[Frontiers in Bioscience 14, 4103-4112, January 1, 2009]

Regulatory integration of horizontally-transferred genes in bacteria

Charles J. Dorman

Department of Microbiology, Trinity College, Dublin 2, Ireland

TABLE OF CONTENTS

1. Abstract

2. Introduction

3. Islands of horizontally-acquired DNA

4. Regulating the expression of laterally-acquired genes
4.1. Repression of horizontally-acquired genes
4.2. Activating H-NS-repressed gene

5. H-NS-like proteins encoded by horizontally transmitted genetic elements

6. Perspective
7. Acknowledgements
8. References

1. ABSTRACT

Horizontal transfer of genetic material is a fact of
microbial life and bacteria can obtain new DNA sequences
through the processes of conjugation, transduction and
transformation. This offers the bacterium the possibility of
evolving rapidly by importing new genes that code for new
traits that may assist in environmental adaptation. Research
in this area has focused in particular on the role of
horizontal transfer in the dissemination through bacterial
populations of genes for resistance to antimicrobial agents,
including antibiotics. It is becoming clear that many other
phenotypic characteristics have been acquired through
horizontal routes and that these include traits contributing
to pathogenesis and symbiosis. An important corollary to
the acquisition of new genes is the problem of how best to
integrate them in the existing gene regulatory circuits of the
recipient so that fitness is not compromised initially and
can be enhanced in the future through optimal expression
of the new genes.
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2. INTRODUCTION

A pioneering step in the discovery of horizontal
gene transfer was made when Griffith described the lateral
transfer of virulence traits between pneumococci (1).
Subsequently it was shown that this process of
'transformation' involved lateral movement of genetic
material between bacterial strains (2). There are at least
three mechanisms by which modern bacteria acquire DNA
horizontally (3, 4) (Figure 1). The first is conjugation, a
process in which a self-replicating extrachromosomal
element (usually a plasmid) organizes its own transfer from
one cell to another through a mating bridge consisting of a
hollow contractible proteinaceous tube whose subunits are
encoded by the mobile genetic element. In most cases, the
recipient is also a bacterium. However, it should be pointed
out that some conjugation processes involve transfer of
bacterial DNA to eukaryotic cells (5, 6). The second lateral
gene transfer mechanism is transduction, which involves
genetic transfer via a bacterial virus or bacteriophage (7).
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Figure 1. A summary of the principle mechanisms of horizontal gene transfer used by bacteria. Conjugation (A) involves the
self-transmission of a plasmid from one bacterial cell to another through a contractible mating pilus. In transduction (B), a
bacteriophage acts as the vehicle for DNA transmission. The genetic material stored in the phage head is injected into the
bacterium through a contractible tail structure in the virus. The process of transformation (C) involves no vehicle. Here the
genetic material is taken up by the bacterium directly from the external environment. Not to scale.

Here DNA is packaged within the phage head and injected
into a new bacterial host following receptor-mediated
absorption of the virus onto the outer surface of the
recipient cell. The third process is transformation, in which
naked DNA is taken up by the bacterium directly from the
external environment (3, 4). Some bacteria are proficient
for uptake (i.e. are transformable) all of the time while
others require particular circumstances to make them
susceptible.

The fate of the newly-acquired DNA is partly
determined by its relationship to the DNA of the new host.
Restriction systems exist to protect bacteria from foreign
DNA and if the new genetic material lacks the pattern of
chemical modification (usually methylation) that is a
characteristic of its own DNA, the restriction enzymes will
cut it up. However, this protection has been described as both
limited and short lived (8, 9). Restriction systems require that
the invading DNA is double-stranded; single stranded DNA
will not be cleaved (10). Some plasmids can defeat restriction
systems in their new hosts using a function known as ARD
(alleviation of restriction of DNA) (11). Many phage lack
recognition sites for restriction enzymes or have evolved ways
of masking them; they may also alter the activities of
restriction systems to render them harmless to the virus (8, 12).
For these and other reasons, some foreign DNA will survive
and any genes associated with it may become expressed.
However, if these genes are to be inherited by future
generations of the bacterium, they must be replicated. As
autonomously-replicating genetic entities, plasmids are at an
advantage here. Some phage can replicate autonomously
too, and have plasmid-like characteristics. The phages P1
and P7 represent examples of viruses of this type and they
have been studied intensively (13, 14, 15). Other phage
integrate into the chromosome and replicate as a part of the
bacterial genome. Bacteriophage lambda is a familiar
example of a temperate phage that displays this type of
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behavior. Here entry into the chromosome involves
recombination between specific sites on the bacterial
chromosome and on the viral genome (16, 17, 18). The
integrated form of the virus is called a prophage and
microbial genome sequencing projects have revealed that
prophage are common components of many bacterial
genomes (19-22). In many cases the phage discovered by
genome sequencing are vestigial, having lost the potential
to form infectious virus particles. Nevertheless, many
contain genes that contribute to the lifestyles of their
modern bacterial hosts. In some cases these include genes
with roles in bacterial virulence (19, 23, 24).

DNA that arrives in the cytoplasm following
transformation is likely to be degraded quickly if it does not
become part of a replicon (4). Some measure of DNA
sequence homology with part of the genetic complement of
the new host is an aid to recombination. However, even an
unrelated sequence may be integrated by illegitimate
recombination, albeit at a low frequency (25, 26).

Plasmids and bacteriophage are classed as mobile
genetic elements, a term that is also applied to genetic
entities such as insertion sequences, transposons and
integrons.  Interestingly, the restriction-modification
systems that offer protection from laterally transferred
DNA sequences have themselves been classified as selfish
mobile genetic elements (27, 28) that have been distributed
among bacterial populations by horizontal gene transfer
(29). The boundaries between different types of mobile
element often appear to be arbitrary and reflect the history
of their discovery and characterization. For this reason,
individual mobile elements may possess features normally
associated with elements from other groups. There are
many well-known examples of this in the literature. For
example, some phage, such as the Pl and P7 viruses
referred to above, replicate as low-copy number
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plasmid/prophage (30); some transposons are conjugative
and so share this property with self-transmissible plasmids
(31); others, such as transposon Tn7, have a site-specific
transposition mechanism for integration into the bacterial
chromosome that superficially resembles the strategy used by
some temperate phage when forming prophage (32); there are
phage, for example Mu, that replicate through a transposition
mechanism (33) and plasmids, such as the F plasmid, that can
integrate into the chromosome (34). It is now clear that
significant proportions of the genomes of many bacteria are
related to mobile genetic elements and have been acquired via
lateral transfer.

3. ISLANDS OF HORIZONATALLY-ACQUIRED
DNA

Escherichia coli K-12 has played a central role in
the development of molecular biology. Once the sequence
of its chromosome was deduced in 1997 (35) comparisons
with those of related but pathogenic Gram-negative
enterobacteria became possible as more and more of their
genome sequences became available. These comparisons
revealed the presence in the pathogens of large blocks of
DNA that E. coli K-12 lacks (36). For example, Salmonella
enterica, serovar Typhimurium (S. Typhimurium) has a
number of these blocks that contain genes that are essential
for invasive disease and intracellular survival (37, 38).
Known as ‘'pathogenicity islands', these clusters of
contiguous genes have a higher A+T content than the
flanking recipient chromosome, suggesting that they have
been acquired horizontally from a source outside the enteric
group, and many contain insertion sequences, genes coding
for site-specific recombinases and other features that are
reminiscent of mobile genetic elements (39-45). Most
genomic islands are likely to be former (or even current)
mobile genetic elements that have become installed in the
genome through the recombination mechanisms related to
those used by transposons, phage, integrons or integrating
plasmids. It is now clear that very many bacteria apart from
E. coli and Salmonella also possess blocks of laterally-
acquired DNA that confer new traits (46-54). In the context
of the discussion about the relationship between genomic
islands and mobile elements, it is interesting to note that
transposon Tn7, an active mobile genetic element that is
widely distributed among bacterial species, has itself been
described as forming a genomic island (55).

4. REGULATING THE EXPRESSION OF
LATERALLY-ACQUIRED GENES

In many cases, the genes within laterally-
acquired islands are subject to complex regulation, often
through a combination of controls that involves regulatory
genes within the island and those located in the recipient
chromosome. How has this complicated control pattern
arisen and what is its value? This is a focus of much current
research in the field of microbial evolution, and some
interesting insights have been gained recently. It is helpful
to begin by considering some new data concerning H-NS, a
global repressor of transcription that is encoded by a gene
in the ancestral chromosome of Escherichia coli and related
bacteria.
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4.1. Repression of horizontally-acquired genes

During 2006, it was discovered that the A+T-rich
genes within the pathogenicity islands of S. Typhimurium
are targeted for repression by the H-NS nucleoid-associated
protein (56-58) (Figure 2). This small abundant DNA-
binding protein has a preference for binding to A+T-rich
DNA sequences and a correlation has been described
between H-NS binding sites and intrinsic curvature in DNA
(59, 60). Since these features are commonly associated with
bacterial promoters (61-63), H-NS can act as a global
regulator of gene expression. In all cases where detailed
molecular investigations have been carried out, H-NS has
been found to act as a transcription repressor (64). The
wholesale repression of horizontally-acquired genes by H-
NS that has been described in S. Typhimurium is now
known to occur in other bacteria that express this protein
(59, 60). This has led to the attractive hypothesis in which
the H-NS protein is proposed to protect the cell from the
deleterious consequences of unregulated expression of
genes that arrive from outside sources through the
processes of lateral transfer (56, 65). In particular, it may
be important to store the new genes in an inert state to
avoid negative effects on competitive fitness.

H-NS certainly has the properties that one might
associate with a protein involved in transcription silencing
and the formation of bacterial heterochromatin (66, 67). It
is now known to have a preferred (A+T-rich) DNA
sequence for high-affinity interaction with DNA and this
binding site can serve as a locus from which the protein can
oligomerize along the DNA (68). This process has the
potential to down regulate, or even completely silence,
transcription of many genes. However, the bacterium will
require mechanisms to reverse gene silencing if the
repressed transcription units are to be expressed for the
benefit of the DNA sequences that encode them (by
ensuring their transmission to future generations) and the
bacterium that houses them (by enhancing its competitive
fitness) (Figure 2). It is becoming clear that in the case of
H-NS, a variety of mechanisms lead to the containment
and/or reversal of its silencing activity.

4.2. Activating H-NS-repressed genes

Studies with the LysR-like protein LeuO show
that it has the ability to block H-NS oligomerization
along DNA, preserving downstream promoters in an
active state (66). The work that established this was
conducted in the ilvIH-leuO-leuABCD region of the S.
Typhimurium chromosome where an interesting
promoter relay mechanism operates to link the activities of
the main promoters of the three resident operons (ilvIH,
leuO, and leuABCD) via changes in local DNA
supercoiling (69, 70). However, the LeuO protein has
now emerged as a much more general regulator of gene
expression that affects several genes where a role for H-
NS has been established, including the /ins gene itself
(71-74). LeuO 1is a particularly interesting example
because the protein has such wide-ranging effects on gene
expression. It can even influence the expression of the stress
and stationary phase sigma factor, RpoS, which is involved in
the expression of scores of genes (72, 74). Other H-NS
antagonists are somewhat more local in their effects.
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Figure 2. Negative and positive regulation of transcription in a horizontally-acquired genomic island. The incoming island
consisting of A+T-rich DNA is represented by the black bar with white arrowheads and this becomes integrated into the
chromosome (A). Genes in the integrated island are bound and silenced by the H-NS repressor (B) and silencing is antagonized
by anti-repressors (C) that can be encoded by genes in the ancestral genome (1) or by genes located within the genomic island
itself (2). Here the anti-repressors are shown displacing H-NS from the DNA. (Not to scale.)

The VirB positive regulator plays a central role
in antagonizing H-NS mediated transcription repression in
the virulence regulon of the causative agent of bacillary
dysentery, Shigella flexneri (75-78). These genes are
expressed under conditions of temperature, osmolarity and
pH that are characteristic of the lower human gut (79). The
VirB protein is closely related to plasmid partition proteins
of the ParB family and it binds to a sequence that is related
to parsS, the cis-acting sites used by ParB proteins to drive
plasmid partitioning at cell division, including partitioning
of the P1/P7 phage/plasmids (80, 81). VirB works by
remodeling the DNA at the target promoter in ways that
result in the dislodgement of the H-NS protein. This results
in free access to the promoter for RNA polymerase and
leads to the initiation of transcription. VirB does not act as
a conventional transcription factor because it does not
recruit RNA polymerase to the promoter nor does it assist
in the isomerization of the closed transcription complex to
an open one. Instead it acts as an anti-repressor through its
ability to displace the H-NS protein (81).

The SlyA protein is related to MarR-like winged-
helix transcription factors (82, 83) and it has a role in
opposing H-NS in several Gram-negative bacteria (84-86).
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In E. coli, the SlyA protein acts to regulate the transcription
of the hlyE haemolysin gene by opposing the repressive
activity of H-NS (87). The intracellular concentrations of
the SlyA and H-NS proteins play a pivotal role in
determining whether the AlyE gene is expressed or
repressed. This mutual antagonism allows the haemolysin
gene to oscillate between active and inactive states
depending on the relative abundances of the two regulators
(87).

The VirB protein described above is an example
of an H-NS antagonist that is encoded by a gene that has
been acquired by lateral transfer and that regulates other
genes that have been acquired by the same route (88). This
is emerging as a common theme among horizontally
acquired genes subject to H-NS silencing. Other examples
include the VirF and MxiE AraC-like proteins, also
involved in positive regulation of virulence gene expression
in S. flexneri (89, 90), the HilC and HilD AraC-like
proteins that up-regulate virulence genes in the SPI1
pathogenicity island of S. Typhimurium (91) and SsrB
which is a response regulator protein that opposes H-NS
repression of transcription in the SPI2 pathogenicity island
of S. Typhimurium (92). Other examples include the AraC-
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like protein ToxT that is involved in up-regulation of H-
NS-repressed virulence genes, including the phi-ctx
bacteriophage-encoded cholera toxin genes, in Vibrio
cholerae (93, 94) and the MarR-like regulator RovA, a
SlyA orthologue that positively controls H-NS-repressed
virulence genes in Yersinia (85, 95-97).

From the foregoing discussion it can be seen that
H-NS-mediated repression of horizontally-acquired genes
is emerging as a common feature of many Gram-negative
bacteria. It can now be seen that the problem of how to
express these repressed genes for the benefit of bacterium
has been solved in a variety of ways. Other illustrations of
the close relationship between H-NS and horizontally
acquired genes include the example of an enzyme encoded
by bacteriophage T7 that is specific for the cleavage and
inactivation of H-NS (98). Presumably, this is an aid to
avoiding wholesale repression of repression of the phage
genes following injection of the viral genome into a new
bacterial host.

Another example concerns the H-NS paralogue,
StpA. This protein is closely-related to H-NS but has a
number of distinct properties (99-101). Chief among these
is an ability to drive RNA annealing between RNA
molecules possessing regions of complementary sequence
and an ability to catalyze RNA duplex strand unpairing
(102). These activities reveal StpA to be an efficient RNA
chaperone. In the context of the present discussion, it is
interesting to note that StpA was discovered as a
component in the splicing of the #d intron of bacteriophage
T4, itself a horizontally acquired genetic entity (103, 104).
In addition to appreciating the influence of H-NS on the
expression of genes within laterally-acquired genetic
elements, it is interesting to note that several such elements
have themselves been found to encode H-NS-like proteins.

5.  H-NS-LIKE PROTEINS
HORIZONTALLY-TRANSMITTED
ELEMENTS

ENCODED BY
GENETIC

It should also be pointed out that several
plasmids capable of self-transmission through conjugation
(one of the principal routes for horizontal gene transfer)
encode H-NS-like proteins (105, 106). Much of this
information has come from bioinformatic analysis; few of
the genes coding for such proteins have been examined in
detail at the molecular level. One exception is the Ler
protein that is encoded by the LEE pathogenicity island in
enteropathogenic E. coli and another is the Sth protein that
is encoded by the IncHIlself-transmissible plasmid pSf-
R27, both of which have now been studied in some depth.

Ler acts to antagonize the negative influence of
H-NS on the expression of the virulence genes encoded by
the LEE pathogenicity island in enteropathogenic E. coli
(107-110). Sth assists the horizontal transfer of the pSf-R27
plasmid by minimizing the impact of the newly arrived
plasmid DNA on the H-NS-DNA balance in the recipient a
concomitant impact on competitive fitness (111-114). The
carriage by mobile elements, or by genetic elements that
were probably once mobile, of genes coding for
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homologues of H-NS that can influence the activity of the
host-encoded H-NS protein raises interesting questions
about the evolution of gene regulation in the fluid microbial
genome. For example it would be interesting to know when
these genes were acquired and what difference has their
acquisition made to the success the mobile elements in their
lifestyle? Might such genes be acquired by other mobile
elements in the future, and if so, what impact might this
have on the horizontal transmissibility of those elements —
for example might it influence the host range of the element
by allowing it to enter and replicate in bacteria from which
it is currently excluded?

6. PERSPECTIVE

Investigations of gene regulatory matters relating
to horizontally-acquired genes are providing important
insights into the possibilities for bacteria to expand their
repertoire  of genetic traits without compromising
competitive fitness. Embedding the newly acquired genes
in existing gene regulatory circuits is a critical step in the
process of integrating new genetic material. Global
regulators of transcription are being identified as important
contributors to this process, as has been discussed in this
article in the case of the H-NS protein. This is a relatively
straightforward case because the host-encoded regulatory
protein simply silences (or at least down-regulates) the
incoming genes, preventing undesirable influences on fitness.
The sophistication lies in the methods used by the bacterium to
overcome H-NS-mediated repression so that the new genes
can be expressed. It is now clear that the cell has a very wide
range of options at its disposable. This is an important insight
when contemplating routes for intervention in the gene
regulatory network to cure or prevent disease, or to manipulate
the microbe for some other purpose, such as one related to
biotechnology. Information from studies of the regulation of
horizontally transferred genes can also inform the development
of techniques and the framing of policies aimed at curbing the
undesirable consequences of gene dissemination within and
between bacterial populations that contribute to the spread of
virulence traits and resistance to antimicrobial agents.
Although studies of the integration of horizontally transferred
genes into host regulatory circuits are still at an early stage of
development, it is already becoming clear that bacteria possess
remarkable abilities to remodel their gene regulatory circuits to
integrate new traits without loss of competitiveness in their
environment, showing them to be formidable foes in the global
battle for improved human health.

7. ACKNOWLEDGEMENTS

Research in the author's laboratory is supported
by grants from Science Foundation Ireland, the Health
Research Board, and the Wellcome Trust.

8. REFERENCES

1.Griffith F: The significance of pneumococcal types. J
Hyg 27, 113-159 (1928)

2. Avery OT, MacLeod CM, and McCarty M: Studies on
the chemical nature of the substance inducing



Horizontal genetic transfer and gene regulation

transformation of pneumococcal types. Induction of
transformation by a deoxyribonucleic acid fraction isolated
from Pneumococcus Type . J Exp Med 79, 137-158
(1944)

3. Chen I, Christie PJ, and Dubnau D: The ins and outs of
DNA transfer in bacteria. Science 310, 1456-1460 (2005)

4. Thomas CM, and Nielsen KM: Mechanisms of, and
barriers to, horizontal gene transfer between bacteria. Nat
Rev Microbiol 3, 711-721 (2005)

5. Heinemann JA: Genetics of gene transfer between
species. Trends Genet 7, 181-185 (1991)

6. Silby MW, Ferguson GC, Billington C, and Heinemann
JA: Localization of the plasmid-encoded proteins Tral and
MobA in eukaryotic cells. Plasmid 57, 118-130 (2007)

7. Sternberg NL, and Maurer R: Bacteriophage-mediated
generalized transduction in Escherichia coli and
Salmonella typhimurium. Methods Enzymol 204, 18-43
(1991)

8. King G, and Murray NE: Restriction enzymes in cells,
not Eppendorfs. Trends Microbiol 2, 465-469 (1994)

9. Matic I, Taddei F, and Radman M: Genetic barriers
among bacteria. Trends Microbiol 4, 69-73 (1996)

10. Lorenz MG, and Wackernagel W: Bacterial gene
transfer by natural genetic transformation in the
environment. Microbiol Rev 58, 563-602 (1994)

11. Belogurov AA, Yussifov TN, Kotova VU, Zavilgelsky
GB: The novel gene(s) ARD of plasmid pMKI101:
alleviation of EcoK restriction. Mol Gen Genet 198, 509-
513 (1985)

12. Rocha EP, Danchin A, and Viari A: Evolutionary role
of restriction/modification systems as revealed by
comparative genome analysis. Genome Res 11, 946-958
(2001)

13. Heinrich J, Velleman M, and Schuster H: The tripartite
immunity system of phages P1 and P7. FEMS Microbiol
Rev 17, 121-126 (1995)

14. Li Y, and Austen S: The P1 plasmid in action: time-
lapse photomicroscopy reveals some unexpected aspects of
plasmid partition. Plasmid 48, 174-178 (2002)

15. Sternberg N, and Hoess R: The molecular genetics of
bacteriophage P1. Annu Rev Genet 17, 123-154 (1983)

16. Dodd 1B, Shearwin KE, and Egan JB: Revisited gene
regulation in bacteriophage lambda. Curr Opin Genet Dev
15, 145-152 (2005)

17. Friedman DI, and Court DL: Bacteriophage lambda:
alive and well and still doing its thing. Curr Opin
Microbiol 4,201-207 (2001)

4108

18. Oppenheim AB, Kobiler O, Stavans J, Court DL, and
Adhya S: Switches in bacteriophage lambda development.
Annu Rev Genet 39, 409-429 (2005)

19. Briissow H, Canchaya C, and Hardt WD: Phages and
the evolution of bacterial pathogens: from genomic
rearrangements to lysogenic conversion. Microbiol Mol
Biol Rev 68, 560-602 (2004)

20. Canchaya C, Proux C, Fournous G, Bruttin A, and
Briissow H: Prophage genomics. Microbiol Mol Biol Rev
67,238-276 (2003)

21. Canchaya C, Fournous G, and Briissow H: The impact
of prophages on bacterial chromosomes. Mol Microbiol 53,
9-18 (2004)

22. Casjens S: Prophages and bacterial genomics: what
have we learned so far? Mol Microbiol 49, 277-300 (2003)

23. Asakura M, Hinenoya A, Alam MS, Shima K, Zahid
SH, Shi L, Sugimoto N, Ghosh AN, Ramamurthy T,
Faruque SM, Nair GB, and Yamasaki S: An inducible
lambdoid prophage encoding cytolethal distending toxin
(Cdt-1) and a type III effector protein in enteropathogenic
Escherichia coli. Proc Natl Acad Sci USA 104, 14483-
14488 (2007)

24. Waldor MK, and Friedman DI: Phage regulatory
circuits and virulence gene expression. Curr Opin
Microbiol 8, 459-65 (2005)

25. lkeda H, Shiraishi K, and Ogata Y: Illegitimate
recombination mediated by double-strand break and
end-joining in Escherichia coli. Adv Biophys 38, 3-20
(2004)

26. Kurland CG: What tangled web: barriers to rampant
horizontal gene transfer. BioEssays 27, 741-747 (2005)

27. Kobayashi I: Behavior of restriction-modification
systems as selfish mobile elements and their impact on
genome evolution. Nucleic Acids Res 29, 3742-3756
(2001)

28. Kobayashi I, Nobusato A, Kobayashi-Takahashi N,
Uchiyama [: Shaping the genome: restriction-
modification systems as mobile genetic elements. Curr
Opin Genet Dev 9, 649-656 (1999)

29. Jeltsch A, and Pingoud A: Horizontal gene transfer
contributes to the widespread distribution and evolution
of type II restriction-modification systems. J Mol Evol
42,91-96 (1996)

30. Surtees JA, and Funnell BE: Plasmid and
chromosome traffic control: how ParA and ParB drive
partition. Curr Top Dev Biol 56, 145-180 (2003)

31. Pembroke JT, MacMahon C, McGrath B: The role of
conjugative transposons in the Enterobacteriaceae. Cell
Mol Life Sci 59, 2055-2064 (2002)



Horizontal genetic transfer and gene regulation

32. Peters JE, and Craig NL: Tn7, smarter than we thought.
Nat Rev Mol Cell Biol 2, 806-814 (2001)

33. Harshey RM, and Jayaram M: The Mu transpososome
through a topological lens. Crit Rev Biochem Mol Biol 41,
387-405 (2006)

34. Low KB: Conjugational methods for mapping with Hfr
and F-prime strains. Methods Enzymol 204, 43-62 (1991)

35. Blattner FR, Plunkett G 3rd, Bloch CA, Perna NT,
Burland V, Riley M, Collado-Vides J, Glasner JD, Rode
CK, Mayhew GF, Gregor J, Davis NW, Kirkpatrick HA,
Goeden MA, Rose DJ, Mau B, and Shao Y: The complete
genome sequence of Escherichia coli K-12. Science 277,
1453-1474 (1997)

36. Welch RA, Burland V, Plunkett G 3rd, Redford P,
Roesch P, Rasko D, Buckles EL, Liou SR, Boutin A,
Hackett J, Stroud D, Mayhew GF, Rose DJ, Zhou S,
Schwartz DC, Perna NT, Mobley HL, Donnenberg MS, and
Blattner FR: Extensive mosaic structure revealed by the
complete genome sequence of uropathogenic Escherichia
coli. Proc Natl Acad Sci USA 99, 17020-17024 (2002)

37. McClelland M, Florea L, Sanderson K, Clifton SW,
Parkhill J, Churcher C, Dougan G, Wilson RK, and Miller W:
Comparison of the Escherichia coli K-12 genome with
sampled genomes of a Klebsiella pneumoniae and three
Salmonella enterica serovars, Typhimurium, Typhi and
Paratyphi. Nucleic Acids Res 28, 4974-4986 (2000)

38. Parkhill J, Dougan G, James KD, Thomson NR, Pickard D,
Wain J, Churcher C, Mungall KL, Bentley SD, Holden MT,
Sebaihia M, Baker S, Basham D, Brooks K, Chillingworth T,
Connerton P, Cronin A, Davis P, Davies RM, Dowd L, White
N, Farrar J, Feltwell T, Hamlin N, Haque A, Hien TT, Holroyd
S, Jagels K, Krogh A, Larsen TS, Leather S, Moule S, O'Gaora
P, Parry C, Quail M, Rutherford K, Simmonds M, Skelton J,
Stevens K, Whitehead S, and Barrell BG. Complete genome
sequence of a multiple drug resistant Salmonella enterica
serovar Typhi CT18. Nature 413, 848-852 (2001)

39. Abrahams GL, and Hensel M: Manipulating cellular
transport and immune responses: dynamic interactions
between intracellular Salmonella enterica and its host cells.
Cell Microbiol 8, 728-737 (2006)

40. Dean P, Maresca M, and Kenny B: EPEC's weapons of
mass subversion. Curr Opin Microbiol 8, 28-34 (2005)

41. Dobrindt U, Hochhut B, Hentschel U, and Hacker J:
Genomic islands in pathogenic and environmental
microorganisms. Nat Rev Microbiol 2, 414-24 (2004)

42. Gal-Mor O, and Finlay BB: Pathogenicity islands: a
molecular toolbox for bacterial virulence. Cell Microbiol 8,
1707-1719 (2006)

43. Hensel M: Evolution of pathogenicity islands of
Salmonella enterica. Int J Med Microbiol 294, 95-102
(2004)

4109

44. Hubber AM, Sullivan JT, and Ronson CW: Symbiosis-
induced cascade regulation of the Mesorhizobium loti R7TA
VirB/D4 type IV secretion system. Mol Plant Microbe
Interact 20, 255-261 (2007)

45. Lawrence JG: Common themes in the genome
strategies of pathogens. Curr Opin Genet Dev 15, 584-588
(2005)

46. Ayub ND, Pettinari MJ, Mendez BS, and Lopez NI:
The polyhydroxyalkanoate genes of a stress resistant

Antarctic Pseudomonas are situated within a genomic
island. Plasmid 58, 240-248 (2007)

47. Becq J, Gutierrez MC, Rosas-Magallanes V, Rauzier J,
Gicquel B, Neyrolles O, and Deschavanne P. Contribution
of horizontally acquired genomic islands to the evolution of
the tubercle bacilli. Mol Biol Evol 24, 1861-1871 (2007)

48. Bourhy P, Salaun L, Lajus A, Medigue C, Boursaux-
Eude C, and Picardeau M: A genomic island of the
pathogen Leptospira interrogans serovar Lai can excise
from its chromosome. Infect Immun 75, 677-683 (2007)

49. Coburn PS, Baghdayan AS, Dolan GT, and Shankar N:
Horizontal transfer of virulence genes encoded on the
Enterococcus faecalis pathogenicity island. Mol Microbiol
63, 530-544 (2007)

50. Nano FE, and Schmerk C: The Francisella
pathogenicity island. Ann N Y Acad Sci 1105, 122-137
(2007)

51. Naumann M: Pathogenicity island-dependent effects of
Helicobacter pylori on intracellular signal transduction in
epithelial cells. Int J Med Microbiol 295, 335-41 (2005)

52. Qui X, Gurkar AU, and Lory S: Interstrain transfer of
the large pathogenicity island (PAPI-1) of Pseudomonas
aeruginosa. Proc Natl Acad Sci USA 103, 19830-19835
(2006)

53. Tomisch M, Planet PJ, and Figurski DH. The fad locus:
postcards from the widespread colonization island. Nat Rev
Microbiol 5, 363-75 (2007)

54. Ubeda C, Barry P, Penades JR, and Novick RP: A
pathogenicity island replicon in Staphylococcus aureus
replicates as an unstable plasmid. Proc Natl Acad Sci USA
104, 14182-14188 (2007)

55. Parks AR, and Peters JE: Transposon Tn7 is
widespread in diverse bacteria and forms genomic islands.
J Bacteriol 189, 2170-2173 (2007)

56. Dorman CJ: H-NS, the genome sentinel. Nat Rev
Microbiol 5, 157-161 (2007)

57. Lucchini S, Rowley G, Goldberg MD, Hurd D,
Harrison M, and Hinton JC: H-NS mediates the silencing of
laterally acquired genes in bacteria. PLoS Pathog 2(8), 81
(2006)



Horizontal genetic transfer and gene regulation

58. Navarre WW, Porwollik S, Wang Y, McClelland M,
Rosen H, Libby SJ, and Fang FC: Selective silencing of
foreign DNA with low GC content by the H-NS protein in
Salmonella. Science 313, 236-238 (2006)

59. Grainger DC Hurd D, Goldberg MD, and Busby SIW:
Association of nucleoid proteins with coding and non-
coding segments of the Escherichia coli genome. Nucleic
Acids Res 34, 4642-4652 (2006)

60. Oshima T, Ishikawa S, Kurokawa K, Aiba H, and
Ogasawara N: Escherichia coli histone-like protein H-NS
preferentially binds to horizontally acquired DNA in
association with RNA polymerase. DNA Res 13, 141-153
(2006)

61. Kozobay-Avraham L, Hosid S, and Bolshoy, A:
Curvature distribution in prokaryotic genomes. In Silico
Biol 4,361-375 (2004)

62. Olivares-Zavaleta N, Jauregui R, and Merino E:
Genome analysis of Escherichia coli promoter sequences
evidences that DNA static curvature plays a more important
role in gene transcription than has previously been
anticipated. Genomics 87, 329-337 (2006)

63. Pedersen AG, Jensen LJ, Brunak S, Staerfeldt HH, and
Ussery DW: A DNA structural atlas for Escherichia coli. J
Mol Biol 299, 907-930 (2000)

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

65. Navarre WW, McClelland M, Libby SJ, and Fang FC:
Silencing of xenogeneic DNA by H-NS-facilitation of lateral
gene transfer in bacteria by a defense system that recognizes
foreign DNA. Genes Dev 21, 1456-1471 (2007)

66. Chen CC, and Wu H-Y: LeuO protein delimits the
transcriptionally active and repressive domains on the bacterial
chromosome. J Biol Chem 280, 15111-15121 (2005)

67. Goransson M, Sondén B, Nilsson P, Dagberg B, Forsman
K, Emanuelsson K, and Uhlin BE: Transcriptional silencing
and thermoregulation of gene expression in Escherichia coli.
Nature 344, 682-685 (1990)

68. Lang B, Blot N, Bouffartigues E, Buckle M, Geertz M,
Gualerzi CO, Mavathur R, Muskhelishvili G, Pon CL, Rimsky
S, Stella S, Babu MM, and Travers A: High-affinity DNA
binding sites for H-NS provide a molecular basis for selective
silencing within proteobacterial genomes. Nucleic Acids Res
35, 6330-6337 (2007)

69. Fang M, and Wu HY:A promoter relay mechanism for
sequential gene activation. J Bacteriol 180, 626-633 (1998)

70. Wu HY, Tan J, and Fang M: Long-range interaction
between two promoters: activation of the /leu-500
promoter by a distant upstream promoter. Cell 82, 445-
451 (1995)

4110

71. De la Cruz MA, Fernandez-Mora M, Guadarrama C,
Flores-Valdez MA, Bustamante VH, Vazquez A, and
Calva E: LeuO antagonizes H-NS and StpA-dependent
repression in Salmonella enterica ompS1. Mol Microbiol
66, 727-743 (2007)

72. Loewen PC, Hu B, Strutinsky J, and Sparling R:
Regulation in the rpoS regulon of Escherichia coli. Can J
Microbiol 44, 707-717 (1998)

73. Madhusudan S, Paukner A, Klingen Y, and Schnetz K.:
Independent regulation of H-NS-mediated silencing of the
bgl operon at two levels: upstream by BglJ and LeuO and
downstream by DnaKlJ. Microbiology 151, 3349-59 (2005)

74. Repoila F, and Gottesman S: Signal transduction
cascade for regulation of RpoS: temperature regulation of
DsrA. J Bacteriol 183, 4012-4023 (2001)

75. Adler B, Sasakawa C, Tobe T, Makino S, Komatsu K,
and Yoshikawa M: A dual transcriptional activation system
for the 230 kb plasmid genes coding for virulence-
associated antigens of Shigella flexneri. Mol Microbiol 3,
627-35 (1989)

76. Beloin C, and Dorman CJ: An extended role for the
nucleoid structuring protein H-NS in the virulence gene
regulatory cascade of Shigella flexneri. Mol Microbiol 47,
825-838 (2003)

77. Beloin C, McKenna S, and Dorman CJ: Molecular
dissection of VirB, a key regulator of the virulence cascade
of Shigella flexneri. J Biol Chem 277, 15333-15344 (2002)

78. McKenna S, Beloin C, and Dorman CJ: In vitro DNA-
binding properties of VirB, the Shigella flexneri virulence
regulatory protein. FEBS Lett 545, 183-187 (2003)

79. Dorman CJ and Porter ME: The Shigella virulence gene
regulatory cascade: a paradigm of bacterial gene control
mechanisms. Mol Microbiol 29, 677-684 (1998)

80. Taniya T, Mitobe J, Nakayama S, Mingshan Q, Okuda
K, and Watanabe H: Determination of the InvE binding site
required for expression of IpaB of the Shigella sonnei
virulence plasmid: involvement of a ParB boxA-like
sequence. J Bacteriol 185, 5158-5165 (2003)

81. Turner EC, and Dorman CJ: H-NS antagonism in
Shigella flexneri by VirB, a virulence gene transcription
regulator that is closely related to plasmid partition factors.
J Bacteriol 189, 3403-3413 (2007)

82. Ellison DW, and Miller VL: Regulation of virulence by
members of the MarR/SlyA family. Curr Opin Microbiol 9,
153-159 (2006)

83. Okada N, Oi Y, Takeda-Shitaka M, Kanou K,
Umeyama H, Haneda T, Miki T, Hosoya S, and Danbara H:
Identification of amino acid residues of Salmonella SlyA
that are critical for transcriptional regulation. Microbiology
153, 548-560 (2007)



Horizontal genetic transfer and gene regulation

84. Corbett D, Bennett HJ, Askar H, Green J, and Roberts
IS: SIyA and H-NS Regulate Transcription of the
Escherichia coli K5 capsule gene cluster, and expression of
slyA in Escherichia coli is temperature-dependent,
positively autoregulated, and independent of H-NS. J Biol
Chem 282, 33326-33335 (2007)

85. Lawrenz MB, and Miller VL: Comparative analysis of
the regulation of rov4 from the pathogenic yersiniae. J
Bacteriol 189, 5963-5975 (2007)

86. Navarre WW, Halsey TA, Walthers D, Frye J,
McClelland M, Potter JL, Kenney LJ, Gunn JS, Fang FC,
and Libby SJ: Co-regulation of Salmonella enterica genes
required for virulence and resistance to antimicrobial
peptides by SlyA and PhoP/PhoQ. Mol Microbiol 56, 492-
508 (2005)

87. Lithgow JK, Haider F, Roberts IS, Green J: Alternate
SlyA and H-NS nucleoprotein complexes control AlyE
expression in Escherichia coli K-12. Mol Microbiol 66,
685-698 (2007)

88. Buchrieser C, Glaser P, Rusniok C, Nedjari H,
D'Hauteville H, Kunst F, Sansonetti P, and Parsot C: The
virulence plasmid pWR100 and the repertoire of proteins
secreted by the type III secretion apparatus of Shigella
flexneri. Mol Microbiol 38, 760-771 (2000)

89. Le Gall T, Mavris M, Martino MC, Bernardini ML,
Denamur E, and Parsot C: Analysis of virulence plasmid
gene expression defines three classes of effectors in the
type III secretion system of Shigella flexneri. Microbiology
151, 951-962 (2005)

90. Prosseda G, Falconi M, Giangrossi M, Gualerzi CO,
Micheli G, and Colonna B.: The virF promoter in Shigella:
more than just a curved DNA stretch. Mol Microbiol 51,
523-537 (2004)

91. Olekhnovich IN, and Kadner RJ: Role of nucleoid-
associated proteins Hha and H-NS in expression of
Salmonella enterica activators HilD, HilC, and RtsA
required for cell invasion. J Bacteriol 189, 6882-6890
(2007)

92. Walthers D, Carroll RK, Navarre WW, Libby SJ, Fang
FC, and Kenney LJ: The response regulator SsrB activates
expression of diverse Salmonella pathogenicity island 2
promoters and counters silencing by the nucleoid-
associated protein H-NS. Mol Microbiol 65, 477-493
(2007)

93. Nye MB, Pfau JD, Skorupski K, and Taylor RK: Vibrio
cholerae H-NS silences virulence gene expression at
multiple steps in the ToxR regulatory cascade. J Bacteriol
182, 4295-4303 (2000)

94. Yu RR, and DiRita VJ: Regulation of gene expression
in Vibrio cholerae by ToxT involves both antirepression
and RNA polymerase stimulation. Mol Microbiol 43, 119-
134 (2002)

4111

95. Cathelyn JS, Ellison DW, Hinchliffe SJ, Wren BW, and
Miller VL: The RovA regulons of Yersinia enterocolitica
and Yersinia pestis are distinct: evidence that many RovA-
regulated genes were acquired more recently than the core
genome. Mol Microbiol 66, 189-205 (2007)

96. Ellison DW, and Miller VL: H-NS represses inv
transcription in Yersinia enterocolitica through competition
with RovA and interaction with YmoA. J Bacteriol 188,
5101-5112 (2006)

97. Tran HJ, Heroven AK, Winkler L, Spreter T, Beatrix B,
and Dersch P: Analysis of RovA, a transcriptional regulator
of Yersinia pseudotuberculosis virulence that acts through
antirepression and direct transcriptional activation. J Biol
Chem 280, 42423-32 (2005)

98. Liu Q, and Richardson CC: Gene 5.5 protein of
bacteriophage T7 inhibits the nucleoid protein H-NS of
Escherichia coli. Proc Natl Acad Sci USA 90, 1761-1765
(1993)

99. Deighan P, Free A, and Dorman CJ: A role for the
Escherichia coli H-NS-like protein StpA in OmpF porin
expression through modulation of micF RNA stability. Mol
Microbiol 38, 126-139 (2000)

100. Miiller CM, Dobrindt U, Nagy G, Emddy L, Uhlin
BE, and Hacker J: Role of histone-like proteins H-NS and
StpA in expression of virulence determinants of
uropathogenic Escherichia coli. J Bacteriol 188, 5428-5438
(2006)

101. Williams RM, Rimsky S, and Buc H: Probing the
structure, function, and interactions of the Escherichia coli
H-NS and StpA proteins by using dominant negative
derivatives. J Bacteriol 178, 4335-4343 (1996)

102. Rajkowitsch L, and Schroeder R: Dissecting RNA
chaperone activity. RNA 13, 2053-2060 (2007)

103. Waldsich C, Grossberger R, and Schroeder R: RNA
chaperone StpA loosens interactions of the tertiary
structure in the td group I intron in vivo. Genes Dev 16,
2300-2312 (2002)

104. Zhang A, Derbyshire V, Salvo JL, and Belfort M:
Escherichia coli protein StpA stimulates self-splicing by
promoting RNA assembly in vitro. RNA 1, 783-93 (1995)

105. Cusick ME, and Belfort M: Domain structure and
RNA annealing activity of the Escherichia coli regulatory
protein StpA. Mol Microbiol 28, 847-857 (1998)

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

107. Barba J, Bustamante VH, Flores-Valdez MA, Deng
W, Finlay BB, Puente JL: A positive regulatory loop
controls expression of the locus of enterocyte effacement-



Horizontal genetic transfer and gene regulation

encoded regulators Ler and GrlA. J Bacteriol 187, 7918-
7930 (2005)

108. Berdichevsky T, Friedberg D, Nadler C, Rokney A,
Oppenheim A, and Rosenshine I: Ler is a negative
autoregulator of the LEEl operon in enteropathogenic
Escherichia coli. J Bacteriol 187, 349-357 (2005)

109. Mellies JL, Elliott SJ, Sperandio V, Donnenberg MS,
and Kaper JB: The Per regulon of enteropathogenic
Escherichia coli: identification of a regulatory cascade and
a novel transcriptional activator, the locus of enterocyte
effacement (LEE)-encoded regulator (Ler). Mol Microbiol
33, 296-306 (1999)

110. Sperandio V, Mellies JL, Delahay RM, Frankel G,
Crawford JA, Nguyen W, and Kaper JB: Activation of
enteropathogenic Escherichia coli (EPEC) LEE2 and LEE3
operons by Ler. Mol Microbiol 38, 7817-93 (2000)

111. Beloin C, Deighan P, Doyle M, and Dorman ClJ:
Shigella flexneri 2a strain 2457T expresses three members
of the H-NS-like protein family: characterization of the Sth
protein. Mol Genet Genomics 270, 66-77 (2003)

112. Deighan P, Beloin C, and Dorman CJ: Three-way
interactions among the Sth, StpA and H-NS nucleoid-
structuring proteins of Shigella flexneri 2a strain 2457T.
Mol Microbiol 48, 1401-1416 (2003)

113. Doyle M, and Dorman CJ: Reciprocal transcriptional
and posttranscriptional growth-phase-dependent expression
of sfh, a gene that encodes a paralogue of the nucleoid-
associated protein H-NS. J Bacteriol 188, 7581-7591
(2006)

114. Doyle M, Fookes M, Ivens A, Mangan MW, Wain J,
and Dorman CJ: An H-NS-like stealth protein aids
horizontal DNA transmission in bacteria. Science 315, 251-
252 (2007)

Key Words: Anti-repressor, Bacterial genetics, Bacterial
pathogenesis, Bacteriophage, Conjugation, DNA topology,
Escherichia coli, Gene silencing, Global regulation of gene
expression, H-NS, Horizontal gene transfer, Lateral gene
transfer, Mobile genetic element, Nucleoid-associated
protein, Pathogenicity island, Plasmids, RNA chaperone,
Shigella flexneri, Salmonella enteric serovar Typhimurium,
Self-transmissible plasmid, StpA, Transcription, Review

Send correspondence to: Charles J. Dorman, Department
of Microbiology, Trinity College, Dublin 2, Ireland, Tel:
00353 1 8962013, Fax: 00353 1 6799294, E-mail:
cjdorman@tcd.ie

http://www.bioscience.org/current/vol14.htm

4112



