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The BvgAS two-component system of Bordetella pertussis directly
activates the expression of a large number of virulence genes in an
environmentally responsive manner. The Bvg* mode also promotes
the expression of the phosphodiesterase BvgR, which turns off the
expression of another set of genes, the vrgs, by reducing levels of c-
di-GMP. Increased levels of c-di-GMP in the Bvg™ mode are
required, together with the phosphorylated response regulator
protein RisA~P, to activate vrg expression. Phosphorylation of RisA
requires RisK, a non-co-operonic sensor kinase, but not its co-
operonic sensor kinase RisS which is truncated in B. pertussis but
intact in the ancestral B. bronchiseptica. The loss of RisS during
evolution of B. pertussis led to the ability to express the vrgs,
potentially enhancing aerosol transmission of B. pertussis.
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Introduction

Like many bacterial pathogens, the Bordetellae, encom-
passing the human pathogen Bordetella pertussis and the
veterinary pathogen B. bronchiseptica, regulate their vir-
ulence potential according to environmental conditions.
Also like many other pathogens, these species have a
complementary set of capabilities that is regulated in an
inverse fashion, relative to the virulence genes. Both
arms are controlled by the regulatory locus
bvgASR. Activation of virulence genes is governed by
the two-component system BvgAS, while control of the
other arm, the Bvg-repressed genes, or vrgs, is controlled
by the action of BvgR, a c-di-GMP phosphodiesterase,
itself a Bvg-activated gene, or vag (Figure 1).

The BvgAS two-component system
BvgAS represents the apex of a regulatory system in
Bordetellae. BvgA is fairly typical for its class, comprising
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an N-terminal response regulator domain and a C-termi-
nal DNA binding domain of the LuxR/NtrC/Fix] family.
The sensor kinase BvgS is less typical, although not
unique, being representative of a class of sensor kinases.
BvgS comprises, in order from periplasmic to cytoplasmic,
tandem periplasmic Venus Fly Trap (VFT) domains, a
transmembrane segment, a PAS domain, a histidine
kinase module of the HisK-A type (comprising dimeriza-
tion and phosphotransfer (DHp) and catalytic ATP-bind-
ing (CA) domains), a response-regulator domain, and a
histidine phosphotransfer (Hpt) domain. These function
in a phosphorelay with BvgA as the terminal phosphate
acceptor [1-3]. A salient feature of two-component sensor
kinases is the modulation of their activity in response to
environmental signals. In the case of the Bordetellae, and
due, we now understand, to BvgS, this was first described
by Lacey and termed antigenic modulation [4]. Of the
many different compounds that Lacey examined for their
modulatory activity, MgSO, and nicotinic acid have been
the ones used almost exclusively in iz vitro laboratory
growth studies. The signals to which Bordetellae may
respond in nature remain unknown. While many sensor
kinases have a ground state in which they are inactive,
and increase their kinase activity in response to chemical
or other signals, BvgS is somewhat unique in that its
ground state is the active mode, and the effect of mod-
ulators is to reduce its kinase activity. Recent structural,
genetic, and biochemical studies indicate that, in the
Bvg" mode, nonspecific ligands are bound to sites within
the ‘trap’. Binding of the modulator nicotinic acid causes
extensive conformational changes that, through their
effects on the transmembrane helices, ultimately place
BvgS into a phosphatase rather than a kinase mode [3].
The BvgS-active mode, in which virulence genes are
activated, is called the Bvg™ mode and the BvgS-inactive
mode, experienced during modulation, the Bvg™ mode.
Although the term ‘phase’ is often used in place of
‘mode’, we prefer the latter term because transition
between the two states is due to regulatory, not genetic,
changes.

BvgA~P binding

Phosphorylated BvgA (BvgA~P) activates genes encod-
ing virulence factors. These include adhesins, such as
filamentous hemagglutinin (fa), pertactin (prn) and
fimbriae (fim2, fim3, fimX); toxins, such as pertussis toxin
(prx) and adenylate cyclase toxin (¢y#); and other immune
evasion systems, such as BrkA (b74A) (Bordetella resis-
tance to killing), which mediates complement resistance
[1]. For all promoters that have been examined by 7z vitro
transcription studies, BvgA~P has been found to be the
only activator required for their expression. These

Current Opinion in Microbiology 2019, 47:74-81

www.sciencedirect.com


mailto:earle.stibitz@fda.hhs.gov
http://www.sciencedirect.com/science/journal/13695274/47
https://doi.org/10.1016/j.mib.2019.05.003
https://doi.org/10.1016/j.mib.2019.01.002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mib.2019.01.002&domain=pdf
http://www.sciencedirect.com/science/journal/13695274

The BvgASR virulenceregulon of Bordetella pertussis Chen and Stibitz 75

Figure 1
B. pertussis B. bronchiseptica
+ +
(a) Bvg Bvgs Risk T (c) Bvg BvgS Risk I
® o
e 6 EM e 0 = e o R e o i
SN il f"“‘J""lI:xt BYoR . EiBERs > [BuwgABigA T BvaR .
vags (fha,fims, ptx ...) bvgR o vags (fha,fims ...) bvgR l =
ls20s s Slseos s
GMP c-di-GMP GMP c-di-GMP
(b) Bvg’ Bugs Risk T (d) Bvg’ Bgs Risk I
’ i |®®
8 G — 8 o — \ @ — B Gugh) “—A. ®
I - = i - [~ ~ e i
= = o I e
. e - TR
GMP \/c-di-GMP GMP /c-di-GMP
— flagella & chemotaxis fIhC,flhD
genes ’
Current Opinion in Microbiology

Bvg-controlled gene regulation in Bordetellae. (a) and (c) Under normal growth conditions (Bvg* mode), the two-component sensor kinase BvgS and
the cognate response regulator BvgA are in the default ‘on’ state and directly activate the transcription of vags, including bvgR, bvgA, fha, fims and, in
B. pertussis, ptx. The level of c-di-GMP is low in the presence of the phosphodiesterase BvgR. RisA~P, even though phosphorylated by cross talk
from RiskK, is, therefore, unable to activate transcription of vrgs, [36°°]. The gene for the RisA co-operonic sensor kinase family protein RisS has been
truncated due to a frameshift mutation in B. pertussis (RisS’) during its evolution from a common ancestor more similar to B. bronchiseptica. (b) In B.
pertussis, in the Bvg™ mode, the vag-encoded BvgR is not produced and c-di-GMP levels are increased. RisA~P, in the presence of this higher level of
c-di-GMP, can activate the transcription of vrgs [36°°] and transcription of flagella and chemotaxis genes is repressed, likely due to effects on
expression of the regulatory genes flhC and flhD [23°°]. (d) In B. bronchiseptica, in the Bvg™ mode, intact RisS acts as a phosphatase, reducing levels
of RisA~P (Chen et al., unpublished). Unphosphorylated RisA is unable to activate transcription of vrgs, even in the presence of accumulated
c-di-GMP. This condition allows the expression of the regulators flhC, flhD along with genes for flagella and chemotaxis [43,44].

include those for fha [5-8], bvgA [6], prx [6], cya [6], fim
[8,9°1, prn [10], bogR [11], bipA [12] and brpl. [13°].
Detailed mechanisms of BvgA-activation have been most
extensively studied using the fha promoter as a model
system. Affinity cleavage reagents generated by labeling
of BvgA with Fe-BABE have been powerful tools. Their
application has revealed the following aspects that are
true for most BvgA-regulated promoters (exceptions
noted).

1 BvgA binds as head-to-head dimers upstream of the
core promoter elements of regulated promoters

2 Multiple BvgA dimers bind to this region, with a
spacing of 22bp ‘on center’, apparently stabilized by
inter-dimer interactions. An exception is the ¢ya pro-
moter at which the upstream three dimers follow this
rule, but the most promoter proximal dimer is sepa-
rated from them by 6 bp.

3 BvgA-binding extends up to and abuts the —35 region.
Exceptions include the BvgA promoter in which the
most promoter proximal BvgA dimer is separated by

one helical turn from the —35 region, and the fim2, fim3,
and fimX promoters, in which the most promoter proxi-
mal BvgA binding site is co-centric with the —35
region.

4 A dimer of BvgA binds to an inverted heptad binding
site.

5 The most high-affinity BvgA-binding sites are found in
the fha and bipA promoters and represent optimal
binding sites. Systematic mutational alterations to
the fha primary binding site only decreased activity.

6 A pattern of primary and secondary binding is generally
seen, with the most upstream, primary binding sites,
typically being of highest affinity, and the more down-
stream, promoter proximal sites being of reduced
affinity.

Classes of Bvg-activated promoters

Although BvgA~P appears to be the sole activator
required for transcription, promoters differ in their
responsiveness to the modulators. Scarlato ez al. first
reported this phenomenon in terms of time-to-
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expression following a shift from a non-permissive to a
permissive temperature [14]. This temporal program of
expression has also been shown to occur 7z vivo in mice
inoculated with Bvg™ mode B. pertussis [15] and can also
manifest as differential sensitivity to modulation when a
range of modulator concentrations is assessed under
steady-state growth conditions [16]. Early genes, such
as fha, are expressed shortly after a shift, and are rela-
tively insensitive to modulation. Late genes, such as pzx
and c¢ya, are expressed much later and can be down
regulated by lower concentrations of modulators. Both
manifestations are indicative of levels of BvgA~P, which
rise following activation of the dvgAS promoter [14,17].
Promoter architecture, although consistent with the
general rules described above, is varied, as shown in
Figure 2. Early promoters have the highest-affinity
binding sites while the late promotor Ppzy has a higher
number of lower-affinity BvgA-binding sites. The late
promoter Peya is more complicated, manifesting a mix of
medium and low affinity sites and deviating from the
general rule of BvgA spacing, as described above. The
promoter for bipA (Bordetella intermediate phase) is
activated as an early gene via high-affinity binding of
BvgA~P but is repressed at higher concentrations of
BvgA~P due to occupation of lower affinity repressive
sites downstream. This leads to maximal expression
under conditions between Bvg® and Bvg™ modes, also
called the Bvg' mode (intermediate) [12].

Mechanisms of BvgA-activation

The juxtaposition of BvgA binding to the —35 regions
of activated promoters suggests interaction with the
sigma subunit of RNA polymerase (RNAP) similar to
that observed at Class Il activated promoters [18,19].
However, a unique feature of these promoters is the
mode of binding of the C-terminal domain of the RNAP
alpha subunit (alpha-CTD). The previously studied
activator CAP in Escherichia coli, when activating a Class
IT promoter, directs binding of alpha-C'TD upstream of
the CAP binding site, and to the same face of the DNA
helix as CAP itself, in a tandem arrangement. BvgA on
the other hand dictates binding of alpha-CTD to a
different face of the DNA helix within the same seg-
ment bound by BvgA~P. This unique configuration
was first demonstrated at the ffa promoter [20°°], but
has also been shown to occur at the fim3 promoter [21°°].
The latter case is even more remarkable because at this
promoter, and within the same region, BvgA is also
interacting with the RNAP sigma subunit [21°°]. These
observations suggest that BvgA-regulated promoters
are most like Class II promoters in their mechanisms
of activation. An exception is the promoter for bvgAS§
itself, in which BvgA and alpha-CTD binding take
place a full helical turn upstream of the core promoter
elements. This configuration is more reminiscent of a
Class I promoter.

Bvg-repressed genes in B. pertussis

In B. pertussis, Bvg-repressed genes were first identified
by TnpkoA insertions that displayed inverse regulation
vis-a-vis virulence genes [22]. These genes were named
vrgs (vir repressed genes) taking into account the then
current name of the bvg locus, vir. Of these, vrg-6, vrg-18,
vrg-24, and vrg-73 have been studied the most, although
their specific function remains unknown. More recently,
global transcriptomic analyses have greatly expanded this
group of genes. These have included analyses by micro-
array [23°°,24,25], and most recently by RNA-seq [13°]. In
these studies, although strains, growth media and the cut-
offs for vrg recognition (transcription in the Bvg™ mode
versus that in the Bvg® mode) have varied, all have
confirmed the vrg-like expression pattern of the classical
vrgs (vrg-6, vrg-18, vrg-24, and ovrg-73) and genes for
capsular polysaccharide biosynthesis, whose expression
results in capsule production mainly in the Bvg™ mode
[26]. A large number of Bvg-repressed genes are involved
in metabolic pathways. In multiple animal studies, the
ability of B. pertussis to express this class of genes has been
demonstrated not to contribute to virulence, and, in fact,
to be detrimental if their expression is not repressed iz
vivo [27-29]. In searching for a role, their possible
involvement in host-to-host transmission has often been
invoked. A number of researchers are currently pursuing
rigorous tests of this hypothesis.

A new Bvg-repressed promoter, BRP, was recently dis-
covered upstream of the fim3 gene, which encodes the
serotype-3 fimbrial subunit Fim3 [30]. This discovery
explained the repeated observations, from transcriptomic
studies, that the fim3 gene behaved as a vrg in B. pertussis
[13°,23°°,25], even though its promoter, like the promo-
ters of the other fim genes, fim2 and fimX, behaved in a
BvgA-activated manner when examined in an isolated
context [9°]. The purpose of the BRP is unclear. There is
an open reading frame, v7gX, downstream of BRP in B.
pertussis, but vrgX is not present in Bordetella bronchiseptica
[30]. A deletion of a 62bp segment of very high GC-
content apparently occurred in the evolutionary lineage
leading from a B. bronchiseptica-like ancestor to B.
pertussis. 'The effect of this deletion is both to create
the v7gX orf and to allow transcription to proceed into
the fim3 gene. Although this transcription from BRP can
result in translation of both the VrgX and Fim3 proteins,
as detected by /acZ translational fusions, stable protein in
both cases is undetectable (see Figure 3). While the roles
of BRP and VrgX, if any, remain to be elucidated, BRP
has been a very useful tool for studying mechanisms of
vrg-regulation.

Molecular mechanisms of vrg-regulation

Unlike the Bvg-activated genes, whose regulatory mech-
anisms have been actively studied for more than three
decades, mechanisms of org-regulation are less well
understood. Previous genetic studies indicated that the
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Figure 2
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Promoter architecture of Bvg-activated genes. BvgA binding positions determined by BvgA-FeBABE cleavage are shown. Data for fha, bipA, fim3,
and brpL have been previously reported [9°,12,13%,20°°]. Assignations for bvgAS, ptx, and cya are based on unpublished data (P.E. Boucher et al.,
unpublished data). Coordinates expressed relative to the transcriptional start site are given below the black bar representing promoter DNA. BvgA-
binding sites identified by BvgA-FeBABE analysis were scored according to an algorithm based on systematic mutational analysis of the Pfha
high-affinity primary binding site [46]. A perfect score by this method is zero with increasingly negative numbers indicating increasingly lower
predicted binding affinity. Any sites with a score of —6 or higher are represented by arrowheads colored according to the scale given below.
Binding sites with lower occupancy according to the BvgA-FeBABE analysis are indicated by lower opacity of the symbols for BvgA or alpha-CTD.
Alpha-CTD binding was demonstrated by FeBABE labeling of this moiety at the 276 and 301 positions in reconstituted RNA polymerase, as
described in published data for fha and fim3 promoters [20°°,21°°]. Alpha-CTD assignations for the remaining promoters are based on unpublished
data (P. E. Boucher et al., unpublished data). This analysis has not been performed on the brpL promoter. Cases where alpha-CTD binding is
depicted behind the black line, such as with upstream binding sites in the ptx and cya promoters, indicate that the relative positions of the

276 and 302 cleavages were reversed relative to promoter polarity. This is interpreted to indicate that the alpha-CTD is bound to a different face
of the helix, but in an identical fashion vis-a-vis the BvgA dimer directing its binding. Asterisks labeling BvgA in the ptx and cya diagrams indicate
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regulation of classical o7gs involves at least two
gene products, BvgR as a negative regulator in the
Bvg® mode [31,32] and RisA as an activator in the Bvg™
mode [33,34]. At the time of its discovery, the DNA
sequence of the bvgR gene showed only that it belonged
to a family of conserved genes of unknown function. In
fact, bugR was the first gene of this family for which any
function was reported. We now know that this family
of genes encodes EAL-domain proteins, which are
c-di-GMP phosphodiesterases capable of degrading
c-di-GMP and reducing its intracellular concentration
[35]. The combination of BvgR’s negative effect on vrg
expression and its predicted negative effect on c-di-GMP
levels leads to the logical conclusion that ¢c-di-GMP is a
positive factor influencing v7g expression (Figure 1).

Much genetic evidence supports a role for the two-
component response regulator RisA (an OmpR homo-
logue) as a transcriptional activator of the wvrg genes
[23°°,33,34,36°°]. However, in all B. pertussis strains
sequenced to-date, the companion 775§ gene, present in
an operon with 7isA, and predicted to otherwise encode an
EnvZ-like sensor kinase, is inactivated by a frameshift
mutation upstream of the codon for the conserved histi-
dine residue [34,37]. It had, therefore, been unclear
whether RisA was in fact phosphorylated /7 vivo, and if
so, whether phosphorylation was required for its ability to
activate transcription of v7gs. Recently, these issues have
been substantially clarified. A combination of genetic
manipulation and the use of PhosTag'™ gel electropho-
resis allowed Chen er a4/ [36°°] to demonstrate, in
B. pertussis, that RisA is in fact phosphorylated i vivo,
that phosphorylation is required for its action, and that the
degree of phosphorylation does not change in response to
modulation. Interestingly, it is not phosphorylation per se
that is required because mutation of the key phospho-
accepting aspartate residue to a glutamic acid residue
results in an active protein [36°°]. A current working
model, depicted in Figure 1, is that the actual cytoplasmic
signal that this system responds to is c-di-GMP, whose
levels are controlled by BvgR, itself the product of a Bvg-
activated gene, sensitive to modulation. The actual
kinase of RisA was found, independently by two groups,
to be the product of the orf BP3223, and has been named
RisK. Chen e7 a/. [36°°] identified it by systematic muta-
tion of all sixteen predicted genes for histidine kinases.
Only mutation of BP3223 led to loss of expression of a
BRP-/ux transcriptional fusion. Coutte e al. [23°°]
employed bioinformatics analyses, based on co-evolution
of amino acid pairs in response regulators and their
cognate histidine kinases, to identify the same gene. This
group also performed extensive whole genome transcrip-
tomic analyses of different mutant B. pertussis strains

harboring ArisK, ArisA, AbogR, risA?"™ (phosphorylation
inactivating) or 7isA??* (phosphorylation mimicking)
alleles. These studies have highlighted the complexity
of RisA-controlled gene expression and have grouped
genes into at least six clusters based on their requirement
for non-phosphorylated RisA or phosphorylated RisA,
with or without BvgR (affecting c-di-GMP levels).
According to their study, both c-di-GMP (assessed by
modulation with MgSO, or use of a AbvgR strain) and
RisA~P (by using 7isAP*™ or ArisK strains) are required
for activation of almost all vrgs, including classical vrgs,
capsular polysaccharide biosynthesis genes and others
(Cluster 6). The same two factors, c-di-GMP and
RisA~P, appear necessary for repression of genes for
flagella and chemotaxis (Cluster 4). A model for this
repression, presented in Figure 1b, hypothesizes the
existence of a negative regulator that is itself regulated
like a v7g, and which is responsible for transcriptional
repression of flagella and chemotaxis genes, potentially
via effects on the two transcriptional activators, f4C and
fkD. Interestingly, the ArisA strain, but not the 7isAP*N
strain, displayed a growth defect [36°°] and Coutte ¢ a/.
identified a set of genes down regulated in the deletion
strain but not in the 7isAP*N strain. Further studies will
be required to determine the role that these genes may
play in overall fitness.

The role of the Bvg-repressed genes in B.
pertussis evolution

Phylogenetic studies have suggested that the acutely
virulent obligate human pathogen B. pertussis evolved
from a chronically colonizing animal pathogen of the
B. bronchiseptica lineage [37-39]. In the Bvg" mode, the
two species produce a nearly identical set of known
virulence factors, which are required for colonization
and infection in both species [27,29,40], with the excep-
tion of pertussis toxin and tracheal colonization factor
(reviewed in Ref. [41]). Expression of Bvg-repressed
genes, on the other hand, has diverged in a systematic
way. The classical vrgs identified in B. pertussis, while
present in B. bronchiseptica, are expressed at a lower level
and are up regulated to a lesser degree in the Bvg™ mode.
Flagellar motility, on the other hand, is a Bvg-repressed
trait in B. bronchiseptica but not in B. pertussis. [24,42-45].
It is significant that, while RisA is a central positive
regulator of Bvg-repressed genes, its co-operonic histi-
dine kinase, RisS, which is inactivated in B. pertussis
lineages, is intact in B. bronchiseptica. Recent studies in
our lab indicate that RisS actually functions as a phos-
phatase of RisA~P (see Figure 1d). Inactivation of 7758 in
B. bronchiseptica increases RisA~P levels in the Bvg™
mode, leading to the expression of classical v7gs and
repression of flagellar and chemotaxis genes. Conversely,

(Figure 2 Legend Continued) the use of a BvgA mutant that binds these promoters with higher affinity. The use of the mutant was necessitated
by the reduced solubility of BvgA-FeEBABE combined with the need for higher concentrations to promote binding.
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Figure 3
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Regulation of serotype 3 fimbriae production in B. pertussis. (a) In the Bvg™ mode, vags are expressed due to binding of BvgA~P. The fim3
promoter, if in a permissive configuration, such as Pfim3-15C, is transcribed. This allows production of the Fim3 major fimbrial subunit, which is
assembled to form serotype 3 fimbriae (FIM3) in the presence of the fimbrial assembly apparatus, chaperone FimB, usher FimC and the fimbrial
tip protein FimD, whose genes are under the control of the Bvg-activated Pfha. A Bvg-repressed promoter, BRP, located ~400 bp upstream of
Pfim3 transcriptional start, is repressed in the Bvg* mode. (b) In the Bvg™ mode, vags are silenced and vrgs, such as BRP, are expressed under
the control of RisA~P whose activity is influenced by c-di-GMP. Although BRP dictates the transcription and translation of downstream orfs,
vrgX15C and fim3, both products are unstable (indicated by dashed lines). The instability of Fim3 is thought to be due to the absence of the
fimbrial assembly apparatus in the Bvg™ mode. [30].
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in B. pertussis, reinstating an active RisS reduced RisA
phosphorylation levels, lowered expression of the classi-
cal vrgs, capsular polysaccharide synthesis genes, and
BRP, and increased expression of flagellar and chemo-
taxis genes (Chen ¢ /., unpublished data). Thus, it
appears that the inactivation of 745§ in the B. pertussis
lineage provided a selectable advantage due to the
expression of v7gs in the Bvg™ mode. One such an
advantage may have been an enhanced ability of the
evolving B. pertussis to transmit to new hosts. This would
have been particularly important as its host range was
narrowing from multiple mammalian reservoirs to only
humans.

Conclusion

Study of the BvgASR regulon, which includes both
virulence genes and the Bvg-repressed genes, has
revealed several novel regulatory mechanisms with clear
significance for regulatory systems in other bacteria. It
has also provided a framework in which to consider the
evolution of the acutely virulent obligate human patho-
gen B. pertussis from the chronically colonizing multi-
host animal pathogen B. bronchiseptica. In the Bvg™ mode,
a relatively small number of mutations in the otherwise
silent promoter of the pertussis toxin operon have turned
on the expression of this hallmark B. pertussis virulence
factor within the human host. In addition, through a
single basepair change in the 7758 gene, an entire group
of Bvg-repressed genes have been activated in the Bvg™
mode in B. pertussis. Long seen as having no purpose,
these genes are now believed to contribute to efficient
aerosol transmission, another hallmark of B. pertussis
pathogenesis. These findings make clear the value of
studying the regulation of pathogenesis. To put it
another way, it is not just knowing the tools that a
bacterial pathogen has, that is its virulence factors, but
also an understanding of how they are implemented, that
is needed for a complete description of its pathogenic
lifestyle.

Conflict of interest statement
Nothing declared.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1. Melvin JA, Scheller EV, Miller JF, Cotter PA: Bordetella pertussis
pathogenesis: current and future challenges. Nat Rev Microbiol
2014, 12:274-288.

2. Uhl MA, Miller JF: Integration of multiple domains in a two-
component sensor protein: the Bordetella pertussis BvgAS
phosphorelay. EMBO J 1996, 15:1028-1036.

3. Dupre E, Lesne E, Guerin J, Lensink MF, Verger A, de Ruyck J,
Brysbaert G, Vezin H, Locht C, Antoine R et al.: Signal
transduction by BvgS sensor-kinase: binding of modulator

nicotinate affects conformation and dynamics of entire
periplasmic moiety. J Biol Chem 2015, 11:e1004700.

4. Lacey BW: Antigenic modulation of Bordetella pertussis. J Hyg
(Lond) 1960, 58:57-93.

5. Boucher PE, Yang MS, Schmidt DM, Stibitz S: Genetic and
biochemical analyses of BvgA interaction with the secondary
binding region of the fha promoter of Bordetella pertussis.

J Bacteriol 2001, 183:536-544.

6. Steffen P, Goyard S, Ullmann A: Phosphorylated BvgA is
sufficient for transcriptional activation of virulence-regulated
genes in Bordetella pertussis. EMBO J 1996, 15:102-109.

7. Boucher PE, Murakami K, Ishihama A, Stibitz S: Nature of DNA
binding and RNA polymerase interaction of the Bordetella
pertussis BvgA transcriptional activator at the fha promoter.
J Bacteriol 1997, 179:1755-1763.

8. Boulanger A, Moon K, Decker KB, Chen Q, Knipling L, Stibitz S,
Hinton DM: Bordetella pertussis fim3 gene regulation by BvgA:
phosphorylation controls the formation of inactive vs. active
transcription complexes. Proc Natl/ Acad Sci U S A 2015, 112:
E526-E535.

9. Chen Q, Decker KB, Boucher PE, Hinton D, Stibitz S: Novel
architectural features of Bordetella pertussis fimbrial subunit
promoters and their activation by the global virulence
regulator BvgA. Mol Microbiol 2010, 77:1326-1340.

Genetic analysis of the phase-variable fim promoters, together with
BvgA-FeBABE analysis of the fim3 promoter reveals that binding of
BvgA~P coincides precisely with the location of a very poor —35 element
(CCCCCC). These suggest an unusual spatial relationship and interaction
of BvgA and RNA polymerase at these promoters, which were studied in
more detail in Ref. 21ee.

10. Kinnear SM, Boucher PE, Stibitz S, Carbonetti NH: Analysis of
BvgA activation of the pertactin gene promoter in Bordetella
pertussis. J Bacteriol 1999, 181:5234-5241.

11. Merkel TJ, Boucher PE, Stibitz S, Grippe VK: Analysis of bvgR
expression in Bordetella pertussis. J Bacteriol 20083,
185:6902-6912.

12. Williams CL, Boucher PE, Stibitz S, Cotter PA: BvgA functions as
both an activator and a repressor to control Bvg phase
expression of bipA in Bordetella pertussis. Mol Microbiol 2005,
56:175-188.

13. Moon K, Bonocora RP, Kim DD, Chen Q, Wade JT, Stibitz S,

e Hinton DM: The BvgAS Regulon of Bordetella pertussis. MBio
2017, 8.

RNA-seq study of the Bvg-regulon of B. pertussis expanded the group of

Bvg-activated and Bvg-repressed genes and provided details of Bvg

activation of the key regulator BrpL.

14. ScarlatoV, Arico B, Prugnola A, Rappuoli R: Sequential activation
and environmental regulation of virulence genes in Bordetella
pertussis. EMBO J 1991, 10:3971-3975.

15. Veal-Carr WL, Stibitz S: Demonstration of differential virulence
gene promoter activation in vivo in Bordetella pertussis using
RIVET. Mol Microbiol 2005, 55:788-798.

16. Stibitz S: Mutations affecting the alpha subunit of Bordetella
pertussis RNA polymerase suppress growth inhibition
conferred by short C-terminal deletions of the response
regulator BvgA. J Bacteriol 1998, 180:2484-2492.

17. Boulanger A, Chen Q, Hinton DM, Stibitz S: In vivo
phosphorylation dynamics of the Bordetella pertussis
virulence-controlling response regulator BvgA. Mol Microbiol
2013, 88:156-172.

18. Decker KB, James TD, Stibitz S, Hinton DM: The Bordetella
pertussis model of exquisite gene control by the global
transcription factor BvgA. Microbiology 2012, 158:1665-1676.

19. Lawson CL, Swigon D, Murakami KS, Darst SA, Berman HM,
Ebright RH: Catabolite activator protein: DNA binding and
transcription activation. Curr Opin Struct Biol 2004, 14:10-20.

20. Boucher PE, Maris AE, Yang MS, Stibitz S: The response
ee regulator BvgA and RNA polymerase alpha subunit C-terminal

Current Opinion in Microbiology 2019, 47:74-81

www.sciencedirect.com


http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0005
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0005
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0005
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0010
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0010
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0010
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0015
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0015
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0015
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0015
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0015
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0020
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0020
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0025
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0025
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0025
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0025
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0030
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0030
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0030
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0035
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0035
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0035
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0035
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0040
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0040
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0040
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0040
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0040
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0045
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0045
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0045
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0045
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0050
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0050
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0050
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0055
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0055
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0055
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0060
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0060
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0060
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0060
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0065
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0065
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0065
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0070
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0070
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0070
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0075
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0075
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0075
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0080
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0080
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0080
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0080
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0085
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0085
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0085
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0085
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0090
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0090
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0090
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0095
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0095
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0095
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0100
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0100

The BvgASR virulenceregulon of Bordetella pertussis Chen and Stibitz 81

domain bind simultaneously to different faces of the same
segment of promoter DNA. Mol Cell 2003, 11:163-173.
Details of the architecture of the fha promoter ternary complex were
illuminated through the use of derivatives of BvgA and RNAP alpha
subunit both labelled with FEBABE in their C-terminal, DNA-binding,
domains. The picture that emerged has allowed Pfha to serve as a
prototype for Bvg-activated promoters.

21. Decker KB, Chen Q, Hsieh ML, Boucher P, Stibitz S, Hinton DM:

ee Different requirements for sigma region 4 in BvgA activation of
the Bordetella pertussis promoters P(fim3) and P(fhaB). J Mol
Biol 2011, 409:692-709.

Biochemical analyses and molecular modeling provide a detailed picture

of a novel ternary complex comprising Pfim3 DNA, BvgA~P, and RNA

polymerase.

22. Knapp S, Mekalanos JJ: Two trans-acting regulatory genes (vir
and mod) control antigenic modulation in Bordetella pertussis.
J Bacteriol 1988, 170:5059-5066.

23. Coutte L, Huot L, Antoine R, Slupek S, Merkel TJ, Chen Q, Stibitz S,

ee Hot D, Locht C: The multifaceted RisA regulon of Bordetella
pertussis. Sci Rep 2016, 6:32774.

Extensive RNA microarray analyses of B. pertussis mutant strains

affected in different players in vrg-regulation have informed our current

understanding of vrg regulation in B. pertusis, as described in this review.

24. Cummings CA, Brinig MM, Lepp PW, van de Pas S, Relman DA:
Bordetella species are distinguished by patterns of
substantial gene loss and host adaptation. J Bacteriol 2004,
186:1484-1492.

25. Hot D, Antoine R, Renauld-Mongenie G, Caro V, Hennuy B,
Levillain E, Huot L, Wittmann G, Poncet D, Jacob-Dubuisson F
et al.: Differential modulation of Bordetella pertussis virulence
genes as evidenced by DNA microarray analysis. Mol Genet
Genomics 2003, 269:475-486.

26. NeoY, LiR, Howe J, Hoo R, Pant A, Ho S, Alonso S: Evidence for
an intact polysaccharide capsule in Bordetella pertussis.
Microbes Infect 2010, 12:238-245.

27. Martinez de Tejada G, Cotter PA, Heininger U, Camilli A,
Akerley BJ, Mekalanos JJ, Miller JF: Neither the Bvg— phase nor
the vrg6 locus of Bordetella pertussis is required for
respiratory infection in mice. Infect Immun 1998, 66:2762-2768.

28. Merkel TJ, Stibitz S, Keith JM, Leef M, Shahin R: Contribution of
regulation by the bvg locus to respiratory infection of mice by
Bordetella pertussis. Infect Immun 1998, 66:4367-4373.

29. Akerley BJ, Cotter PA, Miller JF: Ectopic expression of the
flagellar regulon alters development of the Bordetella-host
interaction. Cell 1995, 80:611-620.

30. ChenQ, Lee G, Craig C, NgV, Carlson PE Jr, Hinton DM, Stibitz S:
A novel Bvg-repressed promoter causes vrg-like transcription
of fim3 but does not result in the production of serotype
3 Fimbriae in Bvg(-) mode Bordetella pertussis. J Bacteriol
2018.

31. Merkel TJ, Stibitz S: Identification of a locus required for the
regulation of bvg-repressed genes in Bordetella pertussis.
J Bacteriol 1995, 177:2727-2736.

32. Merkel TJ, Barros C, Stibitz S: Characterization of the bvgR
locus of Bordetella pertussis. J Bacteriol 1998, 180:1682-1690.

33. Stenson TH, Allen AG, Al-Meer JA, Maskell D, Peppler MS:
Bordetella pertussis risA, but not risS, is required for maximal
expression of Bvg-repressed genes. Infect Immun 2005,
73:5995-6004.

34. Croinin TO, Grippe VK, Merkel TJ: Activation of the vrg6é
promoter of Bordetella pertussis by RisA. J Bacteriol 2005,
187:1648-1658.

35. Romling U, Galperin MY, Gomelsky M: Cyclic di-GMP: the first
25 years of a universal bacterial second messenger. Microbiol
Mol Biol Rev 2013, 77:1-52.

36. Chen Q, NgV, Warfel JM, Merkel TJ, Stibitz S: Activation of Bvg-
ee repressed genes in Bordetella pertussis by RisA requires
cross talk from noncooperonic histidine kinase RisK.
J Bacteriol 2017, 199.
Analyses of RisA phosphorylation in vivo in B. pertussis and the expres-
sion of vrgs in various B. pertussis mutant strains have informed our
current understanding of vrg regulation in B. pertusis, as described in this
review.

37. Parkhill J, Sebaihia M, Preston A, Murphy LD, Thomson N,
Harris DE, Holden MT, Churcher CM, Bentley SD, Mungall KL et al.:
Comparative analysis of the genome sequences of Bordetella
pertussis, Bordetella parapertussis and Bordetella
bronchiseptica. Nat Genet 2003, 35:32-40.

38. Diavatopoulos DA, Cummings CA, Schouls LM, Brinig MM,
Relman DA, Mooi FR: Bordetella pertussis, the causative
agent of whooping cough, evolved from a distinct, human-
associated lineage of B. bronchiseptica. PLoS Pathog
2005, 1:e45.

39. Gerlach G, von Wintzingerode F, Middendorf B, Gross R:
Evolutionary trends in the genus Bordetella. Microbes Infect
2001, 3:61-72.

40. Cotter PA, Miller JF: BvgAS-mediated signal transduction:
analysis of phase-locked regulatory mutants of Bordetella
bronchiseptica in a rabbit model. Infect Immun 1994,
62:3381-3390.

41. Mattoo S, Cherry JD: Molecular pathogenesis, epidemiology,
and clinical manifestations of respiratory infections due to
Bordetella pertussis and other Bordetella subspecies. Clin
Microbiol Rev 2005, 18:326-382.

42. Nicholson TL, Conover MS, Deora R: Transcriptome profiling
reveals stage-specific production and requirement of flagella
during biofilm development in Bordetella bronchiseptica.
PLoS One 2012, 7:e49166.

43. Akerley BJ, Monack DM, Falkow S, Miller JF: The bvgAS locus
negatively controls motility and synthesis of flagella in
Bordetella bronchiseptica. J Bacteriol 1992, 174:980-990.

44. Akerley BJ, Miller JF: Flagellin gene transcription in Bordetella
bronchiseptica is regulated by the BvgAS virulence control
system. J Bacteriol 1993, 175:3468-3479.

45. Yuk MH, Harvill ET, Miller JF: The BvgAS virulence control
system regulates type Ill secretion in Bordetella
bronchiseptica. Mol Microbiol 1998, 28:945-959.

46. Boucher PE, Yang MS, Stibitz S: Mutational analysis of the high-
affinity BvgA binding site in the fha promoter of Bordetella
pertussis. Mol Microbiol 2001, 40:991-999.

www.sciencedirect.com

Current Opinion in Microbiology 2019, 47:74-81


http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0100
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0100
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0105
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0105
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0105
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0105
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0110
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0110
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0110
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0115
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0115
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0115
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0120
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0120
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0120
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0120
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0125
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0125
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0125
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0125
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0125
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0130
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0130
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0130
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0135
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0135
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0135
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0135
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0140
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0140
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0140
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0145
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0145
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0145
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0150
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0150
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0150
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0150
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0150
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0155
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0155
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0155
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0160
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0160
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0165
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0165
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0165
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0165
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0170
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0170
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0170
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0175
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0175
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0175
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0180
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0180
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0180
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0180
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0185
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0185
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0185
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0185
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0185
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0190
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0190
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0190
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0190
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0190
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0195
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0195
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0195
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0200
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0200
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0200
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0200
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0205
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0205
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0205
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0205
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0210
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0210
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0210
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0210
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0215
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0215
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0215
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0220
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0220
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0220
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0225
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0225
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0225
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0230
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0230
http://refhub.elsevier.com/S1369-5274(18)30126-7/sbref0230

	The BvgASR virulence regulon of Bordetella pertussis
	Introduction
	The BvgAS two-component system
	BvgA∼P binding
	Classes of Bvg-activated promoters
	Mechanisms of BvgA-activation
	Bvg-repressed genes in B. pertussis
	Molecular mechanisms of vrg-regulation
	The role of the Bvg-repressed genes in B. pertussis evolution
	Conclusion
	Conflict of interest statement
	References and recommended reading


