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It has previously been reported that the alpha-proteobacterium Azospirillum brasilense undergoes methyl-
ation-independent chemotaxis; however, a recent study revealed cheB and cheR genes in this organism. We have
constructed cheB, cheR, and cheBR mutants of A. brasilense and determined that the CheB and CheR proteins
under study significantly influence chemotaxis and aerotaxis but are not essential for these behaviors to occur.
First, we found that although cells lacking CheB, CheR, or both were no longer capable of responding to the
addition of most chemoattractants in a temporal gradient assay, they did show a chemotactic response (albeit
reduced) in a spatial gradient assay. Second, in comparison to the wild type, cheB and cheR mutants under
steady-state conditions exhibited an altered swimming bias, whereas the cheBR mutant and the che operon
mutant did not. Third, cheB and cheR mutants were null for aerotaxis, whereas the cheBR mutant showed
reduced aerotaxis. In contrast to the swimming bias for the model organism Escherichia coli, the swimming bias
in A. brasilense cells was dependent on the carbon source present and cells released methanol upon addition
of some attractants and upon removal of other attractants. In comparison to the wild type, the cheB, cheR, and
cheBR mutants showed various altered patterns of methanol release upon exposure to attractants. This study
reveals a significant difference between the chemotaxis adaptation system of A. brasilense and that of the model
organism E. coli and suggests that multiple chemotaxis systems are present and contribute to chemotaxis and

aerotaxis in 4. brasilense.

The ability of bacteria to detect and respond to a broad
range of environmental conditions is important for their sur-
vival. The chemotaxis system allows coordination of flagellar
movement with temporal sensing of the environment. Chemo-
taxis has been studied in great detail with the model organism
Escherichia coli (27, 36). The chemotaxis system integrates
environmental cues into a behavioral response by using a ded-
icated signal transduction pathway. This pathway is composed
of chemotaxis transducers, histidine kinase protein CheA cou-
pled to the chemotaxis transducers via docking protein CheW,
response regulator CheY, and adaptation proteins CheB and
CheR. Homologous chemotaxis systems have been identified
for distantly related bacteria and archaea (33, 41).

Prototypical chemotaxis transducers have an N-terminal ex-
tracellular sensory domain that detects environmental cues and
a cytoplasmic C-terminal signaling domain that interacts with
CheA to convey the signal to the flagellar motor via the CheY
protein (8, 36). In order to respond to chemical gradients,
motile cells possess an adaptation mechanism that allows them
to make temporal comparisons of the chemical conditions in
the environment as they swim about. Adaptation in chemotaxis
is due to the activity of the chemotaxis transducer-specific
enzymes: the CheR methyltransferase and the CheB methyl-
esterase (32). CheR constitutively adds methyl groups from
S-adenosylmethionine to specific glutamate residues on the
C-terminal domain of chemotaxis transducers. Upon activation
by phosphotransfer from CheA, phosphorylated CheB re-

* Corresponding author. Mailing address: Department of Biochem-
istry, Cellular and Molecular Biology, M407 Walters Life Sciences
Building, The University of Tennessee, Knoxville, TN 37996. Phone:
(865) 974-0866. Fax: (865) 974-6306. E-mail: galexan2@utk.edu.

4759

moves the methyl groups as methanol, thereby resetting trans-
ducers into a “sensing mode.” The ability of CheB to remove
methyl groups as methanol has been used to design a contin-
uous-flow assay to detect CheB activity in E. coli (15). The
covalent modification of chemotaxis transducers by methyl-
ation is accompanied by a return to a prestimulus swimming
bias. In E. coli, CheB is activated in response to negative
stimuli, such as the removal of an attractant, whereas positive
stimuli, such as the addition of an attractant, suppress its ac-
tivity and thus methanol release (15). These characteristics
result in a single type of methanol release profile for E. coli.
However, nonenteric bacteria diverge from this paradigm. As
with E. coli, Bacillus subtilis possesses a single set of chemotaxis
proteins, including CheR and CheB. However, with B. subtilis,
methanol is released in response to both the addition and the
removal of an attractant (16, 34), resulting in a single type of
methanol release profile which is different from that of E. coli.
Not all chemotactic responses require methylation-dependent
adaptation. For example, with E. coli, aerotaxis and chemotaxis
to phosphoenolpyruvate transport system sugars are methyl-
ation independent (6, 22).

The role of methylation in chemotaxis has been studied with
other chemotactic organisms. The archaeon Halobacterium
salinarum releases methanol in response to both positive and
negative chemical and light stimuli (23, 24), showing the same
type of methanol release profile as B. subtilis (16). The alpha-
proteobacterium Rhodospirillum centenum releases methanol
in response to a negative stimulus, a reduction in light inten-
sity, similarly to the E. coli pattern (14). The most significant
difference from the model organisms in methanol release was
observed with another alpha-proteobacterium, Rhodobacter
sphaeroides, where methanol release was detected only in re-
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TABLE 1. Strains and plasmids used in this study

Strain or plasmid

Property(ies)

Reference or source

Strains
A. brasilense
Sp7 Wild-type strain ATCC 29145
GA3 cheB mutant; cheB::gusA-km Km" This work
BS104 cheBR mutant; Km" This work
BS109 cheR mutant; Gm" This work
BS110 che mutant; cheAA::gusA-km Km" Tet" This work
E. coli
EC100 General cloning strain Epicentre
EC100D pir-116 General cloning strain with pir-116 Epicentre
JM110 General cloning strain; dam dcm Stratagene
S17-1 thi endA recA hsdR with RP4-2Tc::Mu-Km::Tn7 integrated in chromosome 26
Plasmids
pUCBR cheBR from pFAJ451 cloned as an Avill/EcoRI fragment into pUC18 This work
pBSKBR pBluescript I SK(+) containing cheBR from pUCBR as an EcoRI/BamHI fragment This work
pBS101 pBSKBR digested with Ehel and Smal; AcheBR with Km" cassette from pHP45() This work
pBS102 AcheBR::Km" from pBS101 cloned into pCR-Blunt This work
pBS103 AcheBR::Km' cloned into pSUP202 This work
pBS107 cheR PCR fragment cloned into pCR2.1 TOPO This work
pBS108 cheR fragment from pBS107 cloned into pKNOCK-Gm This work
pGAl pUCBR containing gusA-Km" cassette from pWMG6; AcheB This work
pGA2 AcheBR::Km" from pGALl cloned into pCR-Blunt This work
pGA3 AcheBR::Km" from pGA2 cloned as an EcoRI fragment into pSUP202 This work
pGALlll pBluescript II SK(+) containing cheA with 545 bp upstream cloned as a HindIII/ This work
Xhol PCR fragment
pGAl112 pGAI111 with a 555-bp internal deletion of cheA This work
pGA113 pGA112 with a 1,975-bp deletion and a gusA-Km" cassette from pWMo6 This work
pGAl14 pCR-Blunt containing cheAA::gusA-km from pGA113 This work
pGA115 cheAA::gusA-km from pGA114 cloned into pSUP202 This work
pFAJ451 Cosmid clone containing the A4. brasilense chemotaxis operon 12
pUCIS8 Cloning vector; Ap" 39
pBluescript II SK(+) Cloning vector; Ap" Stratagene
pCR-Blunt Cloning vector; Km* Invitrogen
pCR2.1 TOPO Cloning vector; Km" Invitrogen
pKNOCK-Gm Mobilizable plasmid, suicide vector for A. brasilense; Gm* 3
pRK2013 Helper plasmid, carries tra genes; Km" 10
pSUP202 Mobilizable plasmid, suicide vector for A. brasilense; Cm" Tc" Ap* 26
pWMb6 Source of gusA-Km" cassette; Ap" Km" 21
pHP450-Km Ap" Km* 9

sponse to positive stimuli (20). These variations suggest that
there is significant diversity in the adaptation mechanisms
among bacteria and archaea and that some adaptation systems
are considerably more complex than that described for E. coli
(33, 30).

Azospirillum brasilense is a nitrogen-fixing alpha-proteobac-
terium that colonizes the rhizosphere of various agronomically
important grasses and cereals, promoting plant growth (5, 30).
The dominant motility response of A. brasilense is a metabo-
lism-dependent form of taxis known as energy taxis (1). It has
previously been reported that 4. brasilense undergoes methyl-
ation-independent taxis responses (42). A chemotaxis operon
controlling motility and aerotaxis was recently identified in this
species by complementation of generally nonchemotactic mu-
tants (12). The operon contains genes encoding a CheB methyl-
esterase and a CheR methyltransferase, suggesting a role for
methylation-dependent motile behavior in A. brasilense. In this
study, we investigated the role of these two proteins in A.
brasilense chemotaxis and aerotaxis. Our data indicate that
CheB and CheR contribute to a complex methylation-depen-

dent and methylation-independent motility behavior and are
important for chemotaxis and aerotaxis. These findings expand
our current view of the diversity in bacterial chemotaxis.

MATERIALS AND METHODS

Bacterial strains and plasmids. A wild-type A. brasilense Sp7 (ATCC 29145)
strain was used throughout this study. Other bacterial strains and plasmids used
are listed in Table 1. A. brasilense cells were grown at 28°C in minimal medium
(MMAB) (35), supplemented with a carbon source of choice. Cells were grown
aerobically at 200 rpm on a rotary shaker. The growth medium was supple-
mented with the antibiotics kanamycin (30 g ml™~'), tetracycline (10 pg ml~'),
and gentamicin (10 pg ml™"). Kanamycin (50 pg ml™") and gentamicin (5 pg
ml~") were added to media to grow E. coli when appropriate.

Mutant construction. All standard cloning steps were carried out as described
previously (25). The cosmid pFAJ451 was digested with Avill and EcoRI to
release a fragment containing the cheB and cheR genes, which was then cloned
into the Smal and EcoRI sites of pUCI1S, resulting in pUCBR. pUCBR was
transformed into E. coli JM110 competent cells. To create a cheB mutant, a
Smal-excised gusA-km cassette from pWMG6 (21) was cloned into the Smal and
T4 Klenow fragment end-repaired Bcll sites of pUCBR, yielding pGA1. pGA1
was digested completely with EcoRI and partially with BamHI, end repaired
(End-it repair kit; Epicentre, Madison, WI), and cloned into pCR-Blunt (In-
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vitrogen, Carlsbad, CA), yielding pGA2. EcoRI-digested pGA2 was cloned into
the same site of pSUP202, resulting in pGA3. E. coli S17-1 competent cells were
transformed with pGA3 and used as a donor in a biparental mating with A.
brasilense (35). Recombinants were screened for double homologous recombi-
nation and in-frame insertion of the cassette by replica plating and testing for
GusA activity (21). One such recombinant, GA3, was further characterized as a
cheB mutant (Table 1).

To create a cheBR insertion-deletion mutant, an EcoRI/BamHI fragment was
isolated from pUCBR and cloned into the same sites of pBluescript II SK(+),
resulting in pBSKBR. A polar kanamycin cassette was excised from pHP45() by
HindIII digestion, end repaired, and blunt cloned into the Smal and end-re-
paired Ehel sites of pBSKBR, yielding pBS101. An end-repaired EcoRI and
Notl fragment from pBS101 containing the AcheBR::Km" construct was cloned
into pCR-Blunt (Invitrogen), resulting in pBS102. PCR with pBS102 as a tem-
plate and the primers CheBR-F (5'-CCGGAATTCGCAAGATGAGCGGCGG
GGACA) and CheBR-R (5'-CGGAATTCGCGGAAGGAGGCCATCTGGCG)
was used to amplify the AcheBR::Km" construct, which was then digested with EcoRI
(engineered restriction sites, underlined) and cloned into EcoRI-digested pSUP202
(26), yielding pBS103. E. coli EC100 cells (Epicentre) were transformed with
pBS103, which was then transferred to A. brasilense by triparental mating using
pRK2013 as a helper (10), as described previously (12). Screening for double ho-
mologous recombination was performed as described above. Southern hybridization
was used to verify the loss of the plasmid. One such cheBR mutant (BS104) was
further characterized (Table 1).

To construct a cheR mutant, an internal fragment of cheR was amplified by
PCR with the primers CheR-F1 (5'-CGACATCACGGAGGCG) and CheR-R1
(5'-CACTTGTCGCCCTGCTG) and cloned into pCR2.1 TOPO (Invitrogen),
resulting in pBS107. pBS107 was digested with EcoRI and cloned into the EcoRI
site of pKNOCK-Gm (3), a plasmid that does not replicate in A. brasilense,
resulting in pBS108. E. coli EC100D pir-116 cells were transformed with pBS108
and introduced into A. brasilense by triparental mating. Single homologous re-
combination resulted in a cheR gene interrupted by the insertion of the
pKNOCK-Gm vector (cheR mutant, BS109) (Table 1). Because cheR is the last
gene of the chemotaxis operon (12), no polar effects were expected.

A chemotaxis operon mutant was constructed by inserting a polar cassette in
cheA, the first gene of the operon (12), thereby disrupting the entire operon.
First, a fragment comprising the entire cheA gene and 545 bp of DNA sequence
upstream of the chemotaxis operon was amplified from pFAJ451 by using the
primers cheAop-HindF (CCCAAGCTTCAGCGCGATGAACTGGTTGGACC)
and cheAY-XhoR (GGGCTCGAGTCATGCGGCACCTTTCTGCTC), followed
by digestion with HindIII and Xhol sites (engineered restriction sites, underlined),
and cloned into the same sites of pBluescript II SK(+), yielding pGAl11l. An
inverse-PCR-based strategy (38) using primers CheA-Del-F (5'-GAAGATCTGCG
GTCGCGCGGGAATTC) and CheA-Del-R (5'-GAAGATCTGACCGCGTCCG
CCGCACG) (engineered BgllI sites are underlined) and pGA111 as a template
generated a linear product with BgIII sites at both ends of an internal 555-bp
fragment to be deleted, which was precisely deleted by digestion followed by self-
ligation. The construct, pGA112, was verified by sequencing. BglII and Ncol diges-
tion followed by end repair of the restriction sites deleted an additional 1,975-bp
internal fragment. A Smal-digested gus4-km cassette from pWM®6 (21) was inserted
into the deleted region, yielding pGA113. The cheAA::gusA-km construct was re-
leased from pGA113 by digestion with Xhol, made blunt by end repair and Smal
digestion, and cloned into pCR-Blunt (Invitrogen, Carlsbad, CA), yielding pGA114.
An EcoRI digestion of pGA114 released cheAA::;gusA-km for cloning into EcoRI-
digested pSUP202, yielding pGA115. pGA115 was introduced into A. brasilense by
triparental mating using pRK2013 as a helper. Single homologous recombinants
carrying a deletion-insertion in che4 and the inserted pSUP202 plasmid were se-
lected. Southern hybridization and PCR were used to verify the insertion of the
recombinant plasmid. One such che mutant (BS110) was further characterized
(Table 1).

All final constructs were verified by sequencing (DNA Core Facility, The
University of Tennessee) prior to transfer to A. brasilense for conjugation and
mutant construction.

Behavioral assays. A. brasilense cells swim by rotating a single bidirectional
polar flagellum (42). A change in swimming direction (reversal) is brought about
by a short backward movement along the axis of the cell due to the switch in
direction of flagellar rotation coupled to a reduction in swimming speed, which
randomly reorients the cells in a new direction (42, 43). Cells were grown in
MMARB supplemented with a carbon source of choice (10 mM) to early expo-
nential phase, observed with a dark-field microscope, and videotaped. Reversal
frequency was measured by determining the number of reversals of a single cell
during a 5-s time frame, corresponding to the average time a single cell can be
tracked. Increasing the tracking time did not change the results. The reversal
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frequencies of at least 90 cells (from three independent cultures) were measured
in each experiment. The reversal frequency of cells washed in chemotaxis buffer
(10 mM phosphate buffer [pH 7.0], 1 mM EDTA) prior to analysis was similar to
that described above.

Soft agar plates (so-called “swarm plates”) and temporal gradient assays for
chemotaxis and aerotaxis were performed as previously described (1, 2, 42, 43).
Temporal response to attractants was measured after growing cells in MMAB to
an early exponential phase, washing the cells three times, and resuspending them
in chemotaxis buffer. To estimate the response time to the removal of an at-
tractant, the cells were mixed with the attractant to be tested at a final concen-
tration of 10 mM. The cells were then stimulated by the addition of chemotaxis
buffer to dilute the concentration of the attractant from 10 mM to 2.5 mM,
eliciting a repellent response. The time taken for approximately 50% of the
population to return to the prestimulus motility bias was measured. The tempo-
ral gradient assay for aerotaxis was performed with a microchamber ventilated
with oxygen and nitrogen gases in a setup developed by Laszlo and Taylor (18)
and adapted for A. brasilense (43). The spatial gradient assay for aerotaxis was
performed as previously described (43) by placing motile cells in an optically flat
capillary (inner dimensions, 0.1 by 2 by 50 mm; Vitro Dynamics, Inc., Rockaway,
N.J.). The cells used were washed and resuspended in chemotaxis buffer supple-
mented with 10 mM malate.

Continuous-flow assay. Continuous-flow assays were performed as previously
described for stimulation with chemicals for E. coli (15) and with oxygen for
Halobacterium salinarum (19), with some modifications. Cells were grown to late
exponential phase in MMAB supplemented with 5 mM malate and 5 mM
fructose. Cells were washed with chemotaxis buffer with chloramphenicol (100
pg ml™Y), incubated with 50 wCi L-[methyl-*H]methionine (Amersham Bio-
sciences) with chloramphenicol (100 ug ml™') for 2 h, and placed on a sterile
in-line filter (Acrodisc, 0.45 wm; Pall Gelman) connected to a peristaltic pump.
The filter was washed at a flow rate of 3 ml/min for 35 min with chemotaxis
buffer, 10 min with an attractant (10 mM) in chemotaxis buffer, and 5 min with
chemotaxis buffer. Fractions were collected every 30 s. An aliquot (100 wl) from
each fraction was placed in a microfuge tube in scintillation fluid (Beckman
Ready Solv-HP) and subjected to vapor phase transfer for 48 h. The samples
were counted for 10 min with a scintillation counter (LS 6500; Beckman Instru-
ments). For methanol release in aerotaxis, N, or O, (21%) was bubbled though
chemotaxis buffer or attractant and washed over the filter assembly as described
previously (19).

Statistical analysis. Microsoft Excel was used for statistical analysis of results.
A t test assuming equal variances with a P value of 0.01 was used to determine
whether there was a significant difference between the mutants and the wild type
in behavioral assays.

RESULTS

Mutants lacking CheB and CheR are impaired in chemo-
taxis. We constructed mutants defective in the cheB and/or
cheR gene and characterized their motile behavior. First, we
tested chemotaxis of the wild type and the cheB, cheR, and
cheBR mutants to strong chemoattractants (1) by using a soft
agar plate assay. We define strong and weak attractants based
on their ability to trigger a response in spatial and temporal
gradient assays: strong attractants elicit longer response times
in a temporal gradient assay and a lower threshold in a spatial
gradient assay. Malate, succinate, fructose, and oxygen are
strong attractants, while galactose is a weaker attractant for 4.
brasilense (1). We found that the cheB, cheR, and cheBR mu-
tants were significantly impaired in their swimming ability in
this assay. The chemotactic rings formed by the mutants were
significantly smaller in diameter than those formed by the
wild-type strain for all substrates tested (Fig. 1). The growth
rates of the mutants were measured and found to be statisti-
cally undistinguishable from that of the wild type (data not
shown).

A temporal gradient assay provides a direct measurement of
the frequency of flagellar rotation changes of individual cells
challenged with a stimulus. Potent attractants cause free-swim-
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ming wild-type A. brasilense cells to swim smoothly and then
resume the prestimulus motility pattern. We measured the
response times of free-swimming cells challenged with both
positive and negative stimuli. Response times of the wild-type
A. brasilense strain upon addition of the strongest attractants,
succinate, malate, and fructose, were similar (Table 2). Sur-
prisingly, cells lacking CheB and/or CheR were no longer ca-
pable of responding to the addition of these attractants. On the
other hand, cheB and cheBR mutants not only responded but
also adapted upon addition of a weaker attractant, galactose.
Upon removal of malate, succinate, fructose, and galactose,
wild-type cells increased swimming reversal frequency, indicat-
ing a repellent response. The mutant cells either did not re-
spond at all or showed no adaptation to the stimulus (Table 2).
We analyzed the swimming bias of the wild-type cells in the
presence of a constant concentration of an attractant (steady-
state conditions). Under steady-state conditions, E. coli mu-
tants lacking CheB and CheR have tumbly and smooth swim-
ming biases, respectively, whereas the double mutant has a
motility bias similar to that of the wild-type strain. The A.
brasilense cheBR mutant had a random steady-state swimming

100 bias similar to that of the wild type. Interestingly, the wild-type
L 907 W cheB HcheR U cheBR cells and the cheBR mutant had different swimming biases
g 80 - ‘P dependent on the substrate present: the reversal frequency was
E . : 7+ Al + higher when cells were grown on fructose than when cells were
= k - T 1 grown on malate. Similarly, the swimming bias of cheB and
?n 60 7 cheR mutants was also dependent on the substrate present;
£ 50 however, it was different from that of the wild-type cells on any
: 40 - given substrate. On malate, the cheB mutant had increased
I~ reversal frequency, which corresponds to a tumbly bias in E.
; 30 7 coli, and the cheR mutant had a smooth swimming bias similar
= 20 - to that of its E. coli counterparts. However, on fructose, the
\E 10 phenotype displayed by these mutants was reversed (Fig. 2).
© g : B - Mutants lacking CheB and CheR are impaired in aerotaxis.
0 - T T T T - Aerotaxis is arguably the strongest behavioral response in A.
Aspartate  Fructose Galactose  Malate  Succinate brasilense (4, 43). We first used the spatial gradient assay for

FIG. 1. cheBR, cheB, and cheR mutants are deficient in chemotaxis.
Chemotaxis of the A. brasilense wild-type strain (Sp7) and that of the
mutants were compared by soft agar plate assay. Chemotactic-ring
diameters were measured after incubation at 28°C for 48 h. (A) Rep-
resentative soft agar plates with 10 mM malate as the sole carbon
source. (B) The average chemotactic-ring diameters are expressed as
percentages relative to that the of wild-type strain (defined as 100%).
Error bars represent standard deviations from the means, calculated
from at least three repetitions. Differences in the chemotactic-ring
diameters of the wild type and the mutants were found to be statisti-
cally significant with all chemoeffectors tested.

aerotaxis to analyze the role of CheB and CheR. In this assay,
an oxygen gradient is established by oxygen diffusion through a
suspension of motile cells that contain an electron donor (car-
bon source). Cells accumulate at the maximum energy levels
generated by metabolizing the carbon source using an opti-
mum concentration of oxygen as a terminal electron acceptor
(43). We found that the cheB and cheR mutants were unable to
form aerotaxis bands, although the cells were fully motile.
Interestingly, the cheBR mutant did form an aerotaxis band

TABLE 2. Chemotaxis of A. brasilense wild-type strain and cheBR, cheB, and cheR mutants in a temporal gradient assay

Response time (s) (mean = SD)

Strain Malate” Succinate Fructose Galactose Oxygen
+b - + - + - + - + -
Wild type 566 43 3 52+7 41 =4 63 =8 45+3 348 26 =4 334 282
cheBR mutant NR? NR NR NR NR >300 38=*5 >300 NR NR
cheB mutant NR NR NR NR NR NR 827 NR NR NR
cheR mutant NR >300¢ NR NR NR NR NR NR NR NR

“ Cells were grown with the chemical to be tested as an attractant or repellent and prepared as described in Materials and Methods.

b +, addition of attractant. The chemicals were tested at a final concentration of 10 mM.
¢ —, removal of attractant. The chemical concentration was reduced from 10 mM to 2.5 mM (final).
4 NR, no response, i.e., no change in the swimming bias of cells upon addition or removal of the chemoeffector tested.

¢ Cells responded to the removal of the chemoeffector by changing the swimming bias but did not adapt within 300 s of observation.
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FIG. 2. Reversal frequencies of free-swimming cells of wild-type A.
brasilense and the cheBR, cheB, and cheR mutants on different carbon
sources (filled bars, malate; open bars, fructose). The reversal swim-
ming frequency was determined as described in Materials and Meth-
ods. Standard deviations to the means are indicated.

(Fig. 3); however, it was formed with a significant delay (more
than 5 min to form the band by the mutant versus less than 2
min by the wild type) and farther away from the meniscus than
that formed by the wild type. Several independent studies
previously showed that the time required for the formation of
the aerotaxis band by A. brasilense cells in this assay is very
consistent (1 to 2 min) and reflects the ability of cells to effi-
ciently sense the oxygen gradient and navigate toward its op-
timum concentration (1, 4, 43). The observation that the aero-
taxis band formed by the CheBR mutant is significantly
delayed and formed further away from the meniscus supports
the proposition that the CheBR mutant is impaired in aero-
taxis.

Interestingly, none of the three mutants responded to either
addition or removal of oxygen in a temporal gradient assay for
aerotaxis, whereas the wild type had a positive and negative
response, respectively (Table 2).

Methanol evolution upon chemostimulation. In order to de-
termine the activities of CheB and CheR, we used a methanol
release assay (15). We first determined the profile of meth-
anol release from the wild-type cells upon stimulation with
various chemoeffectors. The wild-type cells showed a release
of methanol upon addition of but not upon removal of
malate (Fig. 4A). Interestingly, the addition of malate re-
sulted in continuous methanol release (rather than a peak)
slowly decreasing over time. This is different from the pro-
files of methanol release for E. coli and B. subtilis but similar
to that for R. sphaeroides. The wild-type cells also released
methanol upon removal of but not upon addition of a
weaker attractant, galactose (Fig. 4C). This type of profile is
typical of E. coli. There was no methanol release upon the
addition or removal of fructose, succinate, or oxygen (Fig.
4B, D, and E). Thus, different chemoeffectors induce differ-
ent methanol release profiles in A. brasilense, and there is
indication of methylation-independent taxis in response to
succinate and oxygen.

Strains deleted of cheB, cheR, or both showed a wide spec-
trum of methanol release profiles (Fig. 5). None of the mutants
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FIG. 3. The cheBR mutant is impaired in, but not null for, aerotaxis
in a spatial gradient assay. The abilities of the A. brasilense wild-type
strain (Sp7) and the cheBR mutant to form a sharp aerotaxis band in
a gradient of oxygen in a capillary tube were compared. The wild-type
strain (Sp7) forms a sharp aerotaxis band, while the cheBR mutant
forms a diffuse band at a different position in the gradient. Malate (10
mM) was added as the sole carbon and energy source to the suspension
of motile cells. The cheB and cheR mutants did not form any aerotaxis
bands under similar conditions (not shown). Arrows point to the center
of the aerotaxis bands.

showed methanol release upon either addition or removal of
fructose (Fig. 5B) or oxygen (not shown). In contrast to wild-
type cells, the cheB and cheR mutants did not release methanol
upon removal of galactose and they released significantly less
methanol upon addition of malate (Fig. SA and C). These
results are consistent with a role for CheB and CheR in the
induction of methanol release in response to these chemoef-
fectors.

Unexpectedly, the cheBR mutant did release methanol upon
the addition of malate, succinate, and galactose as well as upon
the removal of succinate (Fig. 5A, C, and D). Furthermore, the
methanol release profile in response to these chemostimuli was
different from that of the cheB mutant and that of the wild-type
strain. The cheBR mutant released methanol upon addition of
but not removal of galactose, whereas the wild type did just the
opposite (Fig. 5C). Also, in response to the addition of
malate, this mutant released methanol in significantly higher
amounts than the cheB mutant and the wild-type strain (Fig.
5A). While succinate did not induce methanol release in the
wild-type strain, the cheBR mutant released methanol upon
both addition and removal of succinate (Fig. 5D). These
results strongly suggest that there is a methylation/demethyl-
ation system(s) in A. brasilense in addition to the one under
investigation.

A che operon mutant has modest chemotaxis defects. The
limited chemotaxis defects observed for the cheB and cheR
mutants prompted us to further evaluate the function of the
chemotaxis pathway in controlling motility. We constructed a
chemotaxis operon insertion mutant (che mutant) and charac-
terized its motility (Fig. 6). We found that, relative to the wild
type, the che mutant was impaired in chemotaxis in the soft
agar plate assay, but it did form chemotactic rings (Fig. 6A and
B). These results indicated that the che mutant was not null for
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stimulation with malate (A), fructose (B), galactose (C), succinate (D), and oxygen (E). Representative results from at least two independent

experiments are shown.

chemotaxis. Under steady-state conditions, the che mutant had
a chemoeffector-dependent motility bias similar to that of the
cheBR mutant and that of the wild-type strain (Fig. 6C). Alto-
gether, these data suggest that this chemotaxis pathway con-
tributes to controlling motility; however, it is probably not its
primary function.

DISCUSSION

The identification of cheB and cheR genes (12) suggested the
presence of a methylation-dependent chemotaxis pathway in
A. brasilense. In this work, we used genetic and biochemical
approaches to investigate the role of CheB and CheR in che-
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motaxis in this bacterium and found that there are both meth-
ylation-dependent and methylation-independent pathways for
chemotaxis in A. brasilense. Our analysis also revealed unex-
pected phenotypes for the cheB, cheR, and cheBR mutants,
further suggesting a more complex role for these proteins in A.
brasilense than in other species.

CheB and CheR have an effect on but are not essential for
chemotaxis and aerotaxis. We have demonstrated that cheB
and cheR mutants contribute to chemotaxis and aerotaxis. Re-
markably, all single and double mutants did not respond to
stimulation with the strong attractants malate, succinate, fruc-
tose, and oxygen in a temporal gradient assay. Addition of
these attractants did not result in changes in the swimming
behavior of the mutants, whereas the wild-type cells responded
to all stimuli by suppressing the reversal frequency. This is the
most striking departure from the behavior of the model organ-
isms E. coli and B. subtilis, where mutations in the correspond-
ing genes abolish adaptation but not excitation in the temporal
gradient assay (31, 40). Similar behavior has been reported for
R. sphaeroides, where the cheB, and cheR, mutants did not
respond to temporal stimulation at all (20). We have found
that cheB and cheR mutants in A. brasilense retained the ability
(although significantly reduced) to form chemotactic rings on
semisoft agar. This is again different from results for analogous

mutants in E. coli (40), but similar to results for those in R.
sphaeroides (20). The apparent discrepancy between the results
obtained with a temporal gradient assay (lack of the response)
and those obtained with a spatial gradient assay (presence of
the response) was also observed for aerotaxis: the cheBR mu-
tant formed an aerotaxis band in the spatial gradient assay but
did not respond to the addition or removal of oxygen in a
temporal gradient assay. It is noteworthy to mention that the
chemotaxis and aerotaxis responses observed for the temporal
and spatial gradient assays are not equivalent since the latter
assay requires the metabolism of an attractant and cell growth
(the chemotaxis assay only). Furthermore, with temporal gra-
dient assays, cells are challenged with extremely steep step
gradients of chemoeffectors (that are not physiological), while
they respond to much more shallow gradients in the spatial
gradient assays. Therefore, the sensitivity of the chemotaxis
response tested is different for each of these assays, which
could account for the discrepancies observed. Further devia-
tions from the E. coli model were detected by analyzing the
swimming motility bias of cheB and cheR mutants. Deletion of
cheB and cheR in E. coli results in cells displaying tumbly and
smooth-swimming phenotypes, respectively (29, 40), regardless
of the substrate present. The A. brasilense cells showed a dif-
ferent type of behavior. The wild-type cells had different swim-



4766 STEPHENS ET AL.

-

i
»
~
s
Q
=
D
=
=
=
S
—
53
@»
£
=%
>
D
&~

$ 0.8
40 0.6
30 0.4
»
0 T T 1 0
x& X Wild che
< &é&e ngﬁ“ Ty %‘&&& type

% wild type ring diameter w

FIG. 6. The che operon mutant is impaired in, but not null for,
chemotaxis. (A) Chemotaxis toward 10 mM malate, as determined by
a soft agar plate assay. Both plates were inoculated with the same
number of cells and incubated at 28°C for 48 h. (B) The average
chemotactic-ring diameters are expressed as percentages relative to
that of the wild-type strain (defined as 100%). Error bars represent
standard deviations from the means, calculated from at least three
repetitions. Differences in the chemotactic-ring diameters of the wild
type and the che operon mutant were found to be statistically signifi-
cant with all chemoeffectors tested. (C) Reversal frequencies of free-
swimming cells of the wild type and the che mutant on malate (filled
bars) and fructose (open bars). The reversal swimming frequency was
determined as described in Materials and Methods. Standard devia-
tions to the means are indicated.

ming biases on different substrates, and cheB and cheR mutants
showed a spectrum of motility phenotypes that were depen-
dent on the substrate present. On some substrates, the cheB
mutant had a high reversal frequency, while the cheR mutant
had a smooth-swimming bias, whereas on other substrates it
was just the opposite. These results indicate that CheB and
CheR proteins play an important role in the overall chemo-
sensory behavior of A. brasilense that does not conform to the
E. coli model. Our results also indicate that there are CheBR-
independent responses in A. brasilense. For example, the
cheBR mutant not only responded but also adapted to the
addition of galactose in a temporal gradient assay. Thus, mu-
tations in cheB and cheR do not affect the ability of the cells to
respond to temporal stimulation by all effectors. The swimming
phenotypes of cheB and cheR mutants in A. brasilense are
strikingly different from those of mutants in E. coli but similar
to those of mutants lacking principle chemotaxis methylester-
ase and methyltransferase (CheB, and CheR,) in R. sphaeroides,
which is a distant alpha-proteobacterial relative of A. brasilense.
The reason(s) for these significant differences from the E. coli
model is currently unknown for either R. sphaeroides (20) or A.
brasilense. In contrast to chemotaxis in E. coli, metabolism-depen-
dent chemotaxis has been proposed as a major motility behavior
for both R. sphaeroides (13) and A. brasilense (1,2, 11) and may be
one of the factors contributing to the observed differences.
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Evidence for additional methylation/demethylation systems
contributing to chemotaxis. We found that the profile of meth-
anol release in A. brasilense is chemoeffector specific: some
attractants caused methanol release upon addition, whereas
others caused release upon removal. This behavior represents
another significant difference between A. brasilense and the
model organisms and has not previously been reported for any
microorganism. It is important to mention that the contribu-
tion of CheB and CheR to motility and methanol evolution
upon chemostimulation in A. brasilense is chemoeffector de-
pendent. One possible explanation is that an additional meth-
ylation/demethylation system(s) in A. brasilense differentially
modulates the responses observed. The strongest evidence for
the presence of additional adaptation enzymes comes from the
results obtained with the cheBR mutant stimulated with succi-
nate. While the wild-type cells did not release methanol upon
either addition or removal of succinate, the mutant released a
significant amount of methanol upon both addition and re-
moval of attractant. Interestingly, the same profile of methanol
release has been reported for the AcheR, mutant of R.
sphaeroides lacking an additional methyltransferase, which did
not seem to contribute to chemotaxis under conditions tested
(20). Additional methylation/demethylation systems in A.
brasilense might be responsible for most of the observed phe-
notypic differences between this bacterium and other organ-
isms. Although the A. brasilense genome is not yet available,
preliminary data from the ongoing sequencing project (http:
//genomics.biology.gatech.edu/research/azo) indicate that A4.
brasilense might possess at least three additional chemotaxis
operons containing CheB and CheR pairs. Future studies will
determine whether these systems contribute to chemotaxis or
to other cellular functions in A. brasilense.

Complex contribution of CheB and CheR to aerotaxis. One
of the most intriguing findings of the present study is that
aerotaxis in A. brasilense appears to be methylation indepen-
dent. There was no methanol release from either the wild type
or any of the mutants upon addition or removal of oxygen by
a continuous-flow assay, whereas there was methanol release in
the same experimental setup when a gradient of malate was
introduced instead of oxygen. Nevertheless, the cheB and cheR
mutants had a null phenotype for aerotaxis by both temporal
and spatial gradient assays. Aerotaxis was shown to be meth-
ylation dependent for B. subtilis (37) and H. salinarum (19) and
methylation independent for E. coli (6, 22). Normal aerotaxis
in E. coli requires a CheB protein; however, the absence of
the enzyme only inverts (7) but does not abolish the response
in a temporal gradient assay, as it does with A. brasilense.
Our results indicate a similar methylation-independent and
CheBR-dependent behavior in response to the strong attract-
ants fructose and succinate. The exact mechanism of methyl-
ation-independent sensory adaptation is currently not known
for any bacterial species, including the model organism E. coli
(6). However, it is conceivably a major adaptation mechanism
in A. brasilense.

Model for the role of CheB and CheR. Although this study
has established an important role for the CheB and CheR
proteins in chemotaxis and aerotaxis in A. brasilense, it has
revealed a significant departure from the role in model organ-
isms. The contribution of these enzymes to the overall behav-
ior in azospirilla appears to be different from that in the model



VoL. 188, 2006
o []-Q
-0

|
!
;

©

O (P <—

0

Flagellar
motor

FIG. 7. Working model for the role of CheB and CheR proteins in
A. brasilense chemotaxis. The CheB (B) and CheR (R) proteins under
study and the che pathway are shown in solid black lines. Other puta-
tive chemotaxis homologs are shown in gray. W, A, and Y represent
CheW, CheA, and CheY, respectively. Cytoplasmic C-terminal do-
mains of putative chemotaxis transducers interacting with CheB and
CheR are shown as a rectangle and a diamond. The model argues that
the primary function of the chemotaxis pathway under study is prob-
ably not to control motility behavior. CheB and CheR may contribute
to chemotaxis and aerotaxis because of their effect on the methylation
status of the chemotaxis transducer(s) that is ultimately involved in
controlling motility (see text for details).

organism for chemotaxis, E. coli, and in other organisms that
possess a single set of chemotaxis genes, such as B. subtilis. On
the other hand, there are many similarities with chemotaxis in
R. sphaeroides, which emerges as a model to study the motility
behavior in organisms with multiple chemotaxis pathways (36).
Most of the observed deviations from known features of the
chemotactic response are likely due to the presence of multiple
chemotaxis pathways in A. brasilense. We have shown that not
only cheB and cheR mutants but also a mutant lacking the
entire chemotaxis operon encoding the CheB and CheR pro-
teins is impaired in, but not null for, chemotaxis. Therefore,
other chemotaxis pathways contribute to the overall control of
flagellar motility.

In order to reconcile the data, we propose a model in which
the chemotaxis pathway under study does not primarily control
motility and chemotaxis in A. brasilense. However, CheB and
CheR from this pathway affect the methylation status of a
chemotaxis transducer(s) that is ultimately involved in control-
ling chemotaxis, perhaps via cross-regulation with another che-
motaxis pathway(s) at the level of chemoreceptor methylation/
demethylation (Fig. 7). Our findings that multiple methylation/
demethylation systems contribute to methanol release in
response to a single chemostimulation are consistent with such
a model. For E. coli, it was proposed that the combined activ-
ities of CheB and CheR on chemotaxis transducers modulate
signal amplification and sensitivity in chemotaxis (17, 28). We
argue that multiple methylation/demethylation systems con-
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tribute to the overall methylation status of chemotaxis trans-
ducers, which in turn modulates the overall sensitivity of the
chemotactic response and chemosensory adaptation. We also
argue that in the absence of CheB and/or CheR the overall
methylation status of chemotaxis transducers is modified, al-
tering the sensitivity of the chemotaxis response. This in turn
may explain why mutants lacking CheB and/or CheR are un-
able to respond to essentially any stimuli in a temporal gradi-
ent assay while retaining chemotaxis in spatial gradients. Fu-
ture studies aiming at the identification and characterization of
other putative multiple chemotaxis homologs in A. brasilense
will be critical for understanding the molecular details under-
lying such complex behavior and will likely lead to the modi-
fication of the working model proposed here.
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