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SUMMARY

The soil bacterium Bacillus subtilis is widely used in agriculture as a biocontrol agent able to
protect plants from a variety of pathogens. Protection is thought to involve the formation of
bacterial communities - biofilms - on the roots of the plants. Here we used confocal microscopy to
visualize biofilms on the surface of the roots of tomato seedlings and demonstrated that biofilm
formation requires genes governing the production of the extracellular matrix that holds cells
together. We further show that biofilm formation was dependent on the sensor histidine kinase
KinD and in particular on an extracellular CACHE domain implicated in small molecule sensing.
Finally, we report that exudates of tomato roots strongly stimulated biofilm formation ex planta
and that an abundant small molecule in the exudates, .-malic acid, was able to stimulate biofilm
formation at high concentrations in a manner that depended on the KinD CACHE domain. We
propose that small signaling molecules released by the roots of tomato plants are directly or
indirectly recognized by KinD, triggering biofilm formation.
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INTRODUCTION

The soil bacterium Bacillus subtilis is a powerful model organism for laboratory studies of
cell division, genetic competence, gene control, multicellularity, spore formation, swarming,
swimming, and numerous other aspects of its biology and physiology (Aguilar et al., 2007,
Kearns et al., 2004, Bramhill, 1997, Piggot & Hilbert, 2004, Stephenson & Hoch, 2002,
Gonzalez-Pastor et al., 2003, Sonenshein, 2000, Dubnau, 1999). However, little is known
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about its behavior in the soil or indeed what niches it occupies in natural environments. One
clue comes from its wide use as a biocontrol agent in agriculture. Various wild strains of B.
subtilis and related species isolated from the soil are known to protect plants from diverse
fungal, bacterial and helminthic pathogens (Ongena & Jacques, 2008, Lemessa & Zeller,
2007, Emmert & Handelsman, 1999). This protection is believed to be mediated in part by
the formation of multicellular communities, biofilms, on the plant roots (Berg et al., 2005,
Bais et al., 2004), although this has not been clearly demonstrated. Also, little is known
about if and how plant roots trigger biofilm formation.

Biofilm formation was not studied in B. subtilis until recently because most laboratory
strains are impaired in making these multicellular communities (Branda et al., 2001,
McLoon et al., 2011a). However, wild (undomesticated) strains, such as NCIB3610, form
robust, architecturally complex communities both at an air/liquid interface (such floating
biofilms being known as pellicles) and on surfaces (Branda et al., 2001). A hallmark of these
biofilms is a self-produced, extracellular matrix consisting of an exopolysaccharide and
amyloid-like protein fibers (Chu et al., 2006, Branda et al., 2006, Kearns et al., 2005,
Romero et al., 2010). The exopolysaccharide is synthesized by enzymes encoded by the
epsA-O operon whereas the tapA-sipW-tasA operon is responsible for fiber production (Chu
et al., 2006, Branda et al., 2006, Romero et al., 2010, Kearns et al., 2005). Expression of
both operons is under the indirect control of the response regulator protein SpoOA (Chai et
al., 2011, Hamon & Lazazzera, 2001), which is phosphorylated via a multicomponent
phosphorelay (Jiang ef al., 2000, Ireton et al., 1993). At least four histidine kinases, known
as KinA, KinB, KinC, and KinD, feed phosphoryl groups into the relay to activate SpoOA
and trigger biofilm formation (Jiang et al., 2000). The four kinases fall into two partially
redundant pairs in regulating biofilm formation on standard biofilm-inducing medium
(MSgg). These are the KinA and KinB pair and the KinC and KinD pair (McLoon ef al.,
2011b). Little is known about the environmental signals that these kinases recognize and
which, if any, might be involved in triggering biofilm formation of B. subtilis on plant roots.

In this study, we established a system to study the interaction of B. subtilis with tomato
plants. We demonstrate that B. subtilis forms robust biofilms on tomato plant roots in a
manner that depends on matrix genes. We further show that biofilm formation can be
elicited by an exudate from tomato plant roots and that this response is principally
dependent on one of the four kinases, KinD. KinD is an integral membrane protein that
exhibits an extracellular domain of similarity to the CACHE domain of small molecule
sensing proteins (Wu et al.,, 2008, Zhang & Hendrickson, 2010). Biofilm formation on roots
and the response to root exudates are blocked in a mutant of the KinD CACHE domain,
which we infer is responsible for sensing one or more signals released by plant roots.
Finally, we identify a group of small molecules that are abundantly present in tomato root
exudates. Among them was 1-malic acid, which was also identified previously as being
abundantly secreted by plant roots (Kamilova et al.,, 2006a, Kamilova et al., 2006b,
Rudrappa ef al., 2008). We now show that .-malic acid, but not o-malic acid, stimulated
biofilm formation in a KinD-dependent manner when provided at high concentrations. We
propose that the CACHE domain is a mechanism for directly or indirectly sensing small
molecule signals from the plant roots, which in turn elicit an intimate symbiotic relationship
between the bacterium and its host.

MATERIALS AND METHODS

Bacterial strains, culture media, and culture conditions

B. subtilis strains were routinely cultured in Luria-Bertani (LB) medium or TY medium (LB
medium with the addition of 10 mM MgSO,4 and 100 uM MnSQy). For pellicle formation,
LB medium, MSgg (Branda et al., 2001), or a minimal medium modified from MSgg [5 mM
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potassium phosphate, 100 mM morpholine propane sulfonic acid, pH 7 (MOPS), 2 mM
MgCly, 50 uM MnCl,, 50 uM FeCl3, 700 uM CaCl,, 1 uM ZnCly, 2 uM thiamine, 0.5%
glycerol, 0.5% NH4Cl, and 50 pg/ml (each) of threonine, tryptophan, and phenylalanine]
was applied. The strains used in this study were listed in Table S3. Antibiotics were added,
when necessary, at the following concentrations: 100 pug per ml of spectinomycin, 10 pg per
ml of tetracycline, 5 pug per ml of chloramphenicol, 0.5 pg per ml of erythromycin, 2.5 ug
per ml of lincomycin, and 10 ug per ml of kanamycin for B. subtilis strains. Chemicals were
purchased from Sigma.

Strain construction

All deletion mutations were generated by long-flanking PCR mutagenesis (Wach, 1996).
Transfer of antibiotic cassette-marked deletion mutations or reporter fusions among different
strains were conducted using SSP1 phage-mediated transduction (Yasbin & Young, 1974).
Other routine molecule manipulation techniques followed the published protocols
(Sambrook & Russell, 2001). All primers used in the construction of strains and plasmids
were listed in Tables S4 and S5.

To generate the mKate2 (Shcherbo et al., 2007) reporter fusion for visualization of cells in
root-associated biofilms, the coding sequence of the mKate2 gene was amplified by PCR
using the plasmid pMKate2 (a gift of T. Norman) as the template and primers mKate2-F1
and mKate2-R1. The PCR products were cloned into the plasmid pYC127 (Chai et al.,
2008). The resulting plasmid contains the mKateZ2 gene under the control of a constitutively
expressed promoter Ayspank (P pygpqni-mKate2).

To complement the AkinD null mutant with the wild type copy of kinD, the promoter
sequence and the open reading frame of the kinD gene were amplified by PCR using 3610
chromosomal DNA as the template and primers kinD-F1 and kinD-R1. The PCR products
were cloned into the integration plasmid pDG1662 (Guérout-Fleury et al., 1996), resulting in
the recombinant plasmid pYC240. To construct the CACHE domain mutant of KinD,
overlapping PCR was applied. In brief, two DNA fragments were amplified by PCR using
3610 chromosomal DNA as the template and primers kinD-F1/ kinD-MR1 or kinD-MF1/
kinD-R1. The two PCR products were joined together by overlapping PCR. The overlapping
PCR products containing the kinD allele with desired mutations in the CACHE domain were
similarly cloned into the plasmid pDG1662, resulting in the recombinant plasmid pYC241.
All the above recombinant plasmids were then introduced into PY79 by transformation
(Gryczan et al., 1978). A double crossover recombination at the amyE locus on the
chromosome of PY79 was confirmed. The amyE fragments were then introduced into
different strain backgrounds by SSP1 phage-mediated transduction.

To construct KinD complementation strains (by wild type or the CACHE domain mutant
allele of kinD) that harbor the constitutively expressed mKateZ2 reporter gene, the plasmids
pYC240 and pYC241 were first introduced into a strain YC751 by transformation. YC751
bears a second copy of the amyFE fragment in a mini-Tn10 transposon integrated at the 317°
position on the chromosome in the laboratory strain PY79 and marked with a
chloramphenicol resistance gene. Integration of amyF:: kinD (wt or mut) via double
crossover recombination at the amyE sequence at 317° was selected by SpcR CmS of the
resulting transformants and carefully verified. The 317°Q amyE:: kinD (wt or mut) fragments
were then introduced into the AkinD null mutant by SSP1 phage-mediated transduction.
Subsequently, the mKate2 reporter fusion was introduced into the above strains at the native
amyElocus on the chromosome, generating strains CY 189 and CY190.

The reporter fusion sacA::P g, 4-Iux was constructed by A McLoon by joining the promoter
region of the sdpABC operon to the luciferase reporter genes in the plasmid pAH328, a
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modification of pAH321 (McLoon et al., 2011b). The reporter fusion was introduced into
3610 and various kinD strains by using SSP1-phage mediated transduction.

Preparation of tomato root exudates

The preparation procedure was modified from a published protocol (Graham et al., 1981).
Tomato seeds (Lycopersicon esculentum Miller) were surface sterilized by a 30 second
treatment in 70% ethanol followed by 15 min in sodium hypochloride (10% active chlorine)
and by three subsequent washing steps with sterile water for at least 15 min each. Surface
sterilized tomato seeds were planted into trays contained moist soil and incubated in a
growth chamber (16:8 h light/dark photoperiod, 23°C) for germination. After two weeks,
tomato plantlets were transplanted into pots filled with fertilizer soil and incubated in the
growth chamber set up with the same parameters as above. After two more weeks of
incubation, tomato roots were harvested and washed off attached soils with sterilized water.
Ten plants were immediately placed in a beaker (500 ml) with the roots submerged in 200
ml of sterilized water containing 50 pug per ml of rifampicin and incubated for 2 hours to
reduce bacterial contamination. After the antibiotic treatment, the roots were rinsed with
sterilized water several times and placed back in a beaker (500 ml) containing 200 ml of
sterilized water. The beaker was placed on a low speed shaker at the room temperature for
3-6 days. The plants were then removed from the beaker and the exudates were collected.
The exudates were passed through a 0.22-um filter and stored at 4 °C. Sterilized and filtered
root exudates were dried down using a speed vacuum. Samples were finally suspended in 1-
ml of distilled water for further analysis.

Assays of pellicle formation

For induction of pellicle biofilm by tomato root exudates or .-malic acid, cells were grown
in 4 ml of LB broth or a minimal medium described above in 12-well plates at 22°C. Root
exudate or t-malic acid was supplemented into the medium at indicated concentrations. The
same volume of sterilized water was used as a negative control. Images of pellicle biofilms
were taken after two or three days of incubation.

Assays of luciferase activities

Cells were grown in LB broth to mid-log-phase and diluted 1:100 with fresh LB broth. 1 ml
of diluted culture was added into each well of a 24-well polystyrene Visiplate (white with a
clear bottom; Wallac, USA). Root exudates (1%) or indicated concentrations of malic acid
were added into the wells and samples were grown for 24 h at 30°C in a BioTek Synergy 2
plate reader (BioTek, USA) with slow continuous shaking and the optical density at 600 nm
and luminescence (sensitivity setting, 200) were measured every 10 min. Data shown were
representative results from at least three different experiments. Relative values of
luminescence were normalized against cell optical density.

Biofilm formation on tomato plant roots

Various B. subtilis strains that all harbor a constitutively expressed mKateZ reporter gene
were tested for biofilm formation on tomato root surfaces. To do so, tomato seeds
(Lycopersicon esculentum Miller) were surface sterilized by a 30 sec treatment in 70%
ethanol, followed by a 15 min treatment in sodium hypochloride (10% active chlorine) and
by three subsequent washing steps with sterile water for at least 15 min each. Sterilized
seeds were then transferred onto the 0.7% Murashige and Skoog (MS) agar plate (Murashige
& Skoog, 1962) and incubated at 25°C for 4 days until the length of tomato roots reached
about 3 cm. The seedlings were transplanted into 12-wells plates containing 4 ml of MS
medium in each well, and incubated at 25°C for 48 hours in a shaker. The speed of the
shaker was set at 60 rpm with photoperiod of 16 h of light and 8 h of dark. Two days later,
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the B. subtilis suspension, which was grown in TY medium to the mid-log-phase, was added
into the tomato MS medium to reach an initial ODggq of 0.1. The co-cultured plates were
statically incubated at 25°C for another 48 hours before examination of the bacterial
biofilms on the root surfaces by CLSM. Seedlings without bacterial inoculation were used as
a control. All treatments were repeatedly tested and representative results were shown.

For biofilm assays on heat-killed tomato plantlets, live tomato plantlets were prepared
similarly to what was described above and were incubated in 80°C water bath for 10 min.
Heat-killed tomato plantlets were then washed with sterilized water 5 times before testing.
For cold-killing of tomato plantlets, live tomato plantlets were again prepared similarly and
then stored at —80°C overnight. After treatment, these plantlets were then warmed up to
room temperature and washed with sterilized water 5 times before testing. Incubation of B.
subtilis cells with either heat-killed or cold-killed tomato plantlets and examination of root-
surface associated biofilms followed the same procedures that were described above.

Confocal Laser Scanning Microscopy (CLSM)

To visualize cells in the root surface-associated biofilms by CLSM, cells were incubated
with tomato roots for two days at room temperature. Roots were then harvested and gently
washed three times with PBS buffer (10 mM NaH,POy4, 10 mM Na,HPOy4, 130 mM NaCl,
pH 7.2-7.4) to remove unattached cells from the roots. Roots were then fixed in a 4%
paraformaldehyde solution in PBS at 4°C overnight. Single optical sections were captured
with a Zeiss 20X AchroPlan objective lens using a Zeiss LSM 510 META. The HeNel laser
(543 nm) and a 585-nm long-pass filter were used for excitation and emission, respectively.
Experiments were repeated twice, each time with six replicas. About twenty field views
were captured for each treatment and representative images were shown.

Competition assays

The competing strains (the AkznD null mutant and the two k7nD complementation strains)
and the wild type strain were grown to mid-log-phase to a same cell density (ODggg=1.0) in
TY medium. One of the competing strains and the wild type cells were mixed at a ratio of
1:1, and inoculated into the tomato-MS medium in 12-well plates to reach an initial ODgqg
of 0.1. The co-cultured plates were statically incubated at 25°C for 48 hours. Tomato roots
were then generally rinsed three times with PBS buffer, cut into small pieces, and
transferred to a 15-ml falcon tube containing PBS buffer. Samples were vortexed
vigorously. Cell suspensions were serially diluted in PBS buffer and were plated on LB agar
(for count of total cells) or on LB agar supplemented with of 0.5 pg per ml of erythromycin
and 2.5 pg per ml of lincomycin (for count of cells of the kinD strain). Plates were incubated
for 16 h at 37°C, and colony-forming unit (CFU) was calculated.

Identification of small chemical molecules in the root exudates

To identify the tomato root-released chemical(s) that induce biofilm formation, we first
applied the root exudates to a Sep-Pak Plus C-18 column (Waters Corporation, MA, USA)
and separated compounds by eluting them with aqueous methanol (from a gradient of 10%
to 100%). We then tested each of the fractions for the ability to stimulate the P gy, 4-/ux
reporter by using luciferase assays described above in 24-well plates. Fractions that
exhibited activity were subjected to further separation by high performance liquid
chromatography (HPLC). Finally, the subfractions from HPLC were tested similarly and
those that still retained the activity were analyzed again by HPLC and mass spectrometry
(MS). Commercially available r-malic acid (Sigma) was applied as a control and went
through similar analyses.

Mol Microbiol. Author manuscript; available in PMC 2013 August O1.



1X91-}[.IBIII.IQJBAA$ 1X91-)[.IB‘III.191‘8AA$

1X91-)[.IBIII.IS],BAA$

Chen et al. Page 6

Sequence alignment and structural analysis of proteins

Sequence alignment of the proteins was performed by using the program ClustalW
(Thompson et al., 1994). Three-dimensional-structure-based searches for KinD and Med
were conducted by using HHpred with default parameters (http://hhpred.tuebingen.mpg.de/
hhpred). Three-dimensional ribbon structures of KinD and McpX were created by Swiss
PDB Viewer (http://www.expasy.org/spdbv/) (Guex & Peitsch, 1997). All structural
information and coordinates of proteins were obtained from the Protein Data Bank (http://
www.rcsb.org/pdb/home/home.do).

RESULTS

B. subtilis forms biofilms on tomato roots

To study biofilm formation by B. subtilis on plant roots, we germinated tomato seedlings in
Murashige and Skoog (MS) solid agar medium (Murashige & Skoog, 1962), allowing them
to grow to young plantlets (see Materials and Methods). These young plantlets were
transferred to liquid MS broth and grown for two days. We then applied B. subtilis cells to
the medium and incubated the plantlets for two more days at room temperature to allow
biofilm formation on the roots. (B. subtilis grew but did not form biofilms in Murashige and
Skoog medium; data not shown.) The cells were a derivative of the wild strain 3610 that
harbored a constitutively expressed red fluorescence reporter gene (mKate2). Confocal
Laser Scanning Microscopy (CLSM) revealed large numbers of cells associated with the
root surfaces (Fig. 1A), often more densely at the tips (data not shown). Many of these cells
were in the form of chains of various lengths (Fig. 1B). Cells were also distributed three-
dimensionally with the inner-most layer of cells appearing to be directly associated with the
root surface. In contrast to the results obtained with the wild type, a similarly constructed
reporter strain carrying a deletion of the epsA-O operon was largely unable to form
multicellular structures on the root surfaces (Fig. 1C). Indeed, the roots of plantlets
incubated with the epsA-O mutant cells were essentially indistinguishable from roots of
plantlets that had been incubated without bacteria at all (Fig. 1D). This result indicates that
biofilm formation was essential for efficient colonization of the root surfaces.

Finally, the experiment of Figs. I[E-H shows that biofilm formation required living plantlets.
When heat-killed (80°C, 10 min; Fig. 1E-F) or cold-killed (-80°C, overnight; Fig. 1G-H)
plantlets were incubated with biofilm-proficient cells (see Materials and Methods), no root
surface-associated bacteria were observed. We conclude that B. subtilis is not simply
forming biofilms on inert surfaces but rather that colonization of the roots requires active
metabolic activity by the plant. It is known that B. subtilis does not ordinarily form biofilms
on submerged surfaces even in biofilm-inducing medium, and thus its capacity to do so on
plant roots is particularly striking.

Tomato root exudates induce pellicle formation and stimulate expression of matrix genes

We hypothesized that tomato plants release one or more chemical signals that induce biofilm
formation on the root surface. To test this idea, we prepared exudates from tomato roots
following the protocol described in the Materials and Methods. We then applied the root
exudate at a final concentration of 1% (v/v) to a standing culture of LB medium in which B.
subtilis normally does not form floating biofilms (pellicles). The root exudate significantly
stimulated pellicle formation (Fig. 2A, WT). This was not due to a change of the growth rate
upon addition of the root exudates because little or no alteration in the growth rate was
observed in shaking cultures growing in either LB or defined minimal medium (Fig. S1).

We also investigated whether the root exudate would stimulate the expression of matrix
genes by using a derivative of 3610 that harbors a luciferase gene reporter fused to the
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regulatory region of the epsA-O operon (Pp-/ux) or the tapA-sipW-tasA operon (P4~
lux). In the absence of added root exudate, an early phase of gene expression was seen that
peaked at about 5 hours post inoculation. In the presence of 1% root exudate, however, a
second, higher phase of gene expression was seen that peaked at around 14 hours post
inoculation (Figs. 3A and 3B). We interpret these results to indicate that in the absence of
root exudate matrix gene expression is transiently turned on in LB medium whereas in the
presence of root exudate expression is sustained for an extended period of time. Induction of
the reporter fusions and stimulation of pellicle formation by the root exudate were also
observed in a defined minimal medium which by itself does not support the formation of
floating pellicles of B. subtilis (Figs. S2 and S3). This indicates that the observed response
to addition of the root exudates and stimulation of pellicle formation were not medium-
specific.

The response to root exudate depends on KinD

The results so far are consistent with the idea that plant roots release a chemical signal(s)
that triggers biofilm formation. If so, how does B. subtilis sense and respond to the
signal(s)? Biofilm formation is controlled by the response regulator protein SpoOA, which is
activated by phosphorylation via a phosphorelay (Sonenshein, 2000). At least four histidine
kinases known as KinA, KinB, KinC, and KinD are capable of feeding phosphoryl groups
into the relay in response to various environmental signals in triggering biofilm formation
(Jiang et al., 2000). Mutants lacking individual kinases were mildly impaired in biofilm
formation whereas double mutants lacking certain pairs of kinases (KinA and KinB or KinC
and KinD) exhibited more pronounced defects in biofilm formation (McLoon et al., 2011b).
(A fifth kinase KinE may also feed phosphoryl groups into the relay but no phenotype has
been detected for mutants lacking KinE.)

When tested in LB medium, all of the single and double mutants responded robustly to the
plant root exudate except for the AkinD single mutant and the AkinC AkinD double mutant
(Fig. 2A). Also, the elevated expression of the matrix gene reporters in response to root
exudate discussed above was found to depend strongly on KinD (Fig. S4). These results
suggest that KinD directly or indirectly plays a critical role in sensing a plant-released
signal(s) and activating Spo0OA~P-mediated regulatory pathways for biofilm formation.

To investigate whether the root exudate was stimulating SpoOA~P activity, we used a
luciferase gene fusion to the promoter for the sdpABC operon (P g, 4-/1x), whose activity is
known to be highly sensitive to Spo0A~P levels (Banse et al., 2011). Addition of 1% root
exudate to the medium increased expression of the Py, 4-/ux reporter fusion by about two-
fold (Fig. 3C). Interestingly, expression was almost completely dependent on KinD, with or
without added root exudate. We infer either that apo-KinD (KinD lacking the hypothetical
signaling molecule) is partially active (but not enough to induce biofilms) or that a molecule
present in LB medium is itself capable of partially activating KinD.

A KinD mutant is defective in forming biofilms on root surfaces

We next examined the ability of single and double kinase mutants to colonize and form
biofilms on tomato root surfaces. The constitutively expressed red fluorescence reporter
gene (mkate2) was introduced into the above mutants for visualization of the bacterial cells
on the roots. All tested mutants except for the KinD single and the KinC KinD double
mutants were able to colonize the root surfaces and form robust root-associated biofilms
(Fig. 4). The KinC single mutant exhibited a mild decrease in colonization (Fig. 4). Thus,
not only does KinD play an important role in inducing pellicles in LB medium in response
to added root exudate but also in colonizing and forming biofilms on tomato root surfaces.
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The extracellular CACHE domain in KinD is required for signal-sensing

KinD has an extracellular domain, which resembles members of the CACHE family of
sensing domains (Fig. 5A). (The name CACHE comes from the abbreviation of calcium
channels and chemotaxis receptors.) Members of this family are widespread in both
prokaryotic and eukaryotic organisms and are predicted to have a role in small molecule
recognition (Anantharaman & Aravind, 2000). The small molecule-binding site is frequently
found in the amino-terminal portion of the CACHE domain and consists of three beta-
strands and an alpha helix (Fig. 5B) (Zhang & Hendrickson, 2010). This structural motif is
also found in the X-ray crystal structure of the CACHE domain of KinD (Wu et al., 2008).
A three-dimensional-structure-based homolog search (HHpred) revealed that the CACHE
domain in KinD is closely related to signal-sensing domains from more than a dozen of
bacterial chemotaxis proteins (Fig. 5C and Table S1), the closest match being the sensor
domain of McpX, a methyl-accepting chemotaxis protein from Vibrio cholerae (Fig. 5B)
(Patskovsky et al., 2008). In particular, the predicted small molecule-binding pocket in the
CACHE domain in KinD is strikingly similar to that in McpX, which is known to bind
alanine (Fig. 5B).

To identify candidate residues critical for signal recognition, we analyzed nine proteins that
are closely related to KinD based on our search and are known to bind to small molecules
(Fig. 5C). All residues known to be in direct contact with the ligand based on crystal
structures are highlighted in each of the nine proteins (residues in red, Fig. 5C). A four-
amino-acid-residue sequence (indicated by the box in Fig. 5C) located in the third alpha
helix in the CACHE domains was identified that mediates contact with ligands in all nine
proteins (Fig. 5C). We therefore substituted these four amino acids (“RSFF”) in KinD with
residues (“LLDS”) in the corresponding region of LuxQ from Vibrio harveyi. We did so
because LuxQ is a membrane-spanning histidine kinase similar to KinD (Table S1) but has
an unusual CACHE domain that is known not to directly bind a ligand (Neiditch et al., 2006,
Slama & Hendrickson, 2008). Indeed, binding of the ligand, known as autoinducer 2 (AI-2,
a bacterial interspecies quorum-sensing molecule), is mediated by a periplasmic partner
protein called LuxP. LuxP, in turn, interacts with and activates LuxQ (Neiditch et al., 2006).

Next, we constructed two AkinD mutant strains that contained either a wild type copy of
kinD at the amyE locus or the kinD mutant allele described above. We then tested the strains
for their ability to respond to the root exudate and to form root-associated biofilms. Figure
2B shows that the AkinD strain complemented with the wild type copy of kinD exhibited a
strong response to the added root exudate by forming pellicles. In contrast, the strain
harboring the mutant allele of kinD responded weakly to the root exudate, with little pellicle
formation (Fig. 2B).

To investigate the role of the CACHE domain in biofim formation on plant roots, we
introduced a constitutively expressed red fluorescence reporter gene (mkate2) into the
strains. Figure 4 shows that the strain harboring a wild-type copy of kinD at amyE robustly
colonized plant roots whereas the strain carrying the mutant allele was markedly impaired in
colonization.

We considered the possibility that rather than being specifically impaired in CACHE
function, the CACHE mutant was proteolytically unstable. Three considerations suggest that
this is unlikely. First, the amino acid substitutions that we created correspond to those found
naturally in the CACHE domain of LuxQ and hence are unlikely to destabilize the protein.
Second, we created fusions of the mutant and wild type genes at their 3’ termini to the gfp
gene (see Supplemental Methods) and introduced the gene fusions (which were largely non-
functional, data not shown) into B. subtilis. We then assessed the relative levels of
accumulation of fusion proteins by immunoblot analysis using anti-GFP antibodies and
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found that the wild type and the mutant fusion proteins accumulated to approximately
similar levels (data not shown). Thus alteration of the CACHE domain seemed not to have
caused conspicuous proteolytic instability. However, we cannot exclude the possibility that
fusion to GFP has protected the mutant protein from degradation. Third, in other work (see
the Discussion) we have found that KinD has an independent function as an osmosensor.
The CACHE mutant was not impaired in osmosensing (data not shown).

Finally, we carried out competition experiments on tomato roots (see the Materials and
Methods) between the wild strain 3610 and either a AkinD mutant, a AkinD mutant
harboring a wild type copy of kinD at amyE (AkinD amyE:: kinD""), or a AkinD mutant
harboring a CACHE domain mutant copy of kinD at amyE (AkinD amyE::kinD™"). Cells of
two competing strains were mixed at a 1:1 ratio and applied at a total concentration of ~108
cells/ml to the tomato plantlets grown in Murashige and Skoog (MS) medium. After two
days, root-associated cells were collected and plated out. Cells of the AkinD strains were
distinguished from 3610 cells by the presence of an antibiotic resistance gene. Colony-
forming units for each tested strain were determined. When the competition was carried out
with the strain harboring wild-type kinD at amyE about 65% of the recovered cells were the
amyE::kinD"* cells (65.2+1.7%). However, when the competition was carried out against
either the AkinD mutant strain or the AkinD strain harboring amyE::kinD™, less than 10%
of the recovered cells were the mutants (8.7+1.7% for the AkinD mutant strain and
9.843.5% for the AkinD strain harboring amyFE:: kinD™ ). In a second version of the
experiment, cells of the competing pairs of strains were mixed at 1:10 ratio representing one
part 3610 cells to 10 parts of the other strains and applied to the plantlets at a concentration
of ~107 cells/ml. (Thus, in this version, the initial concentration of 3610 cells was reduced
~50-fold compared to the first version.) Again, 3610 cells significantly out competed cells
lacking kinD (~ 90% versus 10%) or harboring the CACHE mutant gene (~ 66% versus
34%). In toto, the results so far are consistent with the idea that the putative signal-
recognition motif in the CACHE domain of KinD triggers biofilm formation by directly or
indirectly responding to a plant-released chemical(s).

High concentrations of .-malic acid stimulate Spo0A activity and pellicle formation

We sought to identify the tomato root-released chemical(s) that was inducing biofilm
formation. To do so, we applied tomato root exudates to a Sep-Pak Plus C-18 column
(Waters Corporation, MA, USA) and separated compounds by eluting them with various
concentrations of methanol (see the Materials and Methods). We then tested the flow
through and each of the methanol eluate fractions for the ability to stimulate the P g, 4-/ux
reporter. Fractions that exhibited activity were subjected to further separation by high
performance liquid chromatography (HPLC) (data not shown), yielding eleven subfractions.
Finally, the eleven subfractions were again tested for reporter stimulatory activity and two
subfractions that had retained activity were analyzed again by HPLC. The elution profile of
a subfraction from the flow through, which exhibited the majority of the stimulatory activity,
is shown in Figure 6A. Based on mass spectrometry (MS) (Figs. 6B—6C) and NMR (data not
shown) analyses, -malic acid was identified as an abundant species in that subfraction,
exhibiting a retention time of 17.2 min (indicated by arrow in Fig. 6A). (Note that .-malic
acid had low UV absorption in HPLC analysis as seen in Fig. 6A). Our finding is also
consistent with previous reports that .-malic acid is abundantly secreted by plant roots
(Kamilova et al., 2006a, Kamilova ef al., 2006b, Rudrappa ef al., 2008). Through the above
series of analyses, we also identified other small molecules that were abundant in the tomato
root exudates (Table S2).

Among the molecules identified, only .-malic acid was able to stimulate expression of the

Pgapa-lux reporter but it did so only at high concentrations. As shown in Fig. 6D, 1-malic
acid at 5 mM increased the activity of the reporter by about three-fold. Interestingly, when o-
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malic acid was provided at the same concentration, it had no activity in stimulating the
expression of the Py, 4-/ux reporter (Fig. 6D), indicating that the stereo isoform of malic
acid is important. Induction of the P g4, 4-/ux reporter by .-malic acid was dependent on
KinD and its CACHE domain since neither the KinD null mutant nor the KinD CACHE
mutant responded to t-malic acid in the luciferase assays (Fig. 6E).

These results dovetail with those of Rudrappa et al. (Rudrappa et al., 2008) who found that
r-malic acid was abundant in root exudates of Arabidopsis. (These workers also reported that
r-malic acid (but not o-malic acid) stimulated the activity of a matrix gene promoter in B.
subtilis but at a far lower concentration and far more robustly that we have been able to
observe. We do not understand the basis for this discrepancy.)

We next asked whether 1-malic acid would induce pellicle formation in LB medium
inoculated with 3610 cells and found that it did so but only weakly (data not shown).
However, when we applied .-malic acid to a minimal medium (see Materials and Methods
for details) that like LB does not support biofilm formation, it strongly stimulated pellicle
formation even at a concentration of 500 uM (Fig. 6F). Further, when we applied .-malic
acid to MSgg, a defined medium that promotes biofilm formation (Branda et al., 2001), it
caused pellicle formation to take place earlier than normal: robust pellicles were seen by 48
hours in the presence of malic acid as compared to 72 to 96 hours in its absence (Fig. S5).
Thus, 1-malic acid was able to stimulate pellicle formation albeit at high concentrations (500
UM to 5 mM). These effects were specific to .--malic acid as other organic acids and
monosaccharides tested, such as succinic acid, fumaric acid, citric acid, glucose, and maltose
(Table S2; data not shown), failed to stimulate pellicle formation under similar conditions.
We infer that .-malic acid can contribute to stimulating biofilm formation in a specific
manner but that it does so together with one or more additional and as yet unidentified
factors present in plant root exudates.

DISCUSSION

We have shown that B. subtilis is capable of forming robust biofilms on the roots of tomato
plants and that it does so in a manner that depends on production of extracellular matrix. We
have also identified a particular sensor kinase, KinD, that is required for efficient biofilm
formation. We hypothesize that KinD responds to one or more chemical signals released
from plant roots that stimulates the activity of the kinase. KinD feeds phosphoryl groups into
the phosphorelay that phosphorylates SpoOA, which in turn activates the regulatory circuitry
leading to matrix production (Jiang et al., 2000). KinD differs from the other kinases
contributing to biofilm formation in that it exhibits an extracellular domain that resembles
CACHE domains of histidine kinases in other bacteria that are known to respond to small
molecules such as succinic acid, alanine, and citric acid (Wu et al., 2008, Anantharaman &
Aravind, 2000). Reinforcing the hypothesis that KinD senses one or more plant-released,
chemical signals through its CACHE domain, we created amino acid substitutions in
residues believed to be involved in ligand recognition and found that cells producing the
mutant kinase were impaired in biofilm formation.

We do not know the identity of the signaling molecule(s) but an exudate from tomato plant
roots was capable of strongly stimulating pellicle formation in a medium that otherwise does
not support efficient biofilm formation. We surmise that the root exudates contain one or
more signaling molecules that are recognized by KinD. We identified a variety of small
molecules in the exudate, one of which, .-malic acid, was able to stimulate biofilm
formation in a KinD-dependent manner but only at high concentrations. The stereo isoform
of malic acid was important in that o-malic acid exhibited no activity in stimulating biofilm
formation under similar conditions.
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Because -malic acid was active only at millimolar concentrations, we suspect that it
principally functions as a carbon source and that growth on 1-malic acid alters the
metabolism of B. subtilis in a manner that favors biofilm formation. Indeed, in keeping with
this idea, 1-malic acid is one of the most abundant small molecules released from plant roots
(Kamilova et al., 2006a, Kamilova et al., 2006b, Rudrappa ef al., 2008). As a precedent,
Photorhabdus and Xenorhabdus species enable their nematode hosts to parasitize insect
larvae in response to high concentrations of -proline in the insect hemolymph (Crawford et
al., 2010). Growth on i-proline shifts the metabolism of the entomopathogenic bacteria in a
manner that upregulates the production of various virulence factors important in antibiosis.

Conceivably, r-malic acid serves both as a carbon source and as a ligand that is recognized
by the CACHE domain of KinD. Alternatively, r--malic acid and KinD might function
independently with the sensor kinase recognizing and responding to an unrelated and yet-to-
be-identified small molecule released from plant roots. It is also conceivable that the
CACHE domain of KinD senses a small molecule produced by B. subtilis itself in response
to a shift in metabolism induced by growth on r-malic acid and other nutrients in plant
exudates. In an effort to investigate the possibility that c-malate serves as a signaling
molecule independently of its role as a carbon source, we built single and double mutants of
the putative malate transport genes maeN and mileN (Doan et al., 2003, Tanaka et al., 2003,
Wei et al., 2000). In our hands neither the single nor the double mutants were substantially
impaired in growth with r-malate as the sole carbon source (unpublished results). Evidently,
an additional unknown transporter contributes to uptake of .-malic acid. Nonetheless, the
double mutant responded to r-malate at 10-fold lower concentration (500 uM) than the wild
type (5 mM).

Interestingly, in other work we have found that in addition to its inferred capacity to sense a
small molecule, KinD functions as an osmosensor (S., Rubenstein, I. Kolodkin-Gal, L. Chai,
A. McLoon, R.K., R.L. and D. Weitz, unpublished results). We have found that KinD
activity is stimulated by increasing osmolarity from the production of exopolysaccharide
during biofilm formation. Osmosensing occurs in a manner that is independent of the
CACHE domain and instead requires on a transmembrane segment.

Finally, we note that KinD functions in conjunction with the membrane-anchored
lipoprotein Med, and evidence suggests that KinD functions in a complex with Med
(although this has not been shown directly) (Banse et al., 2011). Interestingly, Med is
predicted to contain a ligand-binding domain that strongly resembles known sugar- or
nucleoside-binding domains of other proteins (unpublished observation, Chen et al.),
including LuxP from V. harveyi (a 99.9% probability based on HHpred search). In V.
harveyi, LuxP binds directly to the quorum-sensing molecule autoinducer-2 (AI-2, a borate-
containing analog of ribose) and interacts with the membrane histidine kinase LuxQ in
quorum-sensing signal transduction (Ng & Bassler, 2009). LuxQ is a structural homolog of
KinD as discussed above. Thus, Med and KinD may function in a somewhat analogous
manner to that of LuxP and LuxQ, which act together in sensing the bacterial interspecies
quorum-sensing signal AI-2. (A key difference is that LuxQ does not itself recognize a
signal (Neiditch et al., 2006).) Although we do not know whether Med directly senses a
plant-released signal, it is appealing to imagine that Med and the CACHE domain of KinD
sense distinct signals, and together they activate KinD kinase activity in inducing biofilm
formation. A key challenge for the future will be to identify signaling molecules released
from tomato plant roots that activate KinD and to determine whether both Med and KinD
are involved in signal recognition.
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Figure 1. B. subtilisforms biofilms on the tomato r oot surfaces

Panels A-D. B. subtilis cells that harbor a consistently expressed mkate2 reporter gene at
amyE were co-cultured with tomato plantlets in a defined medium. After two days of
incubation, root-associated cells were visualized by CLSM. Wild type cells (CY49) formed
robust biofilms on the root surfaces (Panel A). A 50 x 50 pym framed area in Panel A was
enlarged in Panel B to show details of the chained cells in the root-associated biofilms. A
mutant of the epsA-O operon (CY209) exhibited severely decreased attachment of the cells
to the root surfaces and virtually no biofilm-like structures (Panel C). Panel D shows a plant
root grown in the absence of B. subtilis. Panels E-H show results of biofilm assays of the B.
subtilis cells on root surfaces using either heat-killed (80°C for 10 min; Panels E and F) or
cold-killed (—80°C overnight; Panels G and H) tomato plantlets. Wild type cells did not
form biofilms on the surfaces of either heat-killed or cold-killed tomato plants. Images in
panels F and H are enlarged ones from the panels E and G, respectively. Scale bars in Panels
A, C, D, E, and G are 20 um, and the scale bars in Panels F and H are 50 um.
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Figure 2. Tomato root exudates induce pellicle formation by B. subtilisin LB broth in a KinD-
dependent manner

In Panel A, wild type cells and various single or double kinase mutants [WT (3610); AkinA
(RL4562); AkinB (RL4563); AkinA AkinB (RL4573); AkinC (RL4262); AkinD (RL4552);
AkinC AkinD (RL5273) were inoculated into LB standing culture in 12-well plates with (top
panels) or without (bottom panels) addition of 1% (v/v) tomato root exudates. Samples were
incubated at room temperature for 2 days. Panel B compares the ability of wild type (3610),
the k7znD null mutant (RL1927), and two kinD complementation strains, AkinD
amyE::kinD"' (CY78) and AkinD amyE::kinD™" (CY79) to form pellicles in LB medium
with the addition of 1% root exudate.
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Figure 3. Tomato root exudates induce expression of the matrix genes and the sdpABC operon
Panels A and B show luciferase activities for the two wild type reporter strains harboring
either Pgpga-Jux (strain ALM89 in A) or Pyyp4-fux (strain ALM90 in B) that were grown in
LB shaking culture with (squares) or without (diamonds) addition of 1% root exudate. Panel
C shows luciferase activities of the wild type (CY136) and the AkinD mutant (CY137) that
harbored the Pggp4-/ux reporter fusion in the presence (squares for WT and triangles for
AkinD) or absence (diamonds for WT and circles for AkinD) of 1% root exudate. The
arrows indicate the start of stationary phase. The luciferase activities were presented in
arbitrary units (AU).
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Figure 4. Biofilm formation by various kinase mutants on tomato roots

Cells of the indicated mutants [AkinA (CY204); AkinB (CY205); AkinA AkinB (CY206);
AkinC (CY207); AkinD (CY127); AkinC AkinD (CY126); AkinD amyE:: kinD™ (CY 190);
AkinD amyE::kinDV' (CY189)] that harbored a constitutively expressed mKate2 reporter
gene were incubated with tomato plantlets for two days at room temperature and were
visualized by CLSM. Scale bar, 50 um.

Mol Microbiol. Author manuscript; available in PMC 2013 August O1.




1X91-)[.IBUI.IQJBAA$ 1X91-)[.I'BIII.19113AA$

1XQ)-YIBWLIBM

Chen et al.

A

KinD
CACHE
N HK domain
ATPase
C
\’
SpoOF
Spo0B
%
Spo0A
C a2 B1 B2
Bs_Ki nbD VDIEEKMOSILEKTFDSEPRFSGLYFLNAKGDVTASTTELKT————————————

Mm HEK1ls-—-Z2 EAMSI IKRILNENPOQLIGVELGYEPDAFDGRDKNY INAPGHDSTGREVPERCNEKL
Mm HK1ls—-2Z3 EALLILENLLRDNPHLLGTEVAFEPDAFDGKDAEYTNS PAHDGTGREV PEWNEM

Ve McpX NVRTIISOPLI KNTFLL———VGFG———.EKDGSN INND PS.NPG —————————
So_HKls-Z6 KLKTVLTNRIQRNPDFFGSIAFKPNTFPNK--KLFSPVYRSGSGFNYLDIGA
Kp_ CitA THIRVGDASGORLYJVNPDEIGKSEGGDSDEALINA-———————————————
Ve DctB AQIDITNRYLEQVNEVIQAADTMLIDRFGNT IASSNWNLDRSBIG————————
Sm_DctB S—-LDRINRKLEALATSAEAAVIEL.IDRSGVAVAASNWQEPTSVG————————

Rp HK1S-Z16 HPSPVFNERLRALADNLPQLSDVEILDADGOLTYHESVKPVPALD—————————
Hp HKl1s-Z8 NLTILENMWSSVARNQKLYK@EIEFLDTSGTE I

Bs KinD =  ——m———— KFVNLA

Mm_HK1s-Z2 NGPVIIE QLPKTTGKDTLTE —-——EGI YDSPIFK-—
Mm_ HK1s-Z3 NGTASVAP, QLPKATEKDVLTEP ———EGV YVSPIMK-
Vo McpX = =  —=————e PTHDPR KDAKNAGKLVITAPMARE-ASGEIL ATPVKDS
So_ HK1ls-Z6 DG————— Y SKAINQVGGYWSK EGAGNVLETEYAVPFGV-
Kp CitA = = ————————————— sVvRKGjllGssijg-——-—————————————

Ve DetB = == RN 1Y LS IAGQKSQYE. S——-GQRGY

Sm_DctB = ———————— NDY RLAVRDGMAEHF S———-KRPGLEI SRRVDG—
Rp_HK1S-216 =——=——=—————- RYHRANDDHTLLITGPI TSG SRRLET
Hp HK1s-7Z8 —-———-PSLILR KYAQSLDNEQISAWGIELEEDKGELVYPLS PLET

B2 a3 B3 pa

Figure5. The CACHE domain of KinD

Panel A is a cartoon representation of KinD. Panel B shows similarity between the three-
dimensional structures of the CACHE domains of McpX (3C8C) from V. cholerae and of
KinD (3FOS) from B. subtilis. In particular, the predicted small molecule-binding pocket in
the CACHE domain in KinD is strikingly similar to that in the CACHE domain of McpX.
Panel C shows the amino acid sequence alignment of the CACHE domains from KinD and
nine related proteins. All residues in direct contact with a ligand are highlighted in red in the
proteins that were known to bind ligands based on published protein structures. The red box
indicates a four-amino-acid-residue sequence that is predicted as most critical residue in
ligand binding. Amino acid substitutions of these residues were created in KinD. The protein
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IDs in the Protein Data Bank (PDB) for each of the sequences in Panel C are as follows:
Bs_KinD (3FOS), Mm_HK1s-Z2 (3LI9), Mm_HK1s-Z3 (3LIB), Vc_McpX (3C8C),
So_HK1s-Z6 (3LIC), Kp_CitA (1P0Z), Vc_DctB (3BY9), Sm_DctB (3E40), Rp_HK1s-Z16
(3LIF), and Hp_HK1s-Z8 (3LID).
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Figure 6. .-Malic acid stimulates biofilm formation

Panels (A—C). Identification of .-malic acid in tomato root exudates by HPLC/MS. (A)
Separation by HPLC of an active subfraction from tomato root exduate. mAU in Y-axis
represents "milli-absorbance units".X-axis is the retention time. (B) An abundant molecule
whose retention time is at 17.2 min (indicated by arrow in panel A) was identified as .-malic
acid based on MS analysis (M-H Ion Extraction at 132). Values in Y-axis represent relative
TIC (Total Ionization Current). (C) Commercially obtained 1-malic acid (Sigma) was used
as a standard in HPLC (not shown) and MS analysis (M-H Ion Extraction at 132). (D)
Luciferase activities of the wild type strain (CY136) that harbored a P4,4./ux reporter and
was grown in LB shaking culture in the absence (diamonds), or presence of 5 mM r-malic
acid (squares) or 5 mM p-malic acid (triangles). (E) Luciferase activities of the AkinD
mutant (CY137) and the two kinD complementation strains, AkinD amyE::kinD"' (CY 185)
and AkinD amyFE::kinD™" (CY186) that harbored the P sgpa-Iux reporter and were grown in
LB shaking culture in the presence or absence of 5 mM i-malic acid. Symbols are designated
as follows: AkinD amyE::kinD", +malic acid (squares); AkinD amyE::kinD"', —malic acid
(diamonds); AkinD amyE:: kinD™", +malic acid (stars); AkinD amyE:: kinD™, —malic acid
(crosses); AkinD, +malic acid (triangles); AkinD, —malic acid (circles). (F) 3610 cells were
inoculated into a minimal medium (see Materials and Methods) that does not support
pellicle formation. r-malic acid when added in a gradient from 250 uM to 5 mM, induced
pellicle formation after 48 hours of incubation at the room temperature.
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