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ABSTRACT Production of bacterial flagella is controlled by a multitiered regulatory sys-
tem that coordinates the expression of 40 to 50 subunits and ordered assembly of these
elaborate structures. Flagellar expression is environmentally controlled, presumably to
optimize the benefits and liabilities of having these organelles on cell growth and sur-
vival. We recently reported a global survey of AlgU-dependent regulation and binding in
Pseudomonas syringae pv. tomato DC3000 that included evidence for strong downregu-
lation of many flagellar and chemotaxis motility genes. Here, we returned to those data
to look for other AlgU-dependent influences on the flagellar regulatory network. We
identified an AlgU-dependent antisense transcript expressed from within the fleQ gene,
the master regulator of flagellar biosynthesis in Pseudomonas. We tested whether ex-
pression of this antisense RNA influenced bacterial behavior and found that it reduces
AlgU-dependent downregulation of motility. Importantly, this antisense expression influ-
enced motility only under conditions in which AlgU was expressed. Comparative se-
quence analysis of the locus containing the antisense transcript’s AlgU-dependent pro-
moter in over 300 Pseudomonas genomes revealed sequence conservation in most
strains that encode AlgU. This suggests that the antisense transcript plays an important
role that is conserved across most of the genus Pseudomonas.

IMPORTANCE Pseudomonas syringae is a globally distributed host-specific bacterial
pathogen that causes disease in a wide-range of plants. An elaborate gene expres-
sion regulation network controls flagellum production, which is important for proper
flagellum assembly and a key aspect of certain lifestyle transitions. P. syringae pv. to-
mato DC3000 uses flagellum-powered motility in the early stages of host coloniza-
tion and adopts a sessile lifestyle after entering plant tissues, but the regulation of
this transition is not understood. Our work demonstrates a link between regulation
of motility and global transcriptional control that facilitates bacterial growth and dis-
ease in plants. Additionally, sequence comparisons suggest that this regulation
mechanism is conserved in most members of the genus Pseudomonas.

KEYWORDS Pseudomonas, Pseudomonas syringae, cell motility, flagella, regulation,
sRNA

Many bacteria use flagella to move toward environments beneficial to their survival
and growth. Flagella are macromolecular surface appendages that actively propel

cells through liquids and over surfaces. Regulation of flagellar expression is particularly
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important for bacterial pathogens, because they rely on motility to enter and attach to
host tissues (1, 2), but flagella can also be detrimental in these contexts (3–6). Pseu-
domonas syringae, a species complex that cause diseases in a wide-range of agricul-
turally significant crops, is capable of moving over plant surfaces toward stomata or
wounds in plant surfaces to access the intercellular spaces where the bacteria are
adapted to grow (7). This movement requires chemotaxis sensing and flagella (8). Plant
and animal immune systems respond to the presence of infecting microbes by detect-
ing epitopes within flagellar filament proteins (3–6), and downregulation and disas-
sembly of flagella may be an adaptive trait to facilitate infection (9–11). P. syringae and
other pseudomonads secrete the AprA proteases, which degrade the remaining flagel-
lar monomers, helping to avoid immune activation (12–14).

P. syringae encodes redundant virulence functions that help to avoid or suppress
plant immune defenses activated by flagella and other molecules (15, 16). A subset of
P. syringae type III secreted effectors interfere with flagellar detection and signal
transduction that leads to activation of plant defenses (17–19). Culture conditions that
activate expression of the P. syringae pv. maculicola type III secretion system and
effector genes also downregulate flagellar gene expression, suggesting a possible
regulatory link between these systems (11). This coordinated regulation requires AlgW,
which is an integral component of the signal transduction pathway activating the AlgU
extracytoplasmic function (ECF) sigma factor (20). AlgU is activated in response to types
of stress that affect the bacterial cell envelope (21), including osmotic and water stress,
and during plant infection (10, 22). Analysis of the AlgU regulon in P. syringae pv.
tomato DC3000 indicates that this sigma factor acts as a master regulator in coordi-
nating upregulation of alginate-biosynthetic genes, many effector genes, and compo-
nents of the type III secretion system with downregulation of flagellar and chemotaxis
genes (22).

Flagella are dynamic structures that are expressed according to environmental
conditions (11, 23–25). P. syringae pv. tomato DC3000 cells and other pseudomonads
produce 1 to 5 polar flagella (26, 27) using a four-tiered hierarchical transcription
regulation network (28). This sophisticated control system provides for just-in-time
expression of the flagellar components and for ordered assembly of the flagellar
apparatus. FleQ is an NtrC-like transcription activator at the top of the transcriptional
regulatory hierarchy and is necessary for transcription of more than 40 genes coding for
the regulatory and structural components of the flagellar apparatus (27, 28). The fleQ
gene and motility of Pseudomonas aeruginosa and Pseudomonas fluorescens are re-
pressed by AlgU via AmrZ (29–31). AlgU also downregulates flagellar gene expression
in P. syringae pv. tomato DC3000, but this is unlikely to occur via AmrZ. Expression of
fleQ is not repressed by AlgU in P. syringae pv. tomato DC3000 (22), and AmrZ has a
positive effect on motility and flagellar gene expression (31).

Here, we report the discovery of an AlgU-regulated antisense transcript within the
P. syringae pv. tomato DC3000 fleQ gene, which we refer to as fleQ antisense (fleQas). We
investigated the structure and function of this transcript and found that fleQas expres-
sion increases swimming motility but not flagellar gene expression in AlgU-expressing
cells. This suggests that fleQas has a positive influence on flagellar activity, which
functionally opposes AlgU-dependent downregulation of flagella. We found the pre-
dicted AlgU-dependent promoter sequences appropriately positioned to express fleQas

in P. syringae pv. tomato DC3000 and in most sequenced Pseudomonas genomes that
also encode an AlgU orthologue. Together, these results provide evidence of a new
gene functioning within the complex regulatory cascade controlling flagellar expres-
sion and motility in Pseudomonas bacteria.

RESULTS
Functional genomic evidence for AlgU-dependent antisense transcription and

AlgU binding within the fleQ gene. Upon further evaluation of the P. syringae pv.
tomato DC3000 whole-genome AlgU-dependent expression and binding data (22), we
identified a transcript that mapped to the opposite strand of the 5= portion of fleQ
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(Fig. 1A). This transcript was apparent only in cells expressing AlgU, and chromatin
immunoprecipitation sequencing (ChIP-seq) analysis detected AlgU binding directly
upstream of the sequence coding for this transcript.

fleQas expression is dependent on AlgU. We used strand-specific reverse tran-
scription and PCR (RT-PCR) to test whether the antisense transcript could be detected
in cells expressing AlgU. This was done to provide independent verification of the
presence of the transcript and to test whether AlgU is necessary for its production. In
this experiment, PCR amplification depended on strand-specific reverse transcription of
RNAs produced from within the fleQ locus (Fig. 1B). Using RNA collected from P.
syringae pv. tomato DC3000 ΔalgU mucAB cells containing an AlgU expression con-
struct or empty-vector control, we found that the fleQas transcript could be detected
only in cells expressing AlgU (Fig. 1C). Note that P. syringae pv. tomato DC3000 ΔalgU
mucAB cells were used to observe AlgU-dependent phenotypes in lieu of induction in
response to environmental cues (22). In comparison, the fleQ sense transcript could be
detected regardless of the presence of AlgU.

We used strand-specific quantitative reverse transcription (qRT)-PCR to evaluate the
relative difference in antisense transcript quantity in AlgU-expressing cells versus those
containing the empty vector. In this experiment, the fleQas and fleQ sense transcripts
were reverse transcribed using primers complementary to the respective strands, as
described above (Fig. 1B). Strand-specific primers were also used to reverse transcribe
the gyrA and gap-1 housekeeping genes, which were used as controls for differential
expression and normalization, respectively. We found that the fleQas transcript was
more than 100-fold more abundant in AlgU-expressing cells than in those with the
empty-vector control. The differences in relative transcript abundances in AlgU-
expressing cells and those with the empty-vector control were as follows [averages and
standard deviations (SD)]: fleQ, 1.45 (1.0); fleQas, 112.5 (64.0); and gyrA, 2.50 (2.0). (The
averages and standard deviations were calculated from three biological replicates. gyrA
was included as a control for AlgU-dependent changes to general transcription levels.
The Tukey-Kramer honest significant difference [HSD] test results indicate that the
mean expression difference for fleQas is significantly different from those of fleQ and
gyrA, which are statistically equivalent.) The fleQ sense strand and gyrA housekeeping
gene were unchanged by AlgU expression. Together, these results provide strong
evidence that fleQas transcription is dependent on AlgU and that the transcription of
the fleQ gene itself is unchanged by the AlgU-dependent transcription occurring from
the opposite strand.

fleQas lengths and start sites. We used 5= and 3= rapid amplification of cDNA
ends [RACE] to determine the sequences of the 5= and 3= ends of the fleQas

transcript in AlgU-expressing cells (Fig. 2). We observed two 5= ends that mapped
over a 3-nucleotide (nt) range complementary to fleQ codons 68 and 69. We
observed 16 different 3= ends, 6 of which were observed more than once. Based on
the locations of the observed 5= and 3= ends, we predicted transcript lengths
ranging from 71 to 262 nucleotides (Fig. 2).

We compared the locations of mapped fleQas transcript ends to the locations of
AlgU binding and AlgU-dependent transcription observed in the functional genomic
analyses (22). The locations of the mapped fleQas 5= ends were directly downstream of
the area maximally enriched in the AlgU ChIP-seq, which is consistent with those
locations serving as the transcription start sites for this RNA. Additionally, there was
good agreement between the most frequently observed 3= ends (by 3= RACE) and the
ends of the majority of transcripts sequenced at this locus in the transcriptome-
sequencing (RNA-seq) analysis (22).

An AlgU-dependent promoter controls fleQas expression. We inspected the
nucleotide sequence immediately upstream of the mapped 5= transcript ends for the
presence of potential cis-acting regulatory sequences responsible for AlgU-dependent
transcription of fleQas. We identified a very good match to the P. syringae pv. tomato
DC3000 AlgU-dependent promoter �10 and �35 elements (22) appropriately posi-
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FIG 1 Analysis of AlgU-dependent antisense transcript expressed within the fleQ gene. (A) RNA-seq and ChIP-seq results at the fleQ locus.
Strand-specific RNA-seq analysis of transcriptomes produced by P. syringae pv. tomato DC3000 ΔalgU mucAB cells containing an AlgU
expression construct (�AlgU) or the empty-vector control (-Cntl) show the location of antisense transcription in the fleQ gene (dashed
box). ChIP-seq analysis of P. syringae pv. tomato DC3000 ΔalgU mucAB cells containing an AlgU-Flag expression construct (�AlgU-Flag)
or the empty-vector control (-Cntl) shows AlgU-Flag-dependent enrichment of sequences directly upstream of the location of fleQas

transcription. Experimental details and complete data sets for the AlgU RNA-seq and ChIP-seq results are available in reference 22. The
number of reads on the y axis indicates the number of sequence reads mapped per nucleotide position. The red and blue profiles indicate
sequences matching the sense and antisense strands, respectively. (B) Strand-specific RT-PCR was used to test for the fleQas transcript in
cells containing either the AlgU expression plasmid or the empty-vector control. PCR amplification required the product of strand-specific

(Continued on next page)
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tioned to function as a promoter for fleQas (Fig. 3A). The �10 and �35 hexamers were
separated by 17 nt rather than the 16-nt spacer for the AlgU-dependent promoter
consensus reported by Markel et al. (22). This is not unusual; promoters regulated by
this class of sigma factors often have some variation in spacer lengths (32).

The AlgU-dependent function of this sequence was tested by cloning the region
containing the putative promoter upstream of the lux operon and measuring reporter
activity in the presence and absence of AlgU (Fig. 3B). Reporter activity from the
construct was 51-fold higher in cells with the AlgU expression vector, confirming that
the cloned region contains an AlgU-regulated promoter. The contributions of specific
nucleotides to promoter function were further examined by substitution mutations at
three conserved positions (and all three combined) of the AlgU-dependent promoter
motif. The changes were chosen to avoid altering the coding sequence of the opposite-
strand fleQ gene; this was done to test the suitability of these mutations for evaluating
phenotypes associated with fleQas expression from the native location without inter-
fering with fleQ expression or function (see below). The reporter activities of the fusion
constructs containing these mutations were compared to that of the wild-type pro-
moter. Each of the individual mutations reduced expression between 2- and 21-fold,
with changes in the �10 element having the greatest effect, which is consistent with
expectations for ECF sigma factor-regulated promoters (33, 34). Furthermore, the
mutations had a slight additive effect when combined: we found that the promoter
containing all three mutations reduced expression 43-fold, which is the same level of
expression as in the absence of AlgU (Fig. 3B, compare �algU/wt to the triple mutant)
(P � 0.53; t test).

We tested the effects of the promoter mutations on fleQas expression from the
native location in the P. syringae pv. tomato DC3000 genome. In this experiment, the
wild-type fleQas promoter was replaced with the mutant allele containing the three
nucleotide substitutions, because that version had the lowest lux expression. We
determined the relative expression of the fleQas gene in AlgU-expressing strains
containing the wild-type and mutant promoters using the strand-specific qRT-PCR
approach (Fig. 3C). The mutant promoter reduced fleQas expression 110-fold, which is
consistent with the hypothesis that the AlgU-dependent promoter we identified is
responsible for fleQas expression.

fleQas expression limits AlgU-dependent downregulation of motility. FleQ is at
the top of the flagellar gene expression cascade, serving as the master regulator of
flagellar gene expression and motility in Pseudomonas (28). Colocation of the fleQ and
fleQas genes suggested the hypothesis that fleQas might have a role in modulating
motility. To test this idea, we compared the swimming motilities of P. syringae pv.
tomato DC3000 strains that varied in their ability to produce fleQas. To do this, we used
the strain containing the triple-nucleotide-substitution promoter (described above),
which was designed to eliminate expression of fleQas but not to alter the FleQ protein
sequence encoded by the fleQ gene on the opposite strand. By comparing the
diameters of swimming colonies after a fixed incubation time, we found that AlgU-
expressing cells that were able to express fleQas were 36% more motile than the
AlgU-expressing cells containing the mutant promoter (Fig. 4). Specifically, we found
that the motility of the bacteria was reduced in response to AlgU expression in both
wild-type and mutant cells but the AlgU-expressing wild-type cells were more motile
than those with the mutant fleQas promoter. The effect of fleQas expression occurs in
the context of AlgU-dependent downregulation of the flagellar genes, so it was

FIG 1 Legend (Continued)
reverse transcription of the fleQas or the fleQ transcript. Primers complementary to either the fleQas or the fleQ transcript were used to
reverse transcribe a segment of each transcript that served as the template in a PCR to detect the cDNA products. The numbered arrows
refer to oligonucleotide primers (see Table S3 in the supplemental material). (C) Agarose gel showing reverse transcriptase (RT)-dependent
PCR products of fleQas, which were obtained only from cells expressing AlgU. In contrast, the fleQ sense transcripts were detected in cells
containing AlgU expression and the empty vector (EV). P. syringae pv. tomato DC3000 genomic DNA (gDNA) was a positive control for
the gene-specific PCR.
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surprising to find that AlgU-regulated fleQas had a positive effect on motility. This
suggests that fleQas expression interferes with, or limits, AlgU-dependent suppression
of flagellar motility. Additionally, the data show that the mutant fleQas promoter does
not affect motility in the absence of AlgU, which confirms that the mutations we
introduced to alter fleQas promoter activity did not impact FleQ function.
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FIG 2 5= and 3= RACE map of predicted fleQas transcription start site and lengths. Observed 5= and 3= ends are shown in
relation to expression and AlgU binding at the fleQ locus. Two 5= ends were observed, one at P. syringae pv. tomato DC3000
genomic coordinate 2140072 and a second that begins at either 2140073 or 2140074 (which cannot be unambiguously
determined because of the addition of homopolymeric tails matching the genome sequence). The number of times each 3=
end was observed is indicated in the orange bars, with the depth of shading corresponding to the frequency of observation;
the length was calculated based on the most distal 5= end. The length of the bar is shown to scale, with the other genomic
features indicated. The nucleotide coordinates are derived from the P. syringae pv. tomato DC3000 genome sequence
(NC_004578.1) (55). RNA- and ChIP-seq data are available in reference 22. The arrow above the fleQ gene indicates the
direction of transcription of predicted fleQas molecules.
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fleQas does not alter expression of flagellar genes. We tested whether the effect
of fleQas expression on swimming motility was due to a change in expression of
flagellar regulatory or structural genes. To do this, we used qRT-PCR to evaluate fleQ,
fliC, fleS, and fleP expression in a P. syringae pv. tomato DC3000 AlgU expression strain

GGAAGGAACTCATCCCATGCCGCGATGGTCTTAAGAAGCCCTTGC...

17 bp Spacer

16 bp Spacer

-10-35 Location of 5’ end of
fleQas transcript  

Motif Identified by
ChIP-seq analysis

A

B

C

Relative Light Emission

FIG 3 An AlgU-dependent promoter controls fleQas expression. (A) Comparison of the nucleotide sequence directly upstream of
the predicted fleQas transcription start site to that of the AlgU-dependent promoter reported in reference 22. The arrow shows
the direction of transcription, and the triangle shows the range of potential start sites. (B) Luciferase reporter expression of
wild-type (wt) and mutant fleQas promoter::lux fusions in the pBS58 vector. Empty Lux represents the reporter activity of the
empty lux reporter construct in the presence and absence of an AlgU expression vector. The lux reporter vector containing the
wild-type fleQas promoter is indicated by “wt promoter” or by the unchanged full promoter sequence. �algU/wt promoter, Lux
expression from the wild-type promoter in the absence of AlgU. The lux reporter vectors containing the unchanged or changed
promoter sequences were expressed in the presence of AlgU (indicated by the promoter sequences that show altered
nucleotides [boxed in red]). Relative Light Emission indicates the light emission/OD600 unit. The sequences of the wild-type
promoter and altered nucleotides are indicated. (C) qRT-PCR analysis of fleQas expression in AlgU-expressing strains (P. syringae
pv. tomato DC3000 ΔalgU mucAB plus pEM53) versus that with the empty-vector control (P. syringae pv. tomato DC3000 ΔalgU
mucAB plus pJN105) with the wild-type or mutant fleQas promoter. Averages and standard deviations from three biological
replicates are shown for Lux and qRT-PCR expression analyses.
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(P. syringae pv. tomato DC3000 ΔalgU mucAB plus pEM53) containing either the
wild-type or mutant fleQas promoter (Table 1). The fleS and fleP genes are directly
upstream of fleQ and were tested to ascertain whether the antisense transcript might
influence their expression. We found no difference in expression for any of these genes.
It is worth noting that fliC expression was unchanged, as well, suggesting that the
entire flagellar expression cascade was also unchanged and that FleQ levels and activity
were not affected by fleQas expression. We also tested whether other AlgU-regulated
genes were affected by fleQas expression. We evaluated the expression of algU and algD
but observed no difference in cells expressing fleQas.

An AlgU-dependent promoter motif upstream of fleQas is widely conserved in
the genus Pseudomonas. To determine the distribution of fleQas across the genus
Pseudomonas, we analyzed fleQ gene sequences in all major Pseudomonas groups (35).
Since we found the fleQas promoter to be AlgU dependent, we specifically tested the
hypothesis that the fleQas promoter would be present only in Pseudomonas genomes
that also contain the algU gene (Fig. 5).

The fleQ gene was detected in all 339 Pseudomonas genomes that were analyzed
(see Table S3 in the supplemental material). The 5= region, where fleQas is located in P.
syringae pv. tomato DC3000, was well conserved in most of them. When considering all
strains, the Tajima D values (69) obtained both for the fleQas promoter and for algU
were significantly higher than 2. This suggests that neither of the two loci evolved
neutrally during the diversification of the genus Pseudomonas (Table 2). The ratio
between the number of segregating sites and the fleQas promoter length, the popu-
lation mutation rate (�), and the nucleotide divergence average were much higher
when considering all Pseudomonas genomes than when considering major Pseudomo-
nas groups individually.

When focusing on the fleQas promoter, the 17-nt promoter spacer region accounted
for most of the sequence variability, while the �10 and �35 hexamer motifs were
highly conserved within groups, with the exception of the Pseudomonas stutzeri group
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AlgU expression
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FIG 4 Expression of fleQas attenuates AlgU-dependent downregulation of motility. Shown are P. syringae
pv. tomato DC3000 cells with a wild-type (�) or mutant (�) fleQas promoter and containing AlgU
expression (�) or empty vector (�). The diameter of the colony was measured after 44 h of incubation
on swimming assay medium containing 0.3% agar (59). Means and standard deviations are shown for
three biological replicates. The letters indicate Tukey-Kramer HSD mean comparison results; means
labeled with different letters are significantly different.

TABLE 1 Differences in relative transcript abundances in P. syringae pv. tomato DC3000
ΔalgU mucAB cells with the AlgU expression construct and containing either the wild-
type or mutant fleQas promoter

Gene
Relative transcript abundance
[avg (SD)]a

fleQ 1.06 (0.28)
fliC 0.97 (0.08)
fleS 0.68 (0.89)
fleP 0.84 (1.31)
algU 0.83 (0.08)
algD 0.79 (0.13)
gyrA 0.73 (0.21)
aAverages and standard deviations were calculated from three biological replicates. gyrA was included as a
control for fleQas-dependent changes in general transcription levels.
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(Fig. 5). The �10 and �35 hexamer motifs of P. fluorescens and Pseudomonas putida
were 100% and 99.2% identical to the P. syringae sequences, respectively. These groups
differed from P. aeruginosa at the third position of the �35 motif and at the first,
second, and sixth positions of the �10 motif.

Interestingly, the �10 and �35 hexamers showed a much lower level of conserva-
tion in a group of 20 strains (represented by 15 fleQas promoter alleles in Fig. 5) in which
the algU gene was absent, supporting our hypothesis that fleQas is present and
expressed only in strains that contain algU. Most of the strains missing algU and fleQas

are closely related to the P. aeruginosa group (Fig. 5).

DISCUSSION

Here, we report the discovery and initial characterization of an AlgU-regulated
antisense transcript expressed within the P. syringae pv. tomato DC3000 fleQ gene. The

FIG 5 Diversity of the putative AlgU-dependent fleQas promoter in the genus Pseudomonas. (A) Rooted phylogenetic tree built from the alignment of 54 small
and large ribosomal subunit protein sequences (see Table S2 in the supplemental material) of 339 complete Pseudomonas genomes (see Table S3 in the
supplemental material) using the maximum-likelihood algorithm and a GTRGAMMAI model implemented in RAxML 8.2.11 (64). A total of 300 bootstrap
replicates automatically determined by the MRE-based bootstrapping criterion were conducted under the rapid-bootstrapping algorithm to generate
proportional support values. The tree is drawn to scale, and the branch length represents the number of substitutions per site. Genomes in which no sufficient
homology with the P. syringae pv. tomato DC3000 algU gene was detected are colored light gray. (B) Sequence logos of putative AlgU-dependent promoter
sequences at the fleQas locus in the major Pseudomonas groups (35) in which algU was detected in the genome. Sequence logos were also generated using
the 20 Pseudomonas genomes in which no algU gene was detected (gray taxa in panel A) and another using all 339 genomes (42). Sequence logos were
generated using the WebLogo application version 2.8.2 (65).
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fleQas transcript was discovered through deep-sequencing analysis of the AlgU regulon
and AlgU genomic binding locations (22). Our interest in the fleQas transcript developed
from our desire to understand the transcriptional regulatory network responsible for
AlgU-dependent downregulation of flagellar gene expression and flagellar motility. We
tested the role of fleQas in motility regulation but instead found that AlgU� cells
capable of expressing the fleQas transcript were more motile than isogenic cells unable
to express the fleQas transcript, indicating that fleQas has a positive effect on motility
(Fig. 6). This suggests a role for fleQas in contexts where AlgU is active, such as during
host interactions (10, 22). Alginate production is positively regulated by AlgU, which
also downregulates flagellar gene expression (22) and motility (Fig. 4). We propose that
the fleQas transcript functionally counteracts the AlgU-dependent downregulation of
flagellar gene expression to provide for some movement under conditions where the
presence of flagella is detrimental but low levels of movement are beneficial.

The transcription and motility data provide some insight into the mechanism of
fleQas action. These data suggest that fleQas does not function by interfering with fleQ
transcription or translation. This conclusion stems from the observation that transcrip-
tion of fleQ and fliC is not altered by fleQas expression (Table 1). This is consistent with
a model in which fleQas acts in trans by directly or indirectly affecting the expression or
activity of some other component(s) of the flagellar or chemotaxis system. Escherichia
coli and P. aeruginosa have mechanisms to adjust the torque generated by the flagellar
motor to maintain rotation in more viscous environments (36–39). fleQas is controlled
by AlgU, and the sigma factor also controls the production of alginate, which is a
viscous exopolysaccharide that may increase the drag on flagellar rotation. Accordingly,
there are P. aeruginosa alginate-biosynthetic mutants that are more motile than their
isogenic progenitor (40). This suggests a possible role for fleQas in helping to adjust
flagellar function in more viscous, alginate-rich environments, possibly by fine tuning
stator composition, number, or function (36–39).

The functional tests that indicated that fleQas has a positive influence on flagellar
motility relied on comparisons of wild-type and mutant strains that were no longer able

TABLE 2 Pseudomonas fleQ, algU, and fleQas sequence polymorphism and divergencea

Locus
Length (L)
(bp)b

No. of segregating
sites (S) Ratio (S/L)

No. of
alleles

Nucleotide
divergencec

Population
mutation rate (�) Tajima’s D estimated

fleQ 1,402 920 0.66 239 0.18 0.21 1.81 (0.1 � P � 0.05 [NS])
fleQas 29 27 0.93 79 0.37 0.35 2.18 (P � 0.05)
algU 983 720 0.73 197 0.28 0.23 3.05 (P � 0.01)
aValues are based on the strain list in Fig. 5.
bWithout missing data and gaps.
cWith Jukes and Cantor correction.
dWith statistical significance; NS, not significant.

Alginate  
genes

Flagellar 
genes

AlgU

Swimming
 motility

amrZ

Alginate 
production

AlgW

FIG 6 Portion of the P. syringae AlgU regulatory network controlling flagellar motility and alginate
production. AlgU coordinates alginate production and suppression of motility by controlling the expres-
sion of genes necessary for these functions. AlgU also controls the expression of additional regulators,
like AmrZ, which promotes alginate production and motility (67). FleQ is the master regulator of flagellar
gene expression, and fleQas promotes motility when AlgU is expressed. The arrows and T-shaped bars
indicate positive and negative effects on expression or function, respectively.
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to express the fleQas transcript. The mutations that we used to eliminate AlgU-
dependent expression of fleQas did not alter the amino acid sequence of FleQ encoded
on the opposite strand, but it is possible that expression of FleQ could have been
altered because of a deviation from the naturally occurring codon sequences (41).
However, in the absence of AlgU (i.e., no fleQas expression) we found no difference in
the motility (Fig. 4) or expression (Table 1) of the fleQ and fliC genes with AlgU
expressed when comparing cells with the wild-type mutant fleQas promoter. The most
parsimonious explanation for these observations is that FleQ function was unchanged
by these mutations and that wild-type and mutant FleQ proteins were expressed
similarly and were equally effective at activating motility.

We considered the conservation of the fleQas promoter to ascertain whether fleQas

was a genetic feature peculiar to P. syringae pv. tomato DC3000 or whether it is present
in other bacteria, as well. We found evidence for widespread conservation of the fleQas

promoter among the pseudomonads, and strikingly, the conservation (barring P.
stutzeri) was limited to pseudomonads encoding an AlgU orthologue (Fig. 5). The
divergence of the fleQas promoter in P. stutzeri might contribute to differences in
motility and/or colony morphology that distinguish these bacteria from the other
pseudomonads (39, 42). The finding that the fleQas promoter is mainly conserved in
species that also encode an AlgU orthologue supports the hypothesis that the fleQas

promoter is under purifying selection and not merely a product of selection acting on
the fleQ gene present on the opposite strand. Together, these findings support the
conclusion that fleQas is functional and is maintained over much of Pseudomonas
diversification despite very different niche specializations (i.e., the species represent
human, insect, and plant pathogens, saprophytes, and soil-dwelling bacteria).

We propose that fleQas functions as a small RNA (sRNA) and not an as mRNA coding
for a small protein. Although we did not explicitly test this idea, there are not any
credible open reading frames in the fleQas gene. The transcript-mapping and transcrip-
tome data suggest that most of the fleQas molecules are on the order of 100 nt in
length. The first ATG does not occur until 203 nt downstream of the observed 5= ends
(Fig. 2). This means that most of these transcripts would not include a canonical
translation start site and therefore are unlikely to be translated. In general, antisense
transcription is rather common in P. syringae pv. tomato DC3000: 124 antisense
transcripts were detected in a whole-genome transcriptional analysis, which accounts
for antisense transcription in approximately 2% of the annotated genes (43, 44). The
fleQas transcript was not observed in the global transcriptome (43), but this was
expected, because AlgU was not active under the conditions tested in that study.

Flagellum production in other bacteria is regulated by analogous multistage ex-
pression programs that also provide appropriate spatial and temporal expression of the
flagellar subunits (45). So far, 29 trans-acting sRNAs have been found to regulate
flagellum-mediated motility in E. coli (46–48). At least five of these small RNAs control
flagellar expression by direct binding to the 5= untranslated region (UTR) of the flhDC
transcript (46). The flhDC genes encode the master regulator and functional analog of
Pseudomonas FleQ in E. coli (45). Antisense transcription of the fliPQR genes in Salmo-
nella enterica promotes motility (49), and in Listeria monocytogenes, a long 5= UTR of the
mogR mRNA is an antisense RNA (asRNA) for three genes involved in flagellar synthesis
that may be part of a mechanism to provide temperature-dependent control of motility
(50). A predicted asRNA contains sequences complementary to the fliM mRNA and
possibly controls flagellar motility in Helicobacter pylori (51).

These sRNA systems may supplement or provide alternative regulatory possibilities
to typical proteinaceous gene expression regulators. An emerging theme is that these
RNA regulators function to optimize flagellar expression in response to environmental
conditions. P. syringae fleQas likely serves in the same general capacity as the sRNA and
asRNA molecules found in other organisms (46–51), that is, to provide a quick and
efficient mechanism for adjusting flagellar activity to help the bacteria survive and to
maximize growth in the face of changing environmental conditions.
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MATERIALS AND METHODS
Bacterial strains and growth conditions. Except where noted, P. syringae pv. tomato DC3000 and

derivative strains were grown at 30°C in Kings B (KB) medium (52) or on KB medium solidified with 1.5%
(wt/vol) agar, with 10 �g/ml gentamicin (Gm) and 50 �g/ml kanamycin (Km) added for selection for
plasmid maintenance when necessary. E. coli DH5� and TOP10 were used as the hosts for molecular
cloning and other plasmid manipulations used in this work. E. coli was grown at 37°C in LB medium or
LB medium solidified with 1.5% (wt/vol) agar. All the bacterial strains used in these experiments are
shown in Table 3.

RNA isolation. RNA was isolated from bacteria using the TRIzol extraction method. Briefly,
bacteria were grown overnight in KB medium with 10 �g/ml gentamicin, diluted to an optical
density at 600 nm (OD600) of 0.1 in fresh KB medium supplemented with 5 �g/ml gentamicin and
0.2% arabinose, and cultured to an OD600 of approximately 0.5. The cell pellets were treated with 1
ml of Life Technologies TRIzol reagent, extracted using a Zymo Research Direct-zol RNA MiniPrep kit,
and treated by off-column DNase digestion using Ambion DNase I. The RNA was purified from this
mixture using a Zymo Research RNA Clean and Concentrator-25 kit. The total RNA was diluted to 100
ng/�l and stored at �80°C.

RT-PCR and transcript relative quantification. Diluted total RNA was converted to cDNA using Life
Technologies Superscript III reverse transcriptase and RNase Out recombinant RNase inhibitor following
the first-strand cDNA synthesis protocol with gene-specific primers (see Table S1 in the supplemental
material). RNA was removed by adding RNase H and incubating at 37°C for 20 min. To test for the
presence of reverse transcription products, cDNA was amplified using Life Technologies Platinum Taq
DNA Polymerase High Fidelity and primers (see Table S1 in the supplemental material) to create
approximately 100-bp amplicons.

Transcript relative quantification was done using real-time PCR performed on a My IQ5 sequence
detection system (Bio-Rad) and iQ SYBR green Supermix (Bio-Rad) according to the manufacturer’s
protocols. Six microliters of the diluted cDNA was mixed with each primer (see Table S1 in the
supplemental material) (final concentration, 0.4 �M) and 10 �l of master mix in a 20-�l final volume.
The PCR was carried out with 1 cycle at 95°C for 2.5 min, followed by 40 cycles of 95°C for 15 s and
60°C for 30 s. The amount of fluorescence that resulted from incorporation of the SYBR green dye
into double-stranded DNA was measured at the end of each cycle to determine the amplification
kinetics. DNA contamination and formation of primer dimers were assessed using a no-reverse
transcriptase control and a no-template control, respectively. Production of nonspecific products
was determined by the dissociation protocol provided with the My IQ5 real-time PCR machine. The
resulting threshold cycle (CT) values were calculated using the My IQ5 software and analyzed using
the comparative CT method (separate tubes) described in Applied Biosystems (ABI) user bulletin no.
2 (53). The CT value of each gene tested was normalized to the CT value of housekeeping gene gap-1
as described previously 54.

5= and 3= RACE. The ends of fleQas transcripts were identified using 5= and 3= RACE. Invitrogen
5= RACE was performed as described by the manufacturer except where noted. The fleQas cDNAs
were produced from diluted total RNA using the gene-specific primer 6906 (see Table S1 in the
supplemental material) and Life Technologies SuperScript II reverse transcriptase, and the remaining
RNA was degraded by incubation with RNase at 37°C for 20 min. The products were purified using
Zymo Research Oligo Clean and Concentrator-25. dCTP was added to the cDNA ends with terminal
deoxynucleotidyltransferase. The fleQas sequences were amplified from the deoxycytidine (dC)-tailed
cDNA using gene-specific primer 6910, the provided abridged anchor primer, and Invitrogen Taq
polymerase. The PCR products were amplified again with nested primer 6910, the abridged universal
adapter primer, and Invitrogen Taq polymerase. The PCR products were resolved and excised from
a 1% agarose gel and purified using a Zymo Research gel recovery kit. The purified products were

TABLE 3 Strains and plasmids used in this study

Strain or plasmid Relevant characteristic(s) Reference

P. syringae pv. tomato
DC3000

Wild type 56

PS368 DC3000 ΔalgU mucAB 22
PS659 DC3000 fleQas promoter mutant This work
PS664 DC3000 ΔalgU mucAB fleQas promoter mutant This work
pEM53 AlgU expression plasmid; Gmr 22
pJN105 Empty-vector control expression plasmid; Gmr 68
pBS44 Empty Lux promoter trap vector; Kmr 55
pHW7 PfleQas::lux Kmr This work
pEM90 PfleQas(mut1)::lux Kmr This work
pEM91 PfleQas(mut2)::lux Kmr This work
pEM92 PfleQas(mut3)::lux Kmr This work
pEM93 PfleQas(mut1,2,3)::lux Kmr This work
pK18mobsacB Cloning vector for site-specific genomic mutations 58
pEM99 pK18mobsacB::PfleQas(mut1,2,3) chromosomal

mutagenesis vector
This work
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cloned in a TOPO-TA 2.1 cloning vector using E. coli TOP10. The plasmids were recovered using a
Qiagen Mini Plasmid kit and sequenced using the M13 forward and M13 reverse primers.

3= RACE methods were adapted from those reported previously (43). Briefly, total RNA was
dephosphorylated using New England BioLabs Antarctic phosphatase and purified using a Zymo
Research Oligo Clean and Concentrator Kit-5. RNA oligonucleotide 6915 was ligated to the 3= ends
of the dephosphorylated total RNA using T4 single-stranded RNA (ssRNA) ligase and purified using
the Zymo Research Oligo Clean and Concentrator Kit-5. cDNA was produced using Life Technologies
Superscript III reverse transcriptase and RNase Out recombinant RNase inhibitor following the
first-strand cDNA synthesis protocol with gene-specific primer 6914. RNA was removed by adding
RNase mix and incubating at 37°C for 20 min. The cDNA was then amplified using Invitrogen Taq
polymerase, gene-specific primer 6912, and anchor primer 6914. The PCR products were amplified
again with a nested primer, 6913; anchor primer 6914; and Invitrogen Taq polymerase. Three distinct
3= RACE products were excised and recovered from a 1% agarose gel using a Zymo Research gel
recovery kit. These products were cloned in TOPO Vector-TA 2.1 and transformed into E. coli DH5�.
Plasmids were extracted using Qiagen Mini Plasmid Prep and sequenced using M13 forward and
M13 reverse primers.

Promoter::lux fusion cloning. The region upstream of the fleQas gene (NC_004578.1;
4256861..4257095) (55) was PCR amplified from P. syringae pv. tomato DC3000 genomic DNA using
primers 6916 and 6917. The correct size of the PCR product was verified by agarose gel electrophoresis,
and then it was cloned in pENTR/D by directional TOPO cloning (ThermoFisher Scientific) according to
the manufacturer’s directions and used to transform E. coli TOP10. The four inserts containing the mutant
promoter derivatives were cloned as gBlocks (IDT, Coralville, IA) in pENTR/D. The cloned inserts were
sequenced using primers 2432, 2433, 6916, and 6917. These plasmids were then used to generate the
lux reporter constructs by attL and attR (LR) recombination with the pBS58 destination vector using LR
Clonase II enzyme mixture as described in reference 54 and are listed in Table 3. The final plasmids were
sequenced to confirm the sequence and orientation of the cloned fragment.

Lux assay. P. syringae pv. tomato DC3000 ΔalgU mucAB containing pEM53 or pJN105 and trans-
formed with the promoter::lux fusion constructs were grown in KB medium containing Km and Gm. The
cultures were diluted 1:10 in KB medium with a final concentration of 0.2% L-(�)-arabinose, 25 ng/ml
kanamycin, and 5 ng/ml gentamicin. The luminescence and OD600 were measured on a BioTek Synergy
2 plate reader after shaking at room temperature for 6 h.

Chromosomal promoter mutagenesis. The native fleQas promoter in the genome of P. syringae pv.
tomato DC3000 and that of P. syringae pv. tomato DC3000 ΔalgU mucAB were replaced with the mutant
version containing all three nucleotide substitutions by marker exchange mutagenesis. The plasmid
directing the mutagenesis was constructed using splicing by overlap extension (SOE) PCR (56) of the
�1-kb regions flanking the target and contained complementary sequences that included the promoter
sequences with the PCR-introduced substitutions. The product of the SOE reaction was cloned in
pK18MobSacB (57) to generate pEM99, which was sequenced to confirm the sequence of the cloned
insert. The pEM99 construct was then used to transform P. syringae pv. tomato DC3000 and the ΔalgU
mucAB mutant, and kanamycin-resistant clones were selected and then counterselected using sucrose as
described in reference 58, producing the unmarked mutants. The mutant allele and flanking regions were
confirmed by DNA sequence analysis.

Swimming-motility assay. Bacteria were grown overnight in KB broth with 5 �g/ml gentamicin at
28°C with shaking and diluted to an OD600 of 0.3. Swimming medium (59) containing 0.3% agar, 5 �g/ml
gentamicin, and 0.2% L-(�)-arabinose was inoculated with 2 �l of the diluted bacterial suspension and
incubated for 44 h at room temperature.

Phylogenetic and computational analyses. A total of 339 complete Pseudomonas genome
sequences, representing all the major clades described to date, were downloaded from the public
NCBI database in August 2017 (see Table S3 in the supplemental material). To reconstruct the
evolutionary history of the genus Pseudomonas, the gene sequences coding for the 54 proteins of
the large and small ribosomal subunits of P. syringae pv. tomato DC3000 (60) were aligned gene by
gene against all the Pseudomonas genomes using BIGSdb open source software (61). Each gene was
searched in the 339 genomes using the BLASTN algorithm and setting parameters for a locus match
to a minimum of 70% sequence identity over a minimum of 50% of the query sequence length.
Applying this similarity threshold, only 31 ribosomal genes could be detected in all the Pseudomonas
genomes (see Table S3 in the supplemental material) and in Azotobacter vinelandii strain CA (used
as the outgroup), and they were used for phylogenetic reconstruction. The sequences of the
ribosomal genes were aligned individually with MAFFT 7 (62) and then concatenated into a single
alignment scanned with Gblocks 0.91b (63) to remove any ambiguous position. A maximum-
likelihood (ML) tree was built from this alignment with RAxML 8.2.11 (64) under a GAMMA model of
rate heterogeneity using empirical base frequencies, estimating a generalized time-reversible model
for nucleotide substitution and including an estimate of the proportion of invariable sites. A total of
300 bootstrap replicates automatically determined by the extended majority rule-based bootstrap-
ping criterion (70) were conducted under the rapid-bootstrapping algorithm.

To explore the diversity of the putative AlgU-dependent promoter of fleQas, the fleQ and algU
gene sequences of P. syringae pv. tomato DC3000 were aligned against all the genomes following
the same approach described above for the ribosomal genes. All the fleQ alleles thus identified were
then aligned, and the putative promoter of the fleQas sequence, previously identified by ChIP-seq
analysis in P. syringae pv. tomato DC3000 (22), was extracted. The fleQas sequences were binned into
major groups according to the ribosomal-gene-based phylogeny and NCBI taxonomy (35), and
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sequence variability was illustrated by a sequence logo generated by the WebLogo application
version 2.8.2 (65). Several population genetic analyses were performed for each locus and group
with DnaSP v5.10.1 (66) to characterize locus polymorphism and divergence, including (i) the
average pairwise genetic distances (based on the Jukes-Cantor model), (ii) the population scale
mutation rate (�), and (iii) Tajima’s D to test locus neutrality.

SUPPLEMENTAL MATERIAL
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