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Cbp1, a chemoreceptor containing a PilZ domain was identified in Azorhizobium
caulinodans ORS571, a nitrogen-fixing free-living soil bacterium that induces nodule
formation in both the roots and stems of the host legume Sesbania rostrata.
Chemoreceptors are responsible for sensing signals in the chemotaxis pathway,
which guides motile bacteria to beneficial niches and plays an important role in the
establishment of rhizobia-legume symbiosis. PilZ domain proteins are known to bind
the second messenger c-di-GMP, an important regulator of moatility, biofilm formation
and virulence. Cbp1 was shown to bind c-di-GMP through the conserved RxxxR
motif of its PilZ domain. A mutant strain carrying a cbp? deletion was impaired in
chemotaxis, a feature that could be restored by genetic complementation. Compared
with the wild type strain, the Acbp7 mutant displayed enhanced aggregation and biofilm
formation. The Acbp7 mutant induced functional nodules when inoculated individually.
However, the Acbp? mutant was less competitive than the wild type in competitive
root colonization and nodulation. These data are in agreement with the hypothesis that
the ¢c-di-GMP binding chemoreceptor Cbp1 in A. caulinodans is involved in chemotaxis
and nodulation.

Keywords: c-di-GMP, PilZ domain, chemoreceptor, chemotaxis, nodulation

INTRODUCTION

C-di-GMP (bis-(3'-5')-cyclic dimeric guanosine monophosphate) is a second messenger
commonly found in the bacterial kingdom that regulates multiple cellular functions including
motility, extracellular polysaccharide production and biofilm formation (Hengge, 2009). Generally,
high intracellular c-di-GMP concentrations down regulate motility and promote surface
attachment, which correlates with the transition from a motile to sessile lifestyle (Povolotsky and
Hengge, 2012; Purcell et al., 2012; Roy et al., 2012). C-di-GMP turnover is controlled by diguanylate
cyclases (DGCs) and c-di-GMP specific phosphodiesterases (PDEs) (Chan et al., 2004; Rao et al.,
2008). C-di-GMP is synthesized from two molecules of GTP by DGCs containing a GGDEF domain
with a conserved GG(D/E)EF motif and hydrolyzed into pGpG by PDEs containing an EAL domain
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or into two molecules of GMP by PDEs containing a HD-
GYP domain (Christen et al, 2005; Ryjenkov et al., 2005;
Ryan et al., 2006).

C-di-GMP exerts its biological effects by binding to various
effectors including riboswitches and proteins (Lee et al., 2007;
Newell et al, 2009; Bordeleau et al, 2015). Among these,
proteins with PilZ domains have been extensively studied
(Ryan et al., 2012). The PilZ domain is characterized by
conserved RxxxR and D/NxSxxG motifs responsible for c-di-
GMP binding (Benach et al., 2007). PilZ domain proteins
display a broad range of c-di-GMP binding affinities and
are involved in the control of different bacterial behaviors.
In Escherichia coli, the PilZ domain protein YcgR inhibits
motility at high c-di-GMP concentrations by interacting with
the flagellar proteins FliG and FlLiM (Paul et al, 2010).
In Pseudomonas aeruginosa, the PilZ domain protein HapZ
regulates a two-component signaling pathway by interacting
with the histidine kinase SagS (Xu et al, 2016a), while
another PilZ domain protein Alg44 is required for alginate
biosynthesis (Merighi et al., 2007). In Xanthomonas oryzae pv.
oryzae, PilZ domain proteins were shown to regulate virulence
(Yang et al., 2015).

Chemotaxis enables motile bacteria to detect environmental
changes, such as chemical gradients, and respond by moving to
beneficial niches that support optimal growth. Chemoreceptors
(also known as methyl-accepting chemotaxis proteins,
MCPs) are signaling proteins that transduce chemotactic
signals via interaction with both CheA (histidine kinase)
and CheW (coupling protein) of the chemotaxis pathway
(Wadhams and Armitage, 2004). As a histidine kinase,
CheA can be autophosphorylation with ATP, and CheA-P
phosphorylates its response regulator CheY. CheY-P then
binds to the flagellar rotary motor to bring about a reversal
in rotational direction (Tindall et al., 2012). Chemoreceptor
binding of a chemotactic signal molecule regulates the kinase
activity of CheA, thus controls the probability of directional
changes (Lai et al., 2006). The signal ligand binding affinity
of chemoreceptors depends on their methylation state (Li
and Weis, 2000). There are chemotaxis adaptation proteins
CheB (methylesterase) and CheR (methyltransferase) present
in the chemotaxis pathway. CheB is also phosphorylated
by CheA-P, and CheB-P competes with CheR to regulate
the methylation state of chemoreceptors, thus resetting
their signal sensitivity (Wuichet et al., 2007). Azorhizobium
caulinodans ORS571 is a versatile nitrogen fixer that can
fix nitrogen both in the symbiotic and free-living states
under microaerobic conditions. It is a symbiont of the
legume Sesbania rostrata and can form nitrogen fixing
nodules both on roots and stems (Dreyfus et al., 1988).
Chemotaxis of A. caulinodans ORS571 is controlled by
a single chemotaxis system that contains five chemotaxis
proteins: CheA, CheW, CheY;, CheB, and CheR (Liu et al,
2018). Chemotaxis toward chemoattractants in root exudates
promotes attachment between rhizobia and legume roots
and subsequent infection, thus benefiting the establishment
of rhizobia-legume symbiosis (Greer-Phillips et al, 2004;
Scharfet al., 2016).

A considerable number of c-di-GMP-related genes were
identified in rhizobia (Gao et al., 2014). The c-di-GMP-related
genes have been investigated in Sinorhizobium meliloti and a
single PilZ domain protein, McrA, was identified as a c-di-
GMP binding effector able to repress motility at elevated
c-di-GMP concentrations (Schiper et al, 2016). The PilZ
domain containing chemoreceptor Tlpl from Azospirillum
brasiencse has been shown to be involved in the chemotactic
signaling pathway (Russell et al, 2013). The integration of
c-di-GMP into the chemotactic signaling pathway prompted
us to investigate the potential interplay between c-di-GMP
and chemotaxis in A. caulinodans ORS571. The whole genome
of ORS571 has been sequenced (Lee et al, 2008), and
there are 43 chemoreceptors as shown in the Pfam database
(Jiang et al, 2016). In the present study, we report the
characterization of a PilZ domain containing chemoreceptor that
we named Cbpl (c-di-GMP binding protein 1) and show the
involvement of Cbpl in chemotaxis and symbiosis with legume
host S. rostrata.

MATERIALS AND METHODS

Bacterial Strains, Plasmids, and Culture

Conditions

Strains and plasmids used in this study are listed in Table 1.
A. caulinodans ORS571 and mutant strain derivatives were grown
at 37°C in TY medium and L3 minimal medium with the
corresponding antibiotics (Jiang et al., 2016). E. coli strains used
for cloning and expression were routinely grown at 37°C in LB
medium. Solid media plates contained 1.5% agar. Antibiotics
were used at the following concentrations: ampicillin 100 pg/mL,
nalidixic acid 25 pg/mL, kanamycin 25 pg/mL, gentamycin
50 pg/mL, and tetracycline 10 pg/mL.

Protein Expression and Purification

Plasmid pBAD/M with a C-terminal 6xHis tag was used
to overexpress Cbpl in E. coli Topl0 (Sun et al, 2015).
A DNA fragment encoding Cbpl was amplified from
A. caulinodans ORS571 genomic DNA with the primer pair
Cbp1-Ndel-F/HindIII-R and cloned into the Ndel/HindIII site
of pPBAD/M to create the recombinant expression plasmid.
The resulting plasmid was then transformed into E. coli
Topl10. The CbplR320A mutant was generated using the
QuikChange®Site-Directed Mutagenesis Kit (Stratagene) with
the primer pair CbplR320A-F/R. Protein expression was
induced with 0.1% L-arabinose and incubation at 16°C for 24 h.
Protein purification was performed as described previously
(Sun et al, 2015). Proteins were analyzed by SDS-PAGE
and their concentration was measured using the standard
BCA protein assay.

Protein Thermal Shift Assay

The protein thermal shift assay was performed as described
previously with some modifications (Huynh and Partch, 2015).
The StepOne Plus Quantitative Real-time PCR system (Thermo
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TABLE 1 | Strains and plasmids used in this study.

Strain or plasmid Relevant characteristics?

Source or reference

Strains
E. coli
Top10

F~ mcrA A(mrr-hsdRMS-mcrBC) ¢80 lacZAM15A lacX74 recAl

Transgen

araA139 A (ara-leu)7697 galU galK rpsL (Str?) endA1 nupG

Azorhizobium caulinodans

ORS571 Type strain; AmpR, Nal? Nakajima et al., 2012
Acbp1 ORS571 derivative; deletion of the cbp1 gene, AmpR, Nal® This study

Plasmids
pCM351 Recombinant vector for gentamycin substitution, cre/loxp, Gen®, TcR Marx and Lidstrom, 2002
pCM157 IncP plasmid that expresses Cre recombinase; Tc? Marx and Lidstrom, 2002
pRK2013 Helper plasmid, ColE1 replicon; Trat KmP Figurski and Helinski, 1979
pPBBR1MCS-2 Broad host range plasmid; KmR Kovach et al., 1995
pBBR-cbp1 pBBR1MCS-2 with chp? gene and promoter region; Km~ This study
pPBBR-cbp1ra20a pBBR-cbp1 containing R320A mutantion; KmR This study
pBAD/M General expression vector, C-His6 tag; AmpF Sunetal., 2015
pBAD/M-cbp1 pBAD/M with ORF of cbp1 gene; Amp~ This study
pPBAD/M-cbp1raz0a PBAD/M with cbp1 gene containing R320A mutation; AmpR This study

AmpR, ampicillin resistance; NalR, Nalidixic acid resistance; GenF, gentamicin resistance; Tch, tetracycline resistance; KmA, kanamycin resistance.

Fisher Scientific) was used to determine the thermal shift
of purified proteins in the presence of SYPRO orange dye,
which binds hydrophobic regions of proteins. The reaction
buffer was 25 mM Tris-HCl (pH7.9) with 10 mM MgCl,
and the final assay concentration of SYPRO orange dye was
1x (stock solution was 5000%). For measurement of protein
thermal shift without a ligand, 5 WM of purified Cbpl or
Cbp1R320A protein was added. For measurement of protein
thermal shift with a ligand, 5 pM of the purified protein
was added with 5 WM c¢-di-GMP. 50 pL of reaction buffer
with 1 x SYPRO orange was used as a negative control
(No Protein Control, NPC). Before being measured in the
gqRT-PCR instrument, all reaction mixtures were incubated for
1 h at 37°C. The experimental parameters were selected as
described by Huynh and Partch (2015). The experimental data
was analyzed using Protein Thermal Shift Software 1.3 (Thermo
Fisher Scientific).

Isothermal Titration Calorimetry (ITC)
Isothermal titration calorimetry measurements were performed
as described previously with some modifications (Huang
et al, 2016). A NANO ITC 2G (TA Instruments) was used
to detect c-di-GMP binding to Cbpl and CbplR320A. Both
the Cbpl and CbplR320A proteins and the ligand c-di-
GMP were dissolved in buffer (25 mM Tris-HCl, 10 mM
MgCl,, pH7.9). 20 pM of the purified protein was titrated
with aliquots of 300 wM c¢-di-GMP. The experimental
data was analyzed using NanoAnalyze software 3.5.0
(TA Instruments).

Construction of Mutant and

Complemented Strains
The Acbpl mutant was constructed using the allelic exchange
vectors pCM351 and pCM157, a pair of vectors carrying the

cre/lox system (Marx and Lidstrom, 2002). 702-bp upstream
and 690-bp downstream fragments of the cbpl gene were
amplified from A. caulinodans ORS571 genomic DNA with
the primer pairs Cbp1Up-Xbal-F/Ndel-R and CbplDown-Agel-
F/Sacl-R. The fragments were then digested and inserted
into the plasmid vector pCM351. The resulting recombinant
plasmid (pCM351:Up:Down) was introduced into A. caulinodans
ORS571 by tri-parental conjugation with the helper plasmid
pRK2013 (Figurski and Helinski, 1979). Allelic exchange between
the recombinant plasmid pCM351:Up:Down and the ORS571
chromosome led to the replacement of c¢bpl with a gentamicin
gene cassette and the cassette was further deleted following the
introduction of plasmid pCM157. To complement the Acbpl
mutant, full-length cbpl and 300-bp upstream encompassing
the predicted promoter region was amplified by PCR using
the primer pair Cbp1P-KpnI-F/Sacl-R. The amplified fragment
was then cloned into the Kpnl/Sacl site of the broad-
host-range vector pBBRIMCS-2 (Kovach et al, 1995) to
create the plasmid pBBR-cbpl. The plasmid pBBR-cbpIrszoa
was then constructed using the site-directed mutagenesis
protocol mentioned above with primer pair CbplR320A-
F/R. The complementation plasmids were introduced into the
Acbpl mutant by tri-parental conjugation with the helper
plasmid pRK2013. The empty plasmid pBBRIMCS-2 was
also introduced into wild type ORS571 and Acbpl mutant
as control. All primers used in mutant construction are
listed in Table 2.

Growth Curve Assay

Growth of the strains were measured as previously described (Liu
et al., 2017). ORS571 and the mutants were grown overnight
in TY medium at 37°C. The overnight-grown cultures were
collected by centrifugation and washed three times with L3+N
liquid medium. The cells were then inoculated into 50 mL TY
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TABLE 2 | Primers used in this studly.

Primers Sequences (5'-3')

Cbp1Up-Xbal-F
Cbp1Up-Ndel-F
Cbp1Down-Agel-F
Cbp1Down-Sacl-R

CGTCTAGACGCGTGCTCGACCTC
CGCATATGCGTTCCTCCGGGCA
CGACCGGTGGCTATTGCCGCTC
CGAGCTCGGCACGGCCATATC

Cbp1P-Kpnl-F CGGGGTACCAGTACATGCCCTGAC
Cbp1P-Sacl-R CGAGCTCTACATCCGGTAGCAGGT
Cbp1-Ndel-F CGCATATGTTTGGTTTGTGGG
Cbp1-Hindlll-R CCAAGCTTGATCGGCGTGCTGAACA
Cbp1R320A-F GGCGACCGCGCCAAGTTCGAC
Cbp1R320A-R GTCGAACTTGGCGCGGTCGCC

medium or L3+N medium (with succinate as a carbon source)
at an initial concentration of ODggg 0.02 in sterile 250 mL
conical flasks. Cells were grown at 150 rpm and 37°C and
cell density was monitored every 2 h (0-12 h), 3 h (12-24 h),
and 6 h (24-48 h).

Competitive Capillary Chemotaxis Assay
The competitive capillary chemotaxis assay was performed
as previously described with modifications (Liu et al., 2018).
Overnight grown cells of ORS571 and mutants were collected
by centrifugation, washed three times with PBS buffer, and
the suspensions were then adjusted with a final concentration
of ODggp 0.01. The wild type and each mutant were then
mixed at a 1:1 ratio. The 1:1 ratio was re-confirmed by
counting CFUs of each strain through serial dilution. 200 pL
aliquots of the mixed cell suspensions were placed into the
wells of a 96-well plate. Capillaries were heat-sealed at one
end using a flame and the open end was then inserted into
the PBS buffer and 10 mM succinate solution for 5 min.
Solution-filled capillaries were then removed to wells containing
bacterial mixtures. The 96-well plates were incubated at 37°C
for 1 h. The sealed ends of then capillaries were broken
and the contents were then emptied into 1 mL PBS buffer
using a rubber adaptor. The ratio of wild type to mutant
cells was calculated by counting CFUs of each strain entering
the capillaries.

Aggregation Assay

Overnight grown cells of ORS571 and the Acbpl mutant
were collected by centrifugation and washed three times
with L3+N liquid medium. Cells were then inoculated
into 15 mL fresh L3+N medium (with succinate as a
carbon source) to an initial concentration of ODgyy 0.02
in sterile 50 mL conical centrifuge tubes. The tubes were
then incubated in an orbital shaker and shaken at 220 rpm
for 24 and 48 h at 37°C. The tubes were taken out and
left standing for a further 20 min. When the aggregated
cells settled to the bottom of the tubes, the ODgy of
the upper cell suspension was measured. The aggregated
cells were then vortexed and the total ODgyy of the cell
cultures was measured. The aggregation ratio of each strain

was then calculated using the formula: aggregation ratio
% = 100* (ODtotal_ODsuspension)/ODtotal-

Quantification of Biofilm Formation

Overnight grown cells of wild type and the Acbpl mutant
were collected by centrifugation and washed with L3+N liquid
medium. 1.5 mL of resuspended cells with a final concentration
of ODggg 0.1 was added to a sterile glass tube. The strains were
then incubated at 37°C for 3 days. For crystal violet staining,
the cells were removed and the glass tubes were washed carefully
with sterile water. 2 mL of 1% crystal violet was added to each
tube. After 20 min of staining, crystal violet was removed and
1 mL of 30% acetic acid was added to dissolve the crystal violet-
stained biofilms. The ODsg5 of solution from each tube was then
measured for biofilm quantification.

Plant Growth, Root Colonization and

Nodule Occupancy Competition Assays
Sesbania rostrata seeds were treated with concentrated sulfuric
acid for 30 min and washed thoroughly with sterile water
and then soaked in sterile water in the dark at 37°C for
48 h, as previously described (Jiang et al., 2016). For the
root colonization assay, overnight grown cells of wild type
and the Acbpl mutant were harvested and resuspended in
sterile L3-N liquid medium. Normalized cell suspensions of
wild type and the Acbpl mutant were mixed in a 1:1 ratio
and added into sterile vermiculite. The 1:1 ratio was re-
confirmed by counting CFUs of each strain. The germinated
seedlings were then transferred into vermiculite for 4 and
24 h. After that, the seedlings were removed, washed and
then mashed to recover bacteria from the root surface. Serial
dilutions were then plated on TY plates. After growth at 37°C,
at least 200 single colonies were analyzed by PCR with the
primer pair CbplUp-Xbal-F /CbplDown-Sacl-R to calculate
the colonization occupation ratio. For nodulation analysis,
germinated seedlings were planted in vermiculite in Leonard
jars. Nodulation on roots was performed by adding cell cultures
into vermiculite, and nodulation on stems was performed by
inoculation of stem-root primordia with sterile cotton wool
moistened with a bacterial suspension as previously described
(Liu et al., 2018). For individual nodulation, cells of a single strain
were used. For competitive nodulation, cells of wild type and
the Acbpl mutant were mixed in a 1:1 ratio (re-confirmed by
counting CFUs of each strain). All plants were grown at 26°C
with a daylight illumination period of 12 h in a greenhouse. The
root and stem nodules were harvested 4 weeks after inoculation.
Bacteria were then re-isolated from crushed nodules and colonies
were tested by PCR as above to determine the nodulation
occupation ratio.

Acetylene Reduction Activity

(ARA) Assays

Acetylene reduction activity of the nodules was determined using
gas chromatography (Agilent Technologies, 7890A). The ARA
was expressed as pmol of C;Hy production/h/g of fresh nodule,
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FIGURE 1 | Protein thermal shift assay of Cbp1 and Cbp1R320A. (A) The thermal denaturation profile of proteins. (B) The profile of the derivative of the fluorescence
emission as a function of temperature (dF/dT). NPC (no protein control, black line), Cbp1 (green line), Cbp1R320A (blue line), Cop1 with c-di-GMP (red line),
Cbp1R320A with c-di-GMP (magenta line).

as described by Liu et al. (2017). Each measurement was repeated
at least three times.

RESULTS

The Chemoreceptor Cbp1 Binds
c-di-GMP Through the Conserved

RxxxR Motif

Of the 43 chemoreceptors in A. caulinodans ORS571 (Jiang
et al., 2016), the only chemoreceptor containing a PilZ domain
is encoded by the gene AZC_3349, here named Cbpl. Cbpl
is an internal soluble protein without a transmembrane
region consisting of an N-terminal MA domain (methyl-
accepting chemotaxis-like domain) and a C-terminal PilZ
domain (Supplementary Figure S1A). All chemoreceptors
were identified by the presence of a MA domain, a highly
conserved cytoplasmic signaling domain that interacts
with the CheA histidine kinase and CheW coupling protein
(Wadhams and Armitage, 2004).

Multiple alignment of Cbp1 PilZ domain with other proteins
showed that the characteristic c-di-GMP binding motifs RxxxR
and D/NxSxxG are fully conserved in the Cpbl PilZ domain
(Supplementary Figure S1C). Conservation of the binding motif

suggested that Cbpl may bind c-di-GMP. To determine whether
Cbpl can bind c-di-GMP, Cbpl was heterologously expressed
in E. coli Topl0 to obtain purified protein (Supplementary
Figure S1B). Protein thermal shift assays (also known as different
scanning fluorimetry or ThermoFluor) have been widely used
to identify stabilizing solution conditions and small-molecule
ligands for purified proteins (Huynh and Partch, 2015). The
protein thermal shift assay was applied here to analyze the
c-di-GMP binding ability of Cbpl. As shown in Figure 1,
the denaturation profile of Cbpl (green line) indicated that
Cbpl had exposed hydrophobic regions in the native state
(SYPRO orange interacts with hydrophobic regions in proteins).
The red line (Cbpl with c¢-di-GMP) indicates a denaturation
profile of a well-folded protein: low fluorescence emission at
room temperature and then emission increases with increasing
temperature. The difference between these lines suggested that
Cbpl could specifically bind ¢-di-GMP and c-di-GMP binding
led to a significant conformational change in Cbpl. In order to
better characterize the binding of c-di-GMP to Cbp1, isothermal
titration calorimetry (ITC) was performed. Purified Cbpl was
titrated with c-di-GMP and the result of ITC showed that Cbp1
binds c-di-GMP with a Kp of 14.94 + 1.6 pM (Figure 2A).
A previous study on A. brasilense Tlp1 has shown that mutation
of Arg563, the first R in RxxxR motif of the PilZ domain,
led to complete loss of c-di-GMP binding ability of TIpl
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FIGURE 2 | Measurement of the c-di-GMP binding affinity of Cbp1 and Cbp1R320A by ITC. For titration, 20 uM of the purified proteins (Cbp1 and Cbp1R320A) and
300 uM c-di-GMP were used. (A) Cbp1 binds c-di-GMP with a Kp of 14.94 + 1.

Mole Ratio

6 M, and the AH is =100 + 37 KJ/mol. (B) Cbp1R320A cannot bind c-di-GMP.

(Russell et al., 2013). In Cbpl, the corresponding Arg residue
is at position 320. Thus, the Arg320 residue of Cbpl PilZ
domain was replaced by Ala. The CbplR320A variant was
then analyzed for c-di-GMP binding. As expected, there was
no obvious change in the denaturation profile of Cbpl1R320A
with c-di-GMP, which suggested that CbplR320A failed to
bind c¢-di-GMP (Figure 1). The ITC analysis of CbplR320A
further confirmed that it cannot bind c-di-GMP (Figure 2B).
Together, the results showed that Cbpl is a c-di-GMP binding
chemoreceptor and the PilZ domain is responsible for c-di-
GMP binding.

The Acbp1 Mutant Is Impaired in
Chemotaxis and c-di-GMP Binding

Ability of Cbp1 Is Essential for

Normal Chemotaxis

To determine the role of Cbpl in chemotaxis, a Cbpl
deletion mutant (Acbpl) was constructed. The growth curves
of the strains were first determined and the results suggested
that the growth rate of the Acbpl mutant had no obvious
difference compared with that of the wild type in both rich
(TY) and minimal media (L34N) with succinate as a carbon
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FIGURE 3 | Chemotactic behavior of wild-type ORS571 and mutants.

(A) Competitive chemotactic responses of wild type and Acbp7 mutant using
the quantitative capillary assay. (B) Competitive chemotactic responses of wild
type and Acbp1(pBBR-cbp1) mutant using the quantitative capillary assay.
(C) Competitive chemotactic responses of wild type and
Acbp1(pBBR-cbp1ra20a) Mmutant using the quantitative capillary assay. Wild
type and each mutant were mixed in a 1:1 ratio. The capillary contained either
PBS buffer as control or 10 mM succinate solution as a chemoattractant.
Error bars indicate standard deviations for three independent biological
replicates and asterisks represent significant differences (*P < 0.01).

source (Supplementary Figure S2). The competitive capillary
chemotaxis assay was performed to characterize the chemotactic
behavior of wild type and mutants. For the competitive capillary
assay, wild type and the Acbpl mutant were mixed in a 1:1
ratio and capillaries containing PBS buffer or the chemoattractant
succinate were immersed in bacterial suspensions. As shown
in Figure 3A, the number of Acbpl mutant cells entering the
capillary containing PBS buffer was about the same as the wild
type (50% vs. 50%), which suggested that the swimming ability of
the Acbpl mutant was not affected. However, cells of the Acbp1
mutant entering the capillary containing the chemoattractant
succinate were greatly reduced compared to the wild type (23.5%
vs. 76.5%), confirming that the chemotaxis ability of the Acbpl
mutant was impaired.

Since Cbpl binds c-di-GMP, the role of c-di-GMP in
chemotaxis may be of great importance. To investigate any
potential interaction between c-di-GMP and chemotaxis, genetic
complementation experiments were performed using the Acbpl
mutant and broad-host-range plasmids expressing wild-type cbp1
or cbplrszoa under the control of their native promoters. As

Aggregation ratio (%)
S

FIGURE 4 | Aggregation of wild-type ORS571 and the Acbp7 mutant. (A) The
aggregation morphologies of wild type and Acbp? mutant in L3+N liquid
medium after 48 h of incubation. (B) The aggregation ratios of wild type and
Acbp1 mutant. Error bars indicate standard deviations for three independent
biological replicates and asterisk represent significant difference (*P < 0.01).

shown in Figure 3B, cells of the complemented strain Acbpl
(pBBR-cbpl) entering the capillary containing chemoattractant
were about the same as the wild type, suggesting that the
chemotaxis defect of the Acbpl mutant was completely restored
by the expression of wild-type cbpl. However, the plasmid
pBBR-cbplrszoa failed to restore the chemotaxis defect of the
Acbpl mutant (Figure 3C). The result suggested that loss
of ¢c-di-GMP binding ability significantly impaired chemotaxis
and the c-di-GMP binding ability of Cbpl was essential for
normal chemotaxis.

The Acbp1 Mutant Has Enhanced

Aggregation Ratio

As previously reported, A. caulinodans ORS571 can aggregate
and form flocs in minimal medium when incubated with high
rotational speed (Nakajima et al., 2012). Chemotaxis has been
implicated in the regulation of cell aggregation (Alexandre, 2015).
To determine whether Cbpl played a role in aggregation, wild
type and Acbpl mutant cells were analyzed for their ability to
aggregate. As shown in Figure 4, the aggregation ratios of the
wild type and AcbpI mutant were similar after 24 h of incubation.
Aggregation and floc formation enhanced over time for both
strains. However, after 48 h of incubation, the Acbpl mutant
showed elevated aggregation ratio compared with the wild type
(31% vs. 22%) and the flocs formed by the Acbpl mutant were
also bigger than those of the wild type.

The Acbp1 Mutant Has Enhanced

Biofilm Formation
Besides cell aggregation, chemotaxis also has a pronounced effect
on biofilm formation under static conditions (Liu et al., 2018).
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FIGURE 5 | Biofilm formation of wild-type ORS571 and the Acbp? mutant.
(A) The biofilm morphologies of wild type and Acbp? mutant following crystal
violet staining. (B) Quantification of crystal violet-stained biofilms. Error bars
indicate standard deviations for three independent biological replicates and
asterisk represent significant difference (*P < 0.01).

Thus, biofilm formation of the Acbpl mutant on abiotic surfaces
was measured using crystal violet staining. After 3 days of
incubation, the biofilm formed at the air-liquid interface by the
Acbpl mutant appeared to be thicker than that of the wild type
(Figure 5A), which was confirmed by quantitative determination
(Figure 5B). This indicates that the chemoreceptor Cbpl may
modulate biofilm formation.

The Acbp1 Mutant Is Impaired in
Competitive Root Colonization

and Nodulation

Establishment of the rhizobia-legume symbiosis depends on
colonization of the root system, which itself involves bacterial
chemotaxis toward roots (Greer-Phillips et al., 2004). Since the
Acbpl mutant was impaired in chemotaxis, we expected that
it would also be impaired in root colonization. Colonization
abilities of both strains on the root surface were assessed.
Seedlings were placed in vermiculite containing a mixture of
both strains (1:1 ratio) for 4 and 24 h. The colonized strains
were then re-isolated and quantified. As shown in Figure 6A,
the wild type performed better than the Acbpl mutant (69% of
wild type vs. 31% of Acbpl mutant) in root colonization after 4 h
of incubation. The result suggested that the Acbpl mutant was
less competitive than the wild type in root surface colonization
and the defect in chemotaxis affected the initial colonization

of rhizobia on legume roots. After 24 h of incubation, the
occupation ratio of the wild type and the AcbpI mutant was 60%:
40%. The slightly elevated occupation ratio of the Acbpl mutant
may suggest that the lower colonization efficiency caused by the
chemotaxis defect could be partially compensated with a longer
incubation time.

Nodulation of wild type and the Acbpl mutant were then
further tested. Figure 6B shows that, similar to the wild type, the
Acbpl mutant successfully induced nodules on both roots and
stems. However, when competitive experiments were performed,
using wild type and the Acbpl mutant at a 1: 1 ratio, the Acbpl
mutant was impaired in competitive nodulation on both roots
and stems. The number of root nodules formed by the wild type
was about 1.5-fold higher than that of the AcbpIl mutant and the
ratio for stem nodules was about the same (Figure 6C). To test
whether the Acbpl mutant induced functional nodules, the ARA
of nodules was also determined. The results showed that the ARA
of nodules formed by the Acbpl mutant was similar as that of
wild type (Figure 6D). Together, these data suggested that Cbp1
was involved in competitive colonization and nodulation, but the
nitrogen fixation of ORS571 was not affected by a lack of Cbpl.

DISCUSSION

In this study, the chemoreceptor Cbpl was shown to bind c-di-
GMP and a mutation in the conserved RxxxR motif caused
complete loss of c-di-GMP binding. In other systems, the role of
the five key residues of the RxxxR and D/NxSxxG motifs of the
PilZ domain in c-di-GMP binding has been extensively analyzed.
For YcgR from E. coli, substitution of second Arg (from the
RxxxR motif) with Asp completely abolished c-di-GMP binding,
while the role of Ser residue (from the D/NxSxxG) in ¢-di-GMP
binding was not critical (Ryjenkov et al., 2006). For DgrA from
Caulobacter crescentus, the first Arg residue of the RxxxR motif
was shown to be essential for c-di-GMP binding (Christen et al.,
2007). In this study, replacement of the first Arg residue of the
RxxxR motif by Ala also resulted in the complete loss of c-di-
GMP binding ability of Cbpl. Thus, we have confirmed the
essential role of the RxxxR motif in c-di-GMP binding.

In this study, we have determined that Cbpl binds c-di-
GMP with a Kp of 1494 + 1.6 pM. C-di-GMP binding
affinities of PilZ domain proteins span a sizable range of
c-di-GMP concentrations. In Salmonella typhimurium, the Kp
of YcgR for c-di-GMP is 0.19 + 0.018 pM, while BcsA
binds c¢-di-GMP with a Kp of 824 + 2.4 uM (Pultz et al,
2012). In P. aeruginosa, MapZ and Alg44 bind c-di-GMP with
Kp of 88 = 1.2 and 12.74 £+ 1.68 pM, respectively (Pultz
et al, 2012; Xu et al, 2016b). The PilZ domain containing
chemoreceptor Tlpl from A. brasiencse binds c-di-GMP with
a moderate Kp of 6.9 £+ 1.2 puM (Russell et al, 2013).
The intracellular concentration of c-di-GMP is speculated
to be in the submicromolar to low micromolar range, but
local concentrations may be considerably higher (Hengge,
2009). The range of c-di-GMP binding affinities of PilZ
domain proteins correlates well with that of intracellular c-di-
GMP concentrations.
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There are 43 chemoreceptors and a single chemotaxis
pathway (CheAWY;BR) in A. caulinodans ORS571
(Jiang et al., 2016; Liu et al, 2018). Chemoreceptors are
responsible for sensing signals that are then transmitted
to the coupling protein CheW and the histidine kinase
CheA. Next, CheY, the response regulator of CheA, regulates
the directional change of flagellar rotation (Wuichet et al,
2007). Intracellular concentrations of c¢-di-GMP respond
to a variety of external signals (Schirmer, 2016). As a c-di-
GMP binding chemoreceptor, Cbpl may be responsible for
sensing changes in intracellular c-di-GMP concentrations and
transmitting the signal to downstream chemotaxis proteins.
It is known that chemoreceptor interacts with downstream
CheA/CheW, and the initiation of signal transduction is the
conformational change of chemoreceptor upon ligand binding
(Lai et al., 2006). The result of thermal shift assay showed
that binding of c-di-GMP caused significant conformational
change of Cbpl. The chemotaxis defect caused by lacking of
c-di-GMP binding ability of Cbpl suggested that the c-di-
GMP-induced conformational change may be essential for
Cbpl-mediated chemotaxis.

As adaptation proteins present in the chemotaxis pathway,
methylesterase CheB and methyltransferase CheR compete with
each other to regulate methylation state and ligand binding
affinity of chemoreceptors to reset chemotaxis sensitivity (Li
and Hazelbauer, 2005). The PilZ domain protein MapZ from
P. aeruginosa has been shown to interact with CheR1l (Xu
et al., 2016b). C-di-GMP binding to MapZ induces dramatic

conformational changes in MapZ. The conformational changes
are crucial for MapZ-CheR1 binding, which regulates the activity
of CheRl and the methylation state of chemoreceptor PctA
(Yan et al., 2018). In ORS571, there is another possibility
that Cbpl interacts with the adaptation protein CheR via
its PilZ domain at the presence of c-di-GMP. The potential
interaction between Cbpl and CheR may regulate the activity
of CheR and chemotaxis sensitivity. The impaired chemotaxis
of the Acbpl mutant may result from lacking of functional
adaptational modification of other chemoreceptors. However,
the underlying mechanistic function of Cbpl remains to be
further investigated. An analysis of 20681 chemoreceptors
has shown that 52 of them contained a C-terminal PilZ
domain, which suggests that the integration of c-di-GMP
into chemotaxis is not unique to only one or two species
(Russell et al., 2013).

Chemotaxis allows motile bacteria to rapidly move toward
beneficial niches or away from detrimental conditions, thus
affecting the transient cell-cell contact and the probability
of cell clumping, which leads to aggregation (Alexandre,
2015). It has been reported that A. brasilense mutants
with defective chemotaxis ability had elevated aggregation
ratios compared with wild type (Bible et al., 2012). In
this study, the Acbpl mutant aggregated more than the
wild-type ORS571 after long incubation. The defect in
chemotaxis caused by loss of the chemoreceptor Cbpl
may account for the enhanced aggregation of the Acbpl
mutant. Besides cell-cell contact, chemotaxis also affects
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cell-surface interactions involved in biofilm formation. PilZ
domain containing proteins have been implicated in the
regulation of biofilm formation (Martinez-Granero et al,
2014). Because of the dual role of Cbpl in chemotaxis and
the c-di-GMP signal transduction network, biofilm formation
by the Acbpl mutant may be regulated by these two
mechanisms together.

Chemotaxis has been shown to play an important role
in root surface colonization and nodulation. For example,
Pseudomonas putida KT2440 colonized corn root surface by
rapid chemotaxis, chemotaxis enhanced the root colonization
of the PGPR (plant-growth-promoting rhizobacteria) strain
Bacillus amyloliquefaciens SQR9 on cucumber roots, and the
chel chemotaxis gene cluster of Rhizobium leguminosarum was
found to be essential for competitive nodulation (Espinosa-
Urgel et al,, 2002; Miller et al., 2007; Feng et al., 2018). As
previously reported, an A. brasilense Sp7 mutant lacking the
energy-sensing chemoreceptor Tlpl was severely impaired in
chemotaxis and root surface colonization of wheat (Greer-
Phillips et al., 2004). Another study in our lab showed
that an A. caulinodans ORS571 mutant AtlpAl with a
chemotaxis defect was also compromised in competitive
root surface colonization and nodulation of S. rostrata
(Liu et al, 2017). Consistent with the former findings, the
competitive root colonization efficiency of the Acbpl mutant
was lower than that of the wild-type ORS571. The results
further showed the vital role of chemotaxis in competitive
colonization and nodulation.

CONCLUSION

In conclusion, we identified a c-di-GMP binding chemoreceptor
Cbpl in A. caulinodans ORS571, showing that the Acbpl mutant
was impaired in chemotaxis and competitive root colonization
and nodulation of the host legume S. rostrata. Our research
provides an example of the interplay between chemotaxis and
c-di-GMP, which may benefit our understanding of bacterial
signal transduction networks.
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