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Azospirillum brasilense AerC and Tip4b Cytoplasmic
Chemoreceptors Are Promiscuous and Interact with the Two
Membrane-Bound Chemotaxis Signaling Clusters Mediating
Chemotaxis Responses

Elena E. Ganusova,” Madison Rost,” Anastasia Aksenova,” Mustafa Abdulhussein,” Alisha Holden,? (' Gladys Alexandre®
*Department of Biochemistry and Cellular and Molecular Biology, University of Tennessee, Knoxville, Tennessee, USA

ABSTRACT Chemotaxis in Bacteria and Archaea depends on the presence of hexagonal
polar arrays composed of membrane-bound chemoreceptors that interact with rings of
baseplate signaling proteins. In the alphaproteobacterium Azospirillum brasilense, chemotaxis
is controlled by two chemotaxis signaling systems (Che1 and Che4) that mix at the base-
plates of two spatially distinct membrane-bound chemoreceptor arrays. The subcellular
localization and organization of transmembrane chemoreceptors in chemotaxis signaling
clusters have been well characterized but those of soluble chemoreceptors remain relatively
underexplored. By combining mutagenesis, microscopy, and biochemical assays, we show
that the cytoplasmic chemoreceptors AerC and Tlp4b function in chemotaxis and localize
to and interact with membrane-bound chemoreceptors and chemotaxis signaling proteins
from both polar arrays, indicating that soluble chemoreceptors are promiscuous. The inter-
actions of AerC and Tlp4b with polar chemotaxis signaling clusters are not equivalent and
suggest distinct functions. Tlp4b, but not AerC, modulates the abundance of chemorecep-
tors within the signaling clusters through an unknown mechanism. The AerC chemorecep-
tor, but not Tlp4b, is able to traffic in and out of chemotaxis signaling clusters depending
on its level of expression. We also identify a role of the chemoreceptor composition of che-
motaxis signaling clusters in regulating their polar subcellular organization. The organization
of chemotaxis signaling proteins as large membrane-bound arrays underlies chemotaxis
sensitivity. Our findings suggest that the composition of chemoreceptors may fine-tune
chemotaxis signaling not only through their chemosensory specificity but also through
their role in the organization of polar chemotaxis signaling clusters.

IMPORTANCE Cytoplasmic chemoreceptors represent about 14% of all chemoreceptors
encoded in bacterial and archaeal genomes, but little is known about how they interact
with and function in large polar assemblies of membrane-bound chemotaxis signaling
clusters. Here, we show that two soluble chemoreceptors with a role in chemotaxis are
promiscuous and interact with two distinct membrane-bound chemotaxis signaling clus-
ters that control all chemotaxis responses in Azospirillum brasilense. We also found that
any change in the chemoreceptor composition of chemotaxis signaling clusters alters
their polar organization, suggesting a dynamic interplay between the sensory specificity

of chemotaxis signaling clusters and their polar membrane organization. e
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otile bacteria use chemotaxis to navigate toward preferred niches for growth. The o
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best-characterized chemotaxis system is that of Escherichia coli (1). It consists of five T
membrane-bound chemoreceptors (methyl-accepting [MA] chemotaxis proteins [MCPs]) Accepted 8 May 2023
that detect attractants or repellents. Signals detected by MCPs are transmitted across the
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membrane through conformational changes to a histidine kinase, CheA, and an adaptor
protein, CheW, which interact with a universally conserved cytoplasmic region of MCPs.
Chemoreceptor conformational changes induced in response to lower attractant concen-
trations or higher repellent concentrations stimulate the autophosphorylation activity of
CheA from ATP, with the subsequent transfer of the phosphoryl group to the response regu-
lators CheY and CheB. CheY~P has an increased affinity for the flagellar motor switch pro-
teins, with binding triggering a change in the flagellar motor rotational direction to cause a
swimming tumble (i.e, reorientation in the swimming direction). CheB~P has increased
methylesterase activity on conserved glutamine residues in the cytoplasmic signaling region
of membrane-bound chemoreceptors and counteracts their increased methylation caused
by the constitutive activity of the CheR methyltransferase. The combined activity of CheR
and CheB~P on chemoreceptors adjusts their sensitivity to background conditions.

In E. coli, membrane-bound chemoreceptors form large polar arrays of trimers of che-
moreceptor dimers that are coupled with rings of cytoplasmic proteins to form intercon-
nected hexagonal signaling units (2-4). The cytoplasmic tip of trimers of transmembrane
chemoreceptor dimers interacts with rings of CheA and CheW that together form the
cytoplasmic signaling baseplate (2, 3, 5). A similar hexagonal structure of membrane-
bound arrays has been observed for other bacteria, including Azospirillum brasilense
(5-7). Some bacterial species possess multiple chemotaxis systems and chemorecep-
tors that differ in the numbers of heptad repeats (H) in the 4-helix coiled-coil region of
their cytoplasmic signaling domains. Previous work showed that membrane-bound
chemoreceptors with different numbers of heptad repeats have different lengths and
do not mix in membrane-bound signaling clusters (8). Similarly, some chemotaxis sys-
tems comprise only cytoplasmic chemoreceptor arrays that are distinct from the polar
membrane-bound chemotaxis arrays. For example, Vibrio cholerae (9) and Rhodobacter
sphaeroides (10) possess cytoplasmic chemotaxis arrays in addition to membrane-
bound arrays. Other bacteria such as the alphaproteobacterium A. brasilense possess
two spatially distinct membrane-bound arrays, each comprised of chemoreceptors of
distinct length classes: 36H and 38H chemoreceptors (7). A. brasilense proteins from
two chemotaxis systems, Che1 and Che4, are required and mix at each of the chemo-
taxis signaling array baseplates (Fig. 1A). Proteins from Che1 and Che4 (CheA1, CheW1,
CheA4, and CheW4) interact with each other and with 36H and 38H chemoreceptors
and are both required to regulate all chemotaxis responses in this species (11, 12).
Mixing Che1 and Che4 chemotaxis signaling proteins at the baseplates of both arrays
hints at a molecular mechanism for coordinating chemotaxis signaling originating from
two membrane-bound arrays (Fig. 1B). The spatial segregation of membrane-bound che-
moreceptors into distinct chemoreceptor arrays can be predicted from sequence analy-
ses based on the numbers of heptad repeats in the signaling regions (13-15). The length
class of soluble chemoreceptors can also be derived by determining the number of hep-
tad repeats in the 4-helix coiled-coil regions of the cytoplasmic domains of the chemo-
receptors (16), but predicting their subcellular localization relative to other membrane-
bound chemoreceptors encoded in genomes is not as straightforward. About 14% of all
chemoreceptors encoded in bacterial and archaeal genomes are predicted to be soluble
(13). In contrast to transmembrane chemoreceptors, little is known about how soluble
chemoreceptors interact with membrane-anchored polar chemotaxis signaling clusters.
Soluble chemoreceptors can form cytoplasmic signaling arrays, as in V. cholerae and R.
sphaeroides (17), and others interact with membrane-bound arrays. For example, the
soluble TlpD chemoreceptor in Helicobacter pylori forms autonomous chemoreceptor sig-
naling clusters with CheA, CheW, and CheV1 (18). In addition, soluble chemoreceptors
may traffic in and out of membrane-bound arrays (13). The A. brasilense genome encodes
11 chemoreceptors predicted to be soluble, including AerC, which is upregulated under
nitrogen fixation conditions where it mediates aerotaxis (19). This chemotaxis phenotype
and additional evidence suggest that AerC interacts with Chel and membrane-bound
chemoreceptors (19). Chel and Che4 are required for the assembly and signaling of
both the 36H and 38H membrane-bound arrays. These chemoreceptors and chemotaxis
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FIG 1 Schematic representation of the organization of membrane-bound chemoreceptor arrays that
control chemotaxis in A. brasilense. (A) Genomic organization of genes encoding components of the
chemotaxis systems. The chemotaxis genes within each che cluster were either previously characterized
or identified by homology searches (see the text for details and references). Most chemoreceptors or
transducerike proteins (Tlps) are transmembrane receptors (genes in cerulean and magenta) or cytoplasmic
chemoreceptors (genes in green and yellow), and they are encoded elsewhere in the genome. (B)
Transmembrane chemoreceptors (in cerulean, magenta, and green) are organized into two spatially
distinct chemotaxis signaling arrays, each comprised of membrane-bound chemoreceptors belonging to the
38H heptad repeat length class (in turquoise) or the 36H length dass (in dark pink). The histidine kinases
CheAl and CheA4 together with the scaffolding proteins CheW1 and CheW4 form mixed baseplates that
are necessary for the structure and signaling functions of both chemoreceptor arrays. Chemoattractant (red
stars) or repellent (gray stars) signals perceived by transmembrane chemoreceptors are transduced through
the membrane-bound signaling arrays to induce changes in the autophosphorylation activities of CheA1
and CheA4 and subsequent signal transduction events, which are not shown on the scheme. The subcellular
localization of cytoplasmic chemoreceptors (in green and yellow) relative to membrane-bound chemotaxis
arrays has not been addressed yet, and these are depicted in the scheme separately. Both side-view and top-
view representations of the chemotaxis arrays are based on published cryo-electron microscopy images (7).
(The scheme was created using BioRender [https://biorender.com)]).

signaling clusters can be visualized as large polar foci using fusions of fluorescent proteins
to representative membrane-bound chemoreceptors. The other chemosensory systems
encoded in the A. brasilense genome are not involved in chemotaxis, and cryo-electron mi-
croscopy (cryo-EM) did not identify any soluble chemoreceptor array (7). Here, we charac-
terize the subcellular localizations and interactions of two soluble chemoreceptors, AerC
and Tlp4b, with membrane-bound chemoreceptors and chemotaxis signaling proteins
from the 36H and 38H arrays. Our results indicate that AerC and Tlp4b interact with mem-
brane-bound chemoreceptors from both polar arrays and with Chel and Che4 chemotaxis
signaling proteins, although the outcomes of their interactions are not equivalent, hinting
at distinct roles. The absence of AerC or Tlp4b as well as any change in the chemoreceptor
composition of chemotaxis signaling clusters alter their polar organization, suggesting a
dynamic interplay between the sensory specificity of chemotaxis signaling clusters and
their polar membrane organization.
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RESULTS

Tip4b, a predicted soluble chemoreceptor encoded in the Che4 system, modulates
chemotaxis and wheat root surface colonization. TIp4b is a predicted soluble chemore-
ceptor of unknown function encoded in the che4 gene cluster. Tlp4b does not possess
any known conserved domains except for the MA (methyl-accepting) domain charac-
teristic of chemotaxis receptors (chemoreceptors here). The encoding of Tlpdb within
che4 suggests that it functions during chemotaxis. We constructed an insertion muta-
tion within tip4b (tlp4b:pKNOCK-Gm" [tip4b here]) since it is the last gene of the che4
cluster, and we characterized its behavior in gradients of strong chemoeffectors for A.
brasilense compared to its parental strain (Sp7 [wild type {WT}]) (Fig. 2). Of the carbon
sources tested, the tlp4b mutant was more sensitive than the WT to gradients of malate
but was impaired in gradients of butyrate or pyruvate (Fig. 2A). Changes in the swimming
behavior of the tlp4b strain were not due to growth defects since the mutant and the WT
grew similarly on malate, butyrate, and pyruvate (Table 1). The chemotactic enhancement
in gradients of malate or the chemotactic defect in gradients of butyrate or pyruvate of the
tip4b strain could be complemented by the expression of the corresponding parental gene
from a broad-host-range plasmid (see Fig. S1 in the supplemental material). These data are
consistent with Tlp4b mediating chemotaxis responses. The differential chemotactic responses
to spatial gradients of organic acids suggested that the tlp4b strain has altered chemotaxis
sensitivity rather than a defect in the direct sensing of these organic acids. To test this hypoth-
esis, we used a spatial gradient for aerotaxis. The aerotaxis response is the strongest in A. brasi-
lense; it takes place within minutes, compared to several days on soft agar plates (20), and
aerotaxis tracks with the chemotaxis sensitivity of cells to an air gradient formed in the pres-
ence of different carbon sources (21). In this assay, an air gradient is produced by air diffusion
into a liquid suspension of cells, to which A. brasilense cells respond by forming an aerotactic
band away from the airliquid interface within ~2 min when malate is used as the carbon
source (20, 21). The time that it takes for cells to produce a stable aerotactic band is robust
and varies with the nature and concentration of the carbon source present as well as the sig-
naling activity of chemoreceptors (21). Compared to the wild type, the tlp4b strain had a short
response time for aerotaxis band formation in the presence of malate (Fig. 2B). In the presence
of pyruvate, the tip4b strain had a longer response time than the wild type (Fig. 2B). The aero-
taxis band formation response times were similar for the wild-type and tlp4b strains when bu-
tyrate at 10 mM was the carbon source, but it was significantly shorter for the tjp4b strain
than for the wild type with 20 mM butyrate (Fig. 20), in support of the tlp4b strain being defec-
tive in sensitivity to the gradient. Since chemotaxis is essential for root surface colonization by
A brasilense (22, 23), we also compared wheat root colonization by the AaerC and tip4b strains
and found that the mutant lacking Tlpdb was severely impaired in root surface colonization
(Fig. 2D and E), while the mutant lacking AerC was completely null for colonization, at 1 week
postinoculation (Fig. 2D and E). The relative abundances of the AerC and Tlp4b proteins in the
whole-cell proteomes that we previously analyzed (24) indicated that both Tlp4b and AerC
were present at comparable abundances when cells were grown with ammonium chloride
and malate (Fig. 52). Therefore, Tlp4b plays a role in the A. brasilense chemotaxis response,
and both AerC and Tlp4b contribute to wheat root surface colonization, consistent with their
role in chemotaxis.

The localization of AerC-YFP, but not Tlp4b-YFP or other chemotaxis proteins,
at fluorescent foci at the cell’s poles changes with organic nitrogen availability.
Previous studies showed that AerC expression and protein abundance increased when
cells were grown under nitrogen fixation conditions (no organic nitrogen and low ox-
ygen concentrations) and that functional AerC-YFP (yellow fluorescent protein) could
be detected as polar fluorescent foci in WT cells grown under nitrogen fixation condi-
tions (19). This polar localization was not observed when an organic nitrogen source
such as ammonium chloride was present (19). Here, we verified those previous observations
(Fig. 3A and Q. In contrast to AerC-YFP, Tlp4b-YFP remained as bright foci at the cell poles
regardless of the availability of organic nitrogen (Fig. 3B and D). We used the previously
characterized Tlp1-YFP (38H) and Tlp4a-YFP (36H) chemoreceptors (7) as well as the solu-
ble chemotaxis signaling kinase CheA1ATMX-YFP (CheA1 is produced as two isoforms,
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FIG 2 Deletion of tlp4b affects the chemotactic behavior of A. brasilense. (A) Chemotaxis in the soft
agar plate assay. (B and C) Response time in the spatial gradient assay for aerotaxis in the presence
of 10 mM organic acids (B) or 20 mM butyrate (C). The response time corresponds to the time for the
formation of a stable aerotactic band following exposure to the air gradient (in seconds). Asterisks
indicate statistically significant differences compared to the value for the wild-type (WT) strain (***,
P = 0.001; *™**, P = 0.0001; ns, nonsignificant difference [by Student's t test]). (D) Assay of wheat
root colonization by the WT, the tlp4b mutant, and the AagerC mutant expressing GFP from the
PHRGFP plasmid. Images were taken 96 h after inoculation into semisolid Fahraeus medium. Bars,
20 wm. DIC, differential interference contrast. {E) Quantification of the fluorescence intensity in the
root hair zone normalized to the root autofluorescence. The fluorescence intensity was quantitated
using ImageJ Fiji. Asterisks indicate statistically significant differences compared to the value for the
wild-type strain (****, P = 0.0001 [by Student's t test]).

with CheA1ATMX being the isoform functioning in chemotaxis in A. brasilense [25]
[called CheA1-YFP here]) or CheA4-YFP (Fig. S4) (7) to probe each of the membrane-
bound chemoreceptor arrays. There was no change in the subcellular localization of any
of the reporters tested with changes in organic nitrogen availability. The increased polar
localization of AerC-YFP in response to a lack of organic nitrogen is thus unique. If the
localization of AerC-YFP and Tlp4b-YFP as bright polar foci corresponds to membrane-
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TABLE 1 Growth rates of A. brasilense wild-type and tlp4b mutant strains

Mean growth rate (h~") with 5 mM carbon source 5D

Carbon source Sp7 (WT) tip4b mutant
Malate® 0.61 = 0.06 0.60 = 0.04
Pyruvate® 029 + 0.02 0.40 + 0.01
Butyrate® 1.47 = 0.05 1.14 = 0.05

aStudent's t test (3 biological replicates with 5 technical replicates per biological sample) indicated no significant
difference at a P value of <0.05.

bound chemoreceptor arrays, then their polar localization should be abolished in a strain
lacking both Chel (deletion of all chel genes [AcheT]) and Che4 (deletion of all che4
genes [Ache4]), as previously shown for other chemoreceptors (7). We observed that
the polar localization of AerC-YFP was abolished under conditions of nitrogen fixa-
tion in the Achel or the Ache4 strain as well as the Achel Ache4 double mutant strain
(Fig. 3E). The lack of Che1 or Che4 alone did not produce any detectable change in the
polar localization of the Tlp4b-YFP fluorescent foci (Fig. 3F). Tlp4b-YFP fluorescence
became mostly nonpolarly localized or diffused only in the absence of both Chel and
Che4 (Fig. 3F). These data are consistent with AerC-YFP and Tlp4-YFP localizing within the
two known membrane-bound chemoreceptor arrays and also indicate that AerC-YFP may
be able to diffuse in and out of these clusters.

Soluble chemoreceptors interact with membrane-bound chemoreceptors from
both arrays, with each other, and with Che1 and Che4 baseplate proteins. Next, we
analyzed the subcellular localization of YFP- or cyan fluorescent protein (CFP)-tagged
AerC and Tlp4b-YFP relative to Tlp1-YFP, Tlp1-CFP, and Tlp4a-YFP. The fluorescently tagged
soluble chemoreceptors AerC and Tlp4b colocalized with each other and with the 38H and
36H membrane-bound chemoreceptors (Fig. 4A). Quantification of the relative subcellular
localization of the fluorescent foci indicated that CFP and YFP functions colocalized in
roughly 50% of the cells analyzed (Fig. 4B). To confirm the interactions between the
AerC and Tlp4b chemoreceptors and components of the chemotaxis signaling arrays, we
used a bacterial two-hybrid (BACTH) assay (Fig. 54). We found significant interactions
between the soluble chemoreceptors AerC and Tlp4b and membrane-bound chemorecep-
tors of the 38H (Tlp1) and 36H (Tlp4a) length classes and the chemotaxis signaling proteins
CheA1, CheA4, CheW1, and CheW4. We used pulldown assays to verify the physical interac-
tions suggested by microscopy and BACTH assays (Fig. 4A and B). We found that both AerC-
GST (glutathione S-transferase) and Tlp4b-GST could interact with Tlp1-YFP and Tlp4a-YFP
(Fig. 4Q). In a similar assay, we found that CheATATMX-GST (CheA1-GST here) and CheA4-
GST interacted with AerC-YFP (Fig. 4C) and Tlp4b-YFP (Fig. 4D). We observed that Tlp4b-YFP
and, to a lesser extent, AerC-YFP were detected as two bands in Western blots, although we
do not know the cause of this observation. The combined data indicate that the AerC and
Tlp4b soluble chemoreceptors physically interact with membrane-bound chemoreceptors
from both arrays and with chemotaxis signaling proteins that comprise these arrays’ base-
plates. It follows that AerC and Tlp4b likely populate both the 36H and the 38H membrane-
bound chemoreceptor arrays in A. brasilense.

The absence of soluble AerC or Tlp4b reduces the polar localization of membrane-
bound chemoreceptors from both arrays. To evaluate the contribution of soluble che-
moreceptors to membrane-bound chemotaxis signaling clusters, we analyzed the subcellu-
lar localizations of the 38H chemoreceptor Tlp1-YFP and the 36H chemoreceptor Tlp4b-YFP
in strains lacking AerC or Tlp4b. Tlp1-YFP and Tlp4a-YFP localized as bright polar foci in WT
cells, as expected (Fig. 5). Tlp1-YFP was diffused or localized as nonpolar foci in the AaerC
and tlp4b mutants, with these effects being more pronounced in the tip4b strain (Fig. 5A
and B). Nonpolar Tlp4a-YFP fluorescent foci were more often observed in the AagerC strain
than in the WT. This trend was increased in the tlp4b background, with most Tlp4a-YFP
being localized as nonpolar foci or diffused throughout the cell. The lack of Tlp4b caused a
larger disruption of the polar localization of TIp1-YFP and Tlp4a-YFP than the lack of AerC.
These observations suggest that Tlp4b has a greater contribution to the polar organization
of chemotaxis signaling clusters than AerC. We used Western blot assays to probe the
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FIG 3 (A and B) The localization of AerC-YFP (A) but not Tlp4b-YFP (B) as fluorescent foci at the cell's
poles changes with organic nitrogen availability. Bars, 5 um. Arrows indicate fluorescent foci. (C and
D) Quantification of the distribution of fluorescent AerC-YFP (C) and Tip4b-YFP (D) foci in the population
of WT cells cultured in MMAB medium with 20 mM ammonium chloride or without ammonium, under
conditions of nitrogen fixation. The number of analyzed cells is indicated under each column. The z-score
test was used to determine if the fluorescent-focus localization differed significantly in AaerC cells in the
presence or absence of ammonium chloride (indicated by *). The localization of the cytoplasmic
chemoreceptors AerC-YFP and Tlp4b-YFP is dependent on the presence of the components of the Chel
and Che4 chemotaxis systems. (E and F) Quantification of the distribution of fluorescent AerC-YFP (E) and
Tlp4b-YFP (F) in the Achel, Ached4, and Achel Ache4 mutant strains. The number of analyzed cells is
indicated under each column. The z-sore test was used to determine if the fluorescent focus localization
differed significantly in the Achel Ache4 strain compared to the WT (indicated by *).

abundances of Tlp1-YFP and Tlp4a-YFP in the WT, AaerC, and tip4b backgrounds to deter-
mine how the observed polar localization effects may occur. We found similar abundances
of Tlp1-YFP and Tlp4a-YFP in the WT and AaerC strains but a significantly reduced abun-
dance in the tlp4b strain (Fig. 5D and E). In these experiments, Tlp1-YFP and Tlp4a-YFP are
expressed from constitutive promoters on low-copy-number broad-host-range vectors and
thus are expected to be similarly expressed in all strain backgrounds. The Western blot results
suggest decreased expression or stability of Tlp1-YFP and Tlp4a-YFP in the tip4b mutant back-
ground. Chemotaxis is not abolished in the tlp4b mutant (Fig. 2), indicating that the remaining
membrane-bound chemoreceptor clusters are competent for chemotaxis signaling in this mu-
tant. The reduced abundances of Tlp1-YFP and Tlp4a-YFP in the tip4b strain could be restored
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FIG 4 The cytoplasmic chemoreceptors AerC and Tlp4b interact with chemotaxis components belonging
to both membrane-bound chemotaxis signaling clusters. (A and B) Colocalization of AerC-CFP with Tip1-
YFP and colocalization of Tlp4a-YFP and Tip4b-YFP with Tlp1-CFP and Tlp4a-CFP in WT cells. Proteins
were expressed from vectors with different origins of replication (pBBR in the case of CFP and pRH in the
case of YFP). Arrows indicate the localization of fluorescent foci. Bars, 5 um. (C) Interactions of C-terminally
GST-tagged AerC or Tlpdb with the transmembrane chemoreceptors Tlp1-YFP and Tlp4a-YFP. The solid
arrows indicate —100-kDa Tlp1-YFP or Tlp4a-YFP or ~66-kDa AerC-GST, while the dashed arrows indicate
an unspecific band. (D and E) Interactions of C-terminally G5T-tagged CheAlATMX-YFP and CheA4-YFP
with AerC-YFP (C) and Tlp4b-YFP (D). Solid arrows indicate ~100-kDa CheA1ATMX-GST or CheA4-GST, ~67-
kDa AerC-YFP, or ~68-kDa Tlp4b-YFP, with the dashed arrow indicating an unspecific band.

by complementation, although some degradation of Tlpda-YFP was still evident (Fig. S5).
These findings together support that Tlp4b, but not AerC, has an additional role in regulating
the abundance or stability of chemoreceptors within the signaling clusters, at least under con-
ditions where these chemoreceptors are expressed as fluorescent fusion proteins.

The absence of soluble AerC or Tlp4b disrupts the organization of chemotaxis
signaling clusters. The changes in the subcellular localizations of the membrane-bound
chemoreceptors TIp1-YFP and Tlp4a-YFP in the absence of AerC or Tlp4b suggested a disrup-
tion of polar chemotaxis signaling clusters. If this hypothesis is correct, we should observe a
reduced number and/or size and/or a change in the subcellular localization of polar fluores-
cent CheA1-YFP and CheA4-YFP foci in both the tip4b and AaerC backgrounds relative to the
WT. In the wild-type background, CheA1-YFP localized as polar or nonpolar foci and was dif-
fused throughout the cell, consistent with previous reports (25) (Fig. 6A and B). Diffused
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FIG 5 Spatial distribution, expression, and abundance of Tlp1-YFP and Tlp4a-YFP in AgerC and tlp4b mutant
cells. (A) Localization of Tlp1-YFP and Tlp4a-YFP in the AaerC and tlp4b mutant backgrounds. Solid arrows
point to polar fluorescent foci, while dashed arrows indicate nonpolar foci. Bars, 3 uwm. (B and C) Quantification
of the distribution of the fluorescent Tlp1-YFP (B) and Tlp4a-YFP (C) foci in the populations of WT, AgerC
mutant, and tlp4b mutant cells. The number of analyzed cells is indicated under each column. The z-score test
was used to determine if the fluorescent-focus localization in the AaerC and tlp4b strains differed significantly
from that of the WT (**, P = 0.01 [by Student’s t test]). (D) Abundances of Tlp1-YFP and Tlp4a-YFP in the WT
strain and the AagerC and tlp4b mutant strains determined by Western blot analysis. Coomassie blue staining
(CB) of the total proteins was used as a loading control. (E) Densitometric analysis of the Tlp1-YFP and Tlp4a-
YFP bands in the WT strain and the AaerC and tlp4b mutants imaged using Image Lab software and analyzed
using ImageJ Fiji. Asterisks indicate statistically significant differences compared to the value for the wild-type
strain (**, P = 0.01 [by Student’s t test]). AU, arbitrary units.
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CheA1-YFP fluorescence increased and the fraction of cells with polar or nonpolar foci
decreased in the AaerC or tip4b mutant. Polar foci were seldom detected in the tip4b mutant
compared to the AagerC mutant. More cells displayed diffused CheA4-YFP fluorescence and
fewer polar foci in the AaerC and tlp4b mutant backgrounds than in the WT background
(Fig. 6A and C). Previous work showed that CheY4-YFP, which is encoded in che4, localizes
as fluorescent polar foci in a Chel- and Che4-dependent manner, consistent with its interac-
tion with the 38H and 36H chemotaxis signaling clusters (7). CheY4-YFP localized at the
poles of WT cells, as expected, but it was mostly diffused or nonpolar in the AaerC or
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FIG 6 AerC and Tlp4b affect the spatial distribution of the cytoplasmic components of the CheA1ATMX-YFP (CheA1-YFP here)
and CheA4-YFP chemotaxis arrays in A. brasilense cells. (A) Localization of CheAl1-YFP and CheA4-YFP in the AaerC and tip4b
mutant backgrounds. The solid arrows point to polar fluorescent foci, while the dashed arrows indicate nonpolar foci. Bars, 3 um.
(B to E) Quantification of the distribution of the fluorescent CheATATMX-YFP (B), CheA4-YFP (C), CheY4-YFP (D), and TIp2-YFP (E)
foci in the populations of WT and AaerC, tip4b, Atlp1, and Atlp2 mutant cells. The number of analyzed cells is indicated under
each column. The z-score test was used to determine if the fluorescent-focus localization in the AaerC and tip4b strains differed
significantly from that of the WT. Statistical significance is indicated with *.

tlp4b strain (Fig. 6A, C, and D). The nonpolar Tlp1-YFP and Tlp4a-YFP foci detected in the
AaerC and tlp4b backgrounds were found on the sides of the cells and were smaller than
the polar foci (Fig. S6). In contrast, both the CheA4-YFP and CheA1-YFP polar and nonpo-
lar foci were relatively small compared to the Tlp1-YFP and Tlp4a-YFP foci (Fig. S6). These
results are consistent with the polar organization of chemotaxis signaling clusters
depending on the presence of AerC or Tlp4b.

Changes in the composition of chemoreceptors alter the subcellular organization
of chemotaxis signaling clusters. Next, we tested the hypothesis that the apparent
role of AerC and Tlp4b in maintaining the subcellular organization of chemotaxis sig-
naling clusters is related to their contribution to the composition of chemotaxis signal-
ing cluster chemoreceptors. We used a previously characterized strain lacking the 38H
Tlp1 chemoreceptor (Atlp1) (22) as well as a mutant lacking Tlp2 (Atlp2). The lack of
Tlp1 did not produce detectable changes in the distribution of polar fluorescent CheA1-YFP
foci (Fig. 6A and B), but it led to increased nonpolar CheY4-YFP fluorescence as well as more
pronounced and significant changes in the subcellular localization of CheA4-YFP fluorescent
foci (Fig. 6A, C, and D). Similar to Tlp1-YFP or Tip4a-YFP, TIp2-YFP produced polar fluorescent
foci in the wild-type background and the Atlp2 mutant background (Fig. 6A and E). The lack
of Tlp1 had a minor effect on the localization of Tlp2-YFP, but the lack of AerC or Tlp4b pro-
duced significant changes in the distributions of polar and nonpolar fluorescent foci, with
the lack of Tlp4b having the greatest effects (Fig. 6A and E). Therefore, the chemoreceptor
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composition of chemotaxis signaling clusters determines their subcellular localization in A.
brasilense, with the absence of soluble chemoreceptors having consistent disruptive effects.

DISCUSSION

Soluble chemoreceptors are thought to sense intracellular signals (26) to mediate
energy taxis (taxis that originates from intracellular energy changes) (14, 20, 27), redox sens-
ing (28-31), or adaptation to the cell metabolic state (32). The cytoplasmic chemoreceptors
characterized to date have been found either as autonomous membrane-associated chemo-
taxis clusters (30) or independent cytoplasmic chemoreceptor arrays (17, 33, 34) or to popu-
late membrane-bound arrays (34-37). Here, we show that at least two soluble chemorecep-
tors that mediate chemotaxis in A. brasilense are promiscuous and interact with both
membrane-bound chemotaxis signaling clusters comprised of Che1 and Che4 proteins and
36H and 38H chemoreceptors. Chemoreceptors are universally assembled into higher-order
clusters that consist of 12-nm hexagonal signaling units interconnected by rings of cytoplas-
mic signaling proteins (3). Cryo-EM imaging indicates that the 36H and 38H membrane che-
moreceptor arrays in A. brasilense are assembled as prototypical repeated and intercon-
nected 12-nm hexagonal signaling units (7). Therefore, it is likely that the A. brasilense
soluble chemoreceptors populate 36H and 38H membrane-bound chemotaxis signaling
arrays as homodimers and contribute to trimers of chemoreceptor dimers within the 12-
nm hexagonal signaling units.

Our results show that the chemoreceptor composition of chemotaxis signaling clusters
affects the polar organization of both the 36H and the 38H membrane-bound chemotaxis
signaling clusters. These results are unexpected because the mutants lacking these chemo-
receptors are competent for chemotaxis in that they have defective but not null chemotaxis
phenotypes. The breaking of large chemoreceptor arrays into smaller ones without abolish-
ing chemotaxis was previously observed in mutants of Treponema denticola lacking a CheW-
CheRy. protein that populates the chemoreceptor array in this and related species (38). The
organization of chemoreceptors as large polar membrane-bound assemblies is responsible
for the increased cooperativity and sensitivity during chemotaxis but is not required for che-
motaxis (39, 40). The changes in the polar organization of chemotaxis signaling clusters
observed in the absence of soluble or membrane-bound chemoreceptors would cause
changes in the sensitivity of cells to gradients of various chemoeffectors. Consistent with
this hypothesis, the tlp4b mutant displayed altered sensitivity to gradients of organic
acids. We do not yet know the exact sensory specificity for Tlp1 or Tlp2, but we note that
Tlp1 exhibits defects in aerotaxis as well as chemotaxis to organic acids (22). Some of
these defects could be related to changes in chemotaxis sensitivity due to a disruption
of the chemotaxis signaling cluster organization reported here. Changes in the presence
or absence of chemoreceptors are also expected to alter the sensory specificity and sig-
naling sensitivity of chemotaxis signaling clusters. The findings here suggest that there is
a dynamic interplay between the sensory specificity and/or the signaling sensitivity of
chemotaxis signaling clusters and their polar organization.

The contribution of AerC to the polar organization of chemotaxis signaling clusters
depended on its level of expression. AerC could be either diffused throughout the cells
or polarly localized with 36H and 38H membrane-bound chemoreceptors depending
on whether the growth conditions supported nitrogen fixation. The other chemorecep-
tors tested or the chemotaxis proteins did not display such a pattern. The unique con-
tribution of AerC to the polar organization of membrane-bound chemotaxis signaling
clusters suggests that it may occupy different discrete positions within the membrane-
bound chemoreceptor arrays and/or may interact with other array components with
different affinities. One possible unique position would be as homodimers in trimers
contacting putative CheW hexameric rings. The existence of hexameric rings of the
scaffolding protein CheW was experimentally validated in E. coli, where they were pro-
posed to enhance the cooperativity and sensitivity of the chemotaxis signaling array
(4). Similar CheW rings in lysed cells of V. cholerae were suggested (9), supporting the
hypothesis that they may be universally present in chemoreceptor arrays.
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We made the puzzling observation that Tlp1-YFP or Tlp4a-YFP was no longer detected
by Western blotting in the tip4b mutant background but not in the AaerC background. This
defect was rescued by the expression of parental Tlp4b in the mutant, suggesting a specific
role for Tlp4b in modulating the abundance of these chemoreceptors. Similarly, the greatest
defects in the polar organization of chemotaxis signaling clusters, as tracked by fluorescent
protein fusions to core chemotaxis proteins and chemoreceptors, were observed in the ab-
sence of Tlp4b, with this receptor having a consistently greater contribution to this polar or-
ganization than AerC or the membrane-bound chemoreceptors tested. We suspect that the
role of Tlp4b in modulating chemoreceptor stability contributes to the large impact that a
tip4b mutation has on the polar organization of chemoreceptors. We do not yet know the
mechanism(s) underlying the effect of Tlp4b on the abundance of chemoreceptors, and this
intriguing function deserves further investigation. One possibility could be related to our
recent findings that the lack of CheA1, CheA4, or both affects several nonchemotaxis cellular
functions, including nitrogen fixation (24). These results imply that chemotaxis signaling
through Che1 and Che4 and, thus, through the 38H and 36H chemotaxis signaling clusters
is integrated with the regulation of other cellular functions in this organism. Signaling
through Chel and/or Che4 to these nonchemotaxis functions is likely altered in the tip4b
strain, which would lead to reduced protein expression through an as-yet-unknown post-
translational mechanism and/or the enhanced proteolysis of chemoreceptors. Motility and
chemotaxis proteins in Caulobacter crescentus (41) and Sinorhizobium meliloti (37, 42) are
degraded by regulated proteolysis in a cell cycle-dependent manner (41, 43). Similar regula-
tion may occur in a Tlp4b-dependent manner in A. brasilense. However, Arapov et al. (42)
observed that epitope fusions at the C terminus of the S. meliloti McpU chemoreceptor sta-
bilize the protein by disrupting regulated proteolysis. The YFP C-terminal fusions may stabi-
lize chemoreceptors against proteolysis in A. brasilense. If this is the case, this protection
would be specifically lost in a tip4b mutant. The potential stabilizing effects of C-terminal
YFP tags would not account for the patterns of subcellular localization observed in the differ-
ent strains; for example, Tlp1-YFP and Tlp4a-YFP were detected in the WT and AagerC mutant
strains at similar levels by Western blotting, but their patterns of localization in these back-
grounds were dissimilar.

The genome of A. brasilense encodes 2 chemotaxis (Che1 and Che4) (12) and 2 chemo-
sensory-like (Che2 and Che3) systems as well as 51 chemoreceptors (Mistdb3.0 [14]). AerC is
predicted to be a 38H chemoreceptor, while Tlp4b is predicted to be a 34H chemorecep-
tor, but it is encoded in the che4 gene cluster together with Tlp4a, a 36H chemoreceptor.
Evolutionary considerations have suggested the preferential association of chemorecep-
tors of a certain length class with specific chemotaxis signaling pathways (44). The ge-
nomic organization and the predicted number of heptads in the soluble chemoreceptors
analyzed here suggest that AerC would interact with chemoreceptors in the 38H mem-
brane-bound array and that Tlp4b would interact with the chemoreceptors in the 36H
membrane-bound array. Instead, our findings imply that 38H and 34H soluble chemo-
receptors interact with 36H and 38H membrane-bound chemoreceptor arrays. This appa-
rent discrepancy aligns with findings from an in-depth bioinformatics and phylogenetic
analysis of chemoreceptors and chemotaxis pathways in Pseudomonas aeruginosa that
suggested that some chemoreceptors can associate with different chemotaxis systems
(45). Our data further support some level of promiscuity for soluble chemoreceptors
regarding their association with membrane-bound chemotaxis signaling clusters.

MATERIALS AND METHODS

Media, bacterial strains, and growth conditions. The bacterial strains used in this study are listed
in Table 2. A. brasilense strain Sp7 (ATCC 29145), mutant derivatives, and complemented strains were grown at
28°C in rich tryptone-yeast extract (TY) medium (1 L contains 10 g tryptone and 5 g yeast extract) or Minimal
Medium Azospirillum brasilense (MMAB) medium (5 g sodium malate, 3 g K,HPO,, 1 g NaH.,PO,, 1 g NH,C],
03 g MgS0Q, - 7H,0, 0.15 g KCl, 0.01 g CaCl, - 2H,0, 0.0025 g FeSO, - 7H,0, and 0.0001 g Na,MoQ, [adjusted
to pH 6.85 to 7.0] per L) (46). Cells were incubated with shaking (180 rpm) at 28°C. The AagerC and Atlp7
mutants were described previously (19, 22) (Table 2). The tip4b mutant was made in this study (see the section
on recombinant DNA techniques, below). Biparental mating was performed, as described previously (46), on D
plates (8 g Bacto nutrient broth, 0.25 g MgSO, - 7H,0, 1.0 g KCl, 0.01 g MnCl,, and 2% [wt/vol] agar per L),
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TABLE 2 Strains and plasmids used in this study

Strain or plasmid Description Source or reference
Strains
Sp7 Wild type ATCC 29145
AaerC aerC::gusA-Km in 5p7 (Km") 19
Atlp1 tlp1:gusA-Km in Sp7 (Km") 22
tip4b tlp4b:Gm in Sp7 (Gm") This study
Achel cheA1:Kmin Sp7 (Km") 1
Ache4 cheA4:Gm in Sp7 (Gm") 12
Achel Ached cheA1:Km cheA4:Gm in Sp7 (Km* Gmr) 12
E. coliTop10 General cloning; F~ mcrA A(mrr-hsdRMS-mcrBC) ¢80lacZAM15 AlacX74 recAl araD139 Alara leu) Invitrogen
7697 galU galK rpsL (Str') endAT nupG
E. coli BL21(DE3) F~ ompT hsdSg(r,~ my~) gal dem (DE3) Invitrogen
E. coli ccdb F~ mcrA A(mrr-hsdRMS-mcrBC) ¢80lacZAM15 AlacX74 recA1 araA 139 A(ara-leu)7697 galU galK Invitrogen
rpsL (Str") endA1 nupG fhuA:1S2
E. coli BTH101 F~ cya-99 araD139 galE15 galK16 rpsL1 (Str) hsdR2 mcrAT merB1 Euromedex
E. coli PIR1 F~ Alac169 rpoS(Am) robAT creC510 hsdR514 endA recA1 uidA (AMIul):pir-116 Invitrogen
Plasmids
pKNOCK-Gm Suicide vector for gene knockout using insertion mutagenesis; Gm* Addgene
pRK2013 Helper plasmid for triparental mating (ColE1 replicon; Tra Kan) 51
pHRGFP pBBR-origin plasmid; Tet" 47
pDONR221 Gateway-based entry vector; Km' Invitrogen
pCM184 Broad-host-range cre-lox vector for gene deletion 50
pRHO04 Gateway-based destination vector expressing proteins fused with CFP at the C terminus; Km" Cm" 49
pRH0O05 Gateway-based destination vector expressing proteins fused with YFP at the C terminus; Km" Cm” 49
pRH-TIp1(YFP) pRH005 containing the tlp1 ORF; Km" Cm" 7
pRH-TIp1(CFP) pRH004 containing the tlp7 ORF; Km" Cm" 7
pRH-TIp4a(YFP) pRH005 containing the tip4a ORF; Km" Cm" 7
pRH-TIp4a(CFP) pRHO04 containing the tip4a ORF; Km" Cm" 7
pRH-AerC(YFP) pRH005 containing the aerC ORF; Km' Cm” 19
pRH-TIp2(YFP) pRHO05 containing the tip2 ORF; Km' Cm" This study
pRH-AerC(CFP) pRH004 containing the aerC ORF; Km' Cm* 19
pRH-TIp4b(YFP) pRH005 containing the tip4b ORF; Km" Cm" This study
pRH-CheY4(YFP) pRH005 containing the cheY4 ORF; Km* Cm’ 7
pRH-CheATATMX(YFP) pRH005 containing the cheATATMX ORF; Km' Cm" 25
pRH-CheA4(YFP) pRHO05 containing the cheA4 ORF; Km" Cm" 7
pRK415-Tlp4b pRK415 containing the tip4b ORF; Tet” This study
pBBR-TIp1-CFP pBBR containing the promoter region and the tip? ORF; Tet" 7
pBBR-TIp4a-CFP pBBR containing the promoter region and the tip4a ORF; Tet" 7
pBBR-AerC-CFP pBBR containing the promoter region and the aerC ORF; Tet’ This study
pDEST24 Gateway-based destination vector expressing proteins fused with GST at the C terminus; Ap" 49
pDEST24-CheAT1ATMX pDEST24 containing the cheATATMX ORF; Ap' 7
pDEST24-CheA4 pDEST24 containing the cheA4 ORF; Ap' 7
pDEST24-AerC pDEST24 containing the aerC ORF; Ap* This study
pDEST24-TIp4b pDEST24 containing the tip4b ORF; Ap" This study
pKNT25 Derivative of plasmid pSU40 encoding T25 of CyA; Km® 55
pKNT25-AerC pKNT25 containing the aerC ORF; Km" This study
pKNT25-Tlp4b pKNT25 containing the tip4b ORF; Km* This study
pUT18C-zip Derivative of pUT18C in which the leucine zipper of GCN4 is genetically fused in frame to the T18 55
fragment; Ap’
pKT25-zip Derivative of pKT25 in which the leucine zipper of GCN4 is genetically fused in frame to the T25 55
fragment; Km"
pUT18 Derivative of plasmid pUC19 encoding T18 of cya; Ap (used for N-terminal fusion) 55
pUT18C Derivative of plasmid pUC19 encoding T18 of cya; Ap” (used for C-terminal fusion) 55
pUT18-CheAl pUT18 containing cheAT; Ap° 7
pUT18-CheA4 pUT18 containing cheA4; Ap* 7
pUT18-CheW1 pUT18 containing cheW1; Ap" 7
pUT18-CheW4 pUT18 containing cheW4; Ap" 7
pUT18-Tip1 pUT18 containing tip1; Ap" 7
pUT18-Tip4a pUT18 containing tip4a; Ap" 7
pKNT25-Tlp4b pUTKNT25 containing tip4b; Km* This study
pKNT25-AerC pUTKNT25 containing aerC; Km' This study

and after conjugation, MMAB medium with the appropriate antibiotics was used for the selection of A. bra-
silense transconjugants. The following antibiotics were used at the indicated final concentrations unless
stated otherwise: ampicillin at 200 pg/mL, kanamycin at 30 ug/mL for A. brasilense cultures or 50 pg/mL
for E. coli cultures, and chloramphenicol at 34 pg/mL.

Chemotaxis assay. For the swimming assays in petri plates, a single colony from each strain was
inoculated into 5 mL of MMAB medium and grown to an optical density at 600 nm (OD,,,) of 0.8. The
culture was then washed once with chemotaxis buffer (10 mM potassium phosphate buffer [pH 7.0]),
and 5 ul of the culture was placed on top of MMAB medium solidified with 0.3% (wt/vol) agar (Fisher
Scientific) and various carbon sources (malate, pyruvate, succinate, or butyrate) at 10 mM. The plates
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were incubated at 28°C for 48 h, and the diameter of the expansion rings was measured. To ensure that
differences in the swimming assay were not caused by differences in growth in the presence of various
carbon sources, the growth rates of bacteria were calculated based on the growth parameters collected
using a microplate absorbance reader with Gen5 software (BioTek Instruments, Winooski, VT, USA).

Spatial gradient assay for aerotaxis. Cells were grown to an 0D, of 0.8 in MMAB medium supple-
mented with malate and ammonium as reported previously (12). Cells were washed three times in chemotaxis
buffer and transferred to MMAB medium supplemented with 10 mM malate, butyrate, or pyruvate as the only
carbon source. Butyrate was also used at 20 mM. Cells were transferred to an optically flat microcapillary tube
(inner dimensions of 0.1 by 2 by 50 mm; Vitro Dynamics, Inc,, Rockaway, NJ) by immersing a capillary tube into
the suspension of cells. The formation of a stable and tight aerotactic band visualized under a light microscope
at a x4 magnification was video recorded using a Leica mc120 HD camera. The time that it took to form a sta-
ble aerotactic band was used to estimate the cells’ response sensitivity to the air gradient.

Wheat root colonization assay. Triticum aestivum cv. Jagger (wheat) seeds were used in the root
attachment assay. Plant seeds were surface sterilized for 10 min with 90% ethanol and for 20 min with a sterili-
zation buffer containing 1% Triton X-100, 10% bleach, and sterile water. After sterilization, seeds were planted
into Fahraeus medium (0.132 g CaCl,, 0.12 g MgS0, - 7H,0, 0.1 g KH,PO,, 0.075 g Na,HPO, - 2H,0, 0.005 g Fe-
citrate, and 0.07 mg each of MnCl, - 4H,0, CuSO, - 5H,0, ZnCl,, H,BO,, and Na,MoO, - 2H,0 [adjusted to pH
7.5] per L) solidified with 4 g/L of agar (semisolid Fahraeus medium) (22). Plates with seeds were placed in the
dark for 48 h to germinate. Next, the seedlings were placed into 50-mL Falcon tubes containing 20 mL of semi-
solid Fahraeus medium and allowed to grow with 8 h of daylight/16 h of darkness at 22°C in the plant growth
chamber at 90,000 Ix or 1,670 wmol m~2 5~ . All assays were performed on germinated and surface-sterilized
seedlings that were 5 to 7 days old. For the root attachment assay, the A. brasilense Sp7, AaerC, and tip4b
strains harboring the pHRGFP plasmid (47) were cultured in liqguid MMAB medium with 10 pg/mL (final con-
centration) of tetracycline overnight (28°C at 200 rpm). The cultures were normalized to an 0D, of 0.6 using
sterile chemotaxis buffer and resuspended in 2 mL of Fahraeus medium in a 15-mL sterile Falcon tube. Twenty
microliters of cells was injected into the tubes away from the seedlings. Plants were grown for 96 h after bacte-
rial inoculation. After incubation, the roots were washed three times with sterile chemotaxis buffer, and the
roots were subjected to fluorescence microscopy. Images were captured using a Nikon Eclipse 80i fluorescence
microscope equipped with a Nikon CoolSnap HQ2 cooled charge-coupled-device camera.

Recombinant DNA techniques. General cloning techniques were used as described previously (48).
A. brasilense genomic DNA was isolated using a kit according to the manufacturers instructions (Promega,
Madison, WI). The enzymes for DNA manipulation were purchased from New England BiolLabs (NEB) (Ipswich,
MA, USA), and the enzymes for PCR amplification were purchased from the TaKaRa Bio Group (USA). To con-
struct a tip4b insertion mutant, an internal 300-bp region within the tip4b open reading frame (ORF) and
flanked with EcoRI-Kpnl was cloned into the pKNOCK-Gm plasmid and inserted into the genome by single ho-
mologous recombination to generate a Campbell-type insertion mutation after conjugation. Since the tip4b
gene is the last one in the che4 operon, the tp4b insertion did not affect the other genes in the che4 operon.
The treatment of DNA with restriction enzymes was performed according to the manufacturer's specifications
(New England BioLabs, Ipswich, MA). DNA sequencing was performed at the Sanger Sequencing Core Facility
(University of Tennessee, Knoxville, TN, USA). Sequence analysis to verify all constructs was performed using
BLAST (https://blastncbi.nlm.nih.gov/Blast.cgi). The Gateway cloning technique (Invitrogen) was used to gener-
ate the Tlp4b protein fused with yellow fluorescent protein at the C terminus in the pRH005 vector (Tip4b-YFP)
or the pDEST24 vector (Tlp4b-GST [glutathione S-transferase]) (49). Briefly, the genes of interest were amplified
using specific Gateway primers (see Table S1 in the supplemental material) and A. brasilense strain Sp7 genom-
ic DNA. Five microliters of the PCR products was separated on a 0.8% gel for the verification of the insert, and
a PCR cleanup kit (Promega) was used to purify the PCR product. The resulting PCR product was used in the
BP Clonase (Invitrogen) reaction with the pDONR2.1 vector (Invitrogen). The BP Clonase reaction mixture was
then transformed into E. coli Top10 chemically competent cells and plated onto Luria broth (LB) with kanamy-
cin (50 pg/mL). The colonies obtained after transformation were grown in 5 mL LB with kanamycin
(50 ug/mL), the plasmids were purified using an NEB plasmid purification kit, and the resulting plasmids
were used in the LR Clonase reaction (Invitrogen) with the pRHO05 or pDEST24 plasmid. The resulting reac-
tion mixtures were transformed into E. coli Top10 competent cells and plated onto LB with kanamycin
(50 ng/mL) in the case of plasmid pRH005 or 50 g/mL of ampicillin in the case of plasmid pDEST24. The
resulting constructs were introduced into the Sp7 strain using biparental mating as described previously
(46). A 606-bp region upstream of the tip2 open reading frame and spanning to the first 154 bp of the tjp2
coding region was amplified using the primer set for tip2 (Table S1). The PCR product was cloned into
pCR2.1-TOPO (Invitrogen, Carlsbad, CA) for sequence verification. The partial tlp2 region and upstream DNA
were digested with Kpnl and Notl and ligated with the pCM184 vector (50) (Table 2) digested with the
same enzymes. A 533-bp region downstream of tip2 was PCR amplified (Table S1) and cloned into pCR2.1
for sequence verification. The tlp2 downstream sequence was excised by digestion with Apal and Sacl and
ligated into the pCM184 vector prepared as described above. This construct resulted in the upstream and
downstream regions of tip2 flanking a kanamycin resistance cassette, which replaced a 784-bp coding
region of tip2. The Atlp2:Kan' region was amplified (Table 51) and cloned into pCR2.1-TOPO (Invitrogen) for
sequence verification. The construct was excised by EcoRl digestion and ligated into the suicide vector
pSUP202 (Table 2). The plasmid was transferred into A. brasilense using triparental mating with pRK2013
(Table 2), and double-homologous recombinant mutants were selected as described previously (51).

Fluorescence microscopy. A. brasilense cells harboring pRH constructs were grown overnight in
5 mL of cells grown in TY medium with chloramphenicol (34 mg/mL). Cells were washed once with che-
motaxis buffer and resuspended in MMAB medium. Five microliters of cells was resuspended in MMAB
medium and mounted onto a glass slide containing a 100-uL agarose pad (1% low-melting-point agarose in
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phosphate-buffered saline [PBS] buffer containing 8 g/L NaCl, 0.2 g/L KCl, 024 g/L KH,PO,, and 0.144 g/L
Na,HPO, [pH 7.0]). The sample was covered with a coverslip. Images were captured using a 63x objective
with oil immersion mounted onto a Leica (Wetzlar, Germany) SP8 white light laser confocal system. Images
were collected using a 513-nm excitation argon ion laser with an emission maximum of 527 nm in the case of
YFP and a 433-nm excitation argon ion laser with an emission maximurm of 475 nm in the case of CFP. The
total fluorescence of the cells was quantitated using ImageJ Fiji.

We supplemented the medium with 20 mM KNO; as the sole nitrogen source to image the Tlp2-YFP
fluorescent foci because preliminary experiments indicated that it improved detection. In parallel with
confocal microscopy, a Nikon Eclipse 80i fluorescence microscope equipped with a Nikon CoolSnap HQ2
cooled charge-coupled-device camera was used for the quantitation of the cells with polar foci/nonpolar
foci/diffused fluorescence. The procedure for cell mounting onto glass slides was similar to that used for
confocal microscopy. The quantitation of polar and nonpolar fluorescent foci was done using Image)
Fiji. Briefly, fluorescent foci or the length of the cells/hypotenuse was measured using the Straight tool.
The area under the curve (AUC) representing the brightness of the foci was calculated using the Plot
Profile tool. The AUCs determined for the foci of 10 representative cells were plotted on graphs.

Bacterial two-hybrid assay. Protein-protein interactions were analyzed using a bacterial two-hybrid
(BACTH) assay, as described previously (52). The genes of interest were fused in frame with one-half of the
catalytic domain of the Bordetella pertussis adenylate cyclase in either the pKNT25 (low-copy-number) or
pUT18C (high-copy-number) vector. A positive protein-protein interaction reconstitutes a functional ade-
nylate cyclase to produce cAMP that activates the lac and mal operons in E. coli, which can be detected
quantitatively using a j-galactosidase assay (53). The constructs used in this study are listed in Table 2.
Primers used for the construction of plasmids are listed in Table S1. Protein-protein interactions were
tested in E. coli BTH101 cells cotransformed with the pKNT25 and pUT18 or pUT18C constructs, and trans-
formants were incubated on LB medium with ampicillin (100 pg/mL) and kanamycin (50 pg/mL) for 24 h
at 30°C. Several colonies were picked from a plate, inoculated into 5 mL LB with the same antibiotics, and
grown at 30°C with shaking (180 rpm) until they reached an OD,,, of 0.6. Protein-protein interactions were
determined using a 3-galactosidase assay as described previously (53).

Pulldown assays. A protein pulldown assay was used to confirm the protein-protein interactions
detected in the BACTH assay. Gateway cloning and pDEST24 (Invitrogen) were used to generate the AerC-GST
and Tlp4b-GST constructs. Other constructs for the pulldown assay are listed in Table 2. Five hundred milliliters
of BL21(DE3)(pDEST24 CheA1ATMX-GST), BL21(DE3)(pDEST24 CheA4-GST), and BL21(DE3)(pDEST24 AerC-GST)
was grown to an OD,,, of 0.5 and induced with 1 mM isopropyl-B-o-thiogalactopyranoside (IPTG; Thermo
Scientific) for 3 h. The cells were collected and washed with PBS (pH 8.0). The pellets were resuspended in
1 mL of radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCI, 150 mM NaCl, 1% Triton X-100, 0.1%
SDS, 1 mM phenylmethylsulfonyl fluoride, and a protease inhibitor cocktail [1 tablet per 5 mL of buffer]
[pH 8.0]) and lysed using a 20-W 110-V sonic Dismembrator (model 120; Fisher Scientific) and the following
procedure: 1 min of total sonication at 60% power with a 5-s-on and 10-s-off cycle. The cell debris was
removed by centrifugation at 17,000 rpm for 1 h at 4°C. The total protein concentration was quantified using a
Bradford assay (54). The lysate (2 mg of total protein) was then applied to equilibrated 2-mL glutathione-aga-
rose resin and incubated for 4 h at 4°C with rotation. Unbound proteins were washed off with 5 bead volumes
of PBS. YFP-tagged CheA1ATMX-YFP, CheA4-YFP, AerC-YFP, Tlp4b-YFP, Cheda-YFP, TIp1-YFP, or YFP was
expressed in the corresponding mutant backgrounds. Five hundred milliliters of cells was grown overnight to
an OD,,, of 0.8. Protein expression was confirmed using fluorescence microscopy. Cells were collected via cen-
trifugation (3,000 rpm for 15 min at 4°C) and lysed in RIPA buffer using sonication as described above. The pro-
tein concentration was quantified using a Bradford assay (Bio-Rad). The whole-cell lysate (2 mg of total protein)
was applied to the previously prepared CheA1ATMX-GST/CheA4-GST/AerC-GST/Tlp4b-GST resin and incubated
overnight at 4°C with rotation. Unbound proteins were washed off using 10 bead volumes of PBS. Column-
bound proteins were eluted with PBS containing 10 mM glutathione.

Western blot analyses. For Western blot analysis, proteins were separated on a 10% SDS-PAGE gel
and blotted onto a polyvinylidene difluoride (PVDF) membrane at 90 V for 1 h 10 min. The membrane
was blocked with Tris-buffered saline (TBS) with 0.1% Tween 20 and 5% nonfat dry milk. YFP-tagged pro-
teins were detected using an anti-green fluorescent protein (GFP) antibody (7) at a 1:1,000 dilution.
CheATATMX-GST, CheA4-GST, AerC-GST, and Tlp4b-GST column binding was confirmed using anti-GST
polyclonal antibody (1:1,000) (Invitrogen). Membranes were incubated with horseradish peroxidase
(HRP)-conjugated secondary antibodies (anti-rabbit or anti-mouse; Abcam) at a 1:10,000 dilution and
developed using a Bio-Rad imaging system. Western blot analysis to detect protein degradation/abun-
dance was performed as described above, except that 20 mL of cell cultures was used for protein isola-
tion and the sonication cycles were performed for 30 s total with 5 s on and 10 s off. Protein abundance
quantitation was performed using Image) Fiji.

Statistical analysis. To compare the wild-type and mutant phenotypes such as swimming behaviors,
growth rates, Western blot quantitations, and plant root attachment, we used Student’s t test (GraphPad Prism
[version 8] software; GraphPad Software, Inc,, San Diego, CA, USA). To analyze cells with various fluorescent
foci, we used the z-score test (httpsy//www.socscistatistics.com/tests/ztest/default2.aspx).
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