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ABSTRACT

Bacterial pathogenic growth requires a swift co-
ordination of pathogenicity function with various
kinds of environmental stress encountered in the
course of host infection. Among the factors critical
for bacterial adaptation are changes of DNA topol-
ogy and binding effects of nucleoid-associated pro-
teins transducing the environmental signals to the
chromosome and coordinating the global transcrip-
tional response to stress. In this study, we use the
model phytopathogen Dickeya dadantii to analyse
the organisation of transcription by the nucleoid-
associated heterodimeric protein IHF. We inactivated
the IHF« subunit of IHF thus precluding the IHFa3
heterodimer formation and determined both pheno-
typic effects of ihfA mutation on D. dadantii virulence
and the transcriptional response under various con-
ditions of growth. We show that ihfA mutation reor-
ganises the genomic expression by modulating the
distribution of chromosomal DNA supercoils at dif-
ferent length scales, thus affecting many virulence
genes involved in both symptomatic and asymp-
tomatic phases of infection, including those required
for pectin catabolism. Altogether, we propose that
IHF heterodimer is a ‘transcriptional domainin’ pro-
tein, the lack of which impairs the spatiotemporal
organisation of transcriptional stress-response do-
mains harbouring various virulence traits, thus abro-
gating the pathogenicity of D. dadantii.

INTRODUCTION

Plant—pathogen interaction is a multifaceted process, where
molecules secreted by pathogens determine both their viru-
lence as well as success in colonizing the host. Besides hav-

ing limited access to nutrients and specific oligoelements,
the pathogen must cope with numerous specific challenges
including exposure to various types of stress and host de-
fence reactions. The expression of virulence and adaptive
traits must therefore be tightly coordinated to ensure effi-
cient infection.

Among the plant-pathogenic Dickeya species causing
soft-rot disease in a wide range of hosts, one of the widely
used model organisms is D. dadantii (1). Studies of the in-
vasion strategy of D. dadantii revealed a complex regula-
tion combining utilization of the core metabolism and gen-
eral stress-response genes with the sets of genes specifically
responding to each encountered stress (2,3). This sophisti-
cated genetic control mechanism is coordinated primarily
at the level of transcriptional regulation of relevant genes
involved in bacterial adaptation and virulence (4-8).

The bacterial adaptive response to stress involves alter-
ations of chromosomal DNA topology modulated by abun-
dant nucleoid-associated proteins (NAPs) that affect the
expression of numerous genes, including the transcription
factors (9,10). Changes in NAPs binding and chromoso-
mal DNA supercoiling were shown to dynamically organ-
ise coherent domains of gene expression (aka CODOs) har-
bouring virulence traits, that emerge in particular constella-
tions under conditions mimicking pathogenic growth (2,11-
13). In D. dadantii, mutations inactivating either of the two
highly abundant NAPs, FIS (Factor for Inversion Stimula-
tion) or H-NS (Histone-like Nucleoid-Structuring protein),
both modify the CODOs and strongly impair bacterial vir-
ulence (2,4,12,14).

IHF (Integration Host Factor), a NAP found in the
phylum of Proteobacteria, is a heterodimer of IHFa and
IHFB proteins encoded by iif4 and ihf B genes, respectively,
and one of the major bacterial NAPs with prominent ca-
pacity to induce sharp bends in the DNA (15). This ca-
pacity to change the local DNA trajectory underpins the
assembly of various higher-order nucleoprotein structures
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and facilitates long-range interactions underlying the effect
of THF not only on gene transcription, but also on site-
specific DNA recombination, replication, transposition and
genome packaging (16-23). IHF was found to interact with
a class of bacterial repetitive DNA elements located at the
3" end of transcription units and was proposed to modu-
late gyrase binding and activity (24). However, while the
crosstalk between other NAPs and DNA supercoiling has
been analysed at the whole-genome scale (11,25), a compa-
rable analysis is lacking for THF.

The intracellular concentration of IHF changes during
bacterial growth, increasing on transition of the cells to sta-
tionary phase (26). In E. coli, IHF appears to control nu-
merous functions including metabolic, cell cycle and adap-
tive processes (27,28). In various Salmonella species IHF is
shown to profoundly influence the expression of virulence
genes, facilitate invasion associated with transition of bac-
terial cells to stationary phase (29) and promote biofilm for-
mation (30). IHF activates the expression of virulence traits
in human pathogens Vibrio cholerae (31) and Vibrio fluvialis
(32) as well as in plant pathogens Erwinia amylovora (33)
and Dickeya zeae (34). In the soil bacterium Pseudomonas
putida, IHF activates the genes involved in adaptation to
the post-exponential phase with limited effect on genes in-
volved in central metabolism (35). In spite of this eminent
role in bacterial pathogenicity, the mechanistic basis for the
coordinating effect of IHF on the expression of virulence
and adaptation traits remains unclear.

Previous studies revealed that in D. dadantii the IHF
mutation leads to a growth defect and is more detrimen-
tal than in E. coli (36). However, the effect of IHF on D.
dadantii virulence has not been explored so far and in plant
pathogenic bacteria in general, the contribution of IHF to
global gene expression remains obscure. In this study, by
using a combination of phenotypic approaches with RNA
Sequencing (RNA-seq) analysis, we characterize the effect
of IHF on D. dadantii pathogenic growth and global gene
expression. We show that iif4 mutation modulates the ge-
nomic distributions of DNA supercoiling, the organisation
of CODOs, the preferences for lagging/leading strand us-
age and for local organisation of transcribed units caus-
ing massive reorganization of gene expression, including
virulence genes required during both the symptomatic and
asymptomatic phases of infection and thus, abrogates the
pathogenic growth of D. dadantii.

MATERIALS AND METHODS
Bacterial strains and cell growth conditions

The bacterial strains used in this work are the D. dadan-
tii strain 3937 isolated from Saintpaulia, its iif4 derivative
(36), the bcsA mutant deficient in cellulose fiber produc-
tion (37), the double bcsA-ihfA mutant obtained by gen-
eralized transduction using phage phiEC2 (38), the com-
plemented ihfA/pEK strain. The pEK plasmid was gen-
erated by PCR using 3937 genomic DNA as template
and the following primer couple: oligo ihf-Fw-BamHI (CC
GGATCCGAATCGCCGTGATATTGCTGTGG), oligo
ihf-Rev-Pstl (CCCTGCAGTAATGCGGCCTTTTTGTC
A). The PCR fragment was then cloned into the vector
pBBR 1-mcs4 between the BamHI and Pstl restriction sites.

In the resulting plasmid, iifA4 is expressed under its own
promoter.

All strains were grown at 30°C either in rich Luria broth
(LB) medium or in M63 minimal salts medium (39) sup-
plemented with a carbon source (polygalacturonate (PGA)
at 0.2% (w/v) and sucrose or glycerol at 0.2% (w/v)).
When required, antibiotics were used as follows: ampi-
cillin (Ap), 100 wg mL~'; novobiocin (Nov) 100 wg mL~".
Liquid cultures were grown in a shaking incubator (220
rpm). Media were solidified by the addition of 1.5% agar

(W/V).

Phenotype analyses

Detection of protease activity was performed on medium
containing Skim Milk (12.5 g1~!) and detection of cellulase
activity was performed using the Congo red procedure (40).
Detection of pectinase activity was performed on medium
containing PGA using the copper acetate procedure as de-
scribed by (41). Siderophore production was detected on
chrome azurol S (CAS) agar plate. This assay is based on a
competition for iron between the ferric complex of the dye
CAS and siderophore (42). Semi-solid agar medium con-
taining low concentration of agar (0.4% w/v) and standard
agar plates containing carboxy-methyl cellulose (0.2% w/v)
and glucose (0.2% w/v) were used to investigate the effect of
the ihfA4 inactivation on the swimming and twitching motil-
ities of D. dadantii, respectively.

For a visual assessment of cell aggregation, 5 ml of mini-
mal M63 medium, supplemented with glycerol at 0.2% (v/v)
was inoculated with an overnight culture grown in the same
medium at a final density of 10° cells mL~!. Bacteria were
grown in water bath with low shaking (55 rpm) for 48 h. The
planktonic cells were collected and the aggregate/biofilm
structures were washed once with 2 ml of M63 medium.
The aggregate/biofilm structures were then dissolved in 1-
2 ml of M63 medium by pipetting up and down. Next, the
free-living and sessile fractions were vortexed for 20 s and
then the bacteria were estimated by measuring turbidity at
600 nm, given that an optical density at 600 nm (ODg)
of 1.0 corresponds to 10° bacteria ml~'. Cells contained
in aggregates were quantified versus the total number of
cells contained in both aggregate and planktonic fractions
for the different strains. Each value represents the mean of
five different experiments and bars indicate the standard
deviation.

Assay of pectate lyase was performed on toluenised cell
extracts. Pectate lyase activity was determined by the degra-
dation of PGA to unsaturated products that absorb at 235
nm (43) Specific activity is expressed as wmol of unsaturated
products liberated min~! mg~' (dry weight) bacteria. Bac-
terial concentration was estimated by measuring turbidity
at 600 nm, given that an optical density at 600 nm (ODg)
of 1.0 corresponds to 10 bacteria ml~!' and to 0.47 mg of
bacteria (dry weight) ml~!.

Pathogenicity assays were performed, as described in
(44), with 5 x 10° bacteria in 5 pl of 50 mM KH,PO, pH
7 buffer. Assays were carried out on one hundred chicory
leaves for each strain. Negative controls were performed us-
ing sterile buffer. After a 24 h incubation period, the rotted
tissues were collected and weighted.
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The ihfA and ihfB genes were cloned in tandem under the
T7 promoteur of plasmid pET20. Surproduction was per-
formed in E. coli strain BL21-DE3 AihfA-AihfB after 0.8
mM IPTG induction for 3 h. Purification was achieved
from 3 liters culture at ODgyy nm 0.6. Bacterial cells were
disrupted by French press. The clarified protein solution
was submitted to ammonium sulfate precipitation and suc-
cessive chromatography on heparin sepharose and sulpho-
propyl sepharose. At least 10 mg of purified IHF was ob-
tained from the 3 liter culture.

Electrophoretic mobility shift assays (EMSA)

Probes for the assays were prepared by amplifications of
DNA segments upstream of the encompassing the 5 end
of the open reading frame of the pelD, cel5Z, acsF, hrpA,
hrpL, hep A, outC, thrA and proB genes. Using the A of each
translation start codon as a reference point (position +1),
oligonucleotide primers amplified the +3 to -300 regions.
The forward primers were fluorescently labelled in 5" with
FAME. Labeled probes were purified using PCR clean up
Kit from Macherey Nagel. EMSA reactions contained 0—
100 nM IHF protein, 100 ng of labeled probe and were
performed in 20 pl of 10 mM Tris—HCI pH 8.0, 70 mM
KCI, 10 mM MgCl,, 1 mM DTT, 5% (v/v) glycerol, 100
pg/ml BSA, 200 ng poly dI.dC, 0.05% (v/v) nonidet P40.
Protein—DNA binding reactions were carried out for 20 min
at 30°C and then electrophoresed on a 4% DNA retarda-
tion gel with Tris-acetate pH 8§ as running buffer. The ap-
parent dissociation constants (Kd,p,) were determined ac-
cording to the method described by Carey (45). EMSA gels
were subjected to densitometric analysis using Image Lab
6.0 software (Biorad). For each dilution of the IHF protein,
amounts of free probe were determined and plotted against
the IHF concentrations. The Kd,p, constants correspond to
the IHF concentrations at which half of the DNA probe is
bound to the IHF protein.

Separation of plasmid topoisomers by gel electrophoresis

The multicopy plasmid pUCI18 was extracted from D.
dadantii WT strain and ihfA mutant by using the Qiaprep
Spin Miniprep kit and 0.5-1 pg of plasmid DNA was elec-
trophoresed on 1% agarose gel containing 2.5 pg ml~!
chloroquine. All electrophoresis was conducted in 20 cm
long agarose gel with Tris—borate EDTA (TBE) as gel run-
ning buffer. The electrophoresis was run at 2.5Vcm™! for 16
h. Under these conditions, topoisomers that are more neg-
atively supercoiled migrate faster in the gel than more re-
laxed topoisomers. Chloroquine gels were subjected to den-
sitometric analysis using Image Lab 6.0 software (Biorad).
Distribution of topoisomers was analysed in each lane in-
dependently; the relative proportions of the different topoi-
somers of each lane were then compared with other lanes.

RINA extraction and transcriptomics data

The wild type (WT) strain and its i4f4 derivative were used
to analyse the global gene expression of cells grown under
different conditions: M63 supplemented with 0.2% (w/v)
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sucrose as carbon source, with or without 0.2% (w/v) PGA.
Cells were grown to the early exponential phase (ODggo
= 0.2) and to the early stationary phase (ODgyp = 0.9—
1.2 for cells grown in M63/sucrose, and ODgyy = 1.9-2.2
for cells grown in M63/sucrose/PGA medium). The dif-
ferent ODgg retained for the various culture media and
strains correspond to a similar growth stage (i.e. transi-
tion from late exponential phase to early stationary phase),
then aliquots were transferred to two flasks. One of them
was kept as a control and the second was treated for 15
min with novobiocin to 100 pg 17! final concentration.
At this concentration, novobiocin has no impact on D.
dadantii parental strain growth (14). For each condition,
total RNAs were extracted using the frozen-phenol proce-
dure (46). Control experiments for RNA extraction qual-
ity, absence of DNA contamination, and qRT-PCR val-
idation of selected genes were conducted as previously
(11). Further steps were carried out by Vertis Biotech-
nologie AG (http://www.vertis-biotech.com): rRNA deple-
tion using the Illumina Ribo-Zero kit, RNA fragmenta-
tion, strand-specific cDNA library preparation, and II-
lumina NextSeq500 paired-end sequencing (~15 million
paired reads per sample). Transcriptomes were analysed as
previously described (47) using softwares FastQC, Bowtie2
(reference genome NC 014500.1), and DESeq?2 for differen-
tial expression. Significantly activated/repressed genes were
selected with a threshold of 0.05 on the adjusted P-value.

Computational and statistical methods

The predicted binding sites of IHF were generated
from its position weight matrix with Prodoric2 (48).
Orientational distributions were analysed with a home-
made Python code, where a gene/region is defined as
convergent/divergent/tandem based on the orientation of
the two neighbouring genes. Proportions were compared
with chi-square tests. For genome-wide analyses, all param-
eters were computed over 500 kb scanning windows shifted
by 4 kb, resulting in 1230 overlapping windows. The num-
bers of activated/repressed genes and of predicted binding
sites in each window were transformed into z-scores by com-
parison to the null hypothesis of a homogeneous distribu-
tion of the considered quantity over the chromosome. In
particular, in the inner wheels of Figure 11, a z-score >2
(resp. <2), depicted in red (resp. blue), indicates a statis-
tically significant enrichment of the 500 kb region in up-
regulated (resp. down-regulated) genes among differentially
expressed genes, compared to the genomic average. Melting
energies were computed with the parameters of Santa Lucia
(49) and averaged over each window.

RESULTS

In Salmonella enterica, the single ihf4 and ihf B mutants and
the double ihfA/ihfB mutant show similar growth charac-
teristics (29). In contrast, in D. dadantii 3937 the ihf B muta-
tion severely compromises growth (36) but not the izf4 mu-
tation; we therefore took advantage of the latter to disable
the formation of the IHF heterodimer in D. dadantii cells.
In E. coli, it was observed that, potentially, both IHF« and
IHFB could form homodimers capable of binding DNA
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Figure 1. (A) Growth and (B) pectate lyase production of Dickeya dadan-
tii 3937 wild type strain (solid lines) and its iif4 derivative (dashed lines)
grown in liquid M63 minimal medium supplemented with sucrose (gray)
or sucrose+polygalacturonate (black). Samples were taken every hour. Pel
specific activity is expressed as wmol of unsaturated product liberated per
min per mg of bacterial dry weight. The experiment was repeated three
times and curves from a representative experiment are shown (variation
between experiments was less than 15%).

and supporting the lambda phage site-specific recombina-
tion reaction in vitro (50). However, the binding affinity of
the IHFB homodimer is by two orders of magnitude lower
than that of the IHF heterodimer, whereas IHFa homod-
imer is highly unstable (51,52). In D. dadantii, we observed
that the iifA mutant is able to grow and achieve, albeit with
delay, reasonably high cell densities (Figure 1A), making it
amenable to experimental investigation. Given the fact that
the lack of IHF is more detrimental for D. dadantii than
for E. coli (36) and that the ihfB gene expression is unaf-
fected in ihfA mutant (Supplementary Table S2 in Supple-
mentary Materials), as also observed in E. coli (33), it is con-
ceivable that bacterial growth is supported by the activity of
the low-affinity IHFB homodimer. In this study, we assume
that all alterations induced by iif4 mutation reflect the de-
ficiency of the active IHF heterodimer in the cell, with the
caveat that the low affinity IHF homodimer may provide
a ‘buffering’ effect alleviating the detrimental effect of the
complete absence of IHF.

IHF regulates cell motility, production of plant cell wall de-
grading enzymes, siderophores and cell aggregation

Inactivation of ihfA4 resulted in reduced production of many
virulence factors such as pectinases (mainly pectate lyases),
cellulases and proteases responsible for the destruction of
the plant cell wall and production of the soft rot symptoms
(Figure 2A—C). The ihfA mutation also reduced the produc-
tion of siderophores (Figure 2D) required for the systemic
progression of maceration symptoms in the hosts (53,54).
Furthermore, the swimming and twitching capacities of D.
dadantii essential for searching favourable sites of entry into
the plant apoplast were reduced (Figure 2E and F). Com-
plementation of the iifA mutant with the iifA4 gene carried

ihfA  ihfA/pEK

WT ihfA  ihfA/PEK

Sidero-
phores

Swimming
motility

Twitching

Proteases motility

Figure 2. Phenotypes of the D. dadantii ihfA mutant and its complemented
derivative ihfA/pEK. (A) Pectinase activity was observed after growth on
PGA-containing plate and staining with copper (II) acetate solution. (B)
Cellulase activity was detected after growth on Carboxy-Methyl Cellulose-
containing plate, followed by staining with Congo red. (C) Protease activ-
ity was revealed, after growth on skim milk-containing plate by a translu-
cid halo surrounding the bacteria growth area. (D) Siderophore produc-
tion was detected after growth on chrome azurol S (CAS) agar plate. (E)
Swimming motility inside the soft agar medium, was estimated by picking
bacterial colonies with a thin rod inside a semi-solid agar plate containing
low concentration of agar (0.4% w/v). (F) Twitching motility at the sur-
face of the agar medium was estimated by picking bacterial colonies with
a thin rod inside a standard agar plates containing carboxy-methyl cellu-
lose (0.2% w/v) and glucose (0.2% w/v). Plates were incubated at 30°C for
24 h before measuring colony expansion.

on the pEK plasmid restored the WT phenotype in all cases,
indicating that inactivation of iifA4 was responsible for im-
paired functions (Figure 2).

D. dadantii produce cellulose fibrils, which enable the cells
to aggregate on the plant surface and form a biofilm re-
sistant to desiccation (37). The cellulose fibrils are not re-
quired anymore when bacteria enter into the plant apoplast
and colonize this inter-cellular compartment by using their
motility function. Cell aggregate formation was analysed in
the WT and ihfA4 strains grown under low shaking condi-
tions (Figure 3). We found that the growth medium of both
the WT strain and the complemented i2f4 mutant appeared
turbid and at the bottom of the tubes, only small cell aggre-
gates were observed (Figure 3A). In contrast, the growth
medium of the i#f4 mutant was clear and a large cell ag-
gregate was observed (Figure 3A). The estimated percent-
ages of cells in aggregates were 29% for the WT strain, 37%
for the complemented ifA4 strain and 76% for the ififA mu-
tant (Figure 3B). Inactivation of the bcsA gene encoding
cellulose synthetase suppressed the aggregation phenotype
observed in the i/4f4 mutant. Taken together, these results
demonstrate that IHF deficiency up-regulates the produc-
tion of cellulose fibril adherence structures.

Inactivation of 7hfA strongly reduces pectinase activity and
impairs D. dadantii virulence

Since the soft rot symptoms of infection by D. dadantii are
mainly due to the production and secretion of pectate lyases
(Pels), we monitored the production of Pels and their induc-
tion by polygalacturonic acid (PGA, a pectin derivative) in
both iifA and WT cells.

Asmentioned above, compared to the WT strain, the ihf4
mutant exhibited a slower growth rate, reaching lower max-
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Figure 3. (A) Aggregation phenotype of the D. dadantii 3937 WT strain
and its derivatives, ihfA4, besA, ihfA-besA and the complemented iif4/pEK
strain. Strains were grown in minimal M63 medium supplemented with
glycerol for 48 h under low shaking condition (55 rpm). (B) Quantification
of the cells present in the aggregates and in the planktonic fractions for the
different strains; each value represents the mean of five experiments and
bars indicate the standard deviation. *** indicates a significant difference
relative to the WT (P < 0.001, Mann—Whitney test).

imal densities both in presence and absence of PGA (Fig-
ure 1A). In the iif4 mutant, the production of Pels was
strongly reduced at all sampling times both in PGA-induced
and non-induced growth condition, while the growth phase-
dependence of Pel production was retained (Figure 1B).
However, the most striking effect was the strongly reduced
induction by PGA, as the production of Pels was weaker in
the ihfA mutant in presence of PGA than in the WT strain
in absence of inducer (but it kept increasing slowly due to
the low remaining Pel enzymatic activity).

Altogether, these observations suggest that IHF plays a
central role in D. dadantii pathogenicity by activating sev-
eral key virulence factors. We therefore analysed the impact
of ihfA mutation on D. dadantii virulence, using the chicory
leaf assay (Figure 4). As expected, the pathogenic growth
is drastically reduced when the plant is infected with the
mutant strain. Complementation of the i#f4 mutation with
the ihfA gene carried on the pEK plasmid fully restored the
virulence. This result indicates that IHF heterodimer is re-
quired for the development of soft rot disease induced by D.
dadantii in chicory.

The ihfA mutation reorganizes the D. dadantii transcriptome

As seen above, the strong phenotypic effect of the iif4 mu-
tation results from the inactivation of several key virulence
functions. To broaden this observation and assess the role
of IHF in global gene regulation, we analysed the D. dadan-
tii transcriptome by RNA-seq under various growth condi-
tions: in early exponential phase in M63 minimal medium
supplemented with sucrose as carbon source, and at transi-
tion to stationary phase in M63 supplemented with either
sucrose or sucrose + PGA (see Materials and Methods).
The most dramatic effect of IHF on gene regulation was
observed when the transcriptomes were compared in pres-
ence vs absence of PGA, in both iif4 and wild type cells.
Whereas 762 and 752 genes were found respectively up- and
down-regulated by PGA in the wild-type strain, only about
a dozen of genes were altered in the i2f4 background under
the same conditions (Supplementary Table S1). This find-
ing is fully consistent with the impaired cell wall-degrading
enzyme activity in iifA4 strain described above (Figures 1B
and 2) and indicates that the mutant almost completely lost
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Figure 4. Maceration capacity of WT, iifA and ihfA complemented
(ihfA/pEK) strains on chicory leaves. Representative specimen of chicory
leaves infected by the wild-type strain (A), the iif4 mutant (B), the com-
plemented iifA4/pEK strain (C). One hundred chicory leaves were infected
for each strain, using 5 pl of bacterial suspension (108 c¢fu mI~! in 50 mM
KH,PO4 pH 7 buffer). After incubation in a humid chamber for 24 h at
30°C, the weight of macerated tissue was measured. (D) Boxplot from 100
data points. The calculated median value is 2.5 g of macerated tissue for
the WT strain, 0 g for the iif4 mutant and 1.9 g for the complemented
ihfA/pEK strain. Centre lines show the medians; box limits indicate the
25th and 75th percentiles. *** indicates a significant difference relative to
the WT (P < 0.001, Mann—Whitney test).

the ability to metabolise this important energy source in the
medium.

In order to analyse the regulatory effect of IHF, we next
focused on the transcriptomes obtained with sucrose as sole
carbon source (Supplementary Table S2). We found that
809 genes in total were differentially expressed during the
exponential and stationary phases in the WT vs iifA tran-
scriptome comparisons (Figure 5A). This large number ex-
ceeds that of the differentially expressed genes reported in E.
coli using DNA microarray analysis (28), and is consistent
with the notion that IHF acts as a global regulator in D.
dadantii 3937. Among these genes, 432 were differentially
expressed during exponential growth and 682 during sta-
tionary phase, consistent with the major impact of IHF at
this stage of growth (26). Out of the 809 differentially ex-
pressed genes, 365 fell into the category of ‘THF-repressed’
(i.e. up-regulated in iif4 mutant) and 444 fell into the cat-
egory of ‘IHF-activated’ (i.e. down-regulated in ihf4 mu-
tant). These 809 differentially expressed genes reflect both
direct and indirect regulation by IHF.

Functional classes of differentially expressed genes

An analysis of the biological functions significantly en-
riched among differentially expressed genes in the iif4 mu-
tant (Figure 5) suggests a global reorganization of the cen-
tral metabolism, including carbon storage via gluconeoge-
nesis, use of alternative carbohydrate (galacturonate, ara-
binose, mannose) catabolic pathways and reduction in the
biosynthesis of fatty acids and nucleotides. Such observa-
tions are indicative of a profound modification in carbon
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Figure 5. Transcriptional response to iif4 mutation. Venn diagram and functional repartition of genes significantly activated (A) or repressed (B) in the
ihfA vs WT strain. Only genes with an adjusted P-value < 0.05 and fold-change > 2 (either positive or negative) were considered.

flow. A preference towards anaerobic metabolism was ob-
served, with an increase in malonate catabolism, increase in
the pentose phosphate pathway in connection with the ca-
pacity to regenerate the redox potential (NADPH) of cells.
Nitrogen metabolism was also affected with an increased as-
similation of nitrate and nitrite as well as an increase in the
catabolism of amino acids (Glycine and GABA catabolism)
and polyamines. This profile is consistent with the role of
IHF in regulation of RpoN-dependent genes (18,55) and
nitrogen regulation, as also observed in Klebsiella pneumo-
niae (56) and Rhizobium meliloti (57).

In ihfA mutant cells, numerous virulence functions were
down-regulated, including the secretion systems Prt T1SS,
Out T2SS, Hrp T3SS, T6SS as well as their effectors. Genes
encoding plant cell wall-degrading enzymes including pro-
teases PrtABCG secreted by TI1SS, pectinases Pels, cellu-
lase CelSZ, xylanase XynA secreted by T2SS were down-
regulated as well as other type 2 effectors such as the ex-
tracellular necrosis inducing protein NipE and the two pro-
teins AvrL-AvrM favouring disease progression. Genes en-
coding the type 3 effectors (DspE, HrpN, HrpW) which
suppress plant immunity and promote pathogenesis were
down-regulated as well as the genes encoding type 6 ef-
fectors (RhsA, RhsB) which have been identified as an-
tibacterial effectors but may have key functions within
the plant host (58). Furthermore, the ri/4 gene responsi-
ble for biosurfactant biosynthesis promoting plant surface
colonization was down-regulated (6). Biosynthesis of the
two siderophores, which allow bacteria to cope with the
restricted iron bioavailability in the plant (53,59,60) and
which also manipulate plant immunity (54) was distinctly
affected in iifA mutant: achromobactin, which is produced
when iron becomes limiting was down-regulated, whereas
chrysobactin prevailing under severe iron deficiency was up-
regulated. In addition, ibpS and ind4BC genes responsible
for production of an iron scavenging protein (61) and of

the antioxidant pigment indigoidine (62) respectively, were
down-regulated. Regarding motility, the pi/ genes involved
in twitching motility were down-regulated, but the flagel-
lar genes were not significantly affected. Also the genes en-
coding several important regulators of virulence were af-
fected: the repressor gene pecT was up-regulated while the
nucleoid-associated protein gene fis was down-regulated, as
well as the genes of regulators ArpL, mfbR, fliZ and the
small non-coding RNA rsmB (Supplementary Table S2).

Overall, the decrease in anabolic functions concomitant
with an increase in catabolic functions provides a signature
of the ‘survival mode’ behavior of the ihf4 mutant, con-
sistent with modifications of the bacterial envelope (pepti-
doglycan, outer-membrane porins, lipopolysaccharide, ex-
opolysaccharide in particular cellulose), and with an in-
creased stress response and activation of the CRISPR-Cas
defences.

We shall note however, that the number of genes among
these enriched functional groups represented only a half of
the total number of differentially expressed genes. The other
half was more dispersed among various pathways, making
it difficult to allocate them to particular functions.

IHF binding predictions at gene promoters

We next attempted to get an insight into the mechanism un-
derlying the regulatory effect of IHF. The latter is known
to act as a global transcription factor binding at many
gene promoters but, in contrast to the closely related NAP
HU, IHF recognizes a relatively well-defined sequence mo-
tif (WWWTCAANNNNTTR) (63), possibly related to the
extreme bend of about 180° that it introduces in the DNA
(15). We took advantage of this feature to predict the distri-
bution of potential IHF binding sites in the chromosome,
and assess which responsive genes are possibly regulated
through a direct activation or repression of their promoter
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Figure 6. Interaction of IHF with the regulatory regions of various genes. For each band shift assay, 100 ng of FAME-labeled DNA were incubated with
0, 10, 15, 25, 50, 100 nM IHF. pelD competition was performed in presence of 25 nM ITHF with 2X, 5X, 10X unlabeled pe/D DNA. The experiments were

performed three times and a typical result is shown.

by IHF. The results are provided in Supplementary Table
S5 in Supplementary data, with predictions filtered with a
loose threshold (5500 putative binding sites retained, this
list is used in the following paragraphs). Around 36% of
the 809 differentially expressed genes have an upstream IHF
binding signal, with a weak but significant enrichment com-
pared to the proportion obtained with random sets of genes
of identical size (31% in average, P-value = 0.007). Keeping
only 500 sites with strongest scores reduced this proportion
to 8%, but the relative enrichment became stronger (5% for
random genes, P-value = 0.003).

The relevance of these in silico predicted IHF binding
sites was tested on different classes of promoters via band
shift experiments. The purified IHFap was found to bind
the promoter regions of several genes regulated by IHF in
the transcriptomes and containing DNA sequences with
good matches to the IHF motif: pelD (pectate lyase D),
cel5Z (cellulase), acsF (achromobactin siderophore), hrpL
and hrpA (type 3 secretion system), hcpA (type 6 secretion
system) (Figure 6). Therefore, all these genes are most likely
directly regulated by IHF. By contrast, no shifted complex
was observed for the outC gene (type II secretion system)
that exhibits an altered expression in the i/4f4 mutant but
does not contain IHF binding site, consistent with an indi-
rect regulation of outC by IHF. No shifted complexes were
detected with the two negative controls thr4 and proB not
differentially expressed in the iif4 mutant and exhibiting
no predicted binding site. Based on this limited set of pro-
moters, the in silico THF binding site predictions are in good
agreement with the presence of an in vitro IHF-DNA inter-
action detected by band-shift assays (Figure 6), as we ex-
pected from the relatively well-defined sequence motif of

IHF. This observation supports the proportions of directly
vs indirectly regulated promoters computed above. On the
other hand, there is only a limited quantitative correla-
tion between the computed scores and the observed binding
affinities, showing that the predicted interaction strengths
cannot not be reliably compared among promoters bound
by IHF, as also expected from the intrinsic limitations of
sequence motifs which do not take into account the envi-
ronment of the promoter, presence of mechanical deforma-
tions, other proteins, etc.

The computations above suggest that only a limited frac-
tion of the IHF regulon is involved in a direct interaction
with the protein. This behaviour deviates from that of many
specific transcriptional regulators targeting a small number
of promoters, but is expected for a ‘hub’ of the regulatory
network such as IHF, which activates or represses many
genes in an indirect manner.

Additionally, IHF is known to act not only as a ‘digital’
transcription factor, as we have considered so far, but also
as a NAP that binds DNA with loose specificity, and mod-
ulates the transcriptional activity by an ‘analogue’ mech-
anism (64) involving global modifications of the chromo-
some architecture. It is the latter mechanism that we now
investigate in more detail.

Regulatory interplay between IHF and DNA supercoiling

One of the major factors in bacterial chromosome com-
paction and analogue transcriptional regulation is DNA su-
percoiling, which is controlled by a crosstalk between the
topoisomerase enzymes and the NAPs (10). We therefore
addressed the question of possible coupling between the
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Figure 7. DNA supercoiling in the D. dadantii WT strain and its ihfA
derivative. Topoisomers of plasmid pUC]18 were isolated and separated on
agarose gel containing 2.5 wg mI~! chloroquine. At this concentration, the
more negatively supercoiled topoisomers migrate faster in the gel. The ex-
periment was performed three times and a typical result is shown. Growth
phases and novobiocin treatment are indicated (ns, none stressed cells).

regulatory action of IHF and changes of DNA topology.
Such an effect was shown to underpin the IHF regulation
of the ilvP promoter of E. coli (65), but was never investi-
gated at the genomic scale in an enterobacterium.

We monitored the effect of IHF on global DNA topology
by high-resolution agarose gel-electrophoresis of pUCIS8
plasmids isolated at different stages of growth from both
WT and ihfA mutant strains grown with or without
treatment by the gyrase inhibitor novobiocin (Figure 7).
Whereas addition of novobiocin induced a comparable re-
laxation of DNA in both strains (of Ao > 0.006) the iifA
mutant did not exhibit any significant change in DNA
topology compared to the WT strain. This observation is
consistent with the lack of variation in topoisomerase gene
expression in the iifA transcriptome (Supplementary Table
S2) and can be related to previously observed similar con-
trasting effects of fis and /ns mutations in D. dadantii and
E. coli (14,25).

Given that iifA mutation has no noticeable impact on
global topology of plasmid DNA, is it equally irrelevant
with regard to the supercoiling response of chromosomal
genes? To answer this question, we monitored the transcrip-
tional response of the WT and mutant strains to novobiocin
treatment (Supplementary Table S3). The number of genes
significantly activated or repressed in response to novo-
biocin addition was slightly lower in i2f4 mutant (774 in ex-
ponential phase, 809 on transition to stationary phase) than
in the WT strain (914 and 1133 genes, respectively). Strik-
ingly, however, the genes sensitive to gyrase inhibition in the
two strains were mostly different (Figure 8A). Furthermore,
the effect of the ihf4 mutation differed depending on the su-
percoiling level of the DNA, with many genes responding
specifically in the relaxed state of the chromosome (Supple-
mentary Table S4 in Supplementary Data). A set of func-
tional pathways belonging to sugar catabolism (ribose, lac-
tose), amino-acid biosynthesis (leucine, valine, isoleucine,
tryptophan, histidine), malate and ureide catabolism, flag-
ellar assembly and disulfide bond formation was enriched in
this group. Among the plant cell wall-degrading functions,
the galactan catabolism was specifically repressed (Figure
8B).
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Figure 8. Transcriptional response to global DNA relaxation induced by
novobiocin treatment of the D. dadantii WT and ihfA strains. (A) Venn di-
agrams of significantly activated and repressed genes after a novobiocin
shock, either in the WT or iifA strains, in exponential and stationary
phases. Only the significant differentially expressed genes (P-value < 0.05,
Fold-Change > 2 or Fold-Change < 0.5) were considered. (B) Functional
gene groups significantly enriched among the ihf4-regulated genes under
conditions of DNA relaxation. A statistical enrichment analysis was car-
ried to extract biological processes significantly over-represented in the set
of ihfA-regulated genes under conditions of DNA relaxation.

This nontrivial response to DNA relaxation by novo-
biocin indicates that, although the i4f4 mutation appar-
ently does not change the global supercoiling level of DNA,
it has a strong impact on how gyrase affects transcription at
the genomic scale, which, in turn, likely reflects a profound
modification of the /local distribution of DNA supercoiling
along the chromosome. We now analyse this phenomenon
at two successive length-scales.

Orientational organisation of IHF transcriptional regulation
by genomic architecture

Gyrase inhibition is known to affect the gene expression
globally, but with a bias for convergent genes, i.e. genes
located on complementary DNA strands and facing each
other (47). This effect is related to the asymmetric build-
up of positive and negative supercoils during the transcrip-
tion process itself, which underpins an intimate regulatory
coupling between transcription and DNA supercoiling and
affects neighbouring genes differently depending on their
relative orientation (47). Interestingly, whereas DNA relax-
ation by novobiocin in WT cells reduces the transcription
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Figure 9. Local organisation of IHF transcriptional regulation by ge-
nomic architecture. (A) Proportion of activated genes among differentially
expressed (activated+repressed) convergent, tandem and divergent genes
during gyrase inhibition by novobiocin, in the WT strain and its ihf4
derivative. The selective activation of convergent vs divergent genes is com-
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transition to stationary phase. Error bars represent 95% confidence inter-
vals.
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of divergent genes (Figure 9A, left panel), the lack of IHF
heterodimer in the iifA mutant completely reverses this ef-
fect, with divergent genes being more activated than con-
vergent ones (Figure 9A, right panel). This means that IHF
heterodimer plays a crucial role in organising the DNA su-
percoils in the vicinity of transcribed genes, consistent with
the proposed effect of IHF on gyrase binding at 3’-ends of
transcription units (24). The relation between gene orien-
tation and IHF regulation can be also analysed by com-
paring the gene expression of the two strains (Figure 9B).
Whereas the presence of IHF heterodimer already favours
convergent genes in standard growth conditions, the effect
is considerably enhanced in a novobiocin-relaxed chromo-
some, with more than a 2-fold higher proportion compared
to divergent genes. This effect likely results from the com-
bination of two factors: (1) divergent regions are more AT-
rich, and would thus tend to attract IHF heterodimer more
favourably than convergent ones, due to AT-rich IHF bind-
ing site consensus (63), as visible in the distribution of pre-
dicted binding sites (keeping in mind their limitations, as
stated above, Supplementary Figure S1 in Supplementary
Materials); (2) IHF is known to recognise the structural
properties (geometry) of DNA as well as its sequence (66)
and its binding might thus also be modulated differently
by DNA supercoils resulting from adjacent transcription in
these regions. This differential effect of IHF on the conver-
gent and divergent transcription units raised the question
about its possible influence on the directionality of genomic
transcription.

We therefore analysed the preferences of leading and lag-
ging strand transcription in the WT and i#f4 mutant cells.
We found that DNA relaxation by novobiocin addition
has no effect on leading versus lagging strand utilization,
whether in the WT or in the i4f4 mutant cells (Figure 10A),
suggesting that gyrase activity does not impose any pref-
erences for strand utilization. On the other hand, when we
compared the expression of genes between the WT and iifA4
mutant cells, we found that on average, the leading strand
utilization was significantly preferred in the WT cells, con-
sistent with the proposed recruitment of gyrase by IHF at
the ends of transcription units and facilitated relaxation of
positive superhelicity accommodated in front of the translo-
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Figure 10. Effect of IHF on the leading versus lagging strand utilisation.
(A) Proportion of activated genes among the differentially expressed genes
on the leading and lagging strand during gyrase inhibition by novobiocin,
in the WT strain and its i1f4 derivative. Note the selective activation of
lagging strand transcription in the absence of IHF. (B) Comparison of the
transcriptional effect of iif4 mutation to WT on the genes expressed on
the leading and lagging strand in absence and presence of novobiocin. All
proportions are computed at the transition to stationary phase. Error bars
represent 95% confidence intervals.

cating RNA polymerase (24). Interestingly, high levels of
superhelical density characteristic of exponential growth fa-
vor leading strand utilization (67), while the effect of IHF
was enhanced under conditions of DNA relaxation (Fig-
ure 10B) consistent with the notion that IHF preferentially
binds relaxed DNA (68) and the role of IHF in nucleoid
packaging in stationary phase (22). Thus, depending on the
supercoiling regimen, IHF heterodimer determines the ex-
tent of preference of leading and lagging strand utilization
imposing directionality on genomic transcription.

Taken together, these results suggested that i1f4 mutation
may cause a global reorganization of genomic transcription
especially in response to changes of DNA supercoiling and
in particular, affect the organization of CODOs.

Global organisation of IHF transcriptional regulation in
chromosomal regions

In order to describe how IHF regulation is distributed along
the chromosome we enlarged the scanning window of our
analysis (Figure 11). At the megabase scale, the genome of
D. dadantii exhibits a symmetrical organisation into four
large regions (11) of various G/C contents or DNA thermo-
dynamic stabilities (denoted SD1, SD2, LDI1, LD2, outer
wheel of Figure 11A), which are highly conserved among
Dickeya species (13). The predicted binding of IHF (second
outer wheel) follows the same pattern, which likely reflects
the protein’s preference for AT-rich sequences (63), but may
also entail a relation between DNA physical properties and
the binding and regulation by IHF. Such a relation was pre-
viously observed for the two NAPs FIS and H-NS, lead-
ing to the identification of eleven coherent ‘stress-response’
domains (aka CODOs) exhibiting distinct DNA physical
properties and responses to NAPs, growth conditions and
environmental stresses (11,13).

The four inner rings in Figure 11, show the genomic dis-
tributions of up-regulated (red; z-score >2 indicating a sta-
tistically significant enrichment in the considered 500 kb re-
gion) and down-regulated (blue; z-score < -2) genes, either
between WT and iifA4 in various conditions (inter-strain
comparison, A), or between cells with and without novo-
biocin treatment (intra-strain comparison, B). The inter-
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Figure 11. Chromosomal wheels showing the global organisation of IHF transcriptional regulation in D. dadantii genome. (A) Two inner rings: inter-strain
comparison (WT vs iifA) in exponential (innermost ring) and stationary (second ring) growth phases; two middle rings, the same but under conditions
of DNA relaxation by novobiocin. Red and blue colors respectively indicate a significantly enriched density of activated and repressed genes in a 500 kb
window, compared to the genomic average. Outermost ring: distribution of DNA thermodynamic stability of the D. dadantii 3937 genome. Second outer
ring: local enrichment in predicted IHF binding sites. (B) Two inner rings: intra-strain (WT vs Wt+novo) comparisons in exponential (innermost ring) and
stationary (second ring) phase. Two middle rings, the same as inner rings, but for if4 vs ihfA+novo comparison. Densities of novobiocin-induced (red)
or -repressed (blue) genes in wild-type or iif4 mutant cells are indicated as in A. Two outer rings: same as in A. The red dashed line in A indicates the
OriC-Ter axis. The red dashed line in B separates the two, apparently more activated and more repressed halves of the chromosome in response to DNA

relaxation.

strain comparison clearly shows that the regulatory impact
of IHF is organised into extended regions displaying coher-
ently activated or repressed genes largely corresponding to
the previously identified CODOs. Among these, some re-
gions are regulated by IHF independent of the growth phase
and DNA supercoiling (e.g. activation of d9L and d3, as
well as repression of d6R). Some appear regulated by IHF
independent of DNA supercoiling but in a growth phase-
dependent manner (e.g. d8), while some others (¢.g. d2) are
specifically repressed under conditions of DNA relaxation,
independent of the growth phase. Finally, some regions are
specifically activated under conditions of DNA relaxation
but only at a particular stage of growth (d5 in exponential
phase and d7 in stationary phase).

The intra-strain profile of wild type cells was fully consis-
tent with the previously observed pattern (11) and demon-
strated that independent of the growth phase, the relaxation
of DNA regulates the transcriptome in a remarkably polar
way, activating the chromosomal OriC end and repressing
the Ter end (Figure 11B, two innermost rings). Indepen-
dent of the growth phase, both the activation and repres-
sion by DNA relaxation extended much further away from
the Ori/Ter axis in iifA mutant compared to WT, abutting
in the right and left arms at the two AT-rich regions LD1
and LD2 respectively and thus, suggesting that in absence of
THF heterodimer the supercoiling response is strongly cor-
related to the thermodynamic properties of the genomic se-
quence.

The comparative analysis of the inter- and intra-strain
transcript patterns reveals the combinatorial effects of
NAPs and DNA supercoiling (25). Overall, we observed
a conspicuous asymmetry in the IHF-dependent transcrip-
tion pattern of the left and the right chromosomal arms,
which is especially enhanced under conditions of DNA re-

laxation. For example, independent of the growth phase,
the Ter region is split into two, left (d6L) and right (d6R)
halves showing different expression levels (on both sides
of OriC-Ter axis indicated by red dashed line in Figure
11A). Note also the difference between the activities of the
CODO’s d11 and d1 on both sides of the Ori end, again es-
pecially conspicuous under conditions of DNA relaxation.
Thus, on DNA relaxation the IHF-dependent expression
pattern of replichores along the OriC-Ter axis of the chro-
mosome becomes more asymmetric. In contrast, the bidi-
rectional extension of activation and repression of the ge-
nomic transcription from respectively the OriC and Ter
ends induced by DNA relaxation (intra-strain pattern, Fig-
ure 11B), makes the genomic expression pattern more uni-
form in the ihfA mutant compared to WT cells. The genome
appears divided into two, predominantly activated and pre-
dominantly repressed halves, apparently delimited by the
thermodynamically labile LD1 and LD2 regions presum-
ably enriched for putative IHF binding sites (dashed red line
in Figure 11B). These observations point to an implication
of the IHF heterodimer, either directly or indirectly, in the
establishment of boundaries precluding the spatial expan-
sion of the transcriptional response to DNA supercoiling.

DISCUSSION

The aim of this study was to determine the effect of the
nucleoid-associated protein IHF on pathogenic growth and
global gene expression in the model of D. dadantii. Since
IHF is a component of an overarching network comprising
DNA topoisomerases and highly abundant NAPs, serving
both as chromatin shaping factors and global regulators of
genomic transcription (69), the effects on gene expression
reported here are mediated in part by direct impact of IHF



binding at gene promoters, but also by changes in the net-
work components induced by the lack of the functional IHF
heterodimer in the cell. Our previous studies demonstrated
that inactivation of two other representatives of this class
of global regulators, FIS and H-NS, strongly attenuate the
pathogenic potential of D. dadantii (4,14,70). In this work
we show that mutation of iif4 precluding the formation of
IHF heterodimer in the cells dramatically alters the tran-
script profile, retards cellular growth, modulates the tran-
scriptional response to DNA relaxation by novobiocin, im-
pairs the expression of virulence genes and as a result, ab-
rogates the virulence of D. dadantii 3937. Thus, it appears
that all these NAPs acting both as sensors of environmen-
tal conditions and global transcriptional regulators (69) are
directly involved in coordinating the D. dadantii pathogenic-
ity function with environmental conditions. The dramatic
effect of ihfA mutation on pathogenic potential results pri-
marily from the inability of /4f4 mutant to utilize pectin, an
important carbon source provided by the plant host, due to
impaired production and/or secretion of the plant cell wall
degrading enzymes, especially the Pels. This inability is re-
flected in the huge difference in the amount of differentially
expressed genes between the WT and iif4 mutant strains
grown in the presence of PGA, which is degraded by wild-
type cells but not by the mutant (Supplementary Table S1).

Correspondence between phenotypes and relevant genes

The phenotypic traits affected by ihf4 mutation in D.
dadantii are by large similar to those reported in a recent
study of Dickeya zeae strain lacking IHF (34). However,
with the possible caveat that the IHFB homodimer might
alleviate the effect of the lack of IHF heterodimer in iif4
mutant of D. dadantii, there are also interesting differences.
For example, the D. zeae cells lacking IHF demonstrate de-
creased motility and biofilm forming capacity. In D. dadan-
tii the motility is also impaired (Figure 2), but the formation
of adherence structures is increased (Figure 3). This latter
phenotype is consistent with increased expression of genes
involved in production of cellulose and exopolysaccharide
(Supplementary Table S2). Motility and chemotaxis are es-
sential for D. dadantii when searching for favourable sites to
enter into the plant apoplast, as mutants with affected flag-
ella or chemotaxis transduction system are avirulent (71).
Flagellar and chemotaxis genes are significantly affected
in the iifA mutant under conditions of DNA relaxation
(Supplementary Table S4). This includes the fiZ (CODO
7) gene (Supplementary Table S2) encoding the regulator
of flagellar genes involved in decision between the alterna-
tive lifestyles, namely, between flagellum-based motility and
biofilm formation (72) and might explain the altered motil-
ity and formation of adherence structures observed in D.
dadantii ihfA mutant (Figures 2 and 3). The pil genes encod-
ing the type IV pilus are down-regulated, in keeping with the
impaired twitching motility of the i/2f4 mutant (Supplemen-
tary Table S2 and Figure 2). The importance of type IV pilus
responsible for twitching motility in Dickeya pathogenicity
has not been studied yet. However, type IV piliation was
shown to contribute to virulence in other plant pathogens,
mainly in vascular pathogens, such as Ralstonia and Xylella,
where they were proposed to contribute to bacterial colo-
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nization and spread in the xylem through cell attachment
and twitching motility (73).

In general, the observed phenotypic changes are closely
reflected in the D. dadantii transcriptome. The global de-
crease in pectinase, cellulase and protease production in
the ihfA mutant (Figure 2) is consistent with the impaired
expression of both their cognate secretion systems (T1SS
PrtEFD for proteases and T2SS OutCDEFGHIJKLMNO
for pectinases and cellulase) and their coding genes (pelA,
pelC, pelZ, pell, pelN, celZ, prtA, prtB, prtC, prtG) (Sup-
plementary Table S2). It is noteworthy that expression of
several pel genes (pelB, pelD, pelE, pelW, pelX ) is not signif-
icantly affected in non-inducing conditions (Supplementary
Table S2) but expression of these genes is strongly decreased
in the presence of inducer PGA (Supplementary Table S1).
The pel genes are regulated by a large number of global and
dedicated transcription factors including H-NS, FIS, CRP,
PecT, PecS, KdgR, MfbR and by the RsmA/RsmB post-
transcriptional regulatory system (2). This requirement of
complex regulation likely reflects the adaptation of the bac-
terial lifestyle to adverse conditions of growth in various
hosts, demanding a fast and reliable production of virulence
factors. Expression of several regulatory genes including fis,
pecT, mfbR, as well as the rsmB gene encoding regulatory
sRNA, is controlled by IHF (Supplementary Table S2). The
dedicated transcriptional repressor PecT (CODO 7) is re-
pressed by THF, and its overproduction might contribute
to the plant cell wall-degrading enzyme defective pheno-
type of iifA mutant. Indeed, a similar phenotype linked
to PecT de-repression was observed in /sns mutant (74).
The decreased expression of fis and mfbR in the ihfA back-
ground (Supplementary Table S2) might also affect the nu-
cleoprotein complex formed at the pe/ promoters so that it
is incapable to sustain pel expression (75). Indeed, MfbR is
known to activate genes encoding plant cell wall-degrading
enzymes in response to alkalinisation of the apoplast during
the advanced stage of infection (76). Similarly, the down-
regulation of rsmB gene observed in iifA mutant can also
explain the decreased plant cell wall-degrading enzyme pro-
duction (Supplementary Table S2). Indeed, RsmB is a small
RNA involved in the post-transcriptional control of the
RNA-binding protein RsmA, which turns down the pro-
duction of pectate lyases by binding directly to the pe/ mR-
NAs (77). RsmB carries multiple RsmA binding sites and,
therefore, titrates RsmA away from its mRINA targets (78).

The global decrease in siderophore production observed
in the iifA mutant (Figure 2) is correlated with the down-
regulation of the achromobactin biosynthesis operon (acsF-
acr-acsDE-yhcA-acsCBA) as well as the cbrABCD operon
encoding the ABC permease for ferric achromobactin (Sup-
plementary Table S2). At the same time, the fct-cbsCEBAP
and cbsH-ybdZ-cbsF operons responsible for biosynthesis
of the second siderophore, chrysobactin, are up-regulated
in the ihfA mutant (Supplementary Table S2). These re-
sults suggest that achromobactin is probably better detected
than chrysobactin under the growth conditions on CAS
agar plate (Figure 2). Different transcriptional signatures
for these two siderophores were already observed in re-
sponse to various stress conditions (3). This may explain
the rationale of producing two siderophores that may be re-
quired at different stages of infection.
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Other genes related to virulence are affected in the ihfA4
mutant and contribute to its reduced pathogenic potential.
Notably, expression of the Arp genes encoding type 111 se-
cretion system and its effectors DspE, HrpN and HrpW,
which suppress plant immunity and promote pathogene-
sis, are down-regulated (Supplementary Table S2). In agree-
ment with these findings, it was shown that IHF is re-
quired for RpoN-dependent expression of ArpL gene en-
coding HrpL, the sigma factor coordinating the expres-
sion of the /rp genes in Pseudomonas syringae and Erwinia
amylovora (33,79).

IHF switches the orientation preferences of transcribed genes

We observed that lack of IHF heterodimer in cells alters the
preference for spatial orientation of the transcribed genes,
especially under conditions of DNA relaxation. While this
local effect of IHF requires further investigation, we note
that it constitutes a novel and original mechanism in DNA
supercoiling-dependent regulation of transcription. Analy-
ses of previously published microarray data (11) show that
H-NS does not favour any orientation, whereas FIS only
slightly favours convergent genes in a relaxed chromosome
(Supplementary Figure S2 in Supplementary Materials).
This moderate effect of FIS compared to IHF might be re-
lated to the difference in the extent of bending (~45° for
FIS and ~180° for IHF) induced on binding the DNA.
However, FIS constrains right-handed toroidal coils acti-
vating promoters that require high negative superhelicity
(80) whereas binding of IHF constrains little, if any nega-
tive superhelicity (15,81) suggesting that IHF preferentially
binds relaxed or slightly positively supercoiled DNA loops.
This latter preference is consistent with two other obser-
vations. First, it was shown that IHF preferentially binds
at the 3’ ends of transcription units (24) which accumulate
positive superhelicity due to transcription-coupled super-
coil diffusion (47,82). Second, while IHF, alike the struc-
turally related NAP HU, untwists the DNA by proline in-
tercalation, the net untwisting is significantly less for IHF
consistent with a planar DNA bend (81,83). Furthermore,
since divergent transcription is expected to increase negative
superhelicity in between the genes, whereas the opposite is
true for convergently organised transcription units (47,82),
the former might be especially sensitive to DNA relaxation
thus favouring IHF binding under this regimen. Since IHF
binds DNA using both direct and indirect readout (66) sta-
bilising various 3D structures (22), modulation of its bind-
ing by changing supercoil dynamics resulting from adjacent
transcription units may lead to profound changes in the or-
ganisation of nucleoprotein complexes and depending on
torsional stress, distinctly favour writhe deformations at the
expense of twist. These latter can in turn favour or inhibit
the formation of twist-induced DNA denaturation bubbles
facilitating transcription initiation, as well as other compet-
ing structural transitions (65) and thereby affect convergent
and divergent transcription units in different manner. The
observed modification of leading/lagging strand utilisation
further suggests that this interplay between IHF and DNA
supercoils may not be limited to those generated by and af-
fecting transcription, but also related to the replication ma-
chinery.

Lack of IHF impairs the response of CODOs

Our transcriptome analyses suggest a massive reorganiza-
tion of the genomic expression patterns induced by iifA4
mutation in D. dadantii cells, especially under conditions
of DNA relaxation induced by novobiocin addition. DNA
relaxation in iifA mutant background makes the genomic
expression pattern extending in both directions from OriC
and Ter more uniform compared to the wild-type (Figure
11B), highlighting an asymmetry in relative activities of the
chromosomal Ori and Ter ends. On the other hand, the
comparison of the wild-type and iif4 mutant cells shows a
conspicuous difference between the right and left chromo-
somal arms which again, is augmented under conditions of
DNA relaxation. This differential regulatory effect on chro-
mosomal arms is reminiscent of the observed spatial orga-
nization of transcriptional regulatory networks along the
replichores in E. coli (84,85). Thus, the regulatory impacts
of THF and DNA supercoiling appear organized along the
orthogonal axes (respectively along the OriC — Ter axis, and
the lateral axis) of the chromosome.

Our previous finding that the D. dadantii major virulence
and adaptation genes demonstrate a pattern of expression
that is by and large, congruent with that of the CODOs
harbouring them (12), suggested that the distinct expres-
sion of CODOs under various growth conditions provides
a bona fide mechanism underlying the coordinated genetic
response of the cells to environmental stress (11). This re-
sponse appears impaired in iif4 mutant cells. For example,
the CODO d7 encodes the motility and chemotaxis func-
tions required for the colonization of the apoplast. These
functions are repressed by novobiocin treatment indepen-
dent of the growth phase in the absence, but not in the pres-
ence, of the IHF heterodimer (Figure 11B, compare the two
inner rings with the two following ones). The CODO d6L,
harbouring several virulence traits including type I and 111
secretion systems and plant wall-degrading enzymes (pro-
teases and xylanase) is up-regulated in wild-type cells com-
pared to the iif A mutant (i.e. activated by IHF) in condition
of DNA relaxation, albeit to different extent depending on
the growth phase (Figure 11A, third and fourth rings from
inside). Correspondingly, it is also repressed by DNA relax-
ation in iifA mutant but not in the WT cells (Figure 11B,
compare the second and fourth rings from inside), in sta-
tionary phase, consistent with the impairing of the associ-
ated functions in the mutant strain (Figure 2). It is note-
worthy that, in the iif4 mutant, we observed alterations of
the secretion systems underpinning the bacterial pathogenic
growth, as well as the genes involved in flagellar assem-
bly and genes of numerous membrane-anchored proteins.
During the process of transcription and co-translational
export, the loops of chromosomal DNA encoding the in-
ner membrane and/or secreted proteins become transiently
anchored to the plasma membrane, providing expansion
forces that affect the nucleoid structure (86). We surmise
that down-regulation of the corresponding genes in iifA
mutant may be concomitant to a profound modification of
the nucleoid configuration, which might underpin the spa-
tial organisation of expression along CODOs.

Taken together, the transcriptome analysis not only al-
lowed us to identify gross genome-wide differences between



the responses of the wild-type and iifA4 cells consistent with
the observed general effect on virulence functions, but also
to distinguish global and local effects related to the mech-
anism of action of the IHF heterodimer. We propose that
IHF acts as a multi-scale architectural protein with a mul-
tifaceted regulatory effect. First, at the kilobase scale of
topological domains, it relays the effect of DNA supercoil-
ing in a strongly gene orientation-dependent manner. Sec-
ond, at the megabase-scale of macrodomains, it acts as a
‘transcriptional domainin’ protein defining the boundaries
of the transcriptional supercoiling response and preventing
its expansion across the CODOs and thus preventing aber-
rant expression of different virulence genes. Third, THF het-
erodimer globally affects the preference for leading versus
lagging strand utilization and thus determines the default
setting for the directionality of transcription in the genome.
We propose that in ihif4 mutant this systemic effect of the
IHF heterodimer on local and global transcription required
for faithful operation of the virulence program is lost, lead-
ing to abrogation of bacterial pathogenicity.Altogether, this
study shows that the integrated regulatory impacts of the
NAPs and DNA supercoiling play a pivotal role in bacterial
gene expression, and their exploration constitutes a promis-
ing avenue for future research.
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