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Abstract—The aim of this work was to test the hypothesis that a putative multisensory hybrid histidine
kinase—response regulator (HSHK—RR) and FIhB (a component of the type 3 secretion apparatus located
in the basal body of Fla) encoded by Azospirillum baldaniorum Sp245 by adjacent chromosomal genes, are
involved in mechanosensing and mechanotransduction. We used Sp245 strains and its Fla Laf™ mutant
Sp245.1063 (flhB1::0Omegon-Km). To construct A. baldaniorum derivatives with an increased dose of CDS
AZOBR 150176 (HSHK—RR), this sequence of strain Sp245 was cloned in the pRK415 expression vector.
The resulting structure was transferred to Sp245 and Sp245.1063 bacteria. Cell morphology was studied using
phase-contrast and transmission electron microscopy. The relative amount of biofilm biomass was deter-
mined by staining the bacteria with a crystal violet. Derivatives of the Sp245 strain and its immotile mutant
Sp245.1063 (flhB1::Omegon-Km) with an increased dose of HSHK—RR were obtained. It was found that a
mutation in the gene encoding the FIhB protein or an increase in the copy number of the gene encoding
HSHK—RR affect the motility and ultrastructure of cells, the dynamics of changes in cell size and the flag-
ellation when changing the mechanical properties of the medium. Primary data have been obtained indicat-
ing that the cell membrane-associated FIhB proteins and HSHK—RR are involved in the perception of
changes in the mechanical properties of the medium and in the transmission of the corresponding mechani-
cal signals in A. baldaniorum cells.
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Microorganisms live in different habitats, which
are heterogeneous and characterized by dynamic
physicochemical and mechanical properties [1]. Bac-
teria are subject to diverse mechanical stimuli (for exam-
ple, in a fluid flow or in contact with biotic and abiotic
viscous or solid surfaces). Bacterial responses to these
stimuli include changes in motility, transition from free
swimming to swarming, and adhesion to a surface, with
formation of microcolonies and biofilms [1, 2].

The plant-growth-promoting bacteria of the genus
Azospirillum used in agricultural biotechnology are
adapted to inhabit diverse natural environments and
display versatile genetic and phenotypic plasticity [3].
Thus, some Azospirillum strains, including Azospiril-
lum baldaniorum Sp245 (originally identified as Azo-
spirillum brasilense [4]), show a slight but statistically
significant change in the cell length, the flagellation
(synthesize only constitutive polar flagellum [Fla] or
inducible lateral flagella [Laf]) and mode of living
(swimming, swarming, or formation of colonies and
biofilms) in response to a change in the medium den-
sity [5, 6]. However, the mechanisms involved in the
perception of mechanical signals and the response to
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such stimuli have been studied insignificantly in these
as well as other microorganisms. At the same time,
some data indicate that the flagella, which first come
into contact with the microenvironment of bacteria,
perform mechanosensory functions [2]. A compara-
tive analysis of biofilm formation by the A. baldanio-
rum Sp245 strain and its Fla~ derivative strains
revealed a negative effect of Fla loss on biomass accu-
mulation in biofilms of mutants formed at the inter-
phase between solid and liquid media, as well as on the
stability of biofilms grown with hydrodynamic stress
[7]. Restoration of Fla formation in the complemented
Fla— mutant restored biomass accumulation and bio-
film stability [6].

All bacterial flagella share a basic conserved struc-
ture and consist of a basal body, a hook, and a fila-
ment. The basal body is the anchoring site for a flagel-
lum within the cell membrane, it acts as a rotary motor
and export machinery. The basal body includes basal
body rings, rod proteins, and a type 3 secretion system
[1, 2]. The FIhB protein is a key component of the
secretion system. The Sp245 strain genome contains
two putative flhB genes located in the chromosome
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Table 1. Bacterial strains and plasmids
Strain, plasmid Characteristics Reference
Strain

Azospirillum baldaniorum Sp245| Wild-type strain, isolated from wheat roots, Brazil [9]
(IBPPM 219)
Sp245(pRK415) Strain Sp245 harboring the empty vector plasmid pRK415, TcR [8]
Sp245(pRK415-150176) Strain Sp245 harboring the pRK415-borne CDS AZOBR_ 150176, TcR This study
Sp245.1063 (IBPPM 521) Fla”Laf™ mutant of Sp245 strain with an insertion of 3.8-kb Omegon-Km [8]

in the fIhB1 (AZOBR_150177) gene, KmR
Sp245.1063 (pRK415) Mutant Sp245.1063 harboring the empty vector plasmid pRK415, KmR, TcR [8]
Sp245.1063 (pRK415-150176) | Mutant Sp245.1063 harboring the pRK415-borne CDS AZOBR 150176, | This study

KmR, TcR
Escherichia coli DH5a supE44AlacU169 (¢80 lacZAM15) hsdR17 recAl endAl gyrA96 thi-1 relA 1 [13]

used as a host for maintain the resulting genetic constructs
E. coli K802 supE hsdR gal metB used as a host for pRK2013 [13]

Plasmid
pRK2013 Narrow-host-range helper plasmid, repColE1, Tra™, 48 kb, Km® [10]
pRK415 Derivative strain of RK2, broad-host-range low-copy expression vector, [11]
10.7 kb, Mob™, TcR
pRK415—150176HE pRK415 containing the 2616-bp HindII1—EcoRI fragment A. baldaniorum | This study
Sp245 DNA with CDS AZOBR_150176 of the proposed multisensory
hybrid histidine kinase response regulator plus 28 upstream and 62 down-
stream bp, TcR

and the AZOBR p4 plasmid (accession nos.
HES77327—HES77333). We established that the flhB1
chromosomal gene (the AZOBR 150177 locus) is neces-
sary for the formation of both Fla and Laf [8]. It was
found that the fIhB1 insertion mutant Sp245.1063 lost
the capacity to decrease the cell length in response to
transfer from agar to liquid medium and vice versa, while
this capacity to elicit a morphological response to changes
in medium density was restored in the Sp245.1063
(pRK415—fIhB1) complemented mutant [8].

We hypothesize that perception of changes in
mechanical stimuli in medium and transmission of
mechanical signals in A. baldaniorum cells involve
integral membrane proteins: FIhB (a component of
the type 3 secretion apparatus located in the basal
body of Fla) and a putative multisensory hybrid histi-
dine kinase—response regulator (HSHK—RR). These
proteins are encoded by the adjacent coding
sequences (CDSs) AZOBR_ 150177 (fihBI) and
AZOBR _ 150176 (HSHK—RR) in a chromosome
cluster of putative flagellar genes of the A. baldaniorum
Sp245 type strain. Homologues of these CDSs have
the same adjacent location in the genomes of a range
of other Azospirillum strains.
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MATERIALS AND METHODS

Bacterial Strains, Nutrient Media,
and Cultivation Conditions

The bacterial strains and plasmids used in the work
are shown in Table 1. Bacteria were grown in a malate-
salt medium (MSM [12]) or Luria—Bertani medium
(LB [13]) at 30°C. When necessary, kanamycin (Km,
30 ug/mL) and tetracycline (Tc, 25 pug/mL) antibiot-
ics were added to the medium. The concentration of
bacto agar in solid media was 20 g/L.

Planktonic cultures were grown in liquid media
upon intensive stirring (140 rpm) and a temperature of
28°C using the Excella E24 incubator shaker (New
Brunswick Scientific, United States). The ODsy, of
bacterial cultures was measured every 2 h. Phase con-
trast and transmission electron microscopy were per-
formed.

Construction of A. baldaniorum Derivatives with an
Increased Dose of CDS AZOBR 150176

To determine the significance of CDS AZOBR _
150176 for the processes determining cell morphology,
flagellation, and bacterial behavior, this sequence of
the Sp245 strain was cloned into the pRK415 expres-
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sion vector. Forward (F) 150176 HF (CCAAGCTTC-
GAACGGCTGACCTGGAGT) and reverse (R)
150176ER  (GGGAACCGAATTCTGGGCCTAT-
CACQG) primers were used for PCR, which contained
HindIII (H) or EcoRI (E) restriction sites. CDS was
cloned behind the lac promoter of the pRK415 plas-
mid. The resulting structure was transferred to A. bal-
daniorum using a three-parent crossing (Table 1).

Analysis of Formation and Microstructure
of Azospirillum Biofilms

The 18-h Azospirillum cultures grown in a liquid
MSM were diluted with a sterile medium to values of
ODjsyy = 0.05—0.10, placed into glass tubes (2 mL in
each) and incubated for 6 days at 30°C under station-
ary conditions. In Azospirillum, by the sixth day of
incubation, the relative amount of biofilm biomass is
stabilized and the formation is completed [7]. To esti-
mate the relative amount of biomass in biofilms, bac-
teria were stained with crystal violet [14]. Phase-con-
trast and transmission electron microscopy of biofilms
and individual cells was performed using the Leica
DM6000 B (Leica-Microsystems, Germany) and
Libra 120 microscopes (Carl Zeiss, Germany).
Detailed protocols for the preparation of microscopy
specimens and their analysis can be found in [7].

Statistical Analysis

At least three independent experiments were per-
formed, at least in two repeats. Statistical data were
analyzed using the Student’s 7-test (95% confidence
intervals are given) and one-factor analysis of variance
(ANOVA) (with a significance level of p < 0.05). The
data were analyzed using the Microsoft Office Excel
2010 software.

RESULTS AND DISCUSSION

Dynamics of Changes in Cell Length and Flagellation
after Transfer of Bacteria from Agar
to Liquid Culture Medium

To find an answer to whether CDS AZOBR
150176 (HSHK—RR) plays any role in the assembly of
flagella and/or adaptation of bacteria to medium den-
sity, we first increased the dose of this sequence in the
cells of Sp245 and Sp245.1063 strains by introducing
the pRK415-150176 plasmid. We compared the growth
of A. baldaniorum Sp245 strains, its Fla_Laf™ mutant
Sp245.1063, and their derivatives (Table 1) in liquid
media and showed that, upon intensive stirring, their
planktonic cultures were in a stationary growth phase
in 24 h of incubation. The density of bacterial culture
doubled in 2.5—3 h. The Sp245 and Sp245(pRK415-
150176) cells of daily cultures carry Fla at one of the
cell poles, which about 86.2 + 2.4% of bacteria use to
swim along rectilinear trajectories at a swimming
speed of 29.2 + 1.9 um/s and with random direction
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variations. The Sp245.1063 and Sp245.1063(pRK415-
150176) cells were immotile. On agar media, all strains
formed colonies in 48 h of cultivation. Bacteria Sp245
and Sp245(pRK415-150176) additionally synthesized
numerous Laf (phenotype Fla*Laf"). The cells of the
Sp245.1063 mutant and its derivative Sp245.1063
(pRK415-150176) lack both types of flagella regardless
of the cultivation conditions.

Next, we investigated a change in flagellation upon
transfer of Sp245 and Sp245(pRK415-150176)
Fla*Laf" cells from agar medium to liquid. In 3 h of
cultivation, in Sp245 culture, 26% of bacteria retained
Fla and Laf, 65% of bacteria synthesized only Fla, and
9% of cells had no flagella. In the case of
Sp245(pRK415-150176), 67% of cells had Fla and Laf,
26% had only Fla, and 7% did not synthesize flagella. In
6 h of cultivation, the ratio of (Fla*Laf")/(Fla*)/(Fla-)
cells in Sp245(pRK415-150176) became similar to the
values characteristic of Sp245 culture at 3 h of cultiva-
tion, i.e., 32% of the derivative cells had Fla and Laf,
61% carried only Fla, and 7% did not synthesize fla-
gella. In the Sp245 strain, in 6 h, the ratio of
(Fla*Laf")/(Fla*)/(Fla~) cells was 0/92/8%, respec-
tively. In 18-h (growing planktonic culture enters the sta-
tionary growth phase) and 24-h (stationary growth phase)
cultures, 93% of Sp245 bacteria formed Fla and 7% had
no flagella; in the case of Sp245(pRK415-150176), 94%
of cells had Fla and 6% of cells lacked flagella. In 48 h
of cultivation in planktonic cultures of Sp245 and
Sp245(pRK415-150176), flagellation did not change
significantly.

In addition, we evaluated a change in the length of
intact cells upon transfer of bacteria from agar to liquid
medium. In the Sp245.1063 strain, planktonic cells were
20% longer than Sp245 and Sp245(pRK415-150176)
cells. On solid media, the size of Sp245 and
Sp245.1063 cells did not differ, and the cell length of
Sp245(pRK415-150176) was 30% shorter than that of
the parent strain and the mutant. Three to six hours
after inoculation from solid medium into a liquid cul-
ture, the cell size of all studied strains did not change
significantly. In 18- and 24-h Sp245 planktonic cul-
tures, the cell length was 18% shorter than the cell
length of this strain grown in agar media. The
Sp245(pRK415-150176)and Sp245.1063 cells did not
change the cell size upon transfer from solid to liquid
medium.

Dynamics of Biofilm Formation, Change in Cell Length,
and Flagellation upon Transition from Planktonic Cell
Growth to a Biofilm State (Biofilm Population)

The process of biofilm formation by the strains
under study at the interface of liquid and solid hydro-
philic surface includes cell adsorption and adhesion
(2—3 days) and growth and stabilization of biofilm
biomass (6—7 days, mature biofilms). At the stages of
adsorption and adhesion, all the strains under study
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Table 2. Mean cell size of A. baldaniorum strain

Influence of cultivation conditions on mean size of fixated cells, um
Strain planktonic bacteria from liquid bacteria from solid agar bac;:?gggf&ggﬁ:i?émed
MSM (24 h) MSM (48 h) MSM (7 days)
length width length width length width
Sp245 2.2+0.10 1.0 £ 0.10 2.6 £0.08 1.1 £0.05 2.7+£0.20 1.1 £0.10
A a B a B a
Sp245(pRK415-150176HE) 2.2+£0.05 1.1 £0.09 2.0 £0.10 1.0 £ 0.10 2.1+0.06 1.0 £ 0.10
A a A a A a
Sp245.1063 2.7+£0.10 1.1 £0.07 2.6 £0.12 1.0 £ 0.09 2.6 £0.10 1.1 £0.10
B a B a B a
Sp245.1063(pRK415-150176 HE) 2.1+0.05 1.1 £0.08 2.0 £0.05 1.1 £0.05 2.0 £0.10 1.0 £ 0.09
A a A a A a

The cell size was measured for cells fixated on transmission electron microscopy slides; 95% confidence intervals are indicated. The
results of one-actor analysis of variance (ANOVA) of the cell lengths and widths are shown with capital and lower case letters, respec-
tively; statistically significant differences between the mean values are indicated with different letters. A and a are the lowest value of the

mean value.

developed approximately equal amounts of bacte-
rial biomass on the solid surface. However, in
mature biofilms, in the case of Sp245.1063 and
Sp245.1063(pRK415-150176), the biomass values
were 40—50% lower than the values characteristic of
Sp245 and Sp245(pRK415-150176).

We determined the length and width of biofilm-
embedded bacteria cells at stages of their adsorp-
tion/adhesion (2-day biofilms) and in mature biofilms
(7-day cultivation) and compared with the size of bac-
teria grown as planktonic cultures or in agar medium
(Table 2). Integration of Sp245 planktonic cells into
biofilms increased cell length as early as at the stage of
bacterial adsorption/adhesion to the size of bacteria of
this strain grown on a solid culture medium. In turn,
the cell length and width of Sp245 cells did not change
significantly in mature biofilms. The width of bacteria
in biofilms did not change significantly over entire
cultivation.

The Sp245 bacteria that exchanged a planktonic
mode of growth for a biofilm lifestyle (interface at
solid surface/liquid medium) increased the cell length
to the sizes of cells grown in a solid agar medium
(interface at solid medium/air) (Table 2). The length
of Fla“Laf~ flhBI::Omegon-Km cells of the
Sp245.1063 mutant in biofilms, planktonic cultures,
and those grown on a solid medium was equal to the
size of Sp245 bacteria grown on a solid agar medium;
in the case of Sp245(pRK415-150176) and
Sp245.1063(pRK415-150176), the cell length was
equal to the size of the parent-strain cells grown in a
liquid medium (Table 2).

The change in flagellation upon transition of Fla*
cells of Sp245 and Sp245(pRK415-150176) strains
from a planktonic culture to a biofilm lifestyle (with
the cells being attached on a solid surface under a layer
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of liquid MSM) was investigated. It is noted that Laf
was not detected on cells from biofilm of all the stud-
ied strains using transmission electron microscopy in
both these experiments (daily planktonic cultures were
used for inoculation into a liquid medium) and in our
previous works [6, 7]. In the case in which Fla*Laf*
cells from a solid medium were used for inoculation
into liquid MSM, bacteria with Laf were neither
detected in mature biofilms. Fla was present in Sp245
and Sp245(pRK415-150176) cells in biofilms at all
stages of biofilm population formation. Sp245.1063
and Sp245.1063(pRK415-150176) cells lacked Fla or
Laf, similar to planktonic bacteria.

In summary, upon transition of Sp245 bacteria
from planktonic cultures to a biofilm mode of life (at
the interface of solid surface/liquid medium), the cell
length increases to sizes characteristic of strains grown
in agar culture medium (at the interface of solid
medium/air). The lack of Laf is a significant differ-
ence of biofilm cells from bacteria grown on agar
medium.

CONCLUSIONS

It is noted that the introduction of the pRK415 vec-
tor plasmid into Sp245 and Sp245.1063 did not influ-
ence cell morphology, motility, and capacity to form
biofilms by these strains. The introduction of
pRK415-150176 did not eliminate defects in flagella-
tion and motility of the Sp245.1063 mutant strain.
However, an increase in the HSHK—RR gene dose in
Sp245 and Sp245.1063 (strains Sp245(pRK415-150176)
and Sp245.1063(pRK415-150176)) influences the ability
of cells to change size in response to a change of medium
density. It was previously found that a Fla—Laf~
fIhBI::0Omegon-Km Sp245.1063 mutant lost the ability
to decrease cell size, and, in a Sp245.1063(pRK415—
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flhBI) mutant, this ability to elicit a morphological
response to changes in medium density was restored
[8]. In the case of Sp245, an additional copy of CDS
AZOBR 150176 affects the dynamics of changes in
flagellation upon transition of Fla*Laf* cells to a
planktonic lifestyle (Fla* phenotype). Hence, FIhB1
and HSHK-RR proteins located in the cell mem-
brane—are involved in the perception of changes in
mechanical stimuli of the medium and transmit corre-
sponding mechanical signals in A. baldaniorum cells.
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