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The Flagellar Set Fla2 in Rhodobacter sphaeroides Is Controlled by the
CckA Pathway and Is Repressed by Organic Acids and the Expression

of Flal
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Rhodobacter sphaeroides has two different sets of flagellar genes. Under the growth conditions commonly used in the laboratory,
the expression of the flal set is constitutive, whereas the fla2 genes are not expressed. Phylogenetic analyses have previously
shown that the flal genes were acquired by horizontal transfer from a gammaproteobacterium and that the fla2 genes are endog-
enous genes of this alphaproteobacterium. In this work, we characterized a set of mutants that were selected for swimming using
the Fla2 flagella in the absence of the Flal flagellum (Fla2™ strains). We determined that these strains have a single missense mu-
tation in the histidine kinase domain of CckA. The expression of these mutant alleles in a Flal ™~ strain allowed fla2-dependent
motility without selection. Motility of the Fla2™* strains is also dependent on ChpT and CtrA. The mutant versions of CckA
showed an increased autophosphorylation activity in vitro. Interestingly, we found that cckA is transcriptionally repressed by
the presence of organic acids, suggesting that the availability of carbon sources could be a part of the signal that turns on this
flagellar set. Evidence is presented showing that reactivation of flal gene expression in the Fla2* background strongly reduces

the number of cells with Fla2 flagella.

More than 40 genes are involved in the biogenesis and func-
tioning of the bacterial flagellum. This structure has three
major subcomponents, the basal body, the hook, and the filament.
The basal body contains the export apparatus, an inner membrane
ring (MS ring), a periplasmic ring (P ring), and, depending on the
species, an outer membrane ring (L ring). The basal body also
includes the flagellar motor and a rod that expands from the MS
ring and crosses the L and P rings. The hook is the first extracel-
lular structure that is assembled; it connects the basal body with
the flagellar filament that is formed by thousands of flagellin sub-
units (reviewed in references 1-3).

In most bacterial species, the expression of the flagellar genes is
highly regulated and frequently follows a hierarchical order in
which the late genes are expressed until the early genes, that are
higher in the hierarchy, are expressed. At the top of the hierarchy,
a transcriptional regulator is responsible for the expression of the
genes required to assemble the early flagellar structures that are
located in the cytoplasm (i.e., export apparatus), in the cytoplas-
mic membrane (i.e., MS ring), and, depending on the hierarchy,
in the periplasm (i.e., P ring), the outer membrane (i.e., L ring),
and the extracellular milieu (i.e., hook). Within this class, addi-
tional transcription factors are expressed. These proteins are re-
quired to transcribe the late genes, such as fliC (flagellin), fliD
(filament cap), and fliS (secretion of FliC) (1-4).

Different regulatory mechanisms are known to be involved in
the control of these hierarchies (4). The most common scheme of
regulation consists of the use of different sigma factors to tran-
scribe the genes in different tiers of the hierarchy. For instance, in
the enteric bacteria Escherichia coli and Salmonella, at the top of
the hierarchy the transcriptional activator FIhD,C, and sigma-70
promote the expression of the early genes, whereas the late pro-
moters are dependent on o®. In some species of Vibrio and Pseu-
domonas, 0>* and the activator protein FleQ promote the tran-
scription of the genes required at the initial phases of flagellar
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biosynthesis, and 6*® expresses the late genes. In alphaproteobac-
teria, the flagellar hierarchy of Caulobacter crescentus is one of the
best characterized. In this bacterium, ¢”° and CtrA transcribe the
genes encoding the proteins that form the export apparatus,
the MS ring, and the regulators FliX and FIbD. Once the first
flagellar structure is functional, FIbD becomes phosphorylated
and activates Eo* to carry out transcription of the genes encoding
the rod proteins, FlgH and FIgL (P and L rings, respectively), FIgE
(the hook), and FliC (the filament). CtrA acts as a transcriptional
activator when it is phosphorylated by the histidine kinase (HK)
CckA and the histidine phosphotransferase ChpT (5-7). This sig-
nal transduction pathway is essential in Caulobacterales and Rhi-
zobiales (8-11). In C. crescentus, the kinase/phosphatase activities
of CckA are regulated by the histidine kinases PleC, Div], and DivL
as well as by the response regulator DivK (12).

In contrast to C. crescentus, in many alphaproteobacteria the
signaling pathway CckA/ChpT/CtrA is dispensable and the genes
encoding PleC, Div], DivL, and DivK are not present in their ge-
nomes (13). For some species of this bacterial group, it has been
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reported that CtrA does not control the cell cycle, but it controls
directly or indirectly the expression of the flagellar genes (14-19).
In this group of bacteria, there is no evidence regarding the control
of the activity of CckA, but it has been reported that the expression
of cckA, chpT, and/or ctrA is reduced in quorum sensing mutants
in Ruegeria sp. strain KLH11, Dinoroseobacter shibae, and Rhodo-
bacter capsulatus (16,17,19, 20). However, in Ruegeria sp. KLH11,
the evidence suggests that this control is indirect (16). In addition,
in R. capsulatus it was shown that ctrA transcription was increased
3-fold when the cultures were grown photoheterotrophically in
minimal medium compared with cultures grown in YPS-rich me-
dium (medium containing yeast extract, peptone, and salts); in
addition, a reduction in the expression of ctrA was detected in
phosphate-limited cultures but not in nitrogen- or carbon-limited
cultures (20).

Rhodobacter sphaeroides is an alphaproteobacterium that has
two different full sets of flagellar genes (21). The flal set was ini-
tially characterized given that its expression is constitutive under
the growth conditions commonly used in the laboratory (21-23).
It has been shown that the flal genes are transcribed in a four-
tiered hierarchy. At the top of it, the master regulator FleQ acti-
vates 0”* to promote the expression of the fleT-fliE-J operon. FleT
and FleQ together activate o>* to transcribe the genes encoding the
rest of the components of the rod, the export apparatus, the L, P,
and H rings, and the hook. In this class, the genes encoding o*®
and the anti-sigma o*® factor FIgM are also expressed. After com-
pletion of the hook-basal body (HBB), FlgM is exported out of the
cell, and the genes that depend on o*® are expressed (23, 24).

Bacterial taxis is achieved through the control of flagellar rota-
tion by the chemotactic system. Flal-dependent taxis responds to
several stimuli, some of which are not directly sensed by the che-
motactic proteins. For example, it has been observed that aero-
taxis is controlled in part by the two-component system RegB-
RegA (also known as PrrB and PrrA) (25). These proteins form a
global system that responds to the redox state of the cell to control
several metabolic processes that generate energy, i.e., photosyn-
thesis, carbon and nitrogen fixation, aerobic and anaerobic respi-
ration, electron transport, etc. (reviewed in reference 26). Under
anaerobic growth conditions, RegB is active as a kinase and phos-
phorylates RegA; RegA-P activates the genes encoding the apo-
proteins of the light-harvesting and reaction center complexes
(27-29). In the presence of oxygen, RegB is inactivated and the
synthesis of these complexes and proteins is halted. The absence of
RegB has a negative effect on the growth rate under photohetero-
trophic conditions (30), and these mutant cells do not show the
negative tactic response toward high concentrations of oxygen
(25).

The presence of a second set of flagellar genes (fla2) in R. spha-
eroides was discovered when the genomic sequence of this bacte-
rium was released. At that time, no other flagellar structure dif-
ferent from the Flal flagellum had been observed (31). The func-
tionality of the fla2 genes was reported after the isolation of a
mutant strain able to swim with the Fla2 flagella. This mutant,
isolated in a flal background, showed the presence of several polar
flagella, and it was proficient to swim in liquid medium, like the
wild-type strain (WS8N) that assembles the Flal single subpolar
flagellum. Neither Flal nor Fla2 flagella enable swarming on sur-
faces, and it should be stressed that the wild-type strain grown
under conditions commonly used in the laboratory does not ex-
press the fla2 set (21).
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Phylogenetic studies suggested that the flal genes were ac-
quired by an event of horizontal transfer probably from a gamma-
proteobacteria, whereas the fla2 genes are the native flagellar genes
of this species (21). This suggests that the flal genes overtook the
function of the native flagellar genes or that its presence allowed R.
sphaeroides to swim under growth conditions where the native
genes were repressed.

So far, it is not known what is the mechanism that keeps the fla2
set transcriptionally inactive in the wild-type WS8N strain, and
nothing is known about its possible regulation. In this work, we
show evidence indicating that the CckA-ChpT-CtrA pathway is
central to activate the fla2 genes. Our results establish that in the
absence of Flal, an activating mutation in CckA is enough to pro-
mote the expression of the fla2 genes and consequently the syn-
thesis of the Fla2 flagella. In addition, we found that cckA is
strongly repressed by a high concentration of organic acids,
whereas a growth medium with a mixture of amino acids or a low
concentration of succinic acid induces cckA and favors the synthe-
sis of the Fla2 flagella. Evidence is also presented indicating that
the expression of the flal genes reduces the synthesis of Fla2.

MATERIALS AND METHODS

Plasmids, bacterial strains, and growth conditions. Plasmids and bacte-
rial strains used in this work are listed in Table 1. R. sphaeroides WS8N
(32) was grown at 30°C in Sistrom’s minimal medium (33) or in Sistrom’s
minimal medium without succinic acid but supplemented as indicated
below. Photoheterotrophic liquid cultures were grown under continuous
illumination and in completely filled screw-cap tubes. Heterotrophic lig-
uid cultures were incubated in the dark with shaking at 200 rpm. Esche-
richia coli was grown in LB medium (34) at 37°C. Swimming assays were
carried out with bacteria grown in liquid medium or on swimming plates
containing the indicated medium and 0.22% agar. When required, the
following antibiotics were added: for R. sphaeroides, kanamycin (25 g/
ml), tetracycline (1 pg/ml), and spectinomycin (50 wg/ml); for E. coli,
kanamycin (50 pg/ml), spectinomycin (50 pg/ml), and ampicillin (100
pg/ml).

Oligonucleotides. The oligonucleotides used in this work are listed in
Table S1 in the supplemental material.

Isolation of mutant strains. To inactivate cckA, chpT, and ctrA, a sui-
cide vector containing the target gene disrupted with an antibiotic resis-
tance gene was used for allelic exchange.

To inactivate cckA, the oligonucleotides 454A and 454B were used to
amplify by PCR a product of 2,460 bp containing the coding region of
cckA (2,277 bp), as well as 110 and 73 bp from the downstream and
upstream regions of the gene. This product was cloned into pCR2.1-
TOPO plasmid, resulting in pTOPO_cckA; this plasmid was digested with
EcoNI to remove most of the coding region of cckA. The digestion frag-
ment, which included the complete vector and 792 bp from the 5 end of
cckA and 455 bp from the 3’ end, was purified and self-ligated to obtain
pTOPO_AcckA. The allele AcckA in this plasmid was verified by sequenc-
ing. AcckA:QP¢ was obtained by cloning the Q°P° cassette as a 2-kb Smal
fragment into pTOPO_AcckA previously digested with EcoNI and end
repaired with T4 DNA polymerase. The resultant plasmid was digested
with Xbal and Sacl, and the fragment carrying the allele AcckA:QP° was
purified and cloned in the suicide plasmid pJQ200mp18 (35). The allele
AcckA::uidA-aadA was obtained using the same procedure as described
above, but instead of cloning the QFP¢ cassette, the Smal fragment from
pWMS5 (36) carrying uidA-aadA was used. This fragment allows the ex-
pression of the promotorless uidA gene creating a transcriptional fusion.
The suicide plasmids carrying these alleles of cckA were introduced into R.
sphaeroides by conjugation (37, 38). The double recombination events
were selected as described previously (21).

Strain BV3 was obtained by cloning together two PCR products cor-
responding to the upstream and downstream regions of chpT in pTZ19R.
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TABLE 1 Strains and plasmids used in this study

Control of Fla2 Flagella of R. sphaeroides

Strain or plasmid

Relevant characteristics

Source or reference

Rhodobacter sphaeroides strains
EA1
EA2
AM1
BV1
BV2
BV3
BV4
CB1
CB2
CD1
CD2
LC5
LC6
SP13
SP20
WSSN

Escherichia coli strains
LMG194
S17
TOP10

Plasmids
pBAD/His
pBAD/His-cCckA
pBAD/His-cCckA A387P
pBAD/His-cCckA L391F
pBAD/His-cCckA F399C
pBBMCS53
pBBMCS53_fliL2
pCR2.1-TOPO
pJQ_ActrA::aadA
pJQ_AregB::()%¥°
pJQ200_AcckA:Q%P¢
pJQ200_AchpT: Q¢
pJQ200mp18
pPIRL
PRK_cckA
PRK_cckA \357p
PRK__cckA; 30,5
PRK_cckApso0c
pRK_chpT
PRK_ctrA
PRK_regB, 56,
PRK_regBs,q;
pRK415
pTOPO_cckA
pTOPO_ctrAup-down
pTOPO_AcckA::Q%P¢
pTOPO_AcckA
pTZ_chpTup-down
pTZ_ctrAupdown
pTZ_AchpT: Q5
pTZ_ActrA:aadA
pTZ_AregB
pTZ_AregB::QSPC
PTZ_regB, 5,
PTZ_regBgy;
pTZ19R
pTZ19R BamHI ™
pWM5

AM1 derivative; AfleQ::Kan" cckA| 59, ActrA::aadA
WS8N derivative; ActrA::aadA

WS8N derivative; AfleQ:Kan" cckA| 59,5

WS8N derivative; AfleQ:Kan® cckA 557p

WS8N derivative; AfliF::aadA cckApsgoc

AMI1 derivative; AfleQ::Kan® cckA, 59, AchpT:: (5
WS8N derivative; AfleQ::Kan® AchpT:: ()%

AM1 derivative; AfleQ::Kan" AcckA::Q25P¢

WS8N derivative; AcckA::Q5P¢

WSS8N derivative; AfleQ::Kan® AregB:: ()P

AM1 derivative; AfleQ:Kan" cckAy 59, AregB::Q5P°
WS8N derivative; AfleQ::Kan" AcckA::Q5P¢

AM]1 derivative; AfleQ::Kan" AcckA::uidA-aad
WS8N derivative; AfleQ::Kan"

WS8N derivative; AfliF::aadA

Wild-type strain; spontaneous Nal*

Protein expression strain
recA endA thi hsdR RP4-2-Tc:Mu::Tn7; Tp" Sm"
Cloning strain

Expression vector of Hisq-tagged proteins; Ap*
pBAD/HisB expressing Hisg-cCckA
pBAD/HisB expressing Hiss-cCckA A387P
pBAD/HisB expressing Hiss-cCckA L391F
pBAD/HisB expressing Hisg-cCckA F399C
Transcriptional uidA fusion vector; Gm"
pBBMCS53 carrying the fliL2 promoter
Cloning vector; Ap" Kan"

pJQ200 mp18 carrying ActrA::aadA

pJQ200 mp18 carrying AregB:: ()P

pJQ200 mp18 carrying AcckA::Q25P¢

pJQ200 mp18 carrying AchpT:: (1P
Mobilizable suicide vector for R. sphaeroides; Gm*
Vector that encodes tRNAs for rare codons; Cm"
pRK415 derivative expressing cckA

pRK415 derivative expressing cckA 557p
pRK415 derivative expressing cckA; 5o,
pRK415 derivative expressing cckApsooc
pRK415 derivative expressing chpT

pRK415 derivative expressing ctrA

pRK415 derivative expressing regB; ,q,
pRK415 derivative expressing regBg,,

pRK404 derivative used for expression in R. sphaeroides

pCR2.1 TOPO carrying cckA

pCR2.1 TOPO carrying ctrAupdown
pCR2.1 TOPO carrying AcckA::Q2%P¢
pCR2.1 TOPO carrying AcckA

PTZI19R carrying chpTupdown
pTZ19R BamHI ™ carrying ctrAupdown
pTZ19R carrying AchpT::Q2%P¢

pTZ19R BamHI ™ carrying ActrA::aadA
pTZI19R carrying AregB

pTZ19R carrying AregB::()5P¢

PTZI19R carrying regB, ,4,

pTZ19R carrying regBs,q,

Cloning vector

pTZ19R without BamHI site

Vector source of the uidA-aadA cassette

This work
This work
43

This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
22
Laboratory collection
24

Invitrogen
30
Invitrogen

Invitrogen
This work
This work
This work
This work
34

This work
Invitrogen
This work
This work
This work
This work
27

35

This work
This work
This work
This work
This work
This work
This work
This work
33

This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
Pharmacia
Laboratory collection
28
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The 610-bp product of the upstream region of chpT was obtained using
the oligonucleotides chpTmutupl and chpTmutup2, whereas the down-
stream product of 584 bp was obtained using the oligonucleotides chpT-
mutdownl and chpTmutsdown2. These PCR products were joined
through an EcoRV site designed in the oligonucleotides and cloned in
pTZ19R. The QP cassette was cloned into pTZ_chpTup-down previ-
ously digested with EcoRV. From the resultant plasmid, pTZ_AchpT::
Q°P<, the DNA fragment carrying AchpT::Q%P° was purified and sub-
cloned into pJQ200 mp18.

The allele ActrA::aadA was obtained by cloning together in pCR2.1-
TOPO two PCR products corresponding to the upstream and down-
stream regions of ctrA joined by a BamHI recognition site. The upstream
region of ctrA (308 bp) was amplified by PCR using the oligonucleotides
ctrAfor and ctrAinrev, whereas the downstream product of 294 bp was
obtained using the oligonucleotides ctrAinfor and ctrArev. The upstream
product encompassed 200 bp of the coding region of ctrA and 108 bp of
the upstream region of the gene. The downstream product included 220
bp of the 3" end of ctrA and 73 bp of the downstream region. These
products were digested with BamHI, ligated, and cloned in pCR2.1-
TOPO, resulting in pTOPO_ctrAupdown. To facilitate further manipu-
lations, the resultant fragment (ctrAupdown) of 602 bp was subcloned
into pTZ19R Bam™. The resultant plasmid, pTZ_ctrAupdown, was di-
gested with BamHI and ligated with an internal fragment of the Q°P° that
only carries the aadA gene that confers the Spc” phenotype without the
transcriptional terminator sequences existent in the omega cassette (39).
The aadA fragment was obtained by PCR using the oligonucleotides aad-
ABam1 y aadABam2. The fragment containing the allele ActrA::aadA was
subcloned into pJQ200; the resultant plasmid was introduced into R.
sphaeroides, and double-recombination events were selected.

To inactivate regB, the oligonucleotides regBupXbafw and
regBdwSaclrv were used to amplify a product of 2,074 bp containing regB
(1,389 bp) and its flanking regions of 300 and 385 bp upstream and down-
stream of regB, respectively. This product was cloned into pTZ19R, and
the resultant plasmid (pTZ_regB) was subjected to inverse PCR using the
oligonucleotides regBupEcoRVrv and regBdwEcoRVfw; this reaction re-
moved 720 bp of the coding region of regB and retained 600 bp upstream
and 756 bp downstream of the deletion boundary marked by an EcoRV
recognition site, present in the oligonucleotides. The PCR product was
purified and self-ligated to generate pTZ_AregB. The (°P° cassette was
cloned in the EcoRV site of the resultant plasmid as a 2-kb Smal fragment.
The plasmid pTZ_AregB::QP° was digested with Xbal and Sacl, and the
fragment carrying the allele AregB::(5P° was subcloned into pJQ200mp18
and introduced into R. sphaeroides by conjugation. The double-recombi-
nation events were selected.

Motility assays. Motility was tested in soft-agar plates (0.22%) con-
taining Sistrom’s minimal medium or Sistrom’s minimal medium with-
out succinic acid but supplemented as indicated below. Plates were incu-
bated aerobically (in a normal incubator) or anaerobically in a transparent
polycarbonate anaerobic jar using the BD GasPak EZ anaerobe container
system sachets and illuminated with incandescent bulbs (two at 75 W).
After the desired time for each assay, motility was registered.

Isolation of Fla2* strains. To isolate additional Fla2™ mutants, we
prepared soft-agar plates containing Sistrom’s minimal medium with 15
mM succinic acid. These plates were inoculated with strains SP13 and
SP20 and incubated for 7 days inside an anaerobic jar and under contin-
uous illumination. In addition, soft-agar plates containing Sistrom’s min-
imal medium with 1 mM succinic acid were inoculated with strains SP13
and SP20 and incubated aerobically for 7 days at 30°C.

B-Glucuronidase activity. For the experiments shown in Fig. 7, strain
LC6 was grown photoheterotrophically in Sistrom’s minimal medium
until early stationary phase. The cells were washed with medium without
a carbon source, and an aliquot was used to inoculate fresh medium sup-
plemented with a carbon source. After 14 h of photoheterotrophic
growth, a 1.5-ml sample was withdrawn for analysis. For samples grown
under heterotrophic conditions, aerobic cultures grown to stationary
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phase were diluted 10-fold and incubated at 30°C in the dark with shaking
at 200 rpm until they reached an optical density at 600 nm (OD,) of 0.6;
at this point, 1.5 ml from each culture was collected and concentrated
6-fold. For the experiments shown in Fig. 3, the strains were grown pho-
toheterotrophically in Sistrom’s minimal medium with 0.2% Casamino
Acids until exponential phase; at this point, a sample was withdrawn for
analysis. B-Glucuronidase was determined from sonicated cell extracts
using 4-methyl-umbelliferyl-B-p-glucuronide as the substrate and fol-
lowing a previously reported protocol (40). 4-Methyl-umbelliferone
(Sigma) was used as a standard. In this work, specific activities are ex-
pressed as nmol of 4-methyl-umbelliferone formed min~' mg~ " of pro-
tein.

Genetic and molecular biology techniques. Standard methods were
used to obtain chromosomal or plasmid DNA (34). Restriction and other
DNA-modifying enzymes were acquired from Roche, New England Bio-
Labs (NEB), or Invitrogen. For sequencing, plasmids were purified using
the Illustra plasmidPrep Mini Spin kit (GE). Chromosomal or plasmid
DNA was amplified with the appropriate oligonucleotides using Prime-
STAR HS DNA polymerase (TaKaRa Bio Inc.) according to the recom-
mendations of the manufacturer. Cloning was often carried out using the
TOPO TA cloning kit or Zero Blunt TOPO PCR cloning kit (Invitrogen).

Site-directed mutagenesis. To replace the leucine codon found in
regB at position 267 with serine, the plasmid pTZ_regB, ,, was subject to
site-directed mutagenesis using the oligonucleotides Ser267regBqchfw
and Ser267regBqchrv and the QuikChange protocol (Agilent Technolo-
gies, Inc.). The change was confirmed by sequencing, and the resultant
plasmid was named pTZ_regBg,,. By following the same protocol and
using the plasmid pBAD/His-cCckA as the substrate for site-directed
mutagenesis, we obtained pBAD/His-cCckA L391F, pBAD/His-cCckA
A387P, and pBAD/His-cCckA F399C. The pairs of oligonucleotides
454mutbadl and 454mutbad2, cck A387Pfw and cck A387Prv, and cck
F399Cfw and cck F399Crv were used to obtain each of these mutant ver-
sions.

Plasmids used in this work. pRK_cckA and its allelic variants were
obtained by cloning into pRK415 (41) the 2.4-kb PCR product generated
with the oligonucleotides 454A and 454B; in these plasmids, cckA is ex-
pressed from the lac promoter (lacp) present in pRK415. pTZ_regB, ,¢,
was obtained by cloning into pTZ19R the 1.5-kb PCR product gener-
ated with the oligonucleotides regB1 and regB2. pRK_regB, ,¢, and
pRK _regBs,,, were obtained by cloning into pRK415 the 1.5-kb Xbal-
Kpnl fragment obtained from pTZ_regB, ,4, or pTZ_regBg,; in the re-
sultant plasmids, regB is transcribed from lacp present in pRK415.
pRK_chpT was obtained by cloning in pRK415 the 774-bp PCR product
generated with the oligonucleotides FwchpTXbal and RvchpTSacl; chpT
is expressed from lacp present in this plasmid. pRK_ctrA was obtained
by cloning the 894-bp PCR product generated with the oligonucleo-
tides ctrAfor and ctrArev into pRK415; in this construction, ctrA is
expressed from lacp. The region of cckA encoding residues 249 to 758
was amplified by PCR using the oligonucleotides cckAHKfwpBAD and
cckARR2pBAD?2; the 1,558-bp product was cloned into pBAD_HisA to
generate pBAD/His-cCckA. The fusion fliL2-uidA was obtained by clon-
ing the regulatory region of fliL2 into pBBMCS53; this plasmid was de-
signed to generate transcriptional fusions using the uidA gene present in
the plasmid (42). The 335-bp regulatory region of fliL2 was obtained by
PCR using the oligonucleotides fliFL3 and fliFL4.

Microscopy. Swimming cells were observed using a Nikon E600 mi-
croscope with a 40X objective with dark-field illumination. Immunoflu-
orescence was carried out in cells previously fixed with 3% formaldehyde
for 20 min at room temperature. The cells were centrifuged at 3,000 rpm
and washed in phosphate-buffered saline (PBS) to remove the parafor-
maldehyde. Finally, the cells were resuspended in PBS (pH 7.4) with 1%
bovine serum albumin (BSA). The primary antibody, FIgE1 previously
labeled with Zenon Alexa Fluor 488 or FIgE2 labeled with Zenon Alexa
Fluor 546 (Invitrogen), was added at a 1:50 dilution. After incubation for
2 to 12 h with the antibody, the cells were washed twice with PBS and
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TABLE 2 Changes found in the AM1 genome

Control of Fla2 Flagella of R. sphaeroides

WS8N Amino acid in
Location in WS8N¥ (2.4.1) AM1 WS8N® ATCC17029 WS8N/2.4.1/WS8N“/AM1 Product (name or domain)
Gene name/position
RSWS8N_04500 (RSP2804)/935763 G(A) A A A D/D/D/D Queuine tRNA-ribosyltransferase
RSWS8N_05655 (RSP_0088)/1195392 G(A) A A A R/C/C/C YciF; stress response protein
RSWS8N_07570 (RSP0454)/1592120 G(G) A G G L/L/L/F CckA
RSWSSN_13040 (RSP1520)/2714509 CC) T T C S/S/L/L RegB
RSWS8N_16629 (RSP3079)/Chr 11311247 G (G) A A G G/G/D/D Siderophore binding protein; FatB
Intercistronic region position in Chr I
1101564 C(T) T T Between RSWS8N_05200” and tRNA-Asp
3058907 cCiC T C C 45 nt upstream of RSWS8N_14710°

@ Laboratory collection since 1993.

b Hypothetical acetyltransferase.

¢ Hypothetical transcriptional regulator, Cro/CI family.
4 Chr, chromosome.

incubated with 3% paraformaldehyde for 20 min at room temperature.
The cells were washed twice with PBS and placed on a slide covered with
a thin bed of agar. Epifluorescence images were taken using a Nikon
Eclipse 600 microscope equipped with a Hamamatsu Orca-ER cooled
charge-coupled-device (CCD) camera. Epifluorescent images were ac-
quired for 3 s.

Protein overexpression and purification. Strain LMG194 was trans-
formed with plasmid pBAD/His-cCckA, pBAD/His-cCckA L391F,
pBAD/His-cCckA A387P, or pBAD/His-cCckA F399C. These strains were
also transformed with the pPIRL plasmid, which increases the availability
of certain tRNAs (43). Overnight cultures of these strains were diluted
1:50 and incubated at 37°C until they reached an ODy, of 0.5. At this
point, 0.02% arabinose was added and incubation was allowed to proceed
for 3 h. Cells were harvested and resuspended in 1/100 of the original
volume in PBS (pH 7.4) with 20% glycerol and 10 mM imidazole. Ly-
sozyme was added (1-mg/ml final concentration), and the mixture was
incubated on ice for 15 min. The cell suspension was sonicated on ice
using a microtip (3 mm), with three bursts of 10 s. Cell debris were re-
moved by centrifugation (14,000 rpm for 5 min). The supernatant was
mixed with nickel-nitrilotriacetic acid (Ni* " -NTA)—agarose beads (1/250
of the original culture volume) and incubated for 1 h on ice, with mixing
by occasional inversion. After this time, the sample was loaded into a
polypropylene column (1 ml) and washed with 10 volumes of PBS with 25
mM imidazole. The protein was eluted using PBS with 20% glycerol and
200 mM imidazole and dialyzed overnight against PBS with 20% glycerol
at 4°C. The purity of the protein was determined by SDS-PAGE (44) and
Coomassie blue staining.

Phosphorylation of cCckA. A 5 wM concentration of purified His-
cCckA wild type or a mutant version was incubated in HEPES buffer (pH
7.5; 33 mM HEPES, 10 mM MgCl,, 50 mM KCI, 1 mM dithiothreitol
[DTT], and 10% glycerol), the reaction was started by adding 6.6 uM
[y-**P]ATP to a final volume of 60 wl. At the desired time points, a sample
of 4 ul was withdrawn and the reaction was stopped by the addition of 4 X
Laemmli sample buffer (44). After SDS-PAGE, radioactivity was visual-
ized and quantified using phosphor screens and a Typhoon scanner (GE
Healthcare Life Sciences).

Genome sequence of AM1 strain and analysis. Total genomic DNA
was isolated from a saturated culture of 3 ml using the GenElute bacterial
genomic kit (Sigma). A library was constructed and paired-end sequenced
(2 X 100 nucleotides [nt]; Illumina HiSeq 2000) using a commercial
technology platform from Macrogen (Republic of Korea). Single reads
were mapped against the genome of R. sphaeroides WS8N (45) using bow-
tie2. The .SAM file was converted to .bam and visualized with Artemis and
SNVER (46-50) to identify the differences between the genome sequence
and the mapped reads. The changes that were consistently present in all
the reads at a particular position were confirmed by PCR followed by

March 2015 Volume 197 Number 5

Journal of Bacteriology

Sanger sequencing. For these confirmatory experiments, we tested
genomic DNA from the wild-type WS8N and AM1 strains.

RESULTS

Analysis of the genome sequence of AM1. We have previously
reported the isolation of spontaneous mutant strains able to swim
with the Fla2 flagella. One of these mutants was selected in a
AflgC::Kan" background (SP18) (21), and the other was selected in
a AfleQ::Kan" background (AM1) (51). In order to establish the
mutations that led to the expression of fla2 genes, we determined
the complete genome sequence of the AM1 strain. A total of 12.19
million paired reads of 100 nt were obtained and mapped against
the complete genome of WS8N (45). The analysis of the mapped
reads looking for single nucleotide variants (SNVs) or indels re-
vealed the presence of the expected deletion in fleQ and 7 SNVs
with an E value lower than E~'*° (Table 2). To verify the identities
of these positions in AM1 and also in WS8N, we amplified by PCR
a fragment that included the position to be verified. The PCR
products obtained from chromosomal DNA of strains WS8N and
AMI1 were sequenced by Sanger capillary electrophoresis. As
shown in Table 2, 5 of these changes were also present in our
wild-type strain (WS8N), suggesting that these mutations could
have emerged in our laboratory and are not related with the Fla2™
phenotype given that our wild-type strain does not have Fla2 fla-
gella, as occurs with other wild-type WS8N strains previously
studied in other laboratories (22). In an attempt to evaluate if
these mutations could reflect a frequent variation present in other
strains of R. sphaeroides, we analyzed the orthologous genes in R.
sphaeroides 2.4.1 and R. sphaeroides ATCC 17029. We observed
that 3 out of these 5 changes were also present in R. sphaeroides
2.4.1 and ATCC 17029; therefore, it is possible that these alleles
commonly emerge in different strains or that they are errors in the
published sequence. The other two mutations shared by our wild-
type WS8N strain and AM1 resulted in amino acids changes in a
siderophore receptor and in the RegB histidine kinase. Only 2
changes are specific to AM1; one is located in cckA, and the other
is located in an intercistronic region (Table 2).

The change observed in the histidine kinase RegB deserved a
closer inspection (Table 2) since it has been reported that RegB is
involved in Flal-dependent swimming (25). To determine the
relevance of the regB allele (L267) present in our strains, we tested
if the wild-type allele of regB (RegB S267) could affect swimming
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FIG 1 Swimming of strains expressing different cckA alleles. The swimming
ability of different strains expressing different cckA alleles was tested. (A)
Swimming of LC5 strain (WS8N AfleQ::Kan® AcckA::Q%¢) expressing wild-
type CckA or CckA L391F. AM1, positive control; LC5, negative control. (B)
Swimming of strain CB1 (AM1 AfleQ::Kan" AcckA::Q%) and complementa-
tion test with plasmids expressing CckA,,, and CckA L391F. Plates were pre-
pared with Sistrom’s minimal medium containing 15 mM succinic acid and
0.22% agar. After inoculation, the plates were incubated anaerobically under
continuous illumination for 60 h.

of the AM1 strain or if its presence would inhibit the appearance of
Fla2™ strains. Under heterotrophic growth conditions, we ob-
served a reduction of approximately 20% in the size of the swim
ring of the strains lacking regB or expressing RegB $267 (strain
CD2 [Fla2™ AregB:()°"°] or CD2/pRK_regBg,,, respectively)
compared with the swim ring of AM1 or CD2/pRK_regB, ¢, (see
Fig. S1 in the supplemental material). However, under photohet-
erotrophic conditions, the strains expressing RegB S267 or L267
(AMI1 [RegB L267], CD2/pRK_regBg,,, and CD2/pRK_regB; ,,)
formed similar swim rings (see Fig. S1). These results indicate that
wild-type RegB (5267) and RegB L267 allow normal Fla2-depen-
dent motility under anaerobic conditions and suggest that RegB
1267 is insensitive to oxygen. In agreement with previous reports,
the regB mutant CD2, grew poorly under photoheterotrophic
conditions (30, 52, 53), and as a consequence, the swimming halo
was barely detectable (see Fig. S1); nevertheless, from this halo it
was possible to observe swimming cells under the microscope,
indicating that the absence of RegB does not prevent the synthesis
of Fla2 in this growth condition. In addition, the time or frequency
with which Fla2™ cells emerged from a selection process using
CD1/pRK_regBs,¢, as the parental strain is similar to that ob-
served when the SP13 (that expresses RegB L267) strain was used.
From these results, we conclude that (i) it is possible to isolate
Fla2™ cells in the presence of the regBs,; allele (wild type) and that
(ii) the Fla2-dependent swimming is slightly affected by the ab-
sence of RegB.

Effect of CckA and CckA L391F on the swimming motility of
AMI. As mentioned above, the only relevant change that we ob-
served exclusively in the genome sequence of AM1 corresponded
to a single substitution in cckA. This mutation replaces Leu 391
with Phe. In R. sphaeroides WS8N, CckA has been annotated as a
polypeptide of 758 residues. This protein has two transmembrane
(TM) regions with a short loop in the periplasmic space. After the
second TM region (after residue 58), the cytoplasmic region
shows a histidine kinase (HK) domain conformed by a catalytic
domain (CA) that binds ATP and phosphorylates a conserved
histidine located in the DHp domain. In addition to the HK do-
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FIG 2 Influence of chpTand ctrA on the swimming behavior of AM1 cells. The
swimming ability of chpT and ctrA mutant strains was tested. (A) Swimming of
BV3 (AM1 AfleQ::Kan® AchpT::Q0%°) strain, and complementation with plas-
mid pRK_chpT. (B) Swimming of EA1 (AM1 AfleQ:Kan" ActrA::aadA) and
complementation with the plasmid pRK_ctrA. Plates were prepared with Sis-
trom’s minimal medium containing 15 mM succinic acid and 0.22% agar.
After inoculation the plates were incubated anaerobically under continuous
illumination for 60 h.

main, this protein also has a receiver domain (REC) in the C
terminus. HK and REC domains are present in the so-called hy-
brid histidine kinases of the two-component systems (54, 55). The
mutation identified in CckA is within the HK domain and is five
residues away from the conserved histidine residue that is phos-
phorylated (H397); the presence of this change within the HK
domain suggests that the properties of CckA could have been af-
fected by this change.

Given that CckA has been reported to be involved in the con-
trol of the flagellar genes in other alphaproteobacteria (14-16), we
tested if the presence of this mutant allele of cckA was enough to
promote swimming with Fla2 flagella. To test this possibility, we
cloned the wild type and the mutant version of cckA into pRK415.
The resultant plasmids were introduced into strain LC5 (AcckA::
Q¢ AfleQ::Kan"), and swimming was evaluated. As shown in Fig.
1A, the strain carrying the plasmid with the mutant version of cckA
(pPRK_cckA; 305) was able to swim; in contrast, the strain that
expressed the wild-type version of cckA only showed a few clusters
of cells that did not move much from the inoculation point. The
appearance of these clusters was dependent on the presence of
the cckA gene in a multicopy plasmid, since they are not visible in
the LC5 (Fig. 1) or in the SP13 (AfleQ::Kan") strains (data not
shown). Therefore, these results indicate that CckA L391F is re-
sponsible for the Fla2" phenotype, whereas the expression of
wild-type CckA from the plasmid promoter is not enough to pro-
mote swimming.

To collect further evidence supporting the role of CckA in the
control of Fla2, we proceeded to inactivate cckA in the strain AM1
(resulting in strain CB1). As shown in Fig. 1B, the swimming
ability of AM1 was completely abolished by the absence of cckA;
the phenotype of this strain was complemented by the plasmid
that expressed CckA L391F but not CckA.

Effect of mutations in CtrA and ChpT on the swimming mo-
tility of AM1. Our results show that a single mutation in CckA is
able to turn on the Fla2 system and imply that the proteins homol-
ogous to CtrA and ChpT should be involved in this phenomenon.
The idea that CtrA and ChpT could also control the expression of
the Fla2 genes is based on the fact that these proteins together with
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mined in the following strains: AM1 (Fla2™), EA1 (ActrA::aadA), and LC5
(AcckA::Q2%P<) carrying plasmid pBBMCS53_fliL2.

CckA are implicated in the expression of the flagellar genes in
other bacteria (14-19). Therefore, we searched the genome of R.
sphaeroides for genes encoding these proteins and found that
RSWS8N_03320 (RSP_2621 in 2.4.1) encodes the response regu-
lator CtrA, whereas RSWS8N_16219 (RSP_3825) encodes the ho-
mologue of the phosphotransfer protein ChpT. The gene encod-
ing CtrA is located in chromosome I, whereas ChpT is encoded in
chromosome II. Both genes were inactivated in WS8N (Flal*
Fla27) and AM1 (Fla2™ Flal ™) strains using the alleles ActrA:
aadA and AchpT::Q°% . As shown in Fig. 2, the AM1 strain lost the
ability to swim when ctrA or chpT were inactivated. In contrast,
these mutant alleles did not affect the swimming motility of WS8N
(see Fig. S2 in the supplemental material). Complementation us-
ing plasmids pRK_ctrA and pRK_cphT confirmed that both pro-
teins are required for Fla2-dependent swimming (Fig. 2).

The expression level of the fla2 genes was tested directly; for
this, the reporter gene uidA, which encodes B-glucuronidase, was
fused to the regulatory region of fliL2 (fliL2p) that is the first gene
of a putative operon. As shown in Fig. 3, the amount of -gluc-
uronidase was approximately 117-fold lower in EA1 (ActrA:
aadA) than in AM1 cells, indicating that CtrA is required, directly
or indirectly, to express the fla2 genes. Unexpectedly, the expres-
sion level of fliL2p was only 20-fold lower in LC5 (AcckA::Q2%P¢)
cells compared with the level detected for AM1. This result sug-
gests that CtrA-P accumulates in the AcckA strain probably due to
the absence of the phosphatase activity of CckA and the phosphor-
ylation of CtrA by a noncognate kinase or small-molecule phos-
pho donors (56-58); alternatively, the nonphosphorylated form
of CtrA could activate fliL2p in some degree. Given that in WS8N
cells the expression of fliL2p is similar to that observed in EA1 cells
(ActrA::aadA) (data not shown), we believe that the first hypoth-
esis is correct. Nonetheless, under any of these possibilities, the
low level of expression of the fla2 genes in LC5 (AcckA:: (%) cells
is not enough to promote swimming.

Isolation of additional Fla2™ strains with mutations in cckA.
To further characterize the mechanisms that allow the expression
of the fla2 genes, we decided to isolate new strains showing the
Fla2™ phenotype. For this, we inoculated soft-agar plates with
SP13 (AfleQ::Kan") or SP20 (AfliF::aadA) and incubated them un-
der heterotrophic and photoheterotrophic growth conditions. Af-
ter 7 days of incubation 13 Fla2™ strains were obtained, ap-
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FIG 4 Swimming of LC5 (WS8N derivative, AfleQ::Kan® AcckA::Q2%F¢) carry-
ing plasmids pRK_cckA 340 and pRK_cckA , 54,p. Plates were prepared with
Sistrom’s minimal medium containing 15 mM succinic acid and 0.22% agar.
After inoculation, the plates were incubated anaerobically under continuous
illumination for 60 h.

proximately the same number of mutant strains was obtained
regardless of the original phenotype or growth condition. To de-
termine if a similar mutation to that present in the AM1 strain was
responsible for the Fla2™ phenotype of these strains, the DHp
domain of all the cckA alleles was sequenced. We found two new
mutations in two of them that generate CckA A387P and CckA
F399C. The first change was identified in a strain isolated under
photoheterotrophic growth conditions, the SP13 (AfleQ::Kan")
strain. The second mutation was identified in a strain isolated
under heterotrophic growth conditions, the SP20 (AfliF::aadA)
strain. To verify that these cckA alleles were functional, the com-
plete cckA gene was amplified by PCR and cloned in pRK415. As
expected, these mutant versions of cckA expressed from the lac
promoter present in pRK415 enabled swimming of strain LC5
(AfleQ::Kan" AcckA::Q2°P) without any selection (Fig. 4). The cckA
DHp domain of the remaining Fla2™ strains did not show any
change, and the full cckA gene from these strains was unable to
promote swimming of LC5 (AfleQ:Kan® AcckA::Q%°), suggesting
that cckA in these clones does not carry any mutation (data not
shown). To determine if these strains had acquired a mutation in
the CckA/ChpT/CtrA pathway that could explain the Fla2™ phe-
notype, we sequenced the ctrA and chpT genes from each strain
and 75 and 74 nt upstream of the coding regions, respectively.
However, no changes were detected (data not shown). These re-
sults suggest that other proteins could be involved in the control of
the Fla2 system. This control could regulate the expression or
activity of CckA or CtrA. Several proteins have been reported to be
involved in controlling these proteins, among them, the well-con-
served SciP protein, which counteracts the activity of CtrA (15, 59,
60). In C. crescentus, the level of cyclic di-GMP (c-di-GMP) regu-
lates the stability of CtrA (61), and in other bacteria, the quorum
sensing systems affect the expression of cckA and ctrA (see below).

Autokinase activity of the CckA mutants. It has been reported
that mutations in the DHp domain of the histidine kinases of the
two-component systems usually affect the catalytic properties of
the protein (62). We presume that in our case, these mutations
may favor a conformation that mimics a constitutively active ki-
nase, which would bring about activation of CtrA. To test this
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FIG 5 Autophosphorylation activity of wild-type and mutant versions of CckA. The autophosphorylation activities of the cytoplasmic fragments of different
CckA versions were tested. Representative time course autoradiograms of the kinase activity of the cytoplasmic domain of wild-type CckA (cCckA) or the mutant
versions are shown in the upper part. Purified proteins were incubated in the presence of [y->*P]ATP; at the indicated time points, a sample was withdrawn for
SDS-PAGE analysis and quantification. The lower part shows the densitometric quantification from three independent experiments.

idea, we purified the His-tagged cytoplasmic domain of the wild-
type CckA (cCckA,,,) and of the three mutant versions of the pro-
tein. The phosphorylation kinetics showed an increase in the
amount of phosphorylated protein for cCckA L391F, A387P, and
F399C compared to the amount of phosphorylated protein accu-
mulated for cCckA,, (Fig. 5).

Effect of the culture medium on the swimming motility of
AM1. The Fla2® mutants previously obtained were selected in
Sistrom’s minimal medium containing 34 mM succinic acid (21,
51). Later on, it was reported that AM1 cells displayed robust
swarm halos and swimming in liquid Sistrom’s medium with 100
WM succinic acid (51, 63); however, cells grow poorly at this low
carbon source concentration, reaching a maximal ODy, of 0.3 in
liquid medium (see Fig. S3 in the supplemental material). There-
fore, we tested if other carbon sources such as glycerol and Casa-
mino Acids could promote vigorous swimming along with better
growth. Soft-agar plates containing Sistrom’s medium with 15
mM or 100 wM succinic acid or Sistrom’s medium without suc-
cinic acid supplemented with 0.2% Casamino Acids or 0.6% glyc-
erol were inoculated with AM1 and SP13 (AfleQ::Kan") cells and
incubated under photoheterotrophic or heterotrophic conditions
for 67 h. As shown in Fig. 6A, under photoheterotrophic condi-
tions with Casamino Acids, AM1 forms a larger chemotactic ring
(approximately 68%) than the one generated in Sistrom’s mini-
mal medium (15 mM succinic acid). This effect is also observed
under heterotrophic conditions but to a lesser degree. The cell
density reached in liquid cultures with Casamino Acids was sig-
nificantly higher than in Sistrom’s minimal medium with 100 uM
succinic acid (see Fig. S3).

Unexpectedly, in the swimming plates with a low concentra-
tion of succinic acid, with glycerol and particularly with Casamino
Acids as carbon sources, we detected a swimming ring around the
inoculation point of SP13 (AfleQ::Kan"), but only when the plates
were incubated under photoheterotrophic conditions (Fig. 6A).
To discard the possibility that suppressor mutants had appeared
and formed this halo, cells from the periphery were reinoculated
in swimming plates; again, these cells were able to swim in 100 uM
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succinic acid or 0.2% Casamino Acids only under photohetero-
trophic conditions and not under aerobic conditions regardless of
the carbon source. The swimming ring formed by these cells was
similar to that presented in Fig. 6A (data not shown), further
supporting the notion that these cells did not have a mutation that
activates the Fla2 system. Therefore, we concluded that Fla2 fla-
gella could be synthetized by SP13 cells without any additional
mutation (besides AfleQ) by growing them anaerobically in either
a low concentration of succinic acid or using Casamino Acids.

When AM1 and SP13 strains were grown in swimming plates
containing simultaneously 0.2% Casamino Acids and a high con-
centration of succinic acid (15 mM), a strong reduction of the
swimming ring was observed for both strains (see Fig. S4 in the
supplemental material).

The fact that strain SP13 (AfleQ::Kan") showed Fla2-depen-
dent motility when grown photoheterotrophically in Casamino
Acids or 100 M succinic acid could indicate that these growth
conditions could be unfavorable for Flal-dependent swimming.
Therefore, to determine if the Flal flagellum was active when the
cells were grown in 0.2% Casamino Acids or 100 wM succinic
acid, the swimming of strains WS8N and CB2 (Fla1™ AcckA::Q2°P¢)
was tested in swimming plates; the results in Fig. 6B show that
swimming with Flal flagella is not negatively affected by these
growth conditions. Given that these plates were incubated for only
48 h, the Fla2-dependent swimming of SP13 (AfleQ::Kan") cells
was still not detectable.

In spite of the swimming halo observed when the SP13 (AfleQ::
Kan") strain was grown photoheterotrophically in 0.2% Casamino
Acids (Fig. 6A), in liquid medium under these growth conditions
(photoheterotrophic growth with 0.2% Casamino Acids), it was
very difficult to find swimming cells in the sample. This indicates
that other factors are required to fully express the fla2 set. This
result is in contrast with the fact that AM1 cells swim vigorously
under these growth conditions (data not shown).

Transcriptional activity of cckA under different culture con-
ditions. To correlate the swimming behavior of AM1 under dif-
ferent growth conditions with the expression level of cckA, we
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FIG 6 Effects of different carbon sources on the swimming behavior of cells expressing either Flal or Fla2 flagella. The relevance of the carbon source on the
swimming behavior of both flagellar types was evaluated. (A) Effect of the carbon source on swimming with the Fla2 flagellum. Strains AM1 (WS8 AfleQ::Kan"
cckA | 59,5) and SP13 (WS8N AfleQ::Kan") were seeded on swimming plates containing Sistrom’s minimal medium with 15 mM succinic acid (Sistrom’s MM),
with100 uM succinic acid (100 wM), without succinic acid but supplemented with 0.2% Casamino Acids, or with 0.6% glycerol. After inoculation, the plates were
incubated aerobically (upper row) or anaerobically under continuous illumination (lower row) for 60 h. (B) Effect of the carbon source on swimming with Flal
flagella. WS8, AM1, SP13, and CB2 (AM1 AcckA: Q%) were seeded on swarm plates as described for panel A and incubated aerobically (upper row) or

anaerobically under continuous illumination (lower row) for 48 h.

isolated a strain carrying a transcriptional fusion of the cckA pro-
moter with the uidA gene (AcckA::uidA-aadA). In this strain, the
amount of B-glucuronidase, encoded by uidA, reflects the tran-
scriptional activity of the cckA promoter. The amount of -gluc-
uronidase was determined in total cell extracts obtained from cul-
tures of this strain grown under different conditions. From the
results shown in Fig. 7, we observed that the amount of B-gluc-
uronidase is maximal when the extracts were obtained from cells
grown in 100 wM succinic acid (this is a very low concentration of
succinic acid where growth is severely limited, see Fig. S3 in the
supplemental material) or 0.2% Casamino Acids. In contrast, a
pronounced reduction (100-fold) was detected when strain AM1
was grown in Sistrom’s minimal medium containing 15 mM suc-
cinic acid (Fig. 7). Besides, the addition of 15 mM succinic acid to
the culture medium containing Casamino Acids also reduced the
amount of B-glucuronidase present in the cell extracts. These re-
sults indicate that a high concentration of succinic acid represses
the expression of cckA. To further evaluate if other organic acids
from the Krebs cycle negatively affect the expression of cckA, we
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included a 15 mM concentration of either malic or fumaric acid in
the culture medium containing 0.2% Casamino Acids. As shown
in Fig. 7, these compounds also diminish the expression of cckA, as
was observed with succinic acid. As expected, the activity level of
B-glucuronidase was also low when the strain was grown only in
15 mM fumaric or malic acid as a carbon source (Fig. 7). To test a
different carbon source, we added glycerol to the culture medium
with Casamino Acids. Glycerol did not affect the induction of cckA
produced by the presence of Casamino Acids (Fig. 7).

Presence of Fla2 flagella in a Flal™ Fla2* strain. To select for
the presence of Fla2 flagella, it was necessary to eliminate the
swimming motility mediated by the Flal flagella. However, to
explore whether or not a single cell can display both types of fla-
gella, we introduced the plasmid pRK_fleQ™ in AM1 (AfleQ::Kan"
cckAy 3015) cells. It was previously demonstrated that this plasmid
restores the Flal™ phenotype of the Flal™ strain carrying the
AfleQ::Kan" allele (SP13) (23).

AM1/pRK_fleQ™, as well as AM1, WS8N, and SP13 (AfleQ:
Kan") cells, were grown photoheterotrophically in Sistrom’s min-
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FIG 7 Effects of organic acids on the transcriptional activity of cckA. Shown
are the 3-glucuronidase activities of strain LC6 (AfleQ::Kan" AcckA::uidA-aad)
grown with different carbon sources: Sistrom’s minimal medium supple-
mented with 15 mM or 100 wM succinic acid (Sistrom’s MM or 100 wM,
respectively), Sistrom’s minimal medium without succinic acid but supple-
mented with 0.2% Casamino Acids (casamino acids) or with 0.2% Casamino
Acids (cas) and the indicated organic acid to a final concentration of 15 mM, or
0.6% glycerol (gly). Cultures were grown anaerobically in screw-cap tubes or
aerobically (AER). Values are the means of three independent measurements.
The standard deviation is also shown.

imal medium until early stationary phase. The cultures were
washed in medium without carbon source, and an aliquot was
used to inoculate fresh medium supplemented with 100 M suc-
cinic acid, 0.2% Casamino Acids, or 15 mM succinic acid. After 14
h of photoheterotrophic growth; cells were collected, fixed, and
tested separately with anti-FIgE1 or anti-FIgE2 antibody, previ-
ously stained with Alexa Fluor 488 or 546, respectively.

Three independent experiments were carried out, and repre-
sentative images obtained from one of these experiments are
shown in Fig. 8, as is a quantification of a total of 3,000 cells for
each strain and for each condition. From these experiments, we
determined that in Sistrom’s medium supplemented with 15 mM
succinic acid, approximately 45% of the wild-type WS8N cells
showed a single fluorescent focus corresponding to the Flal fla-
gellum; whereas no signal was detected for the Fla2 flagella. In
contrast, 84% of AM1 cells grown in 100 wM succinic acid showed
a fluorescent focus when tested with anti-FIgE2, but no signal was
detected using anti-FIgE1. As expected, SP13 cells did not show
the presence of Flal or Fla2 when grown in 15 mM or 100 uM
succinic acid or in 0.2% Casamino Acids (Fig. 8), showing that our
methodology is appropriate for the detection of both types of fla-
gella. Therefore, we tested the presence of Flal and Fla2 in AM1/
pRK_fleQ™ cells. When this strain was grown in 15 mM succinic
acid, we detected 43% of cells with a single fluorescent focus cor-
responding to the Flal flagella and 0.7% of the cells with Fla2. The
same strain grown in 100 wM succinic acid showed 17% of the
cells with Flal flagella and 11% of cells with Fla2 flagella. When
this strain was grown in 0.2% Casamino Acids the same trend was
observed, i.e., a dominance of Flal (39%) over Fla2 (3%) (Fig. 8).
Interestingly, even at 100 wM succinic acid we were unable to
detect a single cell showing simultaneous fluorescent signals for
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FlgE1 and FIgE2. This suggests a mutual exclusion between the
two flagellar systems in a single cell but not in the population.

From these experiments, we also observed that for WS8N the
numbers of cells with Flal flagella were reduced approximately 2-
and 14-fold when the strain was grown under culture conditions
that promote the expression of cckA, i.e., Sistrom’s minimal me-
dium with 0.2% Casamino Acids or 100 wM succinic acid (Fig. 8).
Similarly, the number of cells with Fla2 flagella decreased drasti-
cally when the AMI strain was complemented with fleQ, further
supporting the exclusion of the flagellar systems.

DISCUSSION

In this work, we show that the two-component system formed by
CckA, ChpT, and CtrA regulates the expression of the fla2 genes
in R. sphaeroides. The genome sequence of mutants able to swim in
the absence of the Flal flagella revealed that a single mutation in
cckA is enough to turn on the expression of fla2 under growth
conditions that do not normally enable transcription of these fla-
gellar genes (21, 22). The presence of the Fla2 flagella in strains
that express these gain-of-function versions of CckA is dependent
on the presence of ChpT and CtrA, indicating that the mutations
in cckA do not alter the specificity of the kinase and that the sig-
naling occurs through the known components of the pathway.
Therefore, CtrA should activate the expression of the fla2 genes in
R. sphaeroides, similar to the situation previously reported for
other alphaproteobacteria that do not have a second flagellar gene
set (14-16, 19).

Previously, it has been reported that mutations in the DHp
domain of HKs such as EnvZ, NtrB, CrdS, and AgrC can affect the
kinase, phosphatase activity, or both (62, 64—66). In this work, we
show that CckA L391F, A387P, and F399C autophosphorylate
faster than wild-type CckA; in vivo, this should result in a higher
level of CtrA-P and hence the expression of fla2. It remains to be
demonstrated that autophosphorylation of wild-type CckA is the
only rate-limiting step in the phosphorylation of CtrA.

A transcriptional fusion of fliL2p with a reporter gene showed
that in the absence of cckA, this promoter is expressed at a higher
level than in the ctrA strain or in WS8N, suggesting that CtrA
could be phosphorylated by a noncognate histidine kinase, as has
been observed for other response regulators (56, 58), or by small
phospho donors such as acetyl phosphate (57); in WS8N, the
phosphatase activity of CckA seems to reduce the level of CtrA-P,
given that the expression of fliL2p is as low as that observed in the
ctrA strain.

Intriguingly, we did not isolate a gain-of-function ctrA mutant
even though we were able to isolate three independent mutants
with changes in CckA that yield a Fla2™ phenotype, as well as 11
independent mutants with the Fla2™ phenotype with changes that
did not affect cckA, chpT, or ctrA. It is possible that a constitutive
mutation in CtrA could result in the repression of the fla2 genes,
or perhaps an unknown gene under the control of CtrA could
affect cell growth negatively. On the other hand, the fact that we
were able to isolate strains with a Fla2* phenotype without affect-
ing the CckA pathway suggest that other elements might control
the expression of the fla2 genes. It will be interesting to identify
these mutations and determine if they act through the CckA path-
way or independently.

In addition to the CckA pathway, our results show that the
redox sensor RegB could be involved in the regulation of the fla2
genes. We noticed that under aerobic conditions, the swim ring
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FIG 8 In situ detection of Flal and Fla2 flagella. Bacterial cells obtained from the indicated culture medium were incubated in the presence of anti-FIgE1 or
anti-FIgE2 labeled with Zenon Alexa Fluor 488 or Alexa Fluor 546, respectively. In the lower part, the percentage of cells showing signal for FIgE1 or FIgE2 for each
condition is indicated. The graph shows the average from three independent experiments. The standard deviation is also shown.

generated by AM1 is reduced by approximately 20% if regB is
deleted or when the wild-type regBs,¢, allele is expressed in the
CD2 (AM1 AregB: Q) strain. However, under photohetero-
trophic conditions where RegB is active (26), the CD2 (AM1
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AregB::()°P) strain carrying pRK_regBg,s; or pRK_regB;,,
showed a similar swim ring. It has been reported that under oxi-
dizing conditions, the kinase activity of RegB is inactivated by the
formation of cysteine sulfenic acid at position 265 (67), explaining
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the reduction of the swarm ring when RegB S267 is expressed
under aerobic conditions. Conversely, under anaerobic condi-
tions, RegB acts as a kinase (26), and in this state, RegB $267
promotes swimming with Fla2 flagella. However, when RegB L267
is expressed, swimming is enhanced under aerobic growth condi-
tions, suggesting that this mutation renders RegB insensitive to
oxygen. In a search for possible RegA binding sites, the cognate
response regulator of RegB, using its proposed recognition se-
quence (26), did not reveal any positive hits in the noncoding
regions upstream of cckA and ctrA, indicating that control of fla2
expression by the Reg system could be indirect or that the binding
site of RegA in these regions is not conserved. Alternatively, RegB
could influence the aerotactic response mediated by Fla2.

In this work, we also show that cckA transcription is strongly
repressed by the presence of a high concentration of organic acids
in the culture medium (i.e., 15 mM succinic, malic, and fumaric
acids) but is strongly induced when 0.2% Casamino Acids or alow
concentration of succinic acid (100 wM) is used as a carbon
source. Cell growth is compromised in the presence of 100 pM
succinic acid (see Fig. S3 in the supplemental material), but the
cultures reach a high ODy, in 0.2% Casamino Acids, suggesting
that the induction of cckA is not dependent on the cell density of
the culture. However, it cannot be discarded that the quorum
sensing system of R. sphaeroides that is controlled by the proteins
CerR and CerI (homologs of LuxR and LuxI, respectively) (68)
could influence cckA expression, as occurs in other alphaproteo-
bacteria (16, 20).

The repression of cckA and the consequent absence of Fla2
flagella mediated by the presence of organic acids is contrary to
what has been reported for R. capsulatus, in which ctrA is ex-
pressed in a higher level when the cells are grown in minimal
medium containing malic acid as a carbon source than in pep-
tone-based rich medium (20). In agreement with this, a recent
comparison of the expression profiles of orthologous genes be-
tween R. capsulatus and R. sphaeroides showed that the expression
pattern of cckA is not conserved (69).

C,-dicarboxylates are a preferred carbon source for Pseudomo-
nas aeruginosa and Sinorhizobium meliloti and cause catabolite
repression of degradative pathways for other carbon sources (70—
72). Catabolite repression in P. aeruginosa is mediated by the
global regulator Crc, which represses the translation of genes in-
volved in the uptake and catabolism of several nonpreferred car-
bon sources. In the presence of less preferred carbon sources, the
two-component system CbrA/CbrB activates the transcription of
one small RNA that binds Crec, relieving translational repression
(73). In S. meliloti a histidine kinase is required to maintain a
strong succinate-mediated catabolite repression (74), but the ki-
nases of P. aeruginosa and S. meliloti are not similar. Therefore, it
is difficult at this point to predict how succinate and other C,-
dicarboxylic acids could repress the expression of cckA in R. spha-
eroides.

R. sphaeroides is commonly grown in Sistrom’s minimal me-
dium that includes 34 or 17 mM succinic acid, partially explaining
why the Fla2 flagella had not been detected previously in the wild-
type strain. Nevertheless, relieving the repression exerted by or-
ganic acids is not enough to observe swimming with the Fla2 fla-
gella, suggesting that swimming with Fla2 may require activation
of CckA by an unknown mechanism. Given that R. sphaeroides
does not carry the genes encoding DivL, DivK, or Div], which are
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known to control CckA activity in C. crescentus, it is possible that
other proteins are involved in controlling CckA activity.

We observed that vigorous swimming of a flal strain with the
wild-type cckA allele requires growth in soft-agar plates containing
Casamino Acids as a carbon source and incubation under photo-
heterotrophic conditions; swimming was not detected when the
same type of plates was incubated aerobically in the dark or when
cells were grown photoheterotrophically in 0.2% Casamino Acids
but in liquid medium. These results show that is possible to detect
Fla2-dependent swimming on wild-type cckA when photohetero-
trophic growth using Casamino Acids as a carbon source is com-
bined with an unknown signal or stimuli generated during the
growth in soft-agar plates. The most obvious explanation would
imply that this hypothetical signal could be related with the nutri-
ent gradient formed by cell growth. It remains to be determined if
these conditions synergistically increase the expression of cckA or
if other mechanisms could exist, such as CckA activation.

Independently of the hypothetical mechanism that may medi-
ate CckA activation, our results indicate that transcriptional acti-
vation of cckA is an important step to enable the expression of the
fla2 genes.

The control of fla2 genes in R. sphaeroides is particularly rele-
vant, given that this bacterium could have developed additional
mechanisms to control fla2 after acquiring the flal set. We present
evidence that indicates that the expression of fla2 is somehow
incompatible with the synthesis of the Flal flagellum. This idea is
based on the observations that 84% of the cells of the AM1 strain
grown in 100 wM succinic acid have Fla2 flagella and that, when
this strain was complemented with fleQ ™, a notable reduction in
the number of cells that express Fla2 occurred, together with an
important increase in the number of cells with Flal flagella. Indi-
vidual cells with both flagella where not observed. This result sug-
gests that in a single cell, the synthesis of Fla2 is incompatible with
synthesis of Flal. These results suggest that R. sphaeroides has a
mechanism that ensures the expression of only one flagellar set per
cell. Even though the presence of Flal in WS8N, or of Fla2 in AM1,
follows an opposite trend depending on the culture conditions, a
more complex regulation should exist, given that growth in the
presence of Casamino Acids or 100 wM succinic acid does not
hinder the synthesis of Flal in the AM1/pRK_fleQ™ strain, indi-
cating that Flal somehow inhibits the synthesis of Fla2 flagella in
individual cells.

It has been commonly observed in bacteria that have a polar
flagellum and inducible lateral flagella (required for swarming)
that lateral flagella are expressed only under conditions of in-
creased viscosity (75), However, it was recently reported that un-
der planktonic conditions Shewanella oneidensis has the polar fla-
gellum and, sporadically, one or two lateral flagella are formed. In
this case, the simultaneous expression of both types of flagella
allows a more efficient spreading in swimming plates because the
lateral flagella modify the swimming pattern (76). Although we
were unable to detect R. sphaeroides cells with both types of flagella
when grown in liquid media, it is still possible that this type of cells
was present in swimming plates. If this is the case, Fla2 does not
contribute to cell spreading, since we did not observe a reduction
in the swimming halo of Flal * Fla2 ™ cells even in plates incubated
photoheterotrophically with Casamino Acids (Fig. 6B). In R.
sphaeroides, the existence of two types of flagella that are mutually
exclusive could be advantageous because of a possible specializa-
tion for each type of flagellum depending on the environmental
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conditions. In addition, since each of these flagella has its own
chemotactic system, it is possible that the advantage of having two
flagellar systems is related with a better browsing of attractants in
the environment at a population level.

As mentioned above, R. capsulatus, which is closely related to
R. sphaeroides, is motile in a medium containing malic acid as a
carbon source, as well as in rich medium (20). To our knowledge,
there are no reports of a growth condition under which this bac-
terium becomes nonmotile, indicating that the CckA pathway
must be functional in all the growth conditions tested so far. In
contrast, in R. sphaeroides we observed that this pathway seems to
be inactive under several growth conditions. Therefore, it is expected
that profound differences should exist in the control of these proteins
in order to produce such a different outcome. It is possible that the
acquisition of the Flal set reshaped the regulatory circuit that controls
this signal transduction system. A similar situation has been reported
regarding the multiple o factors present in R. sphaeroides that show
unique features (77, 78).
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