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Abstract The small basic histone-like protein H-NS is
known for bacteria to attenuate virulence of several
animal pathogens. An hns homologue from E. amylo-
vora was identified by complementing an E. coli hns-
mutant strain with a cosmid library from E. amylovora.
A 1.6 kb EcoRI-fragment complemented the mucoid
phenotype and repressed the ß-glucosidase activity of
E. coli PD32. The open reading frame encoding an
H-NS-like protein of 134 amino acid was later shown to
be located on plasmid pEA29 (McGhee and Jones 2000).
A chromosomal hns gene was amplified with PCR con-
sensus primers and localized near galU of E. amylovora.
E. amylovora mutants were created by insertion of a
resistance cassette, and the intact gene was inserted into
a high copy number plasmid for constitutive expression.
Purified chromosomal H-NS protein preferentially
bound to a DNA fragment from the lsc region and
bending was predicted for an adjacent fragment with
the rlsB-promoter. Levan production was significantly
increased by hns mutations. Synthesis of the capsular
exopolysaccharide amylovoran and of levan were
reduced, when hns from the E. amylovora plasmid was
overexpressed. A mutation in chromosomal hns of
E. amylovora increased amylovoran synthesis, and both
mutations retarded symptom formation on immature
pears.
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Introduction

Erwinia amylovora belongs to the Enterobacteriaceae
and is the causative agent of the economically important
disease fire blight, which affects pome trees and other
rosaceous plants. Primary infections of E. amylovora
occur during the blooming season via the nectaries of the
blossoms or via wounding of the plant (Vanneste 2000).
After entering the plant tissue E. amylovora moves away
from the infection site through the parenchyma into the
xylem, where it is able to move to the other parts of the
infected plant (Bogs et al. 1998). In a systemic infection
the fire blight pathogen is subjected to changes of
osmolarity, pH and the availability of nutrients for
efficient colonization of the plant tissue, and for
adjusting its life cycle in the stationary phase.

Two pathogenicity factors have been shown to be
strictly required for E. amylovora to establish a host plant
infection, the ability to produce the capsular exopoly-
saccharide (EPS) amylovoran (Bugert and Geider 1995),
and to cause a hypersensitive response (HR) in non-host
plants (Kim and Beer 2000). The synthesis of the viru-
lence factors such as the effector protein harpin and the
synthesis of amylovoran are known to be tightly regu-
lated by environmental conditions. Expression of the hrp
cluster depends on pH, temperature, and nutrient avail-
ability (Wei et al. 1992). TheHrpL protein as a sigma-like
factor affects many other genes in this type III secretion
system, which seems to be designed for translocation of
the DspA/E protein into the plant cells with the aid of
harpin, encoded by the hrpN gene (Kim and Beer 2000).
Amylovoran production has been shown to continue into
the early stationary growth phase (Bellemann et al. 1994).
Nevertheless, amylovoran synthesis in E. amylovora can
change with the pH and temperature, or carbon sources,
and the salt concentration of the environment.

For bacterial adaptation, gene expression is regulated
by ‘specific’ as well as ‘global’ strategies. Osmotic
stress can be relieved by glycine betaine uptake (Csonka
and Hanson 1991). The global regulation of bacterial
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transcription is a general response to the environmental
changes depending on alternate sigma factors, histone-like
proteins, and other transcriptional regulators. The major
histone-like proteins (HU, IHF, FIS, and H-NS) have
been extensively investigated for control of gene expres-
sion (Dorman and Deighan 2003; Dorman 2004) or
DNA replication and recombination (Bahloul et al. 2001).
Their role in the structural organization of the bacterial
nucleoid is not fully understood. Some of them introduce
supercoils (Tupper et al. 1994; Dame and Goosen 2002),
but they are not essential for the supercoiled loop struc-
ture of the E. coli chromosome (Brunetti et al. 2001).

H-NS, originally found as a heat stable transcription
factor (Jaquet et al. 1971), is one of the major compo-
nents of the bacterial nucleoid (Varshavsky et al. 1977;
Ali Azam et al. 1999) and was therefore named nucleoid-
structuring protein. The small acidic protein is known as
‘global’, in general negative regulator of gene expression,
and 5% of E. coli genes responded to the protein
(Hommais et al. 2001). H-NS also functions as a tran-
scriptional repressor for protection against waste of
energy during non-permissive conditions (Atlung and
Ingmer 1997). Two mechanisms of transcriptional reg-
ulation by H-NS have been proposed: H-NS might have
an indirect effect on the expression of promoters by
altering the status of DNA-supercoiling (Higgins et al.
1990; Mojica and Higgins 1997) or it can directly inhibit
transcription by preferential binding to promoter re-
gions as shown by footprinting experiments (Lucht et al.
1994; Afflerbach et al. 1999) and competitive gel retar-
dation studies (Owen-Hughes et al. 1992; Westermark
et al. 2000). Thereby, the RNA-polymerase might be
trapped in a loop with at least two patches of H-NS
proteins bound to intrinsically curved DNA in the
promoter region of the repressed gene (Dame et al. 2002;
Dorman and Deighan 2003). Accordingly, H-NS is
mainly a multifunctional gene regulator overwhelmingly
negative, but H-NS can also activate genes by repressing
a repressor (Dorman 2004). Many enteric bacteria have
a second or third H-NS-family protein, such as StpA in
E. coli or StpA, and Sfh in Shigella flexneri (Beloin et al.
2003). H-NS-like proteins can regulate each other’s
production and form heterodimers, but H-NS usually
plays the dominant role. Mutations of the hns gene and
also of related genes of the same cell may be lethal.
Additional hns genes can often be located on plasmids
(Beloin et al. 2003). Due to the pivotal role of H-NS in
controlling the expression of environmentally regulated
factors in Gram-negative bacteria, we wanted to inves-
tigate its function for virulence of the fire blight patho-
gen E. amylovora.

Materials and methods

Bacterial strains, plasmids and growth media

The bacterial strains and plasmids used are described in
Table 1. Bacteria were generally grown in Standard I

medium (StI; Merck AG, Darmstadt, Germany), in
Luria-Bertani (LB) broth or on the corresponding
agar plates at 28�C for E. amylovora and at 37�C for
E. coli strains. MM2 minimal medium was described
before (Bellemann et al. 1994). When appropriate,
antibiotics were added at the following concentrations:
ampicillin (Ap, 100 lg ml�1), chloramphenicol (Cm,
20 lg ml�1), kanamycin (Km, 20 lg ml�1), tetracycline
(Tc, 25 lg ml�1).

DNA manipulations and analysis, PCR and primers

The hnspl (subscript for origin of hns from plasmid
pEA29) gene was amplified using PCR with the primers
3524 and 3535 (Table 2), digested with BamHI and SalI,
and cloned into the expression vector pQE9 allowing
IPTG-induction of a 6 · His-tagged fusion protein. The
hnsch gene (subscript for chromosomal origin) was
amplified by PCR with the primers 4612 and 4613, di-
gested with BamHI and PstI and cloned into expression
vector pQE30. The plasmids were transformed into the
E. coli strain M15 (pREP4) by electroporation. Plasmids
were prepared with the Nucleobond AX-100 kit
(Macherey-Nagel, Germany). Agarose gel electropho-
resis, cloning, transformation, conjugation, and restric-
tion endonuclease mapping were performed as described
(Sambrook and Rusell 2001). DNA sequencing was
done commercially (SeqLab, Göttingen). Alignments
were created with the programs Clone Manager v. 5 and
Align Plus v. 4 for Windows (Scientific and Educational
Software). PCR assays were done according to Bereswill
et al. (1992) with primers listed in Table 2. The DNA
sequences of the chromosomal hns gene hnsch and of hns
from pEA29 were deposited in the EMBL Nucleotide
Data library under the accession numbers AM039928
and AM110749, respectively.

Site directed mutagenesis of hnspl

The cosmid library pCLP was screened for a cosmid
restoring the E. coli hns-mutant PD32 to a non-mucoid
colony morphology. From a positive cosmid, a 1.6 kb
EcoRI fragment was cloned into pWSK130 with resto-
ration of the same phenotype. A DNA fragment of
pWSK130-hnspl with part of hnspl gene was cloned into
suicide vector pfdA8 (Kmr), whose replication requires
gene 2 of bateriophage fd. The created suicide plasmid
pfdA8-hnspl was introduced into E. amylovora strain
Ea1/79 by electroporation. Gene disruption mutants
were selected on StI agar plates with Km (20 lg ml�1)
and transferred several times on agar plates to ensure the
stability of the hnspl mutation.

Stable mutagenesis of hnsch

The entire hnsch gene was amplified by PCR with
primers 4611 and 4613, with EaX1/79 DNA as template,
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and 0.5 U pfu DNA-polymerase at an annealing tem-
perature of 55�C for 35 cycles. The 5¢ ends of the PCR
product were phosphorylated (Sambrook and Rusell
2001) and cloned into the HincII site of pfdA8. After
propagation of the resulting plasmid pfdA8-hnsch in the

E. coli strain JM83-2 (with expression of fd gene 2) the
plasmid was reisolated, linearized with HincII (cleaving
the hnsch gene behind nucleotide 289) and ligated to the
Cmr cassette derived from pfdA4 by restriction with
HaeII and treated with the Klenow DNA polymerase

Table 1 Bacterial strains and plasmids used in this study

Strain/plasmid Properties Reference or source

Bacteria
E. amylovora
Ea1/79 Wild type, Germany, 1979 Falkenstein et al.(1988)
Ea1/79-hnsCm1 hnsch-Cm from pfdA8-hnsch-Cm, Cmr, Kms This work
Ea1/79-HS hnspl-fdA8, Kmr This work
EaX1/79 Ea1/79 without plasmid pEA29 Falkenstein et al. (1989)
E. coli
JM83-2 JM83 with fd gene 2 Geider et al. (1995)
M15 (pREP4) Strr, DlacZ, lacIq on plasmid pREP4 (Kmr) QIAGEN
PD32 MC4100, hns-206::Apr Dersch et al. (1993)

Plasmids
pBGS18 pUC18 (ori colE1) with Kmr Spratt et al. (1986)
pBGS18-10.8 pBGS18 with 10.8 kb SalI-fragment of pEA29 containing hnspl

gene and ori of replication
Falkenstein et al. (1988)

pBR322-4.4 4.4 kb PstI-fragment of pfdA3-4.4 in pBR322 (PstI insertion), Aps, Tcr This work
pCLP Genomic library constructed by packaging a partial Sau3A digest

of chromosomal DNA of E. amylovora into pLA2917
Barny et al. (1990)

pfdA3-4.4 4.4 kb PstI-fragment of pEA29 with ori of replication in pfdA3, Kmr, Aps Falkenstein et al. (1989)
pfdA4 fd ori, replication requires fd gene 2, Cmr, 3.2 kb Geider et al. (1985)
pfdA8 fd ori, replication requires fd gene 2, Kmr, 1.7 kb Geider et al. (1985)
pfdA8-hnsch pfdA8 with a 0.4 kb PCR fragment (primers 4611 and 4613)

inserted into the HincII site, Kmr
This work

pfdA8-hnsch-Cm Insertion of blunted HaeII fragment (1.6 kb) with Cmr

from pfdA4 into HincII site of pfdA8-hnsch, Kmr, Cmr
This work

pfdA8-hnspl pfdA8 with a PCR fragment from pEA29 This work
PGEM-T pGEM5Źf, thymidylated EcoRV site, Apr, 3 kb Promega
pGT-rlsB-lsc pGEM-T with a 0.72 kb PCR fragment (primers pcr18mu2 and lsc-f2)

containing promoters and parts of rlsB and lsc genes of Ea1/79, Apr
This work

pQE30 6 · his-tag expression vector, Apr, 3 kb Qiagen
pQE30-hnsch 0.4 kb PCR fragment (primers 4612 and 4613) with hnsch gene of Ea1/79,

inserted with BamHI and PstI into pQE30
This work

pQE9 His tag expression vector, Apr, 3 kb Qiagen
pQE9-hnspl 0.4 kb PCR fragment (primers 3524 and 3535) with hnspl gene of Ea1/79,

inserted with BamHI and SalI into pQE9
This work

pREP4 lacIq, Kmr, mini 15 ori Qiagen
pWSK130 Low copy vector with multi cloning site, Kmr Wang and Kushner (1991)
pWSK130-hnspl pWKS130 with 1.6 kb EcoRI fragment containing hnspl

with its own promoter against Plac, Kmr
This work

Table 2 Primers used in this study

Primer Nucleotide-sequence Position-new cleavage site (reference)

hnspl
3524 GCGGGATCCATGAGCGAAACGCTGAAAGT 1-BamHI
3535c GCGGTCGACGGCCAGCTGCCATTTACTTGA 418-SalI

galU-hnsch (hnsch)
4605 GAGCCATGACTGCGGTA 1
4607c GCCCAGGCAAGAGAATG 3006
4611c ATGAGCGAAGCACTTA 3051
4612c GCCGGATCCAGCGAAGCACTTAAAA 3048-BamHI
4613 GGCCGCTGCAGGTTAAATTACAGCAGAAAGTC 2638-PstI

lsc
pcr18mu2 ATTGGAGGGGAGGATA (Z. Du and K. Geider, unpublished)
lsc-f2 GTCTCGCAATGGCATGGT (Z. Du and K. Geider, unpublished)
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fragment. The created suicide plasmid pfdA8-hnsch-Cm
was introduced into E. amylovora strain Ea1/79 by
electroporation. Mutants derived from the homologous
recombination were selected on StI agar plates with Cm,
transferred to StI agar with Km to screen for Cmr and
Kms bacteria. Double cross-over in the hnsch gene was
confirmed by PCR analysis.

Virulence and swarming assays

Virulence of E. amylovora strains was determined on
slices of immature pear fruits (cv. Conference), incu-
bated in small plastic boxes at 28�C for 10 days.

Cells from a bacterial colony were transferred with a
sterile toothpick on freshly prepared swarm-agar (10 g
Bacto-tryptone, 5 g NaCl, 3 g Bacto-agar per l). During
4 days of incubation at 28�C swarming of the colonies
was determined.

Levansucrase assays

Bacteria were cultured over night in LB-broth, and
bacterial cells were removed by centrifugation. 500 ll
supernatant was mixed with 500 ll LS-buffer (100 mM
potassium phosphate buffer, pH 7.0; 2 M sucrose;
0.05% sodium azide) and incubated at 37�C for 3 h.
Turbidity was measured at 600 nm and normalized for a
cell density of 1.

Determination of amylovoran

Bacteria, which were grown overnight in StI-broth with
antibiotics, were cultured in MM2 medium and pelleted
at the logarithmic growth phase (OD600<1) by centri-
fugation (10,000 g for 5 min). 1 ml supernatant was
mixed with 50 ll 5% CPC (cetyl pyridinium chloride)
and OD600 was determined after 10 min of incubation at
room temperature (Bellemann et al. 1994). To measure
the pH affect on amylovoran synthesis, cells were grown
in MM2 media with different pH values adjusted by the
ratio of KH2PO4 and K2HPO4.

Protein overexpression and purification

For protein overexpression of hns from E. coli cell cul-
tures 1 l of LB-broth containing Ap was inoculated 1:40
with an overnight culture of M15 (pREP4, pQE9-hnspl)
or M15 (pREP4, pQE30-hnsch), respectively, grown at
37�C to an OD600 of 0.5, induced with 1 mM IPTG and
further cultured at 28�C for 4 h. Cells were harvested by
centrifugation at 4,000 g for 20 min. For protein puri-
fication under native conditions, the bacteria were
resuspended in 4 ml lysis buffer (50 mM NaH2PO4, pH
8.0; 500 mM NaCl; 5 mM imidazole; 10 mM ß-mer-
captoethanol) per gram bacterial cell pellet, the cells

were lysed with hen egg lysozyme (1 mg/ml, 30 min on
ice) and sonicated (6·10 s, 30 W). The cell debris was
pelleted by centrifugation (10,000 g for 20 min). The
soluble proteins were mixed with 1 ml of nickel nitrilo
triacetic acid slurry (Qiagen), shaken at 4�C for 60 min,
and loaded on a column. The column was washed with
eight column volumes of washing buffer (50 mM
NaH2PO4, pH 8.0; 500 mM NaCl; 20 mM imidazole),
and the recombinant protein was eluted four times with
0.5 ml elution buffer (50 mM NaH2PO4; 300 mM NaCl;
250 mM imidazole, final pH 8.0). The purity of protein
was determined by SDS-PAGE on a 15% polyacryl-
amide gel) (Sambrook and Rusell 2001) and the protein
concentration was measured according to the method of
Lowry. The eluted protein was stored in 20% glycerol at
�80�C.

Electrophoretic mobility shift assays (EMSA)

Plasmid DNA was digested with restriction enzymes and
0.7 lg of the DNA was mixed with purified H-NS pro-
tein (0–3 lM) in binding buffer (50 mM Tris-HCl
pH 7.5, 100 mM NaCl, 10 mM DTT, 0.1 mM EDTA,
0.5 mg/ml BSA) in 20 ll. After 20 min of incubation at
room temperature, DNA loading buffer (Sambrook and
Rusell 2001) was added and the mixture was applied to a
1.4% MetaPhor (FMC-BioProducts)-agarose gel.

Results

Two hns-like genes in E. amylovora

Our first hns-gene from E. amylovora was originally
identified by complementing the E. coli hns-mutant
PD32 with a cosmid library from E. amylovora (Aldridge
1996). The E. coli strain shows increased GUS activity
and mucoidy due to the hns mutation. The suppression
of the hns phenotype was visually determined by con-
version of the mucoid phenotype at 37�C to non-mucoid
transconjugants. After cosmid isolation and subcloning,
a 1.6 kb fragment was found to complement the mucoid
phenotype, and to repress the ß-glucosidase activity of
PD32 (Dersch et al. 1993). A single open reading frame
was identified by sequence analysis encoding a protein of
134 amino acids. Sequencing of pEA29 showed this hns-
like gene to be located on the E. amylovora-specific
plasmid (McGhee and Jones 2000) and was therefore
named here hnspl.

Due to the importance of hns in E. coli and other
Gram-negative bacteria we assumed the existence of
another homologous gene located on the chromosome
of E. amylovora. In E. coli and other enterobacteria hns
is located adjacent to galU in opposite direction. To
detect a second hns-like gene by PCR, primers were
designed to bind to the end of galU of E. amylovora
(primer 4605) and to the beginning of hns sequences
from E. chrysanthemi, E. coli, and S. typhimurium, which
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are identical in this region (primer 4607c). PCR with
these primers at a high annealing temperature (55�C)
resulted in one specific amplification product of 3 kb
instead of the expected 0.6 kb fragment.

Sequencing of the cloned PCR-product revealed the
presence of four genes: galU followed by ORF446 and
ORF335 in the same orientation and hns in opposite
direction (Fig. 1). ORF446 was experimentally shown to
encode an UDP-glucose dehydrogenase (unpublished),
and was therefore called ugd. Database searches for
functional protein domains and for sequence homolo-
gies indicated that ORF335 encodes an UDP-sugar
epimerase (WbnF), which might be responsible for the
conversion of UDP-glucuronic acid and UDP-galact-
uronic acid. The orientation and the proximity of galU,
ugd, and ORF335 as well as similar functions of the
deduced proteins indicate that these genes might con-
stitute an operon containing important genes for EPS
and LPS synthesis in E. amylovora.

Sequence analysis of the hns-like genes and the deduced
proteins of E. amylovora

Sequence comparison of the two hns-like genes of
E. amylovora showed significant homologies to each
other (63%), but hnsch is closer related to hns genes of
other enterobacteria than to hns on plasmid pEA29. A
dendrogram from the amino acid sequences of H-NS
proteins is summarizing the phylogenetic distances
(Fig. 2). In particular, the amino acid sequence of H-NSch
has high similarity to H-NS proteins of Salmonella

typhimurium, E. chrysanthemi, Shigella flexneri, and
E. coli (in the range of 85%) and less to the H-NS
homologous protein StpA of E. coli, to StpA and Sfh of
S. flexneri or the plasmid encoded H-NSpl of E. amylo-
vora (in the range of 60%). The latter has approx. 65%
similarity to H-NS of S. typhimurium, E. chrysanthemi,
S. flexneri, and E. coli and only 55% to StpA of E. coli
and StpA, and Sfh of S. flexneri. H-NSch of E. amylo-
vora is most related to H-NS of the other bacteria,
whereas among the H-NS-like proteins only StpA of
S. flexneri and StpA of E. coli are highly related. The
N-terminal dimerization and the C-terminal DNA-
binding domains are more conserved than the linker
region, which is dispensable for the protein function
(Dorman 2004). The obvious divergence between the
sequences of the two hns-like genes of E. amylovora
indicates a different origin, the plasmid-encoded hns
could have been acquired by horizontal gene transfer
from an unknown ancestor.

Mutagenesis of the two hns-genes

Both hns-like genes were mutated by gene disruption to
investigate the possible functions of the proteins in
E. amylovora. For stable mutagenesis of the chromo-
somal hns-gene, the gene was cloned into the suicide
vector pfdA8 (Kmr), subsequently a Cm-cassette was
inserted into the HincII-site in the last third of hnsch to
disrupt the gene and enable screening for marker
exchange. The E. amylovora wild type strain Ea1/79 was
transformed with pfdA8-hnsch-Cm and the hnsch-gene

P29B hnspl

E E EEE EP PPP B

ori
P29A 1 kb

a

hnsch

E P

galU’ ORF446 (ugd) ORF335(wbnF)

4605 4607

1 kb

b
P

4611

SS

S SS

Fig. 1 Restriction maps of the regions with hns genes. a The
10.8 kb SalI fragment (10,472 nucleotides, sequence from McGhee
and Jones 2000; EMBL Nucleotide Sequence Database accession
number AF264948) on plasmid pEA29 of E. amylovora strain
Ea88. The PstI-fragment in bold line was inserted into plasmid
pBR322 (pBR322-4.4), the whole SalI-fragment in pBGS18-10.8. b
A 3.0 kb fragment on the chromosome. B BamHI; E EcoRI; P
PstI; S SalI. P29B, P29A are PCR primers for detection of E.
amylovora. Cloning primers were 4605, 4607, 4611

0. 1

StpA-E. coli

StpA-S. flexneri

Sfh-S. flexneri

Ea-plasmid

S. typhimurium

Ea-chromosomal

E. chrysanthemi

S. marcescens

E. coli

S. flexneri

Fig. 2 Dendrogram for hns-like genes from various bacteria.
Except the hns genes of E. amylovora, the DNA sequences have
been taken from the EMBL Nucleotide Sequence Database. The
tree topology inferred with ClustalX for Windows v. 1.81 and
Treecon for Windows 1.3b using the Neighbour Joining method
with a bootstrap value of 500. Due to several ambiguities in the
part of AF264948 encoding H-NSpl (Q9F818), we have also
submitted our sequence to EBI. Accession numbers in UniProtKB
for H-NS proteins: E. amylovora-chromosome: Q4GY27, S.
typhimurium: P0A1S2, E.coli: P08936, S. flexneri H-NS: P09120,
StpA: P0ACG3, Sfh: AAN38840; S. marcescens: P18955, E.
chrysanthemi O53007, E. amylovora-plasmid: AM110749 (DNA),
E. coli StpA: P30017. Bar 0.1 substitutions/site
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was disrupted by homologous recombination. Stable
hnsch-mutants from a double cross over were Cm-resis-
tant, and Km-sensitive and PCR with primers 4611 and
4613 confirmed hnsch-Cm. The plasmid encoded hns-
gene was disrupted by homologous recombination with
a suicide plasmid carrying an internal part of hnspl
leading to the formation of a cointegrate. Since cointe-
grates are relatively unstable, loss of function-studies
were also done with pEA29-free strains such as EaX1/
79.

It was not possible to mutate both hns-genes in the
same E. amylovora strain neither by disrupting hnsch in
EaX1/79 as performed with the wild type nor by curing
the hnsch-mutant Ea1/79-hnsCm1 from plasmid pEA29.
In plasmids pBGS18-10.8 and pBR322-4.4, the replica-
tion origin of plasmid pEA29 had been cloned with and
without the adjacent hns gene, respectively. Transfor-
mants of Ea1/79-hnsCm1 were only obtained with
pBGS18-10.8, because this plasmid contains the hns gene
from pEA29. Competition of the newly introduced
replication origin resulted in loss of pEA29. However,
plasmid pBGS18-10.8 could not be removed, when the
non-compatible plasmid pBR322-mob was conjugated
into the cells. After selection for Ap-resistance the cells
were still Km-resistant and a PCR signal with plasmid
primers was obtained. Plasmid pBGS18-10.8 contains
the PstI-fragment amplified by the commonly used PCR
primers P29A and P29B, so absence of pEA29 was
shown with a primer pair outside the insertion 10.8. No
transformants of the hns-mutant were obtained with
pBR322-4.4 containing only the pEA29 replication ori-
gin. The failure to inactivate both hns-genes in succes-
sion could indicate the importance of H-NS for the
bacterium and that one hns-gene seems to be able to
restore the function of the defective or missing second
gene.

Functions of H-NS for virulence and motility of
E. amylovora

On the slices of immature pears E. amylovora strains
deficient in one of the hns-genes caused necrotic symp-
toms and oozed not as fast as a wild type strain. To
study in detail the effect of H-NS on virulence we as-
sayed the levels of symptom formation on immature
pears and of the EPS production. Virulence on pear
slices was found to be retarded for the chromosomal hns
mutant and for an E. amylovora strain without plasmid
pEA29 (Table 3). Long time incubation resulted in
similar symptom strength for wild type and hns mutants.
Both hns-mutants were also negatively affected in their
motility. In contrast to hns-mutants of E. chrysanthemi,
E. coli, and S. typhimurium, which were non-motile on
semi-solid media, both types of E. amylovora hns-mu-
tants showed reduced swarming by half the distance of
the wild type (Table 4) supporting the hypothesis that
one hns-gene can replace at least partially the function of
the other.

Interference of H-NS with levan synthesis

The two major EPS species synthesized by E. amylovora
are the complex heteropolymer amylovoran and the
fructose containing homopolymer levan. Both hns-mu-
tants produced more levan in the presence of sucrose
than the wild type and overexpression of an hns gene
resulted in reduced amounts of levan (Fig. 3), indicating
a negative regulation of levan synthesis by H-NS. To
study directly the influence of H-NS on levan synthesis,
electrophoretic mobility shift assays (EMSAs) with
purified H-NS proteins and DNA fragments with and
without the levansucrase promoter region were per-
formed. Both hns-genes of E. amylovora were cloned in
frame with an N-terminal (His)6-tag into pQE vectors
and the overexpressed proteins were purified as de-
scribed in Materials and methods. The purity of the
(His)6-H-NS proteins was confirmed by SDS-PAGE
(data not shown). Comparable to H-NS of E. coli (Lucht
et al. 1994) both (His)6-H-NS proteins of E. amylovora
had a strong binding affinity to the bla-promoter with
similar DNA-binding preferences (data not shown).

To investigate their affinity to the regulatory DNA-
region important for levan synthesis, a 0.7 kb DNA-
fragment containing the major part of rlsB with its
promoter as well as the promoter and the beginning of
lsc (Fig. 4) was cloned into vector pGEMT resulting in
plasmid pGT-rlsB-lsc. The lsc gene encodes levansucrase
for polymerization of the fructose residues into levan.
The RlsB protein was shown to be an activator of the
levan synthesis (Du and Geider 2002). The plasmid
pGT-rlsB-lsc was digested with the restriction endo-
nucleases XmnI and PstI, resulting in four DNA frag-
ments, 447 bp (PstI/PstI) containing rlsB and 243 bp of
its upstream region (Fig. 4, marker b), 110 bp (PstI/
XmnI) (Fig. 4, marker a) with the predicted lsc promoter
region confirmed by subcloning (Geier and Geider1993),
1.2 kb beginning 32 bp upstream of ATGlsc and termi-
nating behind the bla-promotor (Fig. 4, marker c) and
1.9 kb with the remaining vector part (Fig. 4, marker d).
The DNA was incubated with increasing amounts of
H-NSpl or H-NSch and resolved on an agarose gel. The
fragment containing the bla-promoter was already shif-
ted after incubation of the digested plasmid with 0.5 lM
H-NS, and the rlsB-promoter region was bound at 2 lM
H-NS, whereas the other two fragments were not influ-
enced by H-NS at this concentration. In a second

Table 3 Virulence tests of E. amylovora strains on pear slices. The
ooze formation and necrosis were evaluated in a scale of 0–3

E. amylovora strain Strength of symptoms at

3 days 5 days 10 days

Ea1/79 2.0 3.0 3.0
Ea1/79-hnsCm1 0.5 0.7 3.0
EaX1/79 0.8 0.8 3.0

0 no symptoms; 3 slices covered with ooze and brown discoloration
the symptom evaluations are from three repetitions of the assays
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experiment, pGT-rlsB-lsc was cut with XmnI and SspI
(Fig. 4a). The resulting 830 bp fragment containing the
lsc-part without the bla-promoter was not shifted after
incubation in 2 lM H-NS (data not shown), indicating
that H-NS does not bind to the left part of the lsc-gene.

The Curvature software (Shpigelman et al. 1993) was
used to evaluate the three dimensional structure of the
tested DNA-fragments. The 110 bp-fragment with the
putative lsc-promoter showed no curvature and the
larger rlsB-fragment was predicted to be bended (Fig. 5).
These data are in agreement with the band shift assays of
Fig. 4, which also suggest regulation of levan synthesis
by both H-NS like proteins from E. amylovora via
repression of the activator gene rlsB.

Influence of H-NS on amylovoran synthesis

A difference in the functions of the two hns-like genes in
E. amylovora was observed for the production of the
EPS amylovoran. Only the mutation of hnsch in Ea1/79-
hnsCm1 caused an increase of amylovoran synthesis as
measured with the CPC assay. Loss of the plasmid en-
coded hnspl-gene in EaX1/79 did not affect amylovoran
production, but overexpression of the same gene driven
by its own promoter resulted in reduced EPS-amounts
in comparison to the wild type (Fig. 6). Therefore, both
H-NS proteins are able to interfere with EPS-synthesis
with a dominant effect of the chromosomal protein.

Table 4 Swarming of E. amylovora strains in agar. The inoculated
plates were incubated at 28�C

E. amylovora strain Diameter of swarming
zone (cm)

At 1 day At 4 days

Ea1/79 2.5 5.8
Ea1/79-hnsCm1 1.6 3.0
Ea1/79-hnsCm1(pGT-hnschro) 2.1 4.5
EaX1/79 1.2 2.3
Ea1-HS 1.8 ND
Ea1/79(pWSK130-hnspl) 4.0 ND

ND not determined
The data are from three assay repetitions
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Fig. 3 Expression of levansucrase for E. amylovora hns-mutants
and for hns-overexpression. Levan production of Ea1/79, Ea1-HS
and Ea1/79 (pWSK130-hnspl) was assayed after growth in MM2
medium at 27�C for three independent cultures. The standard
deviation of the measurments are shown as error bars

Fig. 4 Band shift assays with DNA fragments of the chromosome
region with the levansucrase gene and the activator gene rlsB.
a Map with the DNA fragments applied for the band shift assays.
The four DNA fragments from a PstI/XmnI-digest of plasmid
pGT-rlsB-lsc are marked with letters a–d. P, PstI; S, SspI; X, XmnI.
b Band shift assays with increasing amounts of E. amylovora
H-NSch protein The markers a–d correspond to the DNA
fragments in (a)
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Amylovoran synthesis is, like many other virulence
factors of pathogenic bacteria, affected by changes in the
environment. Since H-NS is also involved in the regu-
lation of genes in response to environmental changes, we
wanted to know whether this protein was responsible for
the pH-dependence of amylovoran synthesis. To verify
this hypothesis, the wild type strain Ea1/79, the hnsch-
mutant Ea1/79-hnsCm1, hnspl-deficient strains (EaX1/
79, Ea1/79-HS) and the hnspl-overexpressing strain Ea1/
79(pWSK130-hnspl) were grown in minimal media with
different pH-values to the early log-phase (OD600 1.2)
for the CPC-assays. The wild type strain Ea1/79 pro-
duced about three times more amylovoran at pH 5.7
than at pH 7.3. In the hnsch-mutant this pH-dependence
was significantly reduced, it produced only 1.3 times
more amylovoran at the more acidic pH (Fig. 6). Con-
sequently, the differences in the amylovoran amounts
between the hnsch-mutant and the wild type ranged be-
tween a factor of two (at pH 5.7) and a factor of five (at
pH 7.3).

Discussion

H-NS is the major nucleoid-associated protein of
bacteria and is a global regulator of many bacterial
genes, preferentially those connected to osmolarity, and
pH-response (Hommais et al. 2001; Dorman 2004).
Binding of the protein may affect 5% of the genes or
cellular proteins and its expression slightly depends on
the bacterial growth phase (Atlung and Ingmer 1997).
H-NS exceeds 20,000 molecules per cell. There is no
sequence-specific DNA binding, but H-NS prefers
regions with intrinsic curvature (Rimsky et al. 2001).
This property was also found for H-NS of E. amylo-
vora. It may act at regions upstream of the transcrip-
tional start site as a repressor or downstream blocking
chain elongation (Dole et al. 2004). Binding assays
with DNA fragments of E. amylovora comprising the
lsc-promoter revealed complex formation upstream of
the lsc-promoter. Its target could be the rlsB gene, an

activator of levansucrase expression (Du and Geider
2002). An hns mutant of E. amylovora was found to
have a two-fold increase in levan production, whereas
increased expression of hns from pWSK130-hnspl
reduced the production of levan.

The synthesis of capsular EPS of bacteria depends on
the environmental conditions such as carbon sources
(Bellemann et al. 1994), the salt concentration (Z. Du
and K. Geider, unpublished), and on the pH. For E. coli,
H-NS negatively regulates rcsA and keeps rcsA expres-
sion extremely low (Gottesman 1995). Decrease of
amylovoran synthesis by overexpressing H-NS in
E. amylovora are therefore more likely an indirect effect
of H-NS by negative regulation of rcsA than a direct
reduction of expression of the ams cluster.

Many of the effects observed for hns mutants in
respect to the regulation of virulence factors in E. coli,
S. typhimurium, and S. flexneri have been shown to be a
result in the loss of thermoregulation. Changes were seen
for temperature shifts of an enterotoxigenic E. coli strain
between 22�C and 37�C altering the expression of the
eltAB operon for an enterotoxin (Yang et al. 2005). Two
regions with curvature were located downstream of the
start of transcription as far as 556 nucleotides. It was
predicted that the H-NS protein forms a loop between
the silencers and may thus block transcription elonga-
tion. The close relation of E. amylovora H-NS and
E. coli H-NS and their distance to the H-NS like pro-
teins StpA of E. coli and the divergent H-NS from the

Fig. 5 Bending structures for DNA fragments analyzed with a
Curvature program. a Analysis of the 110 bp DNA fragment from
a PstI/XmnI-digest of plasmid pGT-rlsB-lsc (with label a in Fig. 4);
b Analysis of the 243 bp PstI-fragment from plasmid pGT-rlsB-lsc
(with label b in Fig. 4)
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Fig. 6 Amylovoran synthesis of E. amylovora wild type, hns-
mutants and cells with hns-overexpression. The strains were grown
in MM2 medium with the indicated pH for 48 h at 27�C. Ea1/79,
E. amylovora wild type strain; EaX1/79, strain without plasmid
pEA29; Ea1/79-HS, strain with mutation in plasmid pEA29; Ea1/
79-hnsCm1, strain with mutation in chromosomal hns gene; Ea1/
79(pWSK130-hnspl), overexpression of H-NSch. The amount of
amylovoran measured with the CPC assay (three replicates) was
normalized for the cell density
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E. amylovora plasmid pEA29 (Fig. 2) could indicate an
evolutionary acquirement of the second hns gene by
these bacteria. StpA is functionally related to the H-NS
of E. coli (Sonnenfield et al. 2001).

H-NS was shown to form a dimer with the related
StpA protein of E. coli (Dorman et al. 1999). A peculiar
feature is the protection of StpA against degradation by
the Lon-protease (Johansson and Uhlin 1999). Lon has
a special role in E. amylovora for cleavage of RcsA
(Eastgate et al. 1995), an activator of amylovoran syn-
thesis (Bernhard et al. 1990). No experimental evidence
can be presented that H-NS can protect this and other
regulatory proteins of E. amylovora against Lon degra-
dation. The negative effect of E. amylovora H-NS for
EPS synthesis suggests a direct role of complex forma-
tion at the promoter regions of regulatory genes such as
rcsA (Bernhard et al. 1990) or rcsB (Bereswill and
Geider 1997).

A blast search in the shotgun library of the Sanger
Institute (http://www.sanger.ac.uk/projects) did not
reveal an StpA-like protein in E. amylovora in contrast
to an analog of the DNA binding protein HU, which
is extending bacterial life span (Claret and Rouviére-
Yaniv 1997). The absence of an stpA gene for E. am-
ylovora may explain the requirement for a functional
hns gene either on the chromosome or on plasmid
pEA29. E. pyrifoliae, causing Asian pear blight in
Korea and the related pathogen isolated from pear in
Japan carry both hns genes, which can be amplified
with PCR primers from E. amylovora hnsch and from
hnspl (M. Hildebrand and K. Geider, unpublished).
Nucleotide sequence analysis of large plasmids from
both pathogens confirmed the existence of hnspl
(Maxson-Stein et al. 2003) in agreement with nucleo-
tide sequence analyses done by us.

Another impact of H-NS binding concerns bacterial
motility (Bertin et al. 1994). Its binding to hdfR, which
is involved in regulation of the master-regulator operon
flhDC, is in part responsible for a positive effect on
motility of E. coli. The flhCD promoter and also the
FliG flagellar motor proteins are positively affected by
H-NS. The complex realization of bacterial movement
depends on several patterns of gene expression. A defi-
ciency of the hns gene resulted in non-motile cells or
strong reduction of motility also observed for E. amy-
lovora. In E. amylovora, cellular motility could be
important for steps in host plant tissue colonization such
as movement in the xylem. Symptom formation of an E.
amylovora hns mutant on slices of immature pears was
retarded in comparison to the parent strain, but finally
similar symptom strength was produced for the wild
type and mutant strains in agreement with previous
findings for an E. amylovora strain without plasmid
pEA29 (Falkenstein et al. 1989). Progression of necrosis
on shoots of young pear trees was diminished for an
E. amylovora strain without plasmid pEA29 (Falkenstein
et al. 1989), and a similar response can be expected for a
chromosomal hns mutant. In host plants the pathogen
can switch from the xylem as a site of fast movement to

the intercellular space, a site for nutrient provision (Bogs
et al. 1998). These steps may be modulated by H-NS and
could be more important for colonization of tree parts
than symptom formation on small test plants. The
multifunctional protein (Dorman 2004) is certainly a key
to adjust the cell metabolism of pathogen according to
many demands in the life cycle and for adaptation to
environmental conditions.
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Claret L, Rouviére-Yaniv (1997) Variation in HU composition
during growth of Escherichia coli: the heteroduplex is required
for long term survival. J Mol Biol 273:93–104

Csonka LN, Hanson AD (1991) Prokaryotic osmoregulation:
genetics and physiology. Annu Rev Microbiol 45:569–606

Dame RT, Wyman C, Wurm R, Wagner R, Goosen N (2002)
Structural basis for H-NS-mediated trapping of RNA poly-
merase in the open initiation complex at the rrnB P1. J Biol
Chem 277:2146–2150

Dame RT, Goosen N (2002) HU: promoting or counteracting
DNA compaction? FEBS Lett 529:151–156

Dersch P, Schmidt K, Bremer E (1993) Synthesis of the Escherichia
coli K-12 nucleoid-associated DNA-binding protein H-NS is
subjected to growth-phase control and autoregulation. Mol
Microbiol 8:875–889

Dole S, Nagarajavel V, Schnetz K (2004) The histone-like nucleoid
structuring protein H-NS represses the Escherichia coli bgl op-
eron downstream of the promoter. Mol Microbiol 52:589–600

Dorman CJ (2004) H-NS: a universal regulator for a dynamic
genome. Nat Rev Microbiol 2:391–400

Dorman CJ, Deighan P (2003) Regulation of gene expression by
histone-like proteins in bacteria. Curr OpinGenetDev 13:179–184

Dorman CJ, Hinton JCD, Free A (1999) Domain organization and
oligomerization among H-NS-like nucleoid-associated proteins
in bacteria. Trends Microbiol 7:124–128

Du Z, Geider K (2002) Characterization of an activator gene up-
stream of lsc, involved in levan synthesis of Erwinia amylovora.
Physiol Mol Plant Pathol 60:9–17

Eastgate JA, Taylor N, Coleman MJ, Healy B, Thompson L,
Roberts IS (1995) Cloning, expression and characterisation of
the lon gene of Erwinia amylovora: Evidence for a heat-shock
response. J Bacteriol 177:932–937

Falkenstein H, Bellemann P, Walter S, Zeller W, Geider K (1988)
Identification of the fire blight pathogen Erwinia amylovora, by
colony hybridization with DNA from plasmid pEA29. Appl
Environ Microbiol 54:2798–2802

Falkenstein H, Zeller W, Geider K (1989) The 29 kb plasmid,
common in strains of Erwinia amylovora, modulates develop-
ment of fire blight symptoms. J Gen Microbiol 135:2643–2650

Geider K, Baldes R, Bellemann P, Metzger M, Schwartz T (1995)
Mutual adaptation of bacteriophage fd, pfd plasmids and their
host strains. Microbiol Res 150:337–346

Geider K, Hohmeyer C, Haas R, Meyer TF (1985) A plasmid
cloning system utilising replication and packaging functions of
the filamentous bacteriophage fd. Gene 33:341–349

Geier G, Geider K (1993) Characterization and influence on viru-
lence of the levansucrase gene from the fire blight pathogen
Erwinia amylovora. Physiol Mol Plant Pathol 42:387–404

Gottesman S (1995) Regulation of capsule synthesis: modification
of the two-component paradigm by an accessory unstable reg-
ulator. In: Hoch JA, Silhavy TJ (eds) Two-component signal
transduction. ASM Press, Washington, pp 253–262

Higgins CF, Hinton JC, Hulton CS, Owen-Hughes T, Pavitt GD,
Seirafi A (1990) Protein H1: a role for chromatin structure in
the regulation of bacterial gene expression and virulence? Mol
Microbiol 4:2007–2012

HommaisF,KrinE,Laurent-WinterC, SoutourinaO,MalpertuyA,
Le Caer J P, Danchin A, Bertin P (2001) Large-scale monitoring
of pleiotropic regulation of gene expression by the prokaryotic
nucleoid-associated protein, H-NS. Mol Microbiol 40:20–36

Jaquet M, Cukier-Kahn R, Pla J, Gros F (1971) A thermostable
protein factor acting on in vitro DNA transcription. Biochem
Biophys Res Commun 45:1597–1607

Johansson J, Uhlin BE (1999) Differential protease-mediated
turnover of H-NS and StpA revealed by a mutation altering

protein stability and stationary phase suvival of Escherichia
coli. Proc Natl Acad Sci USA 96:10776–10781

Kim JF, Beer SV (2000) hrp genes and harpins of Erwinia amylo-
vora: a decade of discovery. In: Vanneste J (ed) Fire blight: the
disease and its causative agent Erwinia amylovora. CABI Pub-
lishing, Wallingford, pp 117–140

Lucht JM, Dersch P, Kempf B, Bremer E (1994) Interactions of the
nucleoid-associated DNA-binding protein H-NS with the reg-
ulatory region of the osmotically controlled proU operon of
Escherichia coli. J Biol Chem 269:6578–6578

Maxson-Stein K, McGhee GC, Smith JJ, Jones AL, Sundin GW
(2003) Genetic analysis of a pathogenic Erwinia sp. isolated
from pear in Japan. Phytopathology 93:1393–1399

McGhee GC, Jones AL (2000) Complete nucleotide sequence of
ubiquitous plasmid pEA29 from Erwinia amylovora strain
Ea88: Gene organization and intraspecies variation. Appl
Environ Microbiol 66:4897–4907

Mojica FJ, Higgins CF (1997) In vivo supercoiling of plasmid and
chromosomal DNA in an Escherichia coli hns mutant. J Bac-
teriol 179:3528–3533

Owen-Hughes TA, Pavitt GD, Santos DS, Sidebotham JM, Hulton
CS, Hinton JC, Higgins CF (1992) The chromatin-associated
protein H-NS interacts with curved DNA to influence DNA
topology and gene expression. Cell 71:255–265

Rimsky S, Zuber F, Buckle M, Buc H (2001) A molecular mech-
anism for the repression of transcription by the H-NS protein.
Mol Microbiol 42:1311–1323

Sambrook J, Rusell W (2001) Molecular cloning: a laboratory
manual, 3rd edn. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor

Shpigelman ES, Trifonov EN, Bolshoy A (1993) Curva-
ture—software for the analysis of curved DNA. Comput Appl
Biosci 9:435–440

Sonnenfield JM, Burns CM, Higgins CF, Hinton JCD (2001) The
nucleoid-assiciated protein StpA binds curved DNA, has a
greater DNA-binding affinity than H-NS and is present in sig-
nificant levels in hns mutants. Biochimie 83:243–249

Spratt BG, Hedge PJ, te Heesen S, Edelman A, Broome-Smith JK
(1986) Kanamycin-resistant vectors that are analogues of
plasmids pUC8, pUC9, pEMBL8 and pEMBL9. Gene 41:
337–342

Tupper AE, Owen-Hughes TA, Ussery DW, Santos DS, Ferguson
DJ, Sidebotham J, Hinton JC, Higgins CF (1994) The chro-
matin-associated protein H-NS alters DNA topology in vitro.
EMBO J 13:258–268

Vanneste JL (2000) Fire blight: the disease and its causative agent
Erwinia amylovora. CABI Publishing, Wallingford

Varshavsky AJ, Nedospasov SA, Bakayev VV, Bakayeva TG,
Georgiev GP (1977) Histone-like proteins in the purified Esc-
herichia coli deoxyribonucleoprotein. Nucleic Acids Res
4:2725–2745

Wang RF, Kushner SR (1991) Construction of versatile low-copy-
number vectors for cloning, sequencing and gene expression in
Escherichia coli. Gene 100:195–199

Wei ZM, Sneath BJ, Beer SV (1992) Expression of Erwinia amy-
lovora hrp genes in response to environmental stimuli. J Bac-
teriol 174:1875–1882

Westermark M, Oscarsson J, Mizunoe Y, Urbonaviciene J, Uhlin
BE (2000) Silencing and activation of ClyA cytotoxin expres-
sion in Escherichia coli. J Bacteriol 182:6347–6357

Yang J, Tauschek M, Strugnell R, Robins-Browne RM (2005) The
H-NS protein represses transcription of the eltAB operon,
which encodes heat-labile enterotoxin in enterotoxigenic
Escherichia coli, by binding to regions downstream of the
promoter. Microbiology 151:1199–1208

319


	Sec1
	Sec2
	Sec3
	Sec4
	Sec5
	Sec6
	Tab1
	Tab2
	Sec7
	Sec8
	Sec9
	Sec10
	Sec11
	Sec12
	Sec13
	Sec14
	Sec15
	Fig1
	Fig2
	Sec16
	Sec17
	Tab3
	Sec18
	Tab4
	Fig3
	Fig4
	Sec19
	Fig5
	Fig6
	Ack
	Bib
	CR1
	CR2
	CR3
	CR4
	CR5
	CR6
	CR7
	CR8
	CR9
	CR10
	CR11
	CR12
	CR13
	CR14
	CR15
	CR16
	CR17
	CR18
	CR19
	CR20
	CR21
	CR22
	CR23
	CR24
	CR25
	CR26
	CR27
	CR28
	CR29
	CR30
	CR31
	CR32
	CR33
	CR34
	CR35
	CR36
	CR37
	CR38
	CR39
	CR40
	CR41
	CR42
	CR43
	CR44
	CR45
	CR46
	CR47
	CR48
	CR49
	CR50
	CR51
	CR52
	CR53
	CR54

