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Multiple Flagellin Proteins Have Distinct and Synergistic Roles

in Agrobacterium tumefaciens Motility
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ABSTRACT Rotary flagella propel bacteria through liquid and across semisolid envi-
ronments. Flagella are composed of the basal body that constitutes the motor for
rotation, the curved hook that connects to the basal body, and the flagellar filament
that propels the cell. Flagellar filaments can be composed of a single flagellin pro-
tein, such as in Escherichia coli, or made up of multiple flagellins, such as in Agrobac-
terium tumefaciens. The four distinct flagellins FlaA, FlaB, FlaC, and FlaD produced by
wild-type A. tumefaciens are not redundant in function but have specific properties.
FlaA and FlaB are much more abundant than FlaC and FlaD and are readily observ-
able in mature flagellar filaments, when either FlaA or FlaB is fluorescently labeled.
Cells producing FlaA with any one of the other three flagellins can generate func-
tional filaments and thus are motile, but FlaA alone cannot constitute a functional
filament. In flaA mutants that manifest swimming deficiencies, there are multiple
ways by which these mutations can be phenotypically suppressed. These suppressor
mutations primarily occur within or upstream of the flaB flagellin gene or in the
transcription factor sciP regulating flagellin expression. The helical conformation of
the flagellar filament appears to require a key asparagine residue present in FlaA
and absent in other flagellins. However, FlaB can be spontaneously mutated to ren-
der helical flagella in the absence of FlaA, reflecting their overall similarity and per-
haps the subtle differences in the specific functions they have evolved to fulfill.

IMPORTANCE Flagellins are abundant bacterial proteins comprising the flagellar fila-
ments that propel bacterial movement. Several members of the alphaproteobacterial
group express multiple flagellins, in contrast to model systems, such as with Esche-
richia coli, which has one type of flagellin. The plant pathogen Agrobacterium tume-
faciens has four flagellins, the abundant and readily detected FlaA and FlaB, and
lower levels of FlaC and FlaD. Mutational analysis reveals that FlaA requires at least
one of the other flagellins to function, as flaA mutants produce nonhelical flagella
and cannot swim efficiently. Suppressor mutations can rescue this swimming defect
through mutations in the remaining flagellins, including structural changes impart-
ing helical shape to the flagella, and putative regulators. Our findings shed light on
how multiple flagellins contribute to motility.

KEYWORDS flagella, motility, flagellin, Agrobacterium tumefaciens

lagella typically function as a means of bacterial locomotion in liquid environments,

using a discontinuous pattern of swimming composed of straight runs and direc-
tional changes known as tumbles. Other forms of motility include swarming, which also
requires flagella, and gliding, twitching, and sliding, which do not. Flagella in most
bacteria are extracellular helical filaments with a curved hook serving as a universal
joint between the filament and the rotary basal body embedded in the cellular
membrane (1). The basal body generates power and rotates the flagellum, and the
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hook is important for rendering the optimum angle for propulsion. Flagellar filaments
are composed of up to 30,000 subunits of the protein flagellin (2). For bacteria with
multiple flagella, these form a bundle to propel forward movement and unbundle to
promote cellular reorientation (3). Flagellar rotation in enteric bacteria, such as Esche-
richia coli and Salmonella enterica serovar Typhimurium, is bidirectional (counterclock-
wise promotes bundling and straight swimming, and reversals to clockwise rotation
disrupt the flagellar bundle, causing tumbles). However, in members of the family
Rhizobiaceae, including Sinorhizobium meliloti and Agrobacterium tumefaciens, the ro-
tation is unidirectional and clockwise, with disruption of bundles occurring due to
discordance in flagellar rotation rates (4). The helical shape of the flagellar filament is
of utmost importance for these dynamic aspects of propulsion (5).

Bacterial filaments can be categorized as plain or complex depending on whether
they are made of one or multiple kinds of flagellin protein (6). In well-studied systems,
such as peritrichously flagellated E. coli, there are multiple filaments composed of the
FIiC flagellin protein (7, 8). Similarly, the alphaproteobacterium Rhodobacter sphaeroides
has one flagellum (laterally positioned on the cell) that is made up of a single flagellin
protein (9, 10). On the other hand, examples of bacteria with filaments made of multiple
flagellins include Caulobacter crescentus, which has a single polar flagellum but, re-
markably, six flagellin proteins (11). Within the Rhizobiaceae family, S. meliloti, Rhizo-
bium leguminosarum, Agrobacterium sp. strain H13-3, and A. tumefaciens all encode
multiple flagellins. A. tumefaciens mutated in three of its four flagellin genes is reduced
in virulence by about 38%, and Agrobacterium sp. H13-3, lacking all of its three flagellin
genes, is resistant to flagellum-specific phage infection (12-16). Flagella with plain
single flagellin filaments exhibit structural polymorphisms during the course of normal
flagellar propulsion and rotational switching, whereas those with complex filaments do
not exhibit these polymorphisms unless they are exposed to extreme conditions of pH
and ionic strengths (13, 17). Studies in C. crescentus with six different flagellin genes
suggest that multiple flagellins can have a certain level of redundancy (11). In some
cases, there can be a single predominant flagellin required for flagellar function, such
as those for S. meliloti, Agrobacterium sp. H13-3, and Rhizobium leguminosarum (12, 14).
Multiple flagellins can also be differentially regulated, as in spirochetes, Vibrio cholerae,
and C. crescentus (11, 18, 19).

A. tumefaciens has a lophotrichous arrangement of 5 to 6 flagellar filaments hypoth-
esized to be composed of four flagellins. The flagellins all share significant sequence
similarity with each other (see Table S1 and Fig. S1 in the supplemental material) and
are closely related to the flagellins from S. meliloti and Agrobacterium sp. H13-3. The
functions and coordination of the flagellins are, however, not well studied in A.
tumefaciens. FlaA, FlaB, and FlaC are encoded by a single gene cluster and are of similar
lengths (FlaA, 306 amino acids [aal; FlaB, 320 aa; FlaC, 313 aa). These three flagellins
share two domains with most other bacterial flagellins: an N-terminal domain (~170 aa)
and a C-terminal domain (~70 aa), flanking a short internal nonconserved region (50 to
60 aa). In contrast, FlaD is the most dissimilar, located roughly 15 kb distal to the flaABC
cluster, and it is oriented in the opposite direction relative to the other flagellins (Fig.
S2). FlaD is 430 aa, with a large internal segment (~170 aa) that is not shared with the
other flagellins. FlaA is reported to be the major flagellin, as disruption of the flaA gene
severely compromised motility, reportedly resulting in vestigial stubs instead of flagel-
lar filaments (16, 20). Other single-flagellin mutants were shown to be attenuated in
motility that produced filaments with some structural abnormalities. Mutants were
generated either via transposon or antibiotic cassette insertions and thus are prone to
polar effects on downstream genes and partial gene copies, confounding the results
reported for these flagellins and making it difficult to evaluate individual gene function
(16, 20).

S. meliloti and Agrobacterium sp. H13-3 have been studied for their multiple flagel-
lins. Like A. tumefaciens, S. meliloti has four flagellins, and Agrobacterium sp. H13-3 has
three flagellins, FlaA, FlaB, and FlaD (12). Mutational analysis suggested that FlaA along
with another secondary flagellin is required to assemble a functional filament and
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render proficient motility. Although these three taxa are related, the amino acid
sequence alignment of their flagellin proteins reveals that A. tumefaciens has a higher
degree of variability in the less-conserved central region. Although the amino and
carboxy termini are well conserved, the internal variability suggests the possibility that
flagellar filaments of A. tumefaciens also have significant structural diversity (12).

In this study, we created nonpolar deletions of the four flagellin genes, flaA, flaB,
flaC, and flaD, alone and in all possible combinations in order to genetically decipher
their functions and determine the role(s) that each might play in establishing flagellar
filaments in A. tumefaciens. We have found that the flagellins are not redundant in their
functions and differ with respect to their abundance in flagella. By specific flagellin
labeling, FlaA and FlaB can be visualized in otherwise normal flagellar filaments but
adopt different distributions. FlaC and FlaD are present in demonstrably lower levels.
Genetic suppressor analysis has revealed that existing flagellins and other regulatory
genes that affect flagellin expression can compensate for the loss of the major flagellin
FlaA in flagellin mutants, and that a single key residue in FlaA is a major determinant
of the helical flagellar conformation.

RESULTS

FlaA is required for normal flagellar biogenesis and motility. Mutational analysis
of the A. tumefaciens fla genes has been reported, in which the flaA gene was identified
as encoding the only flagellin absolutely required for synthesizing a functional filament
to confer normal motility, and it was found that flaA mutants formed vestigial stubs
(16). However, the interpretation of this work was confounded by the types of muta-
tions generated, such as by marker integration, which has a propensity for problems,
including polar effects on downstream genes. To circumvent these complications, we
created a complete set of in-frame deletions for all flagellin genes (flaA Atu0545, flaB
Atu0543, flaC Atu0542, and flaD Atu0567) in all combinations (see Fig. S2A and B in the
supplemental material). The AflaA mutant produces straight, somewhat shortened
filaments, as evaluated by transmission electron microscopy (TEM) (Fig. 1A), rather than
producing stubs as reported in earlier studies (15). The AflaA mutant is also quite
deficient in swimming through motility agar, although less so than an aflagellate Aflgé
hook mutant (Fig. 1B). Other flagellin single mutants, AflaB, AflaC, and AflaD mutants,
make normal flagella and confer wild-type swim ring diameters (Fig. 1).

All flagellin double and triple mutants with flaA have similar flament morphology
and are equally compromised for motility (Fig. 2). The presence of flaB in the AflaA,
AflaAC, AflaAD, and AflaACD flagellin mutants correlates with longer flagellar filaments
than those which lack flaB (AflaAB, AflaABC, and AflaABD mutants) (Fig. 2A), suggesting
that FlaB may have a specific role distinct from that of FlaC and FlaD. All mutants
lacking flaA were complemented with plasmid-borne expression of flaA (expressed
from its native promoter in combination with the E. coli lac promoter, P, -Pg,,), except
for the AflaABCD quadruple mutant (Fig. 2B). Additionally, the AlaACD mutant harbor-
ing the flaA expression plasmid has roughly 50% wild-type motility, suggesting that
together, the chromosomal flaB and the plasmid-borne flaA do not impart full motility.

FlaA is required but not sufficient for effective motility. FlaA appears to be
absolutely required for biogenesis of normal flagella and motility; however, it was not
clear if FlaA alone is sufficient for motility. The observation that the AflaABCD quadruple
mutant with plasmid-borne flaA remained quite compromised in swimming indicated
that on its own, flaA might not be sufficient for motility (Fig. 2B). In order to investigate
this directly, an in-frame deletion of the three secondary flagellins, flaB, flaC, and flaD,
was generated to obtain a AflaBCD triple mutant. The mutant exhibited very few
flagellar filaments and was severely compromised in motility (Fig. 3). Although the few
flagella produced by the AflaBCD mutant appeared to be curved, they were still
insufficient to confer normal motility. Further evidence for the requirement of these
flagellins is that the plasmid-borne flaA (P,,.-Pq.a-flaA) has little effect on this mutant
(Fig. 3C). Dark-field microscopy of cells in liquid growth medium revealed some weakly
swimming cells, in contrast to the completely nonmotile phenotype of the AflaBCD
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FIG 1 Filament morphology and swim phenotype of single-deletion flagellin mutants. (A) AflaA mutants
exhibit straight filaments and all other mutants, AflaB, AflaC, and AflaD mutants, exhibit curved flagella
similar to the wild type (some sheared flagella are also shown). The top row shows multiple filaments per
mutant, and the bottom row shows zoomed-in views. Images were captured at magnifications of X7,500
(top) and X75,000 (bottom). The scale bar of 1 um applies to all images in the top row, and the scale
bar of 100 nm applies to all images in the bottom row. (B) Swimming motility phenotype of single-
deletion flagellin mutants. The top images show the swim plates, indicating the expansion of the swim
ring, and the graph below shows swim ring diameter data (7-day incubation) for the AflaA, AflaB, AflaC,
and AflaD flagellin mutants, all normalized to the wild type. Values are the averages for three swim plates
per strain. S.E., standard error of the mean.

mutant alone (data not shown). This is also evident with microscopic observation of
weak swimming behavior of a AflaABCD quadruple mutant with the plasmid-borne flaA.
This suggests that flaA expression can independently confer residual basal motility and
can create curved filaments, but FlaA alone does not confer normal motility.

FlaA and at least one other secondary flagellin are required for curved flagellar
filaments and can confer wild-type motility. In order to further investigate the
requirement of flaBCD flagellins, we evaluated all flagellin double mutants that still
retained a chromosomal copy of flaA along with any one of the secondary flagellins.
Hence, we examined the following mutants: AflaBC mutant (retains flaA and flaD),
AflaBD mutant (retains flaA and flaC), and AflaCD mutant (retains flaA and flaB). All these
mutants exhibited normal flagella (Fig. 4A) and near-normal motility on swim agar (Fig.
4B). However, the AflaCD mutant appeared to show a significant reduction in motility
in contrast to others, consistent with the observation of the AflaACD mutant with
plasmid-borne flaA (Fig. 2B). Additionally, the AflaBCD mutant could be complemented
with plasmid-borne expression of flaB, flaC, and flaD, indicating again that FlaA and any
one secondary flagellin can confer significant levels of motility (Fig. 4B). These findings,
along with the observation that the AflaABCD quadruple flagellin mutant could not be
complemented with plasmid-borne flaA (Fig. 2B), emphasize the requirement for flaA
and at least one of the three secondary flagellins genes flaB, flaC, and/or flaD).

FlaA and FlaB are the most abundant flagellins in wild-type filaments, but FlaC
and FlaD are present at lower levels. Flagellar filament proteins of the wild type and
mutants had been observed by SDS-PAGE; however, the proportions of flagellins in
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FIG 2 Filament morphology and swim phenotype of multiple-deletion flaA flagellin mutants. (A) All AflaA
mutants exhibit straight filaments, and the AflaABCD mutant is aflagellate. The left column shows
multiple filaments per mutant (indicated by arrows), and the right column shows zoomed-in images of
1 or 2 filaments. Images were captured at magnifications of X6,000 (left) and X60,000 (right). The
AflaABCD mutants are aflagellate and show hooks. The scale bar of 1 um applies to all images on the left,
and the scale bar of 100 nm applies to all images on the right. (B) Swimming motility phenotype of all
AflaA mutants harboring plasmid-borne flaA. Shown are swim ring diameter data (7-day incubation) for
complementation of all AflaA mutants with plasmid-borne expression of flaA expressed (P,,.-Pgq4-flaA).
Data are normalized to the wild type. White bars are the wild type or original mutants, and the black bars
are wild type or the mutants carrying P,,.-P,.,-flaA. Values are the averages for three swim plates per
strain.

wild-type filament preparations have not been reported (20). We quantified the relative
amounts of the flagellins using liquid chromatography-mass spectroscopy (LC-MS). We
first prepared wild-type filaments from three different replicates, as described in
Materials and Methods. TEM analysis confirmed the presence of intact flagellar fila-
ments in this preparation. The preparation was incubated with trypsin and analyzed by
LC-MS. We identified signature peptides for all flagellins (FlaA, FlaB, FlaC, and FlaD) to
be present in the wild-type filament preparation. The signal intensity observed in MS is
not a direct indicator of molar amount, largely due to the fact that different peptides
ionize with different efficiencies. Nevertheless, unique peptides derived from identical
positions in each protein will possess similar, albeit not identical, amino acid residues,
and hence will ionize to similar extents. Comparing these sets of diagnostic peptides,
we determined the approximate molar ratio of each flagellin (normalized to FlaB) to be
1.3 (FlaA), 1 (FlaB), 0.2 (FlaC), and 0.2 (FlaD). Examples of MS survey scans of the
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FIG 3 Filament morphology and swim phenotype of AflaBCD and motile flagellin mutants. (A and B)
Curved filament morphology of the AflaBCD mutant. TEM images are captured at X6,000 (A) and
X60,000 (B). (C) Day 7 swim ring diameter data for AflaBCD mutant alone and with plasmid-borne
overexpression of flaA from P, and native promoter of flaA (P,,.-P,.,-flaA). Data are normalized to the
wild type. White bars are wild type or the mutant, and the black bars are the strains with plasmid
constructs. Values are the averages for three swim plates per strain.

peptides IGLQEDFASK and IGLQEDFVSK from FlaB and FlaC, respectively, are shown in
Fig. 5A and B, and a plot of the signal intensities of these peptides as a function of LC
elution time demonstrates that the signal from the FlaB-derived peptide is much more
abundant (Fig. 5C). Similarly, the MS survey scans of LVTATEEGVDR and LVAAYGVGADR
from FlaB and FlaD, respectively, are shown in Fig. 5D and E, and the plot of peptide
intensity as a function of time demonstrates that the FlaB peptide is the more abundant
of the two (Fig. 5F). The full data set of extracted peptide signals is reported in Table
S2. Parallel analysis of the AflaABC mutant confirmed that these peptides were specific
to the flagellins (data not shown).

Comparing the ratios of different flagellin peptides and applying one-way analysis
of variance (ANOVA), we found that quantities of FlaA and FlaB in a wild-type filament
are not significantly different. After the removal of peptide ratio outliers, when nor-
malized to FlaB levels, FlaA was significantly higher than either FlaC or FlaD. In contrast,
FlaC levels were not significantly different from those of FlaD. This indicates that FlaA
and FlaB are in higher proportions than FlaC and FlaD in a wild-type A. tumefaciens
filament preparation and are in roughly equivalent amounts (Fig. 5G). However, obser-
vation of filament morphologies and swim assays of flagellin mutants revealed that
FlaA is the functionally predominant flagellin and can confer proficient motility along
with at least one of the other flagellins.

Cysteine labeling of FlaA and FlaB enables visualization of flagellar filaments.
In order to visualize flagellar filaments, we site-specifically mutated threonine residues
in the flagellin coding sequences to cysteines, allowing them to be labeled with a
cysteine-reactive Alexa Fluor 488 maleimide dye (21). Individual flagellins were mutated
as follows: FlaA, T213C (FlaAc,); FlaB, T190C (FlaB,); FlaC, T216C (FlaCc); and FlaD
T276C (FlaDc,). All these sites were carefully chosen so that they were in a predicted
exposed region of the flagellin structure, as determined by modeling on Salmonella
flagellin FliC using the Phyre2 program (Fig. S3A). In order to confirm that these mutant
alleles are functional, we tested complementation of the AflaA mutant with plasmid-
borne expression of flaA.,, and the AflaBCD mutant with plasmid-borne expression of

either flaB,, flaCc,, or flaDc,, all expressed from the P,. promoter. All constructs
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FIG 4 FlaA paired with any secondary flagellin restores curved flagella and motility. (A) TEM micrographs
of AflaCD, AflaBD, and AflaBC mutants. The top row shows multiple filaments per mutant, and the bottom
row shows zoomed-in views of 1 or 2 filaments. Images were captured at magnifications of X6,000 (top)
and X60,000 (bottom). The scale bar of 1 um applies to all images in top row, and the scale bar of 100
nm applies to all images in the bottom row. (B) Swim ring diameter data after 7 days for the AflaBCD
mutant with plasmid-borne expression of either flaA, flaB, or flaC expressed from P, (light-gray bars),
induced with 400 um IPTG. Data are normalized to the wild type. The double mutants are indicated for
comparison (dark-gray bars). Wild type and other controls (Aflgé and AflaBCD mutants) are shown as
black bars. Values are the averages for three swim plates per strain.

complemented the corresponding mutants to the same level as their wild-type coun-
terparts, indicating that these constructs are fully functional (Fig. S3B). The mutant
Flac,s alleles were individually exchanged for the wild-type copy of the respective
flagellin (Fla) gene in the chromosome. The site-specific mutation from threonine to
cysteine does not hamper normal motility in these allelic replacement derivatives (Fig.
S3Q), although the flaB allele does exhibit a modest decrease in motility.

Wild-type cells encoding chromosomal FlaA.,, treated with Alexa Fluor 488 ma-
leimide dye exhibited single curved long helical filaments and bundles. FlaA seems to
be present uniformly along the entire filament. Flagella are often shed by the cell (Fig.
6), as was seen earlier in A. tumefaciens via transmission electron microscopy (22). In
contrast to the FlaA. s mutant, cells expressing FlaBc,, revealed very short fluorescent
filaments, many of which were not attached to cells (Fig. 6), despite full-length flagella
in this mutant as indicated by TEM (data not shown) and by motility assays (Fig. S3C).
This suggests that FlaB might not be present in the entire filament but rather comprise
a discrete portion of it. We did not observe any fluorescent filaments with flagellated
cells expressing either FlaCq s or FlaDc, probably due to their low abundance,
consistent with the findings from LC-MS analysis (Fig. 5G).

Isolation of suppressor mutants that retain a chromosomal flaB gene. Migration
through motility agar is severely compromised in flagellin mutants, including the AflaA,
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FIG 5 MS analysis data to determine the relative proportions of flagellin proteins in wild-type filament. (A to F) Representative examples of the MS-based relative
quantification of flagellin isoforms. The experiment was conducted three times, and in the case of all peptides, the identity of the MS peak was confirmed at
least once by MS/MS. (A and B) MS survey scans of two homologous doubly charged peptides from FlaB (IGLQEDFASK at 554.29 Da) and FlaC (IGLQEDFVSK
at 568.30 Da) at the peak of their respective elution times. (C) Signal observed for those peptides as a function of LC elution time, with the peak for the FlaB
peptide approximately 10 times more intense than that of the FlaC peptide. (D and E) MS survey scans of two homologous doubly charged peptides from FlaB
(LVTATEEGVDR at 595.31 Da) and FlaC (LVAAYGVGADR at 546.30 Da) at the peak of their respective elution times. (F) Signal observed for those peptides as a
function of LC elution time, with the peak for the FlaB peptide approximately 25 times more intense than that of the FlaD peptide. (G) Liquid chromatography-
tandem mass spectrometry (LC-MS/MS) analysis reveals the relative proportions of flagellin proteins in a wild-type filament preparation. The bar graph reports
the relative abundances of FlaA, FlaC, and FlaD with respect to FlaB. FlaB was chosen as a reference, since the FlaB protein had the most peptides that were
similar to peptides in the other three isoforms. The horizontal lines with an asterisk above the bars indicate that FlaA-to-FlaB ratio is relatively much higher than

FlaC-to-FlaB and FlaD-to-FlaB ratios, via one-way ANOVA.

AflaAC, AflaAD, and AflaACD mutants. We observed, however, that extended incubation
on motility agar gave rise to suppressors initially observed as flares emanating from the
small swim rings of the parent mutants. Suppression only occurred in AflaA mutants
having a chromosomal copy of flaB. The AflaAB, AflaABC, and AflaABD mutants did not
produce any flares or suppressors. The isolated AflaA suppressor mutants exhibited
significantly enhanced swim rings (Fig. S4). We designated these isolates flagellin
mutation suppressor (fms) mutants.

Several candidate fms derivatives of the AflaA mutant were selected for further
analysis, as follows: AflaA fms-13, AflaAC fms-5, AflaAD fms-12, AflaACD fms-1, and
AflaACD fms-6. These flagellin suppressor mutants were first evaluated by sequencing
for mutations in the flagellin regulators flaF and fIbT, known to control flagellin
expression in C. crescentus and Brucella melitensis (23-26); however, they were found to
be wild type for these genes. We performed whole-genome sequencing (WGS) using an
lllumina platform plus further targeted DNA sequencing to identify the mutations
underlying the suppression phenotypes (Table 1 and Fig. 7).

The most common mutations identified among the suppressors were either in the
flaB coding sequence or its upstream sequences, often in combination with additional
mutations affecting motility. We found that AflaA fms-13 had a single base substitution
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FIG 6 Filament morphology of wild-type and flagellin mutant suppressors that have chromosomal
copies of FlaAc,, or FlaB.,,. Flagella are visualized with fluorescence microscopy of cells labeled with
Alexa Fluor maleimide dye linkage to cysteine residues in specific flagellins. The Fla., residues were
introduced into the flaA (A) or flaB (B to D) by allelic exchange of the resident gene with wild-type C58
(A and B), the AflaACD fms-6 mutant (C), and the AflaA fms-13 mutant. The scale bar of 10 um applies
to all images. Flagellar filaments with cysteine labeling of FlaC and FlaD could not be visualized, likely due
to their low abundance. SD* refers to the mutated Shine-Dalgarno sequence in the suppressor mutant.
Images were collected with a Nikon Ti microscope.

(G133A) in the flaB flagellin gene (Atu0543) producing a mutant FlaBA45T protein. We
characterized two mutants isolated from the AflaAC parent. The AflaAC fms-2 mutant
had a distinct G—A substitution located 13 bp upstream of the flaB coding sequence
(Table 1) and thus had incurred a base substitution in its predicted Shine-Dalgarno
sequence (Fig. 7A). However, this mutant was not analyzed by WGS, and hence, we are
uncertain if there are other contributing mutations.

We performed WGS on the AflaAC fms-5 mutant, and in contrast to the two mutants
described above, found it did not have mutations in or around flaB. Rather, fms-5 had
three mutations (Table 1), including (i) a single base substitution (A311G) in the flaD
flagellin gene (Fig. 7C), producing FlaDD104G mutant protein, (ii) a second mutation
(C1132G) in the hook gene figE (Fig. 7D) (Atu0574, 1,278 bp), producing a mutated
FIgEQ378E protein, and (iii) a third mutation creating a single base substitution (G—T)
located 9 bp upstream in the Shine-Dalgarno region of the predicted transcription
factor sciP (Fig. 7E) (Atu2430, 276 bp). Originally identified in C. crescentus (27), SciP
(small CtrA inhibitor protein) is an essential helix-turn-helix (HTH) transcription factor
and has been shown to regulate several flagellar and chemotaxis genes (28).

The AflaAD fms-12 mutant was found to have incurred two mutations, a single base
substitution (G838C) in the flaB flagellin gene producing FlaBV280L (Fig. 7A), and a
second single base substitution also in Atu2430 (C181T), encoding the SciP regulator,
generating a predicted SciPL61F mutant protein. The AflaACD triple mutant was
particularly interesting, as it only has the single flagellin gene flaB; thus, we analyzed
two independent suppressor mutants from this parent. The AlaACD fms-1 mutant had
a single base substitution (T385A) in the flaB flagellin gene, producing FlaBY129N (Table
1), along with another single base substitution (G229C) also in the sciP gene (Atu2430),
yielding SciPG77R (Fig. 7E). The AflaACD fms-6 mutant had the a Y129N FlaB flagellin
mutation identical to that with fms-1, along with another single base substitution
(G—A) located 12 bp upstream of the flaB coding sequence (Table 1) in its predicted
Shine-Dalgarno sequence, which we designated SD*-FlaB (Fig. 7B).

All of the mutated flagellin residues are conserved between flagellins (FlaBA45,
FlaBV280, and FlaDD104), with the exception of FlaBY129 (Fig. S1). Both SciP mutations
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A Y129N
A45T
V280L
SDG DA l
FliP Atu0544 FlaB FlaC
B Atu0S44  FlaB
WT TAATCAGCCATTCAAGGGGCACACTACTATG
*
AflaACD fms-6 (SD) TAATCAGCCATTCAAGAGGCACACTACTATG
*
AflaAC fms-2 (SD) TAATCAGCCATTCAAAGGGCACACTACTATG
C D104G

(T
MotB

D Q378E

IR }
FIgE FigK

Rem

TATAGAGTGTCCAATG SD G 1

|

AtuB178 ScP  Atu2431

L61F G77R

FIG 7 fms mutations mapped to flagellar genes and Atu2430 (SciP). The mutations are color-coded, with blue for flagellin mutations,
red for the hook mutation, and green for SciP mutations. (A) Arrangement of flaB, flaC, and Atu0544 along with deletion in flaA
indicated as the gap. Vertical arrows indicate fms mutations that are upstream of FlaB (Shine-Dalgarno) and within the flab coding
region. (B) Arrangement of Atu0544 and FlaB and the genetic sequence starting from the Atu0544 stop codon (TAA) to the flaB start
codon (ATG). Shown are details on the Shine-Dalgarno mutation at the genetic sequence level, with red shaded box indicating a
predicted element and the asterisk indicating the mutated residue (SD G—A). (C and D) Arrangement of flaD (C) and figE (D); vertical
arrows indicate the fms mutations mapped to flaD and flgE. (E) Arrangement of SciP and with mutations mapped to Shine-Dalgarno
(SD* G—T, shaded red in the sequence) and in the SciP coding region. FlaB, FlaD, FIgE, and SciP are 320, 430, 425, and 90 codons in
length, respectively.
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FIG 8 Swimming motility phenotype of fully and partially recreated fms mutants. Swim ring diameter data
after 7 days showing the motility phenotype for originally isolated fms mutants and their recreated
counterparts. The relevant fms mutant for each set of bars is indicated above them. Data are normalized
to the wild type. The wild type and AflgE mutant are shown as black bars. White bars indicate the parent
mutants. Dark-gray bars are the originally isolated fms mutants (). Light-gray bars indicate the recreated
suppressors that do not completely phenocopy the original suppressor. Medium-gray bars indicate
recreated mutants that completely reproduce the original fms phenotype. Asterisks by the protein names
indicate the mutated residues incorporated via allelic replacement in those strains. Values are the averages
for three swim plates per strain.

at L61 and G77 mapped to its HTH motif and are conserved between SciP from A.
tumefaciens and C. crescentus (Fig. S5).

Recreation of fms mutations to test sufficiency. Allelic replacement was per-
formed for the wild-type genes in the parent strains with the mutated copy of the
implicated fms allele. The fms mutations were recreated either as a one-step allelic
replacement as for AflaA fms-13, where only flaB was mutated, or in a multistep process
as for AflaAD fms-12, where flaB and sciP were mutated (see Materials and Methods).
Recreated AflaA fms-13 and AflaACD fms-6 mutants restored effective motility equiva-
lent to that of the respective fms mutant, when either mutated flaB (for fms-13) or
mutated flaB along with its Shine-Dalgarno mutation (for fms-6) was replaced in its
parent background (Fig. 8). The recreated AflaAC fms-5, AflaAD fms-12, and AflaACD
fms-1 mutants, however, could not completely restore the suppression swim pheno-
type with single allelic replacements of either mutated flaB (for fms-12 and fms-1) or figé
(for fms-5) alone. Both of the recreated AflaAD fms-12 and AflaACD fms-1 mutants also
needed their respective sciP alleles in order to completely restore the suppression
phenotype. Interestingly, recreated AflaAC fms-5 mutants with the mutated figE allele
alone did not rescue the nonmotile phenotype of the AflaAC mutant at all. Motility was
partially restored to about the same degree with the mutated flaD allele alone or in
combination with a flgE mutation. It is possible that the recreated AflaAC fms-5 mutant
would be completely restored if the region upstream of its sciP is also replaced with the
mutated allele, since in other cases (for fms-1 and fms-12), mutated sciP appears to play
an important role in the suppression phenotype (Fig. 8). Based on studies of SciP in C.
crescentus, we would predict that mutations that diminish its activity either through
decreased expression levels or by inhibiting protein function would result in higher
flagellin expression. Introduction of a plasmid-borne flaB-lacZ reporter fusion (pBM196)
(Table S4) into three suppressor mutants, one with the mutation upstream of sciP
(fms-5) and the other two with amino acid substitutions (fms-12 and fms-1) in the sciP
product, revealed elevated expression levels in all of these suppressor mutants com-
pared with their parent strains (Fig. S7).
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FlaBY129N mutation can confer helicity to FlaB flagellar filaments. FlaA and
FlaB were found by LC-MS to be in similar proportions in a wild-type flagellar filament
preparation (Fig. 5G). Since the fms mutations commonly mapped to FlaB, we further
examined how the mutated FlaB might confer suppression and enhance motility. Also,
all AflaA mutants make straighter, nonhelical, and nonfunctional flagella (Fig. 1A and
2A), but the suppressors have restored motility and thus either reverse or overcome the
conformational deficiency. We introduced by allelic replacement the FlaB,, mutation
into two suppressor mutants that had been confirmed to require only mutated FlaB
(Fig. 8) to recreate efficient motility: AflaA fms-13, which was mutated for FlaBA45T, and
AflaACD fms-6, which had both SD*-FlaB and FlaBY129N mutations (Fig. 7). The AflaA
fms-13-FlaB,, mutant exhibited short curved flagellar filaments very similar to those of
the wild type (WT) with FlaB.,,, but interestingly, the AflaACD fms-6 FlaB,, exhibited
helical flagellar filaments very similar to those observed for WT FlaAc, (Fig. 6C and D).
Hence, both of these suppressors made functional flagella but seemed to do so by
different mechanisms.

However, it was unclear which mutation in the AflaACD fms-6 mutant (SD*-FlaB or
FIaBY129N) contributed to the helical conformation of the FlaB-labeled flagellar fila-
ment. In order to ascertain which mutation was responsible, we separated these two
mutations. We first compared the expression levels of a plasmid-borne wild-type
Pas-SD-lacZ translational fusion with that from a mutated Pj,z-SD*-lacZ (with the fms-6
mutation) in the AflaACD mutant via a 3-galactosidase assay. The expression for the
mutated Shine-Dalgarno sequence of flaB is higher than that of the wild type (Fig. S6).
It therefore seems likely that the SD*-FlaB mutation increases FlaB production.

We had observed repeatedly that plasmid-borne flaA expression driven from P,,,
in combination with the native promoter of flaA (P,,,) complements all AflaA
mutants entirely, in contrast to expression from P,,. alone in a AflaA mutant,
presumably reflecting the strength of the P, promoter (compare Fig. 2 with S3B).
We first expressed FlaBc,, from the plasmid as a fusion to P,,-Pg,, and examined
this construct in the AflaA and AflaACD mutants. The AflaA mutant was included to
examine the effect of the plasmid-encoded FlaB in a background where other
flagellins were also present, and it was observed to partially rescue motility,
whereas its expression in the AflaACD mutant did not (Fig. 9A). Both the AflaA and
AflaACD mutants with P;,~Pg,-FlaBc, ¢ exhibited straight filaments (Fig. 10E and F)
that correlate with their decreased swim ring diameters. We next expressed
FlaBY129N¢, from Py, -Pg.4, and both the AflaA and AflaACD mutants were fully
rescued for motility and exhibited helical flagella indistinguishable from those of
the Py, -Ppaa-FlaAc,s constructs in the same mutants (Fig. 9A and 10A, B, G, and H).
This suggests that FlaBY129N is important for formation of helical flagella that
impart proficient swimming in the suppressor mutants.

In order to examine the impact of the flaB Shine-Dalgarno mutation (from the
fms-6 mutant), we expressed the wild-type FlaB., allele and the mutant derivatives,
SD*-FlaBc,,, FIaBY129Nc,,, and SD*-FlaBY129N.,, from P,, P4,z in the AflaA and
AflaACD mutants and observed their flagella and swimming proficiency. Both
mutants expressing plasmid-encoded FlaB,, constructs exhibited mostly straight
flagella with occasional curvature similar to the WT FlaBc,, (Fig. 10C and D), and
only the AflaA mutant showed a modest improvement in motility (Fig. 9B). Cells
with SD*-FlaB¢,, constructs also displayed a phenotype similar to that observed
with FlaBcs (Fig. 10l and J). Interestingly, cells expressing FlaB.,Y129N or SD*-
FlaBY129N¢,¢ from Py, -Pg.s exhibited helical flagellar filaments, with flagella for
FlaBY129N¢,¢ (Fig. 10K and L) that are qualitatively shorter than those for the
SD*-FlaBY 129N, (Fig. 10M and N). This suggests that FlaBY129N is independently
contributing to helical flagella and that the Shine-Dalgarno mutation is contributing
by increasing flagellin levels. Both AflaA and AflaACD mutants could be partially
rescued with Py, -Pp,; driven expression of either FlaBY 129N, or SD*-FIaBY 129N
(Fig. 9B). Here, we do observe a slight decrease in swim ring diameter for both the
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FIG 9 Swimming motility of AflaA and AflaACD mutants harboring plasmids carrying flaA and flaB
alleles that impart altered helicity. Swim ring diameter of mutant A. tumefaciens derivatives. Results
for the wild type, AflgE mutant, and AflaCD mutant are provided (black bars) for reference. Shown
are the AflaA and AflaACD mutants (white bars), and derivatives harboring plasmids expressing

FlaBc,, or FlaBY129N,, and FlaA.,, or FlaAN129Y ., expressed from Py, -Pg,, (A) or from Py, -Pg,z as

well as the SD* mutation in the flaB Shine-Dalgarno sequence (B). Data are normalized to the wild
type. Values are the averages for three swim plates per strain.

mutants harboring SD*-FIaBY 129N, (fms-6 mutation) constructs, consistent with a
slight reduction in motility with the FlaB., allelic replacement in WT (Fig. S3Q),
suggesting that this allele may manifest a minor deficiency.

Asparagine at position 129 in FlaA contributes to the formation of helical
flagella. Our results suggest that the FlaBY129N mutation is a major determinant for
helical flagella in the AflaACD fms-6 suppressor and when this allele was expressed from
a plasmid in both AflaA and AflaACD mutants. We therefore examined the function of
this residue in the major flagellin FlaA. In FlaA, the residue at this position within the
projected flagellin structure (Fig. S3A) is an asparagine (N129), which corresponds to
the tyrosine (Y129) in FlaB (Fig. S1) that is mutated to an asparagine in several
suppressor mutants. In order to investigate whether N129 in FlaA is important for
rendering helical flagellar filaments, we site-specifically mutated FIaAN129.,, to
FlaAY129.,, and expressed it from a plasmid-borne P, -Pg,, in the AflaA and
AflaACD mutants. Interestingly, both the AflaA and the AflaACD mutants expressing
Piac-Paaa-FIaAN129Y o exhibited straighter flagella (Fig. 10A, B, O, and P) and
significantly weaker complementation (Fig. 9A and B) than the helical flagella and
full complementation displayed by a mutant expressing FlaA.,. This indicates that
FIaAN129 is indeed important for the formation of helical flagella and thus an
important contributor to motility.
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FIG 10 Filament morphology of plasmid-borne flagellin mutants visualized via fluorescence microscopy.
Alexa Fluor 488 maleimide labeling of A. tumefaciens derivatives from AflaA (top row) and AflaACD
(bottom row) strains. Flagellin constructs are expressed from P,,-Pg., Of P,.-Ppas (@s indicated). Mutants
express either FlaA.,, or FlaB.,, or SD*-FlaB.,, and FlaAN129Y, or FlaBY129N,,, as indicated. Scale bar
is 10 um and applies to all images.

DISCUSSION

Bacteria synthesize flagellar filaments from either one or multiple flagellins, and it is
thought that these differences might have evolved in response to the environmental
niche of each particular bacterial taxon (6, 29-31). Complex flagellar filaments com-
posed of multiple flagellins are thought to have evolved in soil bacteria, like S. meliloti
and Agrobacterium sp. H13-3, to provide stable filaments that enable efficient swim-
ming and propulsion in highly viscous environments (6, 31). For host-associated
bacteria, flagella are often recognized by the host defense response as pathogen-
associated molecular patterns (PAMPs) (32). In fact, members of the Rhizobiaceae with
complex flagella lack the recognized flagellin motif and are instead recognized by the
host through perception of the translation factor Ef-Tu (33). It is clear that flagella are
under multiple levels of strong selection in the environment for their abundance,
distribution, and composition.

During flagellum assembly, flagellin proteins are transported through the narrow
lumen of the filament and added at the growing tip. Recently, transport and assembly
have been proposed to proceed via an injection-diffusion mechanism (34). Thus, the
entry of flagellins into the export channel is a major step in the process. Given the
proposed injection-diffusion assembly model, the mechanism by which bacteria coor-
dinate flagellar biosynthesis with multiple different flagellins is even more intriguing.

Integration of multiple flagellins in A. tumefaciens motility. In this study, we
systematically examined the functions of the four flagellins that are thought to com-
prise the lophotrichous flagella tuft of A. tumefaciens. In certain bacteria, such as C.
crescentus, multiple flagellins are thought to be redundant (11), and in others, they are
differentially regulated or have unique functions (12, 14, 18, 19, 35, 36). In A. tumefa-
ciens, FlaA is thought to be the major flagellin, with accessory roles for the secondary
flagellins, FlaB, FlaC, and FlaD. The AflaA mutants were thought to form vestigial stubs
and were impaired for motility (16, 20). However, our studies with carefully constructed
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in-frame mutations reveal that rather than forming stubs, AflaA mutants form filaments
that lack the curvature found in wild-type filaments. The AflaA mutants do not appear
to be completely immobilized, as for the hookless AflgE mutant (Fig. 2), and under the
light microscope, very slow wiggling or traversing the field of view is observed (data
not shown). Our findings suggest that FlaA is the major flagellin in part because it
engenders helical shape to the filament.

The role of secondary flagellins was not clear from earlier studies. However, in the
related Sinorhizobium meliloti and Agrobacterium sp. H13-3 organisms, secondary flagel-
lins are also required for proficient swimming motility, as FlaA together with any one
secondary flagellin were able to assemble a functional filament and thus enable the
cells to swim (12). We performed detailed analysis in A. tumefaciens to ascertain the
function of individual flagellins, finding that each flagellin can contribute to motility,
and that the secondary flagellins FlaB, FlaC, and the most divergent FlaD, can combine
with FlaA to drive efficient motility. However, there are discernible differences in
motility, flagellar conformation, and length between specific flagellin mutants, suggest-
ing distinct functionalities. In S. meliloti, feedback regulation has been reported to exist
on flagellin synthesis, by which AflaA mutants have decreased expression of the
secondary flagellins (12). We have not observed any significant effects on flagellar gene
expression in the different A. tumefaciens flagellin mutants (B. Mohari and C. Fuqua,
unpublished data).

Biophysical considerations of complex flagella. What is the role for multiple
flagellins in motile bacteria compared with those that have a single plain flagellin type?
In plain flagella, flagellin monomers are organized in a helical pattern leaving an interior
channel of 10 A in radius; 11 monomers make up one turn of a helical element, with
a rise of 52 A (37). Hence, a flagellar filament usually consists of 11 protofilaments 10
to 20 wm in length, which can each transition between different degrees of helicity.
Plain flagella can assume different forms, each with a distinct overall helical pitch (38).
Transitions between these polymorphisms under hydrodynamic torque as a result of
flagellar motor rotation reversal are responsible for flagellar bundle disruption, leading
to tumbles in peritrichous multiflagellated bacteria. Each flagellin monomer can exist in
one of two conformational states, L-type and R-type (that differ slightly in length),
leading to L- or R-type protofilaments, given the high degree of cooperativity among
subunits along each protofilament (39-41). When all protofilaments are L or R type, the
flagellum is straight, while different proportions correspond to different ratios of L- and
R-type monomers (38). Recent cryo-electron microscopy (cryo-EM) studies have pro-
vided the highest resolution analysis of plain filaments to date, allowing comprehensive
demonstration of the bistable model using different flagellar structures obtained from
mutants of Gram-positive and Gram-negative species (42).

A large proportion of bacteria produce complex flagellar filaments consisting of
multiple flagellins, represented by monotrichous, peritrichous, and lophotrichous cel-
lular distributions, as with A. tumefaciens. The complex filaments corresponding to
monotrichous and lophotrichous arrangements are stiffer than the plain filaments of
the better studied peritrichously flagellated bacteria, with consequences for the bio-
physical mechanisms underlying the generation of tumbles. Detailed experimental
characterization of motility in Agrobacterium sp. H13-3 revealed that the rigid flagellar
filaments do not undergo polymorphic transitions in the course of flagellar unbundling,
triggered by changes in rotational speed of the flagella (13). Noting that the generation
of supercoiling in simple flagella requires that monomeric subunits (and resulting
protofilaments) exist in two different conformational states, we speculate that super-
coiling in complex filaments instead arises from the existence of multiple flagellins with
inherent structural differences. Rather than having different conformations of a single
monomeric subunit, it is conceivable that packing multiple flagellins with inherent
structural differences into filaments, perhaps in random distributions, also gives rise to
mechanical strains that curve and twist the filament. This in turn may provide the
different helical states that dictate propulsion with complex flagella, and in lopho-
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trichous arrangements, such as A. tumefaciens, may also influence bundling. In A.
tumefaciens, each type of flagellin and their distribution in filaments likely contributes
in a different way, giving rise to some of the phenotypic changes we observe with the
specific flagellin mutants.

Suppression of flagellin mutants by changes in relative expression and flagel-
lum structure. Given that we were able to observe suppressors of severely compro-
mised flagellin mutants with the AflaA mutation, it seemed likely that in the appropriate
contexts, secondary flagellins could compensate for the absence of FlaA. Suppression
was observed only in mutants that retain a chromosomal copy of flaB, so we hypoth-
esized that FlaA and FlaB might have somewhat similar functions. In the AflaACD fms-6
mutant, FIaBY129N in combination with base substitutions that alter the Shine-
Dalgarno sequence reproduced the suppressor phenotype (Fig. 9B), but we discovered
later that FlaBY129N is primarily responsible for rendering a helical shape to flagellar
filaments in these mutants (Fig. 10L). It is interesting that this kind of suppression was
only observed in AflaACD suppressors where FlaB is the only flagellin present. However,
for the AflaACD fms-1 mutant, FlaBY129N in combination with SciP G77R were required
to reproduce the suppressor phenotype (Fig. 8). Perhaps similarly, the increased
expression from the SD*-FlaB mutation in the fms-6 mutant in part contributed to the
improved motility in the AflaACD mutant. Overall, the above-mentioned observations
suggest that the FlaBY129N mutation compensates for the absence of FlaA by render-
ing a helical shape to the flagella, and additional mutations can augment the impact of
this change by increasing flaB expression.

The helicity of flagella is clearly an important attribute for their function. Extreme pH
values of 3 and 11 can transform helical filaments to straight ones (13). We found that
the mutation of a single tyrosine residue to an asparagine in FlaB (as in the fms-6
mutant) is sufficient to impart the helical shape of the mutant flagellar filament in our
fms-6 mutant. Also, FlaA has an asparagine at the exact same position. Accordingly, we
found that creating a FlaAN129Y (mutated) flagellin abolishes the helical flagellar
conformation, transforming flagella to straight filaments that do not function in the
context of a AflaACD mutant (Fig. 9A and 100 and P). Hence, it seems that FlaAN129
is a major contributor to the helical conformation of the flagella in A. tumefaciens. FlaC
and FlaD have serines at the corresponding position, as do all of the flagellins from S.
meliloti and Agrobacterium sp. H13-3. Of the six flagellins in C. crescentus at the
equivalent position, five have an asparagine residue and one has a serine residue (11).
In Shewanella oneidensis, two flagellins, FlaA and FlaB, comprise the filaments, and two
key residues determine the activity of the FlaB flagellin; however, it is not known
whether these residues determine helical shape (43). Here, we show that in A. tume-
faciens, FlaAN129 is a critical residue that might contribute significantly to the role of
FlaA as the major flagellin.

We observed that another frequent mechanism for suppression was via antagonism
of SciP, a predicted inhibitor of flagellar gene expression. The suppressor mutations we
isolated in sciP all resulted in elevated expression of flaB (and probably the other
flagellins as well), one through mutation of the putative sciP Shine-Dalgarno sequence
and the other two by changes in the SciP amino acid sequence. In C. crescentus, SciP
(small CtrA inhibitor protein) is an essential HTH transcriptional factor that directly
binds to CtrA (27), a two-component response regulator protein and the master
regulator of flagellar gene control. As a class | flagellar gene at the top of the flagellar
gene hierarchy, CtrA regulates the class Il flagellar structural genes (28, 44). The SciP
homologue from A. tumefaciens is 91% similar and 84% identical to that from C.
crescentus, and aligning them reveals that the helix-turn-helix motif is well conserved
(Fig. S5). SciP exerts its effects in swarmer cells of C. crescentus and thus controls the
expression of many flagellar and chemotaxis genes by inhibiting CtrA, a function
important for normal cell cycle progression. Several conserved residues, including R35
and R40 outside the HTH, are critical for SciP-CtrA interaction, and mutating these
residues blocks the interaction, thus hampering the SciP overexpression phenotypes
(27). The residues mutated in the A. tumefaciens fms mutants we isolated have not been
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previously identified as important; however, these are conserved and are clearly within
the HTH, suggesting a role in DNA binding or for interactions with CtrA. The sciP
homologue is not essential in A. tumefaciens, and thus its role in regulating CtrA, which
is itself essential, remains speculative (45). Even so, it is possible that the mutations are
to some extent relieving the inhibition of SciP on CtrA, thus allowing a greater
transcription of flagellin genes, thus enhancing motility in the suppressors.

There thus seem to be multiple mechanisms to achieve suppression and thus
overcome the absence of specific flagellins. An open question is whether flagellar
filaments are composed of all four flagellins or whether they occur in specific combi-
nations. There may be environmental conditions that lead to different proportions of
the flagellins in filaments. We now know that the flagellins which comprise the flagellar
filament of A. tumefaciens are not simply redundant in function, and we have gained
insights into their specific roles and relative abundances.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Table S3 in the supplemental material lists all
the bacterial strains and plasmids used in this study. Table S4 lists all oligonucleotides used. Buffers,
reagents, antibiotics, and media were obtained from Fisher Scientific (Pittsburgh, PA) and Sigma
Chemical Co. (St. Louis, MO). Oligonucleotides were ordered from Integrated DNA Technologies (Cor-
alville, IA). E.Z.N.A. plasmid miniprep kits (Omega Bio-tek, Norcross, GA) were used to purify DNA. All
restriction enzymes and molecular biology reagents were obtained from New England BioLabs (Ipswich,
MA). DNA was manipulated using standard techniques described earlier (46). Standard Sanger-type DNA
sequencing was performed on an ABI 3730 sequencer at the Indiana Molecular Biology Institute,
Bloomington, IN. Plasmids were introduced into A. tumefaciens via electroporation (47, 48). E. coli was
grown in LB medium, and A. tumefaciens was grown in AT minimal medium (49) supplemented with 0.5%
(wt/vol) glucose and 15 mM ammonium sulfate (ATGN). For allelic replacements, where ATSN medium
was used, 5% (wt/vol) sucrose was used as the sole carbon source instead of glucose for sacB
counterselection. The antibiotic concentrations used were as follows: for E. coli, 100 ng - ml~" ampicillin
(Amp) and 25 pg - ml~" kanamycin (Km), and for A. tumefaciens, 300 g - ml=" Km and 50 pg - ml—’
spectinomycin (Sp). Isopropyl-thio-B-p-galactopyranoside (IPTG) was added to the media for P, induc-
tion at the indicated concentrations, when appropriate.

Construction of complementation constructs. Wild-type or site-specifically mutated flagellin cod-
ing sequences (wild-type flaA, flaB, flaC, and flaD and their corresponding mutated genes [flaAT213C,
flaBT190C, flaCT216C, and flaDT276C]) were amplified with primers comp P1 and comp P2 from AtC58
genomic DNA using Phusion high-fidelity DNA polymerase. These fragments were gel purified and
ligated to pGEM-T Easy, and their sequences were confirmed using appropriate restriction enzymes and
then religated to pSRK-Km previously cleaved with corresponding restriction enzymes. For all comple-
mentation constructs except the ones with the native flagellin promoters, 5" primers were designed to
incorporate the Ndel site of pSRK-Km in frame with the lacZa start codon to be cloned into the
IPTG-inducible expression vector pSRK-Km (50). The pSRK-Km constructs were electroporated into A.
tumefaciens, as described previously (47). For the construction of P, -P;.,-flaA and P, -P4,,flaAT213C,
the entire promoter region upstream of flaA along with its coding region was amplified using flaA Py,
promoter comp P1 and flaA comp P2 primers. The 5’ flaA promoter comp P1 was designed with a stop
codon, TGA, after the restriction site Spel in order to terminate translation from lacZa to prevent
occlusion of the native translation start site. P, P, ....-flaB was similarly constructed.

Construction of nonpolar deletion mutants. Deletion mutants were constructed as described
earlier (51). Primers for deleting the desired gene were carefully designed so that adjacent genes are not
affected and to maintain potential translational coupling. DNA fragments were generated about 500 to
1,000 bp upstream and downstream flanking the desired gene via PCR using the P1 and P2 primers for
the upstream sequence and the P3 and P4 primers for the downstream sequence. Primers P2 and P3
were designed so that they could overlap each other via 18 bp of complementarity (Table S4). The two
flanking fragments were then joined together via a splicing by overlapping extension (SOE) PCR using
Phusion high-fidelity DNA polymerase (NEB, Ipswich, MA), as described earlier (52-54). All single-deletion
mutants were generated from the WT C58 strain. For generation of the AflaAB mutant, the AflaA mutant
was used as the starting strain instead of the wild-type C58 in order to ensure that the Atu0544 open
reading frame (ORF) is retained in the corresponding mutants (Fig. S2). FlaAP1 and FlaBP2 were used as
the P1 and P2 primers, whereas FlaBP3 and FlaBP4 were used as the P3 and P4 primers. For subsequent
generation of AflaABC and AflaABD mutants, the AflaAB mutant was used as the starting strain. The
AflaABC mutant was generated with the use of FlaAP1 and FlaCP2 as the P1 and P2 primers and with
FlaCP3 and FlaCP4 as the P3 and P4 primers. All multiple-flagellin-deletion mutants were generated
starting from a single- or double-gene-deletion mutant. The flanking DNA fragments were gel purified,
and another short PCR of 5 cycles was performed using this as the template and primer. In order to join
the fragments, the above-described product was amplified via another amplification using primers P1
and P4. This final product of =1 kb was ligated to pGEM-T Easy (Promega, Madison, WI). Colonies were
confirmed by DNA sequencing, digested with the appropriate restriction enzymes, and ligated into the
suicide vector pNPTS138 cleaved with the same set of enzymes. The pNPTS138 plasmid (51; M. R. K. Alley,
unpublished data) has the Km resistance (Km") gene, and the sacB gene imparts sucrose sensitivity (Suc).
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Since it has a colET replication origin that does not function in A. tumefaciens, in order to form viable Km®
colonies, the plasmid must recombine into a stable endogenous replicon. Correct pNPTS138 derivatives
were confirmed by digestion, and the miniprep was transformed into the E. coli mating strain S17-Apir.
The mating strain harboring the deletion plasmid was conjugated with A. tumefaciens via mating on LB,
and recombinant colonies were selected for growth on ATGN Km plates. In order to confirm that the
desired deletion plasmid had integrated and the colonies are sucrose sensitive, Km" colonies were
restreaked on ATGN Km plates and ATSN Km plates. Colonies with normal growth on ATGN Km plates
and very poor growth on ATSN Km plates were chosen for further processing. The next step was to select
for the correct mutants that have lost the integrated plasmid due to a second recombination event and
are sucrose resistant. To obtain these colonies, a single Km"/Sucs colony was grown overnight in ATGN
broth without Km selection and then plated on ATSN. The resultant Suc’ colonies were patched on ATSN
and ATGN Km to verify plasmid excision. Diagnostic colony PCR was performed using primers P1 and P4
that flank the desired gene to confirm that the target gene was deleted, and this amplification product
was sequenced to confirm the deletion junction.

Allelic replacement of wild-type genes with the fms alleles. Allelic replacement procedures were
performed as described previously (55). Wild-type genes were replaced with either the fms or sciP allele
in the parent flagellin mutant. The fragment containing the desired mutation in the middle was PCR
amplified using primers P1 fms and P2 fms or using primers P1 sciP and P2 sciP from fms mutants, fms-1,
fms-5, fms-6, fms-12, and fms-13, using Phusion high-fidelity DNA polymerase. Positioning the desired
mutation in the center of the fragment increased the probability of recombination events on either side.
The PCR fragments were gel purified and ligated to pGEM-T Easy. The remainder of the process was
identical to the construction of nonpolar deletion mutants described above. This included incorporation
of the pNPTS138::fms allele(s) in the parent mutant A. tumefaciens via mating. For allelic replacement of
sciP alleles, the procedure was modified a bit due to the apparent toxicity of the gene when expressed
in E. coli. We therefore used a triparental mating approach using the helper plasmid pRK2013 (56) or
PRK2073 (57). After desired Kms/Suc' colonies were obtained either from the biparental or the triparental
mating, colony PCR was performed to amplify the DNA, which was later gel purified, and the desired fms
or sciP mutation was confirmed via DNA sequencing using internal sequencing primers. The procedure
of allelic replacement was repeated sequentially when more than one mutation needed to be incorpo-
rated in a parent mutant.

Site-directed mutagenesis of flagellins. Site-directed mutagenesis was performed as described
earlier for FlaAT213C, FIaCT216C, and FlaDT276C, using the QuikChange protocol obtained from Strat-
agene Corp. (55). Long self-complementary mutagenic primers F1imut and R1lmut (melting temperature
[T,], ~68°C) were designed harboring the desired mutations individually in the middle for all flagellin
genes (Table S4). Mutagenic primers and Phusion DNA polymerase were used to perform PCR on the
following pGEM-T Easy plasmids: pBM139 (containing flaA), pBM147 (containing flaC), and pBM128
(containing flaD) (Table S4). Dpnl digestion of the PCRs was performed in order to remove the parental
wild-type and hemimethylated plasmid DNA. The newly synthesized uniformly nonmethylated mu-
tated DNA should not be cleaved and will transform into E. coli, followed by sequencing to confirm
the mutations and then introduction into the wild type by allelic replacement as described above.
The mutated DNA fragment (either flaAT213C, flaCT216C, or flaDT276C) replaced its counterpart in the
wild-type genome. Allelic replacement for the FlaBT190C strain was accomplished via an SOE PCR. Long
self-complementary mutagenic primers FlaBT190CF1mut and FlaBT190CR1mut (T, ~68°C) were de-
signed harboring the desired mutation for T190C (flaB) (Table S4). As described above, about 500 to 1,000
bp of upstream and downstream DNA sequences flanking the desired gene were PCR amplified with the
FlaB comp P1 and FlaBT190CRTmut primers (for the upstream sequence) and with FlaB comp P2 and
FIaBT190CF1mut primers (for the downstream sequence). Owing to their self-complementarity, the two
fragments were annealed, gel purified, and ligated to pGEM-T Easy, and the remaining procedure was
identical to the protocol described above.

Genome resequencing of fms mutants. After streak purifying the fms mutants on ATGN, a
paired-end library was prepared from their total genomic DNA using the modified protocol of Lazinski
and Camilli (http://tucf-genomics.tufts.edu/), as described earlier (54). The Quick Blunting kit (New
England BioLabs) was used to blunt-end about 20 ng of sheared genomic DNA, followed by the addition
of one deoxyadenosine to their 3’ ends using the Klenow fragment of DNA polymerase I. The Quick
Ligation kit (New England BiolLabs) was then used to ligate the DNA preparation with an adapter mix
consisting of primers OLJ131 and OLJ137. The library was then amplified by PCR using the primers
OLJ139 and OLJ140. Sequencing was performed on an lllumina MiSeq platform at the Center for
Genomics and Bioinformatics at Indiana University.

Motility assays. Petri dishes (100 mm) containing 0.25% ATGN motility agar were used to evaluate
swimming proficiency. Swimming phenotypes were determined by inoculating fresh colonies into the
center of the swim plates with 20 ml Bacto agar (BD, Sparks, MD) (58). Antibiotics and IPTG were added
when necessary. The plates were incubated at 28°C for up to 7 days, and their swim ring diameters were
measured daily.

TEM. Transmission electron microscopy (TEM) was performed as described previously (22, 55).
Three-hundred-mesh, 3-mm copper grids (Electron Microscopy Sciences, Hatfield, PA) were coated with
carbon-Formvar films. The sample for TEM was A. tumefaciens cells grown in ATGN to an optical density
at 600 nm (ODy,) of ~1.0 and diluted 1:10, 10 ul of which was applied to the Formvar-coated grids. After
5 min, each grid was dried with filter paper and then negatively stained with 2% uranyl acetate for
another 5 min. The grids were again dried to remove excess stain and then examined with a JEOL
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JEM-1010 transmission electron microscope set to 80 kV in the Indiana University Electron Microscopy
Center.

Visualization of flagellar filaments with Alexa Fluor 488 maleimide stain. A. tumefaciens wild-
type or mutant cells were grown overnight and then subcultured until they reached exponential phase.
Alexa Fluor 488 maleimide dye was diluted to 25 ug/ml in ATGN minimal medium. Diluted dye (1 to 2
wul) was mixed with the same volume of cells. The mixture was then added on a slide and incubated for
5 to 10 min with a coverslip on it. The samples were then observed at X60 magnification with a Nikon
90i microscope equipped with a Photometrics Cascade cooled charge-coupled-device (CCD) camera
(excitation filter = 480/40 nm, dichromatic mirror = 505 nm, absorption filter = 535/50 nm).

Amino acid sequence alignment and structural analysis. The FASTA A. tumefaciens FlaA, FlaB,
FlaC, and FlaD amino acid sequences were imported from the PubMed Protein database to Clustalw2
and aligned as per the default settings (59). The FASTA sequences for SciP were aligned using Clustal
Omega, with default settings (60). Phyre structures of the A. tumefaciens flagellins were individually
generated using the Salmonella Typhimurium FIliC flagellin structural template (PDB 3A5X). This structural
analysis was important to create the site-specific mutations in the flagellins (see Fig. S1 and S3A for
details) (61).

Mass spectrometry. Flagellar filament preparation was done as described previously for C. crescentus
(11). A. tumefaciens wild-type and AflaABC mutant cells were grown overnight, subcultured into 500 ml
of ATGN minimal medium, and incubated until exponential phase. Cultures were then centrifuged at
10,000 X g for 15 min to remove cells. A fixed-angle Beckman 70 Ti rotor was used to ultracentrifuge the
resultant supernatant at 74,800 X g for 30 min. Twenty milliliters of phosphate-buffered saline (PBS) was
used to suspend the pellet, and the mixture was again centrifuged at 17,500 X g to remove any remaining cells.
The supernatant was again ultracentrifuged at 74,800 X g for 30 min to concentrate the preparation. One
hundred microliters of PBS was used to suspend the pellet, and the final filament preparation was
examined for the presence of filaments via TEM.

Flagellar samples prepared as described above were analyzed via LC-tandem mass spectrometry
(LC-MS/MS) in the Indiana University (IU) Laboratory for Biological Mass Spectrometry. These prepara-
tions were incubated for 45 min at 57°C with 2.1 mM dithiothreitol to reduce cysteine residue side chains.
These side chains were then alkylated with 4.2 mM iodoacetamide for 1 h in the dark at 21°C. A solution
containing 1 g trypsin in 25 mM ammonium bicarbonate was added, and the samples were digested
for 12 h at 37°C. The resulting peptides were desalted using a ZipTip (Millipore, Billerica, MA) The samples
were dried down and injected into an Eksigent high-performance liquid chromatograph (HPLC) coupled
to a LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific, Waltham, MA) operating in “top five”
data-dependent MS/MS selection. The peptides were separated using a 75-um, 15-cm column packed
in-house with C,4 resin (Michrom Bioresources, Auburn, CA) at a flow rate of 300 nl/min. A 1-h gradient
was run from buffer A (2% acetonitrile, 0.1% formic acid) to 60% buffer B (100% acetonitrile, 0.1% formic
acid). Peptides shared between flagellin proteins as well as those specific to individual proteins were
identified by MS database interpretation. For each peptide, LC peak areas were manually extracted using
a +0.1-Da mass window around the theoretical m/z value for the observed charge state. To determine
the intensity of each flagellin protein relative to that of FlaB, MS-identified peptide pairs showing high
sequence identity were compared. The ratio of the signal area for the peptide relative to its FlaB
counterpart was determined. In the case of peptides containing a methionine residue, both the
unmodified and oxidized versions of the peptide were observed, and in these cases, the total signal areas
for both versions were calculated. One-way ANOVA was used to calculate if there were any significant
differences between the ratios of peptides.

B-Galactosidase assays and lacZ fusions. The lacZ reporter gene was fused to the start codons of
flagellin genes, as described previously (62). Primers for lacZ fusion were designed so that the fragments
had the ribosome-binding site and the gene start codon in-frame with the promoterless lacZ gene. The
prom-1 and prom-2 primers (Table S4) were used to amplify promoter regions of flaB from A. tumefaciens
wild-type and fms-6 genomic DNA with Phusion DNA polymerase, followed by gel purification and
ligation to pGEM-T Easy. Their sequences were verified, followed by restriction digestion that cleaved
them at the designed restriction sites, to be ligated to the vector pRA301, cleaved with appropriate
restriction enzymes. Following another round of sequence verification, the constructs were electropo-
rated into A. tumefaciens AflaACD mutants, as described earlier (47). B-Galactosidase assays were
performed to determine the Miller units of at least three biological replicates, as described previously
(63).

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/JB
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