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An Azospirillum brasilense chemoreceptor that mediates nitrate
chemotaxis has conditional roles in the colonization of

plant roots
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ABSTRACT Motile plant-associated bacteria use chemotaxis and dedicated chemore-
ceptors to navigate gradients in their surroundings and to colonize host plant surfaces.
Here, we characterize a chemoreceptor that we named Tlp2 in the soil alphaproteobacte-
rium Azospirillum brasilense. We show that the Tlp2 ligand-binding domain is related to
the 4-helix bundle family and is conserved in chemoreceptors found in the genomes of
many soil- and sediment-dwelling alphaproteobacteria. The promoter of tip2 is regulated
in an NtrC- and RpoN-dependent manner and is most upregulated under conditions of
nitrogen fixation or in the presence of nitrate. Using fluorescently tagged TIp2 (TIp2-YFP),
we show that this chemoreceptor is present in low abundance in chemotaxis-signaling
clusters and is prone to degradation. We also obtained evidence that the presence of
ammonium rapidly disrupts TIp2-YFP localization. Behavioral experiments using a strain
lacking Tlp2 and variants of TIp2 lacking conserved arginine residues suggest that Tlp2
mediates chemotaxis in gradients of nitrate and nitrite, with the R159 residue being
essential for Tlp2 function. We also provide evidence that Tlp2 is essential for root
surface colonization of some plants (teff, red clover, and cowpea) but not others (wheat,
sorghum, alfalfa, and pea). These results highlight the selective role of nitrate sensing
and chemotaxis in plant root surface colonization and illustrate the relative contribution
of chemoreceptors to chemotaxis and root surface colonization.

IMPORTANCE Bacterial chemotaxis mediates host-microbe associations, including the
association of beneficial bacteria with the roots of host plants. Dedicated chemorecep-
tors specify sensory preferences during chemotaxis. Here, we show that a chemoreceptor
mediating chemotaxis to nitrate is important in the beneficial soil bacterium colonization
of some but not all plant hosts tested. Nitrate is the preferred nitrogen source for plant
nutrition, and plants sense and tightly control nitrate transport, resulting in varying
nitrate uptake rates depending on the plant and its physiological state. Nitrate is thus
a limiting nutrient in the rhizosphere. Chemotaxis and dedicated chemoreceptors for
nitrate likely provide motile bacteria with a competitive advantage to access this nutrient
in the rhizosphere.
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zospirillum brasilense are alphaproteobacteria capable of nitrogen fixation under

free-living conditions. These bacteria have been reported to colonize the roots and
promote the growth of plants from over 113 species that span 35 botanical families
(1). Their plant growth-promoting activities are related to phytohormone, siderophore,
secondary metabolites production, and nitrogen fixation, a set of properties that make
these bacteria good candidates as biological fertilizers (2).
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An effective boost of plant growth by the inoculation of Azospirilla depends on
robust colonization of the root surfaces (3). Detecting and navigating toward chem-
ical compounds released by plant roots in their surroundings are essential for root
surface colonization, and it depends on bacterial chemotaxis (4, 5). The signal transduc-
tion pathway governing bacterial chemotaxis is prevalent across sequenced microbial
genomes and is particularly enriched in soil metagenomes, likely due to its ecolog-
ical advantage for motile organisms (6). During chemotaxis, chemoreceptors detect
chemical cues, transmitting this information to cytoplasmic proteins through phosphor-
elay between associated soluble chemotaxis-signaling proteins. These events modulate
the direction of flagellar motor rotation, influencing swimming behavior (7). In Archaea
and Bacteria, chemotaxis receptors (or chemoreceptors) are organized as polar clusters
of large arrays of interacting trimers of chemoreceptor dimers, with this organization
enhancing sensitivity and response range (8-10). The majority of prototypical transmem-
brane chemotaxis chemoreceptors possess an N-terminal, periplasmic sensory domain
followed by a conserved cytoplasmic C-terminal signaling domain that interacts with
other chemoreceptors and chemotaxis-signaling proteins to form stable arrays (6, 11).
The sensory functions of most bacterial chemoreceptors have been identified through a
combination of genetic and biochemical approaches, as well as comparative genomics,
though most chemoreceptors have sensory specificity that remains uncharacterized
(12). A. brasilense bacteria possess a versatile oxidative metabolism and can perform
diazotrophy under microaerobic (~3-5 pM dissolved oxygen) conditions (13). These
motile bacteria grow best with and exhibit preferential chemotaxis toward organic acids
and, to a lesser extent, sugar. They prefer ammonium chloride as an organic nitrogen
source and can use nitrate and some amino acids as nitrogen sources for growth (14).
The analysis of the complete A. brasilense genome sequence revealed the presence
of four potential chemotaxis-like signal pathways, two of which function to control
flagella-mediated chemotaxis (15), and 51 chemotaxis receptors (16). The two essential
chemotaxis pathways in A. brasilense, Che1 and Che4, mediate chemotaxis by integrating
sensory cues from two spatially distinct membrane-bound signaling arrays in which
Chel and Che4 proteins mix and transmit chemotaxis signals to the flagellar motors (17).
The annotated genome sequence of A. brasilense suggests that chemoreceptors employ
seven different ligand binding domain (LBD) types for signal sensing including the
4-helix bundle (4HB) ( twelve chemoreceptors), CACHE (nine chemoreceptors), PAS (five
chemoreceptors), Protoglobin (three chemoreceptors), helical bimodular (HBM) (one
chemoreceptor), and twenty-one receptors with LBD of unknown type (18).

Only four chemoreceptors have been characterized in A. brasilense through mutant
analysis and behavioral assays: Tlp1 (19, 20), AerC (21), Aer (22), and Tlp4b (23). Except
for AerC and Aer, which both use FAD as cofactors for sensing redox metabolism,
the sensory specificity of A. brasilense chemoreceptors is not known. The present
study reports the characterization of the chemoreceptor Tlp2 (transducer-like protein
2) through mutagenesis and behavioral assays. The LBD of the TIp2 protein was not
previously annotated. AlphaFold model predicts that Tlp2 has a prototypical transmem-
brane topology exposing a conserved periplasmic N-terminal domain related to the 4HB
family. Here, we provide evidence that tlp2 is regulated as part of the RpoN and NtrC
regulons, which control nitrogen metabolism, including nitrogen fixation and nitrate
assimilation in A. brasilense (24, 25). Using mutagenesis, fluorescence microscopy, and
behavioral assays, we show that Tlp2 is present in low abundance, is prone to degrada-
tion, and likely mediates chemotaxis toward nitrate and nitrite. We also show that the
contribution of Tlp2 to the colonization of plant roots depends on the host plant tested,
suggesting this low abundance and unstable chemoreceptor may play a role in host
plant root selection.
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RESULTS

The sensory domain of Tlp2 is predicted to form a 4-HB and is conserved in
closely related alphaproteobacteria

The sequence corresponding to tlp2 (WP_035678663.1) was originally identified from
an A. brasilense Sp7 genomic library and is predicted to encode a chemoreceptor with
an N-terminal periplasmic putative sensory domain or LBD (142 amino acids), which
is flanked by two transmembrane helices, as well as a large cytoplasmic conserved
domain with homology to the signaling domains of other chemotaxis receptors (https://
mistdb.com/mist/genes/GCF_001315015.1-AMK58_RS19255). A PSI-BLAST search of the
nonredundant (nr) NCBI database using the periplasmic sensing domain of Tlp2 as a
query indicated that this putative sensory domain is conserved and present in other
chemotaxis-like receptor sequences from the genomes of closely related Rhodospiril-
laceae, Pseudobdellovibrionaceae, Geminicoccaceae, and Azospirillaceae families. The
PHI-BLAST search returned 203 hits of the sequences with similarity ranging from
99.35% to 43.97% identity in amino acid sequences. About 43% of the identified species
belonged to the genus Azospirillum. Most bacterial species (94.5%) that harbor these
homologs correspond to isolates that dwell in soils and sediments, suggesting a function
for this sensory domain in these habitats. A multiple sequence alignment of the Tlp2 LBD
to closely related LBD of bacterial species other than Azospirillum showed five conserved
regions with conserved arginine residues present in each region (Fig. S1; Fig. TA). An
AlphaFold model of the LBD structure suggests that its fold is similar to the 4HB domain
(Fig. 1B).

The tIp2 gene is part of the RpoN and NtrC regulons

Analysis of the promoter region of tlp2 revealed a consensus binding sequence for
NtrC (TGCACCCTCATGAAGACA) and RpoN (Sigma 54) (TGGAACGATTTAAC ACTTCG)
transcriptional regulatory proteins (26). NtrC regulates RpoN-dependent promoters
under conditions of nitrogen limitation (25, 27), suggesting that the expression of tip2
may be regulated by the availability of nitrogen sources. We tested the activity of the
tlp2 promoter (Py,) in the A. brasilense parent strain (Sp7, herein defined as WT strain)
by using a translational fusion to the promoterless gusA gene in the broad-host range
PFUST vector (28) under diverse growth conditions. The expression driven by Py, was
not detected when tested in an A. brasilense mutant derivative lacking rpoN [rpoN:Km
(24), herein rpoN], and it was partially active in a mutant derivative lacking ntrC [ntrC::Tn5
(29), herein, ntrC] (Fig. 2A). Consistent with the NtrC-RpoN regulation, promoter activity
of tlp2 was about three times higher when A. brasilense cells were incubated for 24 hours
under conditions of nitrogen fixation (Fig. 2A) compared to incubation with supplemen-
tal nitrogen (Fig. 2B). When cells were grown in the presence of nitrate, the activities
of both Pyon and Pypy were higher when cells were grown without shaking to limit
aeration; however, this was not observed in the presence of ammonium chloride (Fig.
2B).

To further characterize the effect of nitrate and ammonium on Py, activity, we first
grew cells under conditions of nitrogen fixation (no source of nitrogen added and no
aeration) to induce promoter activity and then added either ammonium or nitrate to
the medium and incubated the cultures for 6 hours (Fig. 2C). Spiking the medium with
ammonium chloride or sodium nitrate led to a significant reduction in the activity of
both tlp2 and rpoN promoters compared to nitrogen fixation conditions (Fig. 2C). The
Pip2 promoter is thus maximally induced under conditions of nitrogen fixation, and the
presence of a nitrogen source reduced its activity. We further found that the reduction
of Pyp activity is dependent on nitrate concentration, with 2 mM nitrate producing the
lowest activity (Fig. 2D). We used the promoter region of napA encoding periplasmic
nitrate reductase (Ppqpa) as a positive control since napA expression depends on nitrate
concentration in A. brasilense (30). In contrast, the promoter activity of tlp2 remained
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FIG 1 Sequence conservation in the LBD of chemoreceptor homologs of TIp2. (A) Alignment of TIp2 LBD protein sequen-
ces; red color indicates conserved amino acid sequences and blue color indicates non-conserved amino acid sequences.
(B) AlphaFold-predicted structure of Tlp2 LBD (LBD monomer, left panel; LBD dimer, right panel; relative localization of the
conserved arginine residues, bottom panel) indicating localization of the conserved arginine residues R76, R139, and R159
analyzed here.

low in ammonium regardless of the concentration and was not detected at all in the
presence of 20 MM ammonium (Fig. 2D).

Tlp2 mediates chemotaxis toward nitrate, with the conserved R159 residue
essential for this function

To characterize the role of TIp2 in A. brasilense chemotaxis responses, we constructed a
mutant derivative using deletion of the tIp2 open reading frame, followed by insertion
of an antibiotic resistance cassette and replacement by allelic exchange, to produce a
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FIG 2 tlp2 belongs to RpoN-NtrC regulon and its promoter activity is induced in the nitrogen starvation conditions.
(A) Promoter activity of tlp2 is decreased in the ntrC mutant strain and not detected in the rpoN mutant strain [****P =
0.0001 (by Student’s t-test)]. (B) Promoter activity of tlp2 and rpoN with shaking and without shaking in the medium with
10 mM NH4Cl or NaNOs [significant difference is indicated: a—rpoN promoter activity in comparison with shaking vs no
shaking in the medium with NH4Cl (****P = 0.0001), b—tlp2 promoter activity in comparison with shaking vs no shaking in the
medium with NaNO3 (***P = 0.001), and c—rpoN promoter activity in comparison with shaking vs no shaking in the medium
with NaNOs (*P = 0.1, by Student’s t-test)]. (C) Promoter activity of tlp2 and rpoN in the nitrogen fixation condition and after
6 hours spike with 10 mM NH4Cl or NaNOj3 [significant difference is indicated: a—rpoN promoter activity in comparison with
shaking in 10 mM NH4Cl (****P = 0.0001), b—tIp2 promoter activity in comparison with shaking in 10 mM NaNOs (***P =
0.001, by Student’s t-test), and c—rpoN promoter activity in comparison with shaking in 10 mM NaNOjs (*P = 0.1, by Student’s
t-test)]. (D) Promoter activity of tlp2 and napA in the media with various nitrate and ammonium concentrations.

Atlp2 strain. Aerotaxis, or taxis in a gradient of oxygen, is one of the strongest behavioral
responses in A. brasilense as it allows cells to find niches that are optimal for their
microaerobic metabolism (14). There was no difference in the aerotaxis response of Atlp2
in comparison with the WT in a spatial gradient assay for aerotaxis (Fig. S2A). Given the
profiles of expression of Pyj,5, we next tested chemotaxis in spatial gradients of different
nitrogen sources (Fig. S2B through F; Fig. 3). Under conditions of nitrogen fixation, the
Atlp2 mutant carrying an empty vector (Atlp2 ev) displayed reduced chemotaxis relative
to the WT strain carrying an empty vector (WT ev), with the chemotaxis defect rescued
by expressing the parental tlp2 from a broad host range vector (Atlp2 TIp2"") (Fig. 3A).
We also compared the chemotaxis of WT ev, Atlp2 ev, and Atlp2 TIp2"" with that
of Atlp2 strains expressing variants of Tlp2, in which the conserved R76, R139, or R159
residues were replaced with alanine (Atlp2 TIp2¥¢, Atlp2 TIp2%¥'**, and Atlp2 TIp2~'4)
(Fig. 3; Fig. S2). The Atlp2 ev strain and mutant complemented strain Atlp2 TIp2f'>*,
but not the other variants, formed chemotaxis rings of smaller sizes compared to WT
ev and Atlp2 TIp2"" in the presence of 5 mM ammonium chloride (Fig. S2B). However,
the strains also exhibited a growth defect under these conditions (Fig. S2C), suggesting
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FIG 3 Deletion of tlp2 affects the chemotactic behavior of A. brasilense. (A) Chemotaxis behavior of
Atlp2 ev and Atlp2 TIp2"" normalized to WT ev under conditions of nitrogen fixation conditions (****p =
0.0001, by Student's t-test). (B) Chemotaxis behavior of Atip2 ev, Atlp2 TIp2"", Atlp2 TIp2""***, and DcheA4
ev strains normalized to WT ev in the medium with 1, 2, 5, and 10 mM NaNOj3 and 37.5 mM malate
(MMAB-based medium) in the presence of oxygen (***P = 0.001 and ****P = 0.0001, by Student’s t-test).
(C) Chemotaxis behavior of Atlp2 ev, Atlp2 TIp2"", and Atlp2 TIp2""*** strains normalized to WT ev in
the medium with 1, 2, 5, and 10 mM NaNO3 and 37.5 mM malate (MMAB-based medium) in the anoxic

conditions.

the differences observed are due to growth impairment since growth contributes to the
formation of rings in the soft agar plate assay.

In the presence of nitrate, there was no difference in the growth of the tested strains
(Table S1). Under aerobic conditions, only Atlp2 ev and Atlp2 TIp2®'*** (Fig. 3B; Fig. S2D)
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displayed a significant reduction in the size of chemotaxis rings compared to WT ev and
the Atlp2 TIp2"'T at concentrations above 1 mM. The chemotaxis defects of Atlp2 ev and
Atlp2 TIp2R'*?A toward nitrate were concentration-dependent, consistent with a defect in
the sensing of nitrate (Fig. 3B). We also tested the behavior of a AcheA4 mutant strain that
is chemotaxis null (15) and found that the AcheA4 formed smaller ring sizes compared
to the Atlp2 ev and the Atlp2 TIp2"'**4, regardless of the concentration of nitrate (Fig. 3B).
This observation suggests residual chemotaxis to nitrate in the absence of Tlp2 and the
existence of another chemoreceptor(s) mediating chemotaxis to nitrate.

We also tested chemotaxis toward nitrite and found similar defects for Atlp2 ev
and Atlp2 TIp2%"***, but there was no defect detected with the other two variants (Fig.
S2E). We confirmed the defect in chemotaxis in the Atlp2 ev and the Atlp2 TIp2"'** is
related to nitrate and not the sodium salt by testing responses to potassium nitrate and
found similar patterns (Fig. S3). Similarly, the defect in nitrate chemotaxis occurred with
different carbon sources and produced similar behavioral patterns for the strains tested:
Atlp2 ev and Atlp2 TIp2™¥'** displayed a significant chemotaxis defect compared to the
WT ev that was restored in the Atlp2 TIp2"" (Fig. S4).

A. brasilense can use nitrate as an alternative electron acceptor in the absence of
oxygen and displays chemotaxis that depends on growth under these conditions (14).
To further validate that Tlp2 contributes to sensing nitrate gradients, we also tested
chemotaxis in the presence of various concentrations of NaNO3 under anoxic conditions
and found a consistent defect for Atlp2 ev and Atlp2 TIp2*"***, regardless of the concen-
tration of nitrate used (Fig. 3C). The similar effect seen for various concentrations of
nitrate under these anaerobic conditions probably reflects the fact that the differences
measured are the consequences of sensing (or not) the nitrate gradient: in the soft agar
assay, strains create a nitrate gradient through metabolism at the point of inoculation, so
strains that cannot navigate a nitrate gradient will remain at the inoculation site and fail
to grow outward from the inoculation point regardless of the nitrate concentration. Atlp2
TIp27%* and Atlp2 TIp2f3** did not show any defect in their response to nitrate under
anoxic conditions and behaved similar to the WT ev strain (Fig. S2F). Together, the data
support the hypothesis that Tlp2 contributes to sensing nitrate and to a lesser extent,
nitrite, with the conserved R159 being essential for Tlp2 function in mediating nitrate
and nitrite chemotaxis.

Tlp2-YFP polar localization with other chemotaxis proteins is enhanced in the
presence of nitrate or under nitrogen fixation conditions

If TIp2 functions as part of the chemotaxis signaling machinery of A. brasilense, then it
should localize at the cell poles in a chemotaxis signaling protein-dependent manner
(17). We expressed a TIp2-YFP fusion from the native tlp2 promoter on a low copy
plasmid (pRH005) and first demonstrated that the TIp2-YFP fusion was functional by
showing that this construct could restore chemotaxis to a Atlp2 strain when assaying
in a spatial gradient assay for chemotaxis and compared to a strain expressing an
empty vector (Fig. S5). When grown in the presence of ammonium (10 mM) or nitrate
(10 mM), Tlp2-YFP was diffuse, and no distinct fluorescent foci were detected, regardless
of aeration status (shaking vs non-shaking cultures) (Fig. 4A through D). A. brasilense
accumulates polyhydroxybutyrate (PHB) granules in the presence of nitrate (31), which is
likely the reason for the differences seen in the morphology of cells grown in ammonium
chloride vs sodium nitrate. These data suggested that TIp2-YFP is either not cluster-
ing with the chemotaxis signaling arrays or is present at low abundance under these
conditions.

Next, we used the information from the Py, activity (Fig. 2B) to further characterize
the TIp2-YFP subcellular localization. When cells were incubated without a nitrogen
source and under conditions of nitrogen fixation for 24 hours, we observed dim polar
localization of Tlp2-YFP in ~1.4% (n = 477 cells) of the cells (Fig. 4E). No polar localiza-
tion of YFP was detected under all tested conditions when the Atlp2 strain carried an
empty plasmid (Fig. S6). Transfer from the nitrogen fixation conditions to a medium
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FIG 4 Polar localization of TIp2-YFP in Atlp2 cells depends on the presence of the nitrogen source. TIp2-YFP expressed in the Atlp2 strain is diffused in
the medium with 10 mM ammonium with (A) or without shaking (B). TIp2-YFP expressed in the Atlp2 strain is diffused in the medium with 10 mM nitrate
with (C) or without shaking (D). Nitrogen starvation slightly induces polar localization of Tlp2-YFP (E). Localization of TIp2-YFP in Atlp2 strain after a spike
of the nitrogen-free medium with 10 mM of nitrate (F), 10 mM nitrite (G), or 10 mM ammonium (H). Localization of Tlp2-YFP in Atlp2 strain after spike of
the nitrogen-free medium with 10 mM of nitrate and subsequent wash and substitution of nitrate with 20 mM ammonium (1 hour) (I) or 10 mM nitrate
(J). Localization of TIp2-YFP in AchelAche4 chemotaxis “null” mutant after a spike of the nitrogen-free medium with 10 mM of nitrate (K). The scale bar is 1 mm.
Quantification of the fraction of the cells with diffuse (gray color) and polar (black color) localization of TIp2-YFP is presented on the right of the fluorescent
images. n represents the number of quantified cells. The n value next to each pie chart indicates the sample size. The z-score test was used to determine
the significance of the fluorescent-focus localization of TIp2-YFP in the Atlp2 mutant in comparison with nitrogen fixation [a—significant in comparison with
nitrogen fixation conditions (P is <0.00001), b—significant in comparison between ammonium and nitrate medium, P is <0.00001].

supplemented with 10 mM nitrate (spike for 6 hours) increased the number of cells
detected with polar localization up to 29.3% (n = 289 cells), although the fluorescent foci
remained dim (Fig. 4F). A similar increase in the polar localization of Tlp2-YFP occurred
in the presence of nitrite (Fig. 4G). Spiking with 10 mM ammonium for 6 hours after
nitrogen fixation conditions caused diffuse localization of Tlp2-YFP, and TIp2-YFP polar
foci were not detected (Fig. 4H).

In contrast, when cells were transferred from the nitrogen fixation conditions to a
medium with 10 mM ammonium or with 10 mM nitrate for 1 hour, the fraction of
cells displaying TIp2-YFP polar foci decreased from 29.9% (n = 200 cells) to 10.9% (n
= 329 cells) in the presence of ammonium compared to the presence of nitrate (Fig.
41 and J). The fraction of cells with polar TIp2-YFP localization transferred from nitrate
to nitrate did not change significantly, as expected (Fig. 4l). The polar localization of
Tlp2-YFP was abolished in a AchelAche4 mutant strain background (Fig. 4K), consistent
with TIp2-YFP joining chemotaxis signaling arrays (17, 23). These observations indicate
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FIG 5 Root colonization assay with WT, Atlp2 ev, and Atlp2 TIp2""

(Eragrostis tef), (D)

. (A) Wheat roots (Triticum aestivum), (B) sorghum roots (Sorghum bicolor), (C) teff roots
alfalfa (Medicago sativa) roots, (E) pea roots (Pisum sativum), (F) cowpea roots (Vigna unguiculata) roots, and (G) red clover roots (Trifolium

pratense) roots. The upper panel indicates the CFU recovered from the roots, and the bottom panel indicates the CFU from the root surrounding medium.
Asterisks indicate statistically significant differences compared with the wild-type (WT ev) strain [**P = 0.01 (by Student’s t-test)].

that brief exposure to ammonium is sufficient to reduce the fraction of cells detected
with fluorescent TIp2-YFP foci. Together, the data are consistent with the pattern of tip2
promoter activity and further suggest that the presence of ammonium, but not nitrate,
destabilizes the polar localization of Tlp2-YFP as fluorescent foci.
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We next used Western blot to probe the abundance and potential stability of
TIp2-YFP as a function of the nitrogen source present in the medium with conditions
like those used in Fig. 3A and B. In all conditions and repeated experiments, there was
significant smearing and degradation of TIp2-YFP, including for high-molecular-weight
species of unknown identity, but that could correspond to higher-molecular-weight
TIp2-YFP complexes (Fig. S7). These degradation and smearing products did not appear
to correspond to an issue with the antibody since strains expressing YFP alone from
the same vector did not produce any smear or similar pattern of degradation (Fig.
S7A). The fraction of folded Tlp2-YFP was similar regardless of the conditions tested
(Fig. S7B). These data indicate that multiple degradation products are produced when
Tlp2-YFP is expressed from a low-copy plasmid, suggesting instability of the construct.
Degradation and smearing did not change when cells were transferred from nitrogen
fixation conditions to a medium with ammonium or various concentrations of nitrate
for 6 hours (Fig. S7C). These observations suggest that the change in the abundance
of fluorescent foci of Tlp2-YFP detected after 6-hour incubation with ammonium or
nitrate is more likely caused by changes in the clustering of Tlp2-YFP within the polar
chemotaxis signaling clusters rather than changes in protein degradation.

Tlp2 is not essential for the root colonization of cereals but indispensable for
the root colonization of some legumes

Given the role of Tlp2 in chemotaxis, we next tested the contribution of this chemo-
receptor to root colonization of various plants by comparing WT ev to Atlp2 ev and
Atlp2 TIp2"" in colonization of plant roots germinated under sterile conditions. No
statistical differences were detected in the concentration of cells recovered from the
roots colonized by the wild type, the mutant, or complemented strains when tested
on wheat (Fig. 5A), sorghum (Fig. 5B), alfalfa (Fig. 5D), and pea (Fig. 5E), while the
population recovered from the media was also not different from the inoculum. This
suggests that there was no significant change in the growth or viability of the strains
under these conditions. One exception is for strains inoculated into sorghum, where
the population of Atlp2 ev and Atlp2 TIp2"" recovered from the media relative to the
inoculum was increased compared to WT ev. One possibility is that the environment
influenced by sorghum roots, for example through the root exudates composition,
differentially affected the strains inoculated. It is not clear at this point whether the
differences were due to growth, chemotaxis, or colonization abilities or a combination of
these effects. In contrast, the Atlp2 ev strain was severely defective in the colonization
of teff roots (Fig. 5C), and to a lesser extent cowpea (Fig. 5F) and red clover (Fig. 5G)
roots, with the defects being rescued by expressing Tlp2"". The concentration of cells
recovered from the media was not significantly different from the inoculum, suggesting
there was no major change in growth or viability. Together, the findings indicate that the
contribution of Tlp2 to root surface colonization depends on the plant considered, with
both colonization of some cereals (teff) as well as some legumes (cowpea and red clover)
requiring functional Tlp2 for wild-type level root surface colonization. No major effect
on growth or viability was detected, suggesting that nitrate chemotaxis mediates these
differences rather than a growth defect such as the one detected on ammonium above.

DISCUSSION

Here, we describe an A. brasilense chemoreceptor Tlp2, which mediates chemotaxis
in gradients of nitrate, and found that this function has varied contributions to the
colonization of plant roots, with Tlp2 sensing being essential for the colonization of
some plant roots and being dispensable for the colonization of the roots of others.
AlphaFold structure prediction of the sensory domain of Tlp2 indicates similarity with
other sensory modules in the 4HB family. The ligand binding domain represented by
the Tlp2 periplasmic domain appears to be specific for a sub-group of chemoreceptors
in alpha-proteobacteria, which include soil, sediment, and aquatic representatives. The
4-HB family of chemoreceptors’ ligand binding domain is one of the most abundant in
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completely sequenced bacterial genomes (11). This family of ligand binding domains
displays responses for a range of compounds, including amino acids (32), sugars (33),
di- and tri-carboxylates (34, 35), aromatic acids (36), metal ions (37), as well as inorganic
phosphate (38). However, a 4HB-LBD binding nitrate has not been previously reported.
Other chemoreceptors that sense nitrate and/or nitrite have been described, including
the NIT domain predicted to bind nitrate (11) with experimental validation of nitrate
binding in the Dd15070 chemoreceptor from Dickeya dadantii (39), the PacN chemore-
ceptor of Pectobacterium atrosepticum, and the PscN chemoreceptor of Pseudomonas
savastanoi (40). The McpN chemoreceptor of Pseudomonas aeruginosa has an LBD
annotated as a PilJ domain, and it was shown to bind nitrate and nitrite (41). However,
the McpN crystal structure indicates that it does not fold as a 4HB domain (39). In all
cases studied in this respect, conserved arginine residues play a critical role in nitrate (or
nitrite) binding (41). Our results indicate that the conserved R159 residue of TIp2 may
be important in mediating nitrate sensing but not the R76 and R139 residues, which
are also conserved. The inspection of other 4HB/ligand co-crystal structures, such as the
Tar/aspartate structure, shows that amino acids from helices 1 and 4 establish direct
interaction with the ligand (42, 43). Interestingly, the AlphaFold model of the Tlp2 LBD
suggests that R159 is located on helix 4 and is closely related to a small kink in helix 4,
which is the aspartate binding pocket in the Tar LBD. It is thus likely that R159 establishes
direct interaction with the ligand. Without evidence of direct binding of nitrate to the
Tlp2 LBD, the significance of these residues in the Tlp2 function remains speculative.

We suspected a role for Tlp2 in chemotaxis toward nitrate because promoter activity
analyses, validated in our experiments, indicated that tlp2 was part of the RpoN and
NtrC regulons. Nitrate can be used as an alternative nitrogen source in the absence of
ammonium in A. brasilense (25), and it can also be used as a terminal electron acceptor
in the absence of oxygen (14, 44). Chemotaxis in nitrate gradients was also affected in
the Atlp2 strain, including under anaerobic conditions with nitrate as the sole electron
acceptor. The relationship between metabolism, chemoreceptor sensory specificity, and
expression level has been observed in other studies (21, 45). Similar to Tlp2, the AerC
chemoreceptor is also upregulated under conditions of nitrogen fixation, and the aerC
gene is expressed in an RpoN-dependent manner (21). These observations suggest that
the chemoreceptors’ composition of chemotaxis signaling arrays is remodeled under
conditions of nitrogen fixation. Our findings here also suggest that combining analyses
of expression patterns and metabolic considerations can be useful guides to suggest the
sensory specificity of chemoreceptors.

Despite having different structural folds, nitrate has similar effects on the expression
of the P. aeruginosa McpN chemoreceptor (41) and on that of the A. brasilense tip2,
namely it represses the chemoreceptor expression. This is an intriguing observation
that suggests that nitrate chemotaxis must be tightly controlled by modulating the
abundance of the corresponding chemoreceptors in different bacteria. In that regard, the
apparent poor stability of TIp2-YFP we observed here may be relevant to the need for a
tight control of chemoreceptor abundance.

Nitrate is a key signaling molecule in plant-microbe associations, and, as noted
above, several chemoreceptor ligand binding domains with specificity for nitrate have
been identified in various microorganisms (39-41, 46). These ligand binding domains
predicted or shown to be involved in nitrate sensing are not derived from a single
common ancestor since they correspond to different structural folds, suggesting that
sensing of nitrate to mediate chemotaxis responses evolved independently multiple
times (11). This is not unique to nitrate sensing as many chemoreceptors with simi-
lar structural folds sense diverse and unrelated ligands (11). Conversely, structurally
unrelated chemoreceptors’ ligand binding domains bind similar compounds (47-51).
The convergent evolution of chemoreceptors with different types of LBD that bind
nitrate suggests this ligand is physiologically relevant, in particular for microorganisms
that inhabit soils. Nitrate is the preferred nitrogen source available for plant nutrition,
and plants have evolved multiple transport and nitrate sensing and signaling systems
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(52). Nitrogen uptake rates vary depending on the plant species, and a recent study
suggests that the rate of nitrogen uptake by plants modulates plant-microbe associa-
tions by competing for nitrate with rhizosphere nitrate-reducing bacteria (53). Nitrate
is thus a limiting nutrient in the rhizosphere. Chemotaxis toward nitrate and dedicated
chemoreceptors probably provide these motile bacteria with a competitive advantage.

The relatively small fraction of cells displaying detectable polar fluorescent foci of
Tlp2-YFP is in stark contrast with the localization of other chemoreceptors we have
examined under similar conditions in A. brasilense, where over 50% of cells typically
display bright fluorescent polar foci (17, 23). This suggests that Tlp2-YFP may be
present at low abundance in chemotaxis signaling arrays. Our analysis of Tlp2-YFP
stability demonstrated that the protein was quite unstable and prone to degradation.
Furthermore, we found that ammonium, but not nitrate, disrupted the localization of
TIp2-YFP as polar foci. This disruption was not due to an increase in protein degradation.
Furthermore, a short exposure of cells to ammonium chloride for 1 hour was sufficient
to decrease the fraction of cells with fluorescent polar foci of Tlp2-YFP. It is worth
noting that in the 4HB LBD family (54) and the related HBM domain, ligand binding
has been shown to stabilize dimerization, which is the preferred signaling state of
chemoreceptors (41, 47, 55). TIp2-YFP may be less likely to dimerize in the presence of
ammonium compared to nitrate, which is its putative preferred ligand, based on the
results presented here. The low abundance and intrinsic instability of this chemorecep-
tor make it likely that even a small change in the fraction of stable chemoreceptors
would reduce the likelihood that fluorescent foci are observed. This suggests that this
chemoreceptor signaling activity may depend on its expression level and the presence of
its preferred ligand.

A functional Tlp2 chemoreceptor was required for root surface colonization of some
of the plants tested (teff, cowpea, and red clover) but not others (wheat, sorghum,
alfalfa, and pea). These findings indicate a major function for Tlp2 in the colonization
of these plant roots under the conditions of our experiments. A. brasilense chemotaxis
provides a competitive advantage in root surface colonization and most chemoreceptors
characterized to date provide a competitive advantage in host root colonization, i.e., a
mutant lacking a chemoreceptor displays chemotaxis defects when tested in competi-
tion with the parental strain (19, 22). It is also possible that Tlp2 would contribute to the
competitive colonization of wheat, sorghum, alfalfa, or pea. The fact that a strain lacking
Tlp2 is defective in root colonization of teff, cowpea, and red clover in the absence of
competition suggests a major role for this chemoreceptor in this context and highlights
the potential role of nitrate sensing for root surface colonization of these hosts, at least
under the conditions of our experiments. This is surprising given the low abundance and
instability of this chemoreceptor, but it also indicates that the role of a chemoreceptor
in the colonization of a particular host plant cannot be predicted from its expression
level or abundance profile. Our previous work demonstrated that chemotaxis toward
plant root exudates mediates root surface colonization (22). Given the role of plant root
exudates in attracting motile and chemotactic soil bacteria, the diverse composition of
root exudates from diverse plants, and varying developmental stages (5, 56, 57), it is
likely that teff, cowpea, and red clover produce exudates that promote bacterial sensing
by Tlp2, perhaps by fostering nitrate gradient-forming conditions.

MATERIALS AND METHODS
Bacterial strains, medium, and growth conditions

The strains and plasmids used in this study are listed in Table 1. A. brasilense strains
were grown at 28°C with shaking, in the minimal medium for A. brasilense (MMAB
medium) supplemented with appropriate antibiotics (58). When the MMAB medium
lacking a nitrogen source was used, cells were grown at 28°C without shaking to allow for
microaerobic conditions that permit nitrogen fixation (59). When using solidified media,
we used Noble agar because our laboratory has repeatedly observed that other sources
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TABLE 1 Strains and plasmids used in this study

Strain or plasmid Description Source

Strains
Sp7 Wild-type strain Azospirillum brasilense ATCC 29145
Atlp2 Atlp2::kan mutant derivative of Sp7; Km" This work
rpoN:Km" rpoN:Kmin Sp7 Km' (24)
ntrC:Km' ntrC::Kmin Sp7 Km'
AchelAche4 chel:Km che4:Gm in Sp7 (Km" Gmr) (17)
E. coli Top10 General cloning: F- mcrA A(mrr-hsdRMS-mcrBC) 80lacZDM15 AlacX74 recA1 araD139 Invitrogen

A(ara leu)7697 galU galK rpsL (Str') endAT nupG

Plasmids
pCR2.1-TOPO 3.9 kb pCR2.1-TOPO 3.9 kb vector for PCR cloning; Km' Invitrogen
pTOPO-TIp2 pCR2.1-TOPO with 2,269 bp fragment of t/p2 promoter and gene; Km' This study
puC19 Ap', general cloning vector (60)
pRK415 mob + lacZ Tet' 61)
PRKTIp2"" pRK415 with Hindlll/Xhol fragment of pTOPO-TIp2; Tet" This study
PRKTIp2%">%A PRKTIp2"" with site-directed mutagenesis to obtain R159A; Tet' This study
PRKTIp2%7eA PRKTIp2"" with site-directed mutagenesis to obtain R76A; Tet’ This study
PRKTIp2%'3%A PRKTIp2"" with site-directed mutagenesis to obtain R139A; Tet' This study
pRK2013 Helper plasmid for triparental mating (ColE1 replicon; Tra Kan') (62)
pRHO05 Gateway-based destination vector expressing proteins fused with YFP at the (63)

C-terminus, Km', Cm"

pRH-TIp2 pRHO05 containing tlp7 ORF with the promoter region; Km', Cm' (23)
pFUS1 Broad-host-range vector with promoterless gusA Tet' (28)
PFUS-Pyp2 PFUS vector containing Py, Tet' This study
PFUS-Prpon PFUS vector containing Pyyoy Tet' (64)
PFUS-Pnapa PFUS vector containing Ppgps Tet' This study

of agar contain traces of nitrogen that inhibit the expression of nitrogen fixation genes.
Escherichia coli strains were grown at 37°C in LB medium (yeast extract 5 g/L, tryptone
10 g/L, and NaCl 10 g/L) supplemented with appropriate antibiotics with shaking. The
antibiotics were used at the following final concentrations: kanamycin [50 pg/mL for E.
coli and 30 pg/mL for A. brasilense, tetracycline 10 pg/mL, ampicillin 200 pug/mL (for A.
brasilense), and chloramphenicol (34 ug/mL for A. brasilense)].

Chemotaxis behavioral assays

The soft agar assay was performed as previously described (14) with minor modifica-
tions. The MMAB semi-soft agar medium [solidified with 0.3% (wt/vol) Noble agar]
was supplemented with 10 or 37.5 mM of carbon source malate, succinate, or acetate.
Nitrogen sources were supplemented as follows: NaNOj3 at a final concentration of 1, 2, 5,
or 10 mM; KNO, at a final concentration of 5 mM; and NH4Cl at a final concentration of
20 mM. The cultures used for the inoculation of the MMAB soft agar plates were grown
in liquid MMAB medium (20 mM NH4Cl and 37.5 mM malate) with shaking overnight
at 28°C. Cells were washed three times with sterile phosphate buffer (10 mM KH;PO4
and 10 mM NayHPO,). The optical density (ODggg) of the cultures was measured in the
MMAB medium without nitrogen source and 37.5 mM malate and normalized to ODggg
= 1.0, and the cultures were then incubated for 24 hours at 28°C. Next, 5 pL of cell
cultures was inoculated into MMAB semi-solid medium with various nitrogen/carbon
sources. The plates were incubated for 48 or 72 hours at 28°C in either aerobic or
anoxic conditions, respectively. The diameter of the chemotactic rings formed after
incubation was measured as previously described (14). At least three independent
biological replicas were used. Anoxic conditions were produced using sealed chambers
containing AnaeroPack-Anaero Anaerobic Gas Generator (Thermo Scientific Mitsubishi).
The spatial gradient assays for aerotaxis were performed in a perfused chamber as

June 2024 Volume 90 Issue 6 10.1128/aem.00760-2413

Downloaded from https:/journals.asm.org/journal/aem on 24 June 2024 by 192.249.1.148.


https://doi.org/10.1128/aem.00760-24

Full-Length Text

previously described (14). For the aerotaxis assay, actively growing cultures (early log
phase, concentrated to ODggo= 1.0) were washed with 0.8% (wt/vol) sterile potassium
chloride three times and resuspended in 10 mM potassium phosphate buffer, pH 7.0,
supplemented with 10 mM malate (as the electron donor). Over 95% of cells are motile
within the cell suspension prepared in this manner.

Complementation of Atlp2 with parental and mutant genes

For functional complementation, Hindlll and Xhol fragments of the t/p2 open reading
frame plus 487 bp upstream of the start codon were PCR-amplified and cloned into
pCR2.1-TOPO resulting in pTOPO-TIp2 (Table 1). A Hindlll/Xhol fragment was ligated
into the pRK415 vector (61) digested with the same enzymes, yielding pRKTIp2 (Table
1). pRKTIp2 was introduced into A. brasilense Atlp2 strain by triparental mating using
pRK2013 as a helper (58). Site-directed mutants of tlp2 replacing R76, R139, and R159
to alanine were generated by DNA synthesis through a commercial vendor (Genewiz,
Azanta Life Sciences, USA). The tlp2 mutants generated were then cloned into pRK415
and subsequently mated into A. brasilense Sp7 following a triparental mating protocol
(58).

Tlp2 promoter activity and beta-glucuronidase assay

The vector pTOPO-TIp2 (Table 1) was digested with EcoRl, and the tlp2 fragment was
purified by gel extraction (Qiagen, Valencia, CA, USA). A Hindlll and Pstl digestion of the
purified DNA was performed to isolate a 565-bp fragment upstream of the start codon
of tlp2. The 565-bp fragment was gel extracted and ligated into pFUS1 (28) digested
with Hindlll and Pstl, yielding pFUS-TIp2 (on the graphs indicated as Pyj)) (Table 1). An
Xhol and Kpnl digestion of the purified PCR product was performed to isolate a 600-bp
fragment upstream of the start codon of napA. The 600-bp fragment was gel extracted
and ligated into pFUS1 (28) and digested with Xhol and Kpnl, yielding pFUS-NapA
(on the graphs indicated as Ppgps Table 1). pFUS-TIp2 or pFUS-NapA constructs were
introduced into A. brasilense Sp7 through triparental mating using pRK2013 as a
helper, as previously described (58). To quantitate promoter activity, the strains carrying
pFUS-tlp2 (Sp7, ntrC::Km, or rpoN::Km) were grown overnight from a single colony in
the MMAB medium supplemented with tetracycline at 30°C and then re-inoculated into
various media. A. brasilense cells were exposed to nitrogen fixation conditions for 24
hours and were spiked with different concentrations of NaNO3 or NH4Cl for 6 hours. tlp2,
rpoN, and napA promoter activity was determined using the beta-glucuronidase assay
using a protocol described previously (64).

Tlp2 protein localization

Atlp2 strain carrying pRHO05 [empty vector (63)] or pRH-TIp2 plasmids (Table 1) was
grown in an MMAB medium containing chloramphenicol for plasmid maintenance. The
functionality of the Tlp2-YFP fusion was verified by complementing the Atlp2 mutant
chemotaxis phenotype in the soft agar plate assay. Fluorescent images of TIp2-YFP
or YFP in the Atlp2 strain grown with and without shaking with 10 mM ammonium
and nitrate in the nitrogen fixation conditions (after 24 hours) were taken after 6-hour
spike with 10 mM nitrate, 10 mM nitrite, and 10 mM ammonium. Fluorescent images
of Tlp2-YFP in the AchelAche4 strain were taken after 6-hour spike with 10 mM nitrate
after exposure for 24 hours to the nitrogen fixation conditions. Images of the subcellu-
lar localization of Tlp2-YFP were captured using a 100x objective with oil immersion
mounted onto a Nikon fluorescent microscope. Images were collected using a 513 nm
excitation argon ion laser with an emission maximum of 527 nm in the case of YFP. The
total fluorescence of the cells was quantitated using ImageJ Fiji as previously described
(23).
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Western blot analysis

Whole-cell protein extracts were isolated as described previously (23). Briefly, 20 mL
of cell cultures was used for protein isolation using sonication with the following
cycles: 30 s total with 5 s ON and 10 s OFF cycle. For Western blot analysis, proteins
were separated on a 10% SDS-PAGE gel and blotted onto a polyvinylidene difluoride
membrane at 90 V for 1 hour 10 min. The membrane was blocked with Tris-buffered
saline with 0.1% Tween 20 and 5% nonfat dry milk. YFP-tagged proteins were detec-
ted using an anti-green fluorescent protein (21) antibody at a 1:1,000 dilution. Mem-
branes were incubated with horseradish peroxidase-conjugated secondary antibodies
(anti-rabbit or anti-mouse; Abcam) at a 1:10,000 dilution and developed using a Bio-Rad
imaging system. Protein abundance quantitation was performed using ImageJ Fiji.

Plant root colonization assay

Wheat (Triticum aestivum), sorghum (Sorghum bicolor), teff (Eragrostis tef), pea (Pisum
sativum), cowpea (Vigna unguiculata), red clover (Trifolium pratense), and alfalfa
(Medicago sativa) seeds were used in the root colonization assay. Plant seeds were
surface sterilized for 10 min with 90% ethanol and for 15 min with a sterilization buffer
containing 1% Triton X-100, 10% bleach, and sterile water. After sterilization, seeds were
planted into a modified Fahreaus medium solidified with 4 g/L of Noble agar (19). All
seeds were placed in the dark for 72 hours to germinate, except for pea seeds, which
were germinated for 5 days. Next, the seedlings were placed into 50 mL Falcon tubes
containing 15 mL of semisolid Fahreaus medium and allowed to grow for two more days.
All subsequent inoculations were performed on 7-day-old germinated and surface-steri-
lized seedlings. For the root colonization assays, WT ev, Atlp2 ev, and Atlp2 TIp2"" strains
of A. brasilense were cultured in liquid MMAB medium with 10 pg/mL (final concentra-
tion) tetracycline overnight (28°C at 175 rpm) for plasmid maintenance. The cultures
were washed three times with phosphate buffer, normalized to an ODggg of 1.0, and
further concentrated in 400 mL of the chemotaxis buffer. Twenty-five microliters of cells
were injected into the medium away from the seedlings. All experiments were done in
duplicate, with four biological samples used each time. One seedling of wheat, sorghum,
cowpea, pea, and clover was used in each tube. Due to their very small sizes relative to
other seedlings tested here, five teff seedlings per tube were used in the experiments.
Plants were grown for 5 days following bacterial inoculation. After incubation, the roots
were washed three times with sterile chemotaxis buffer, followed by grinding in 400 mL
of the chemotaxis buffer. The ground roots’ supernatant was serially diluted and plated
onto MMAB medium with 10 pg/mL (final concentration) tetracycline for CFU counts,
which were performed after 48 hours of incubation at 28°C. Root colonization efficiency
was calculated as follows: In [CFU (t5 roots)/CFU (tg)/g of wet roots], where ts is the
time at which plants were sacrificed, 5 days post-inoculation and ty was the time of
initial bacterial inoculation. The cells remaining in the medium surrounding the roots
were also counted by determining CFU in the medium, calculated as follows: In [CFU (ts5
medium)/CFU (tg)/g of medium]. This control was performed to ensure that the strains
inoculated had no growth or viability impairment or advantage that could confound the
inoculation results.

Protein sequence and phylogenetic analysis

A similarity search against the non-redundant database was performed using the
PSI-BLAST (65) with residues 42-193 of Tlp2 as the query. Domain architecture was
analyzed using the AlphaFold and ChimeraX software (66, 67).
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