges again. IPOD-HR successfully shows
losses in occupancy upon deletion of NAPs; however, there may be
accessory proteins that facilitate recruitment and maintenance.
IPOD-HR may miss subtle changes in proteins that are not as abun-
dant in the cell, so we have begun to design proteomic analysis of
EPODs to define the exact composition of EPODs.

We were able to define the key proteins involved in EPOD regu-
lation of metabolic pathways (Figs 3 and 4) and silencing of
prophages across the genome (Figs 5 and 6). EPODs appear likely to
mediate the formation of transcriptional memory (Fig 4), which
allows for strong repression of a rarely-used metabolic operon when
it has not been transcribed in recent memory, but aids in faster
induction of genes important for metabolic response after a single
exposure to a relevant nutrient. This type of regulation poses excit-
ing ideas for understanding how architectural proteins facilitate a
genome architecture regulation across the genome. Importantly,
understanding bacterial genome regulation can be incredibly useful
for biotechnology purposes, especially in the case where cells can
be grown in a number of conditions that may induce changes in
their overall genome architecture that can impact induction of
particular genes.

We have also identified a novel silencing mechanism for
prophages and toxic elements across the genome. Together, Hfq and
Fis are required to silence some prophages, most notably DLP12
(contained in R1 of Fig 6) and Qin (R3 of Fig 6) prophages. What
defines particular prophages to recruit Hfq and Fis remains to be
explored. However, these findings contribute to an overarching
theme of the genome structure serving as an immune response to a
variety of horizontally acquired DNA. As we have previously
shown, reporter constructs integrate with higher frequency in
EPODs and are efficiently silenced (Scholz et al, 2019; Freddolino
et al, 2021a). We propose that EPODs serve as DNA sinks for foreign
DNA, and quickly silence potentially harmful elements. Further
investigation into the mechanisms underlying this response will
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bolster our view of the defenses of bacterial species against poten-
tially harmful genetic elements.

Many NAPs and their functions are conserved across bacterial
species, and the overall roles of NAPs in establishing large regions
of silencing protein occupancy appear to be conserved even beyond
the reach of recognizable homologs of any given NAP. We found
that the use of genome architecture as a mode of immunity may also
be conserved in a distantly related species to E. coli, B. subtilis
(Fig 7). The exploitation of such a system has a number of promis-
ing outcomes. For instance, the work established here could inform
new antibiotic approaches for pathogenic bacteria by targeting
proteins required to suppress toxic elements already in existence in
the genome. In addition, understanding how bacteria recruit and
build their genome architecture around foreign DNA can inform on
how bacteria interact with their environment, and how they may
evolve over time as they acquire new genetic elements.

Materials and Methods

Strain construction

The MG1655 “WT” isolate used in all figures was obtained from Hani
Goodarzi (Tavazoie Lab, then at Princeton University) in 2009 and is
isogenic with ATCC 700926, with the exception of an IS1 insertion at
position 991 in dgcJ (Freddolino & Tavazoie, 2012). The MDS42
strain was obtained from Alison Hottes in 2009 (Tavazoie Lab, then
at Princeton University) and contains a C->T mutation in ribD and
missing coverage for lysV (Posfai, 2006). These modifications may be
ancestral to MDS42, or specifically present in our MDS42 parental
strain. MDS42 deletions were validated using PCR. The MG1655 (2)
isolate was obtained from the Jakob Lab at the University of Michigan
in 2018. The strain appears to arise from the ATCC 47076 lineage of
MG1655 (Freddolino et al, 2012) and thus is crl*, gatC*, and glpR™;
relative to the reference sequence for this lineage, however, the
MG1655(2) strain also contains point mutations in ybhJ (L541) and
mntP (G25D), with unknown functional implications (genotypes
obtained via analysis with breseq (Deatherage & Barrick, 2014)). The
MG1655 lacZ::cml-gfp cells used as a reference strain in the competi-
tion experiments were separately obtained from Hani Goodarzi
(Tavazoie Lab, then at Princeton University).

NAP deletion strains

All nucleoid-associated protein (NAP) gene deletions
performed in the same MG1655 “WT” base strain stock discussed
above. All NAP deletions were obtained by P1 transduction of the
FRT-flanked kanR marker from the corresponding knockout strain
of the Keio collection (Baba et al, 2006; Thomason et al, 2007). With
the exception of AihfA::Km, AihfB::Clm(AihfAB), and AhupA
AhupB::Km (AhupAB), the pCP20 plasmid (Cherepanov & Wacker-
nagel, 1995) containing Flp recombinase was used to excise the
kanR marker, leaving a small scar in the place of the original open
reading frame. Once candidates were isolated for each deletion and
contained the pCP20 plasmid, they were grown overnight at 42°C to
drop the temperature sensitive pCP20. The overnight cultures were
streaked onto LB plates and grown overnight at 37°C. Individual
colonies were replica plated onto appropriate selective plates to
ensure the loss of both the marker and pCP20 plasmid. The AihfAB

were
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and AhupAB strains were not cured due to incredibly low efficiency
to excise markers via pCP20, and markers were retained to avoid
potential suppressor mutations.

Bacillus subtilis strains

The B. subtilis PY79 and rok::kan strains came from the Simmons
lab at the University of Michigan. Details of the genome sequence
can be found in Schroeder and Simmons (2013).

Media/culture conditions

LB (Lennox) media (10 g/1 tryptone, 5 g/l yeast extract, 5 g/l NaCl)
was used for cloning and recovery of cryogenically preserved cells,
with addition of 15 g/1 bacteriological agar for plating.

In the case of physiological experiments, we used appropriately
supplemented versions of M9 defined minimal medium (6 g/1
Na,HPO,, 3 g/l KH,PO,, 1 g/l NH,CI, 0.5 g/l NaCl, 1 mM MgSO,).
Minimal M9 medium (M9/min) contained includes 0.2% (w/v)
carbon source (glucose or glutamine or 5-Keto-D-gluconic acid
potassium salt), 0.4 mM CaCl,, 40 uM ferric citrate, and the
micronutrient mixture typically incorporated in MOPS minimal
media (Neidhardt et al, 1974). For all of the remaining IPOD-HR
experiments, we used our M9-rich defined medium (M9/rdm) incor-
porated with 0.4% (w/v) glucose, MOPS micronutrients, 4 pM
CaCl,, 40 pM ferric citrate, and 1x supplements ACGU and EZ as
used in MOPS rich defined medium (Neidhardt et al, 1974).

B. subtilis cell growth and harvest for IPOD-HR

For Bacillus subtilis, strains were struck from frozen stocks and
grown on LB plates overnight at 37°C. WT and Arok (rok::kanR)
strains were inoculated into LB and LB supplemented with 5 pg/ml
kanamycin, respectively, from a plate wash at a starting an ODggg of
0.025 and grown at 37°C with shaking to an ODggo between 0.65
and 0.85. Rifampicin was added to a final concentration of 150 pg/
ml and cultures were incubated for an additional 10 min at 37°C
with shaking. Sodium phosphate (final concentration 0.01 M) and
formaldehyde (1% v/v) were added to 30 ml aliquots of culture and
cross-linked at room temperature for 5 min with shaking. Reactions
were quenched by the addition of 0.333 M glycine for 10 min at
room temperature. Cells were collected via centrifugation and
watched twice with ice-cold PBS and cell pellets were subsequently
flash-frozen in liquid nitrogen and stored at —80°C.

E. coli cell growth and harvest for IPOD-HR

Cryogenically preserved cells were streaked onto an LB plate and
grown in the media of interest with 1/10"™ of the carbon source indi-
cated overnight at a temperature of 37°C and shaking at 200 rpm.
The culture was back diluted into fresh, prewarmed media to an
ODggo of 0.003 the next day. The culture was grown to the target
ODgpo (0.2, except in the case of deep stationary phase samples,
described below) and treated with a final concentration of 150 pg/
ml of rifampicin and incubated for 10 min under the same growth
conditions previously described. The cultures were rapidly poured
into a 50-ml conical tube and mixed with concentrated formalde-
hyde/sodium phosphate (pH 7.4) buffer sufficient to yield a final
concentration of 10 mM NaPO, and 1% v/v formaldehyde.
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Crosslinking proceeded for 5 min at room temperature and
quenched with an excess of glycine (final concentration 0.333 M)
for 10 min with shaking at room temperature. The cross-linked cells
were chilled on ice for 10 min and washed twice with 10 ml ice-cold
phosphate-buffered saline (PBS). The resulting pellets were carefully
dried, remaining media pipetted and discarded, and snap-frozen in a
dry ice-ethanol bath and stored at —80°C for no longer than
1 month.

Deep stationary samples followed the same process of being
grown in the appropriate media overnight and back diluted to an
ODggo 0.003. Once the cells reached an ODgyy of 0.2, they were
grown for an additional 24 h, treated with rifampicin for 20 min,
and proceeded through the same treatment for crosslinking as
described above.

Cell lysis and DNA preparation

IPOD-HR interface extraction, RNA polymerase chromatin immuno-
precipitation, and crosslinking reversal and recovery of DNA was
performed as previously described (Freddolino et al, 2021a). Due to
the high biomass of deep stationary phase cells, cells were diluted
10x prior to lysis. In the case of the B. subtilis, samples were soni-
cated four times for 5s at 25% power with 15s between pulses.

Preparation of next-generation sequencing (NGS) libraries

All DNA samples were prepared for Illumina sequencing using the
NEBNext Ultra (or Ultra II) Library Prep Kit (NEB product #E7370 or
#E7103, respectively). The NEBNext Ultra II Library Prep Kit was
used on the Ahns AstpA samples and biological replicate 2 of the
deep stationary phase samples (Adps and corresponding WT). We
consulted with NEB to confirm that there are no differences between
the kits that would impact our results. Single index or dual index
primers from NEB were used in the prep. The manufacturer’s
instructions were followed with the same modifications as listed in
Freddolino et al (2021a).

All libraries were sequenced on an Illumina NextSeq instrument.

Analysis of NGS data, read quality control and preprocessing,
DNA sequencing and protein occupancy calling, and feature calling
was performed as previously described (preprint: Freddolino et al,
2021b). In brief, after removal of technical sequences (adapters) and
trimming of low-quality read ends, reads were aligned to the
U00096.3 reference genome (E. coli samples) or py79 reference
genome (B. subtilis samples) using bowtie2 with “very sensitive,
end to end” presets. Read densities were then calculated at 5-bp
resolution across the chromosome, and quantile normalized. Overall
effects on fragment abundance due to distance from the origin of
replication were removed by dividing each dataset by a spline-
smoothed version of the corresponding input data, and then, the
resulting occupancy tracks were rescaled to each have the same
mean value. Separate IPOD and RNA polymerase ChIP occupancy
tracks were calculated based on the log, ratio of normalized frag-
ment abundances in each pulldown sample and the corresponding
input sample, and the RNA polymerase subtracted IPOD-HR signal
was then calculated based on a LOESS fit between the observed
IPOD and ChIP occupancies [as described in detail in preprint: Fred-
dolino et al (2021b)—n.b. the data analysis methods here follow
precisely the description in that reference, except as noted below].
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Rescaling of IPOD-HR occupancy tracks and subsequent EPOD
calling

While we have previously shown the robustness of the IPOD-HR
analysis pipelines for both deletions of local regulators and substan-
tial changes in physiological conditions (preprint: Freddolino et al,
2021b), we found that for the nucleoid-associated protein deletions
considered here, in many cases the assumptions underlying the
IPOD-HR normalization methods (that the overall shape of the distri-
bution of occupancy values across the genome would not change
substantively between conditions) was violated. We thus modified
the EPOD calling scheme to be able to compare EPOD count, cover-
age, and occupancy across NAP deletion datasets, where some NAP
deletions are sufficient to substantively shift the overall score distri-
bution, due to the large changes in overall protein binding caused by
deletion of any one NAP. We rescaled the IPOD-HR occupancy tracks,
beginning with the robust z score values indicating occupancy at
every five base pairs of the genome, using the following procedure:
We found the intersection of EPODs between each NAP deletion and
WT with a minimum fractional overlap of 0.2, and plotted the mean
occupancy of each overlapped EPOD (NAP deletion versus WT). We
then used a robust linear model with Huber’s T for M estimation to
estimate the slope of the NAP deletion values as a function of the WT
values for the same EPODs and used the slope to rescale the NAP
deletion dataset by dividing the robust z score values by the slope
across the genome— thus, we rescaled the overall protein occupancy
in each condition to bring into register the observed occupancies at
regions that were highly occupied both in that deletion and in the
wild type cells. These new values were used as input to call EPODs
using the algorithm described in preprint: Freddolino et al (2021b):
we calculated 512-bp and 256-bp rolling means across the genome,
and set as a threshold score the 90 percentile (for normal EPODs) or
75™ percentile (for loose EPODs) from the 256-bp rolling mean signal.
Then, any region of the genome at least 1,024 bp in length with a
median occupancy score from the 512-bp smoothed signal above the
threshold score was considered a potential EPOD. Potential EPODs
were expanded in both directions on the genome as far as possible
while maintaining an median occupancy score above the specified
threshold, and without ever reaching an occupancy score below zero.
To call EPODs in the NAP deletion datasets considered here, we set
the cutoff of what would be counted as an EPOD using the WT
thresholds and applied this to all datasets (after the rescaling
described above). In summary, these rescaling and thresholding
enabled us to make more accurate comparisons between EPODs and
occupancy across the NAP deletion datasets. By bringing the
observed occupancies at conserved EPODs into register with each
other across the different genotypes in our dataset. The procedure
described here represents the best normalization across datasets that
can be achieved in the absence of a global standard (e.g., a spike-in
sample), which would provide a simpler adjustment with fewer
assumptions and may be advisable for future work.

KDG growth experiments
Experimental design for IPOD-HR collection and RNA-seq
experiments on KDG exposure (Fig 3)

Cells were grown from a cryogenic stock on LB plates at 37°C and
inoculated into our M9 minimal medium including 0.02% glucose at
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37°C. In the morning, cultures were back diluted to an ODggo 0.003
in fresh, prewarmed M9 minimal medium including 0.2% glucose at
37°C. Once cells reached a target ODggp of 0.2, cells were pelleted
and washed twice with 5 ml of warmed PBS. 1 ml of sample was
mixed with 1 ml DNA / RNA shield and flash-frozen in a dry ice-
ethanol bath and stored at —80°C. The remainder of the cells were
placed in our M9 minimal medium including 0.2% 5-Keto-D-
gluconic acid (KDG; Sigma-Aldrich: Catalog #K4125) to an estimated
ODggo of 0.1 and placed at 37°C. Cells were grown to an OD ~0.2
and collected for IPOD-HR (with 1 ml for RNA-seq) as described
above, and some of the remaining cells back diluted to an estimated
ODgoo 0f 0.003 in M9 minimal medium with 0.2%% glucose. Once
cells were grown to an ODgyy ~0.2 in 0.2%% glucose, cells were
collected for IPOD-HR (with 1 ml for RNA-seq) as described above.

Experimental design for KDG competition experiments (Fig 4B)

Our competition experiments were conducted in head-to-head
mixed growth between a strain of interest and an otherwise-isogenic
lacZ::cat strain. For each competition, the two competing strains
were pregrown under appropriate prior conditions (see below), and
then, 10 ul of the pregrowth culture for each of the two competing
strains was inoculated into prewarmed destination media (separate
tubes of M9+glucose and M9+KDG, 2 ml per tube) and allowed to
grow for approximately 48 h at 37°C with shaking at 200 rpm. Both
immediately after inoculation, and again after 48 h, a dilution series
of each culture was spotted on MacConkey/lactose plates to enable
counting of the lac+ and lac— colonies present.

At the beginning of each experimental series, both the test
(lacZ+) and reference (lacZ-) strains were pregrown overnight in
M9 + 0.2% glucose (starting from a single colony taken from an LB
plate); this is referred to as “Day —1” in our experimental timelines,
and indicates that both the test and reference strains are KDG-
naive. At the same time as assembly of the initial competitions, the
test strain for each experimental series was then back diluted 200x
into 2 ml of M9 minimal media + 0.2% KDG (M9 Min KDG), and
grown for 48 h. The KDG-adapted test cells were then competed
against a fresh culture of the reference cells that had been grown
overnight in M9 minimal media + glucose (M9 Min Glu)—we refer
to this as “Day 0” in our experimental timelines. At the same time
as the Day 0 competition, some of the KDG-adapted test cells were
also diluted 200x into fresh M9 Min Glu and allowed to grow over-
night. These glucose-recovered test cells were competed the follow-
ing day (in both M9 Min Glu and M9 Min KDG) against reference
cells that had likewise been grown for 12 and 24 h in M9 Min Glu,
resulting in our “Day 0.5” and “Day 1” competitions, respectively
(that is, the test cells are 0.5 or 1.0 day removed from their KDG
exposure). We continued several additional cycles of passaging the
test cells in M9 Min Glu followed by competition with naive refer-
ence cells, resulting in competitions referred to as “Day 2”, “Day
3”, etc.—in all cases the stated duration is the number of days (and
passages in M9 Min Glu) that the test cells are removed from their
growth in KDG.

For each competition, we established competitive indices A for
the test cells relative to reference cells separately in KDG and in
glucose media, using the following equation:
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Where m denotes a media type (either M9 Min Glu or M9 Min
KDG) and the specified cell counts (cfu) are taken for that media
type. A pseudocount of 0.1 was added to all counts, as in a small
number of cases zero colonies of one type or the other were
observed due to the lopsidedness of the competition. One quantity
of particular interest is the difference in the competitive fitness of
the test strain (relative to its reference) in KDG versus that in
glucose; thus, we define the difference in fitnesses, A, as.

AL = Akpc — 2 Glucose

Here, more positive values of AA indicate that the test strain is
(relative to the reference) more fit during competition in KDG media,
after normalization by their competition growth in glucose media;
these values are used for the analysis. The quantity AX is referred to
as the “Log2 Fitness Ratio in KDG (relative to naive)” in Fig 4B.

Experimental design for Fig 4C

Similar to the experiments performed in Fig 3, cells were grown from
a cryogenic stock on LB plates at 37°C and inoculated into our M9
minimal medium including 0.02% glucose at 37°C. In the morning,
cultures were back diluted to an ODgyo 0.003 in fresh, prewarmed M9
minimal medium including 0.2% glucose at 37°C in a total volume
150 ul with 100 pl of mineral oil in a plate reader. Measurements were
taken every 10 min at 37°C with shaking to calculate lag times. Once
cells reached an ODggy ~0.2, they were back diluted to an ODggyg of
0.01 in M9 minimal medium with 0.2% KDG. Cells were grown to an
ODggo ~0.2, then diluted to an ODgyy 0.003 in M9 minimal medium
with 0.2% glucose and grown to an ODggg ~0.2.

Growth curves (using log,-scaled optical densities [ODs]) were
smoothed using a cubic spline with one knot per 5 h (or fraction
thereof) in the data; we then identified the maximum value of the
slope of the resulting spline as the growth rate. The lag time was
calculated by projecting a line with a slope equal to the growth rate
through the point at which the most rapid growth was observed and
took the time at which that line intercepted a horizontal line at the
initially observed log, OD for that culture. Summary statistics were
calculated via Bayesian regression as implemented in the brms R
package, with population-level effects for the experiment under
consideration and default brm values for all other arguments.

RNA isolation and sequencing preparation

All RNA-sequencing samples were collected and prepared for
sequencing as follows. Once cells were grown to the appropriate
ODgpo, 2.5 ml of culture was mixed with 5 ml of RNAprotect (Qia-
gen: Catalog #76506), vortexed and incubated at room temperature
for 5 min. Cells were spun at 4°C for 10 min at 5,000g in a fixed-
angle rotor. The supernatant was removed, and the pellet was flash-
frozen in a dry ice-ethanol bath and stored at —80°C. For RNA
extraction, the pellet was resuspended in 100 pl of TE and treated
with 177kU (1 pl) Ready-lyse lysozyme solution (Lucigen: Catalog
#R1804) and 0.2 mg (10 pl) proteinase K (Thermo Fisher Scientific:

SCorrection added on 1 of February 2022, after first online publication: Twice “0.02% glucose” has been corrected to “0.2% glucose”.
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Catalog #E00492), incubated for 10 min at room temperature with
vortexing every 2 min. The RNA was purified using RNA Clean and
Concentrator kit-5 (Zymo: Catalog #R1014), treated with 5 units of
Baseline-ZERO DNase (Epicentre: Catalog #DB0715K) in the pres-
ence of RNAse inhibitor (NEB: Catalog #M0314L) for 30 min at
37°C. RNA was purified again using RNA Clean and Concentrator
kit-5 (Zymo: Catalog #R1014). RNA was flash-frozen in a dry ice-
ethanol bath and stored at —80°C.

TRNA depletion was performed using the bacterial rRNA deple-
tion kit following manufacturer instructions (New England Biolabs
(NEB): Catalog #E7850L). The only modification performed was the
last step, where instead of a bead clean up, we used the RNA Clean
and Concentrator kit-5 (Zymo: Catalog #R1014).

Sequencing preparation was performed using the NEBNext Ultra
Directional RNA Library Prep Kit for Illumina following manufac-
turer instructions (NEB: Catalog #E7420L) for rRNA-depleted RNA.
Random primers were used, and RNA was considered intact for the
NEBNext Ultra protocol. Slight modifications to the protocol are as
follows. To purify cDNA, the Oligo clean & concentrator was used
(Zymo: Catalog #D4061). Following adapter ligation, DNA was puri-
fied using DNA Clean & Concentrator-5 (Zymo: Catalog #D4014).
Dual index primers from NEB were used in the prep. Libraries were
sequenced on an Illumina NextSeq.

RNA-seq analysis began with read preprocessing identical to that
described in preprint: Freddolino et al (2021b), through the end of
the bowtie2 alignment stage. After alignment to the U00096.3
genome, we performed gene-level quantitation with htseq-count
(Anders et al, 2015), using union mode for scoring and all mode for
non-unique assignments (appropriate for polycistronic mRNAs where
a single read is often expected to span multiple genes). Differential
expression calling was then performed using deseq2 with default
settings; separate models were fitted for comparison of WT/ihf/hns
stpA cells, WT/fis/hfq cells, and the time course for 5-KDG exposure.

HMM classes

HMM fits were performed using the hmmlearn python package (ver-
sion 0.2.4) with Gaussian emissions. As input features we used the
IPOD-HR robust z scores and RNA polymerase log2 (extracted/input)
ratios, for a total of 2 features per condition at each of 928,330 sites
on the genome (5-bp resolution). We trained a series of HMMs using
20-fold cross-validation (dividing the genome into 20 evenly sized
blocks), in which we assessed the log-likelihoods for the withheld
folds based on an HMM trained on the rest of the genome. After
training and evaluating models from 2 to 20 components, we found
that the predictive performance increased sharply with component
count up to six components, and after that increased much more
gradually. We thus used a six-component model to provide a
balance of interpretability and predictive performance. We fitted 20
final models using the entire genome and selected the one with the
highest likelihood to provide the final HMM; state assignments were
then obtained using the Viterbi algorithm. Default parameters for
hmmlearn were used unless otherwise noted.

Hfq binding was measured by cloning Hfq-PAmCherry from
McQuail et al (2020) into MG1655 (2) and performing ChIP-seq with
a monoclonal mCherry antibody (Thermo Fisher M11217) (manu-
script in press). A 500-bp rolling mean of the log, extracted/input
ratio was calculated and used for comparison in this paper.
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Data visualization and analysis

For data analysis as previously described (preprint: Freddolino et al,
2021b), we made heavy use of numpy (Harris et al, 2020; preprint:
Freddolino et al, 2021b), R version 3.6.3 (Verzani, 2011; RStudio,
2020), https://www.Tidyverse.org/, and ggplot2 (Wickham, 2009).

Data availability

RNA-Seq, IPOD-HR, DNA Sequencing, and ChIP-seq data: Gene
Expression Omnibus GSE164796 (https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc = GSE164796).

Expanded View for this article is available online.
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