A amemcan  Journal of
SOCIETY FOR . ®
3 MICROBIOLOGY Bacterlology

RESEARCH ARTICL

E

L)

Check for
updates

The Polar Flagellar Transcriptional Regulatory Network in Vibrio
campbellii Deviates from Canonical Vibrio Species

Blake D. Petersen,? Michael S. Liu,? Ram Podicheti,® Albert Ying-Po Yang,?* Chelsea A. Simpson,? Chris Hemmerich,?

Douglas B. Rusch,? 2 Julia C. van Kessel?

aDepartment of Biology, Indiana University, Bloomington, Indiana, USA
bCenter for Genomics and Bioinformatics, Indiana University, Bloomington, Indiana, USA

ABSTRACT Swimming motility is a critical virulence factor in pathogenesis for numer-
ous Vibrio species. Vibrio campbellii DS40M4 is a wild-type isolate that has been recently
established as a highly tractable model strain for bacterial genetics studies. We sought
to exploit the tractability and relevance of this strain for characterization of flagellar
gene regulation in V. campbellii. Using comparative genomics, we identified homologs
of V. campbellii flagellar and chemotaxis genes conserved in other members of the
Vibrionaceae and determined the transcriptional profile of these loci using differential
RNA-seq. We systematically deleted all 63 predicted flagellar and chemotaxis genes in
V. campbellii and examined their effects on motility and flagellum production. We specif-
ically focused on the core regulators of the flagellar hierarchy established in other
vibrios: RpoN (o>%), FIrA, FIrC, and FliA. Our results show that V. campbellii transcription
of flagellar and chemotaxis genes is governed by a multitiered regulatory hierarchy simi-
lar to other motile Vibrio species. However, there are several critical differences in
V. campbellii: (i) the o->*-dependent regulator FIrA is dispensable for motility; (i) the figA,
fliEFGHLJ, firA, and fIrBC operons do not require o>* for expression; and (iii) FIrA and FIrC
coregulate class Il genes. Our model proposes that the V. campbellii flagellar transcrip-
tional hierarchy has three classes of genes, in contrast to the four-class hierarchy in
Vibrio cholerae. Our genetic and phenotypic dissection of the V. campbellii flagellar regu-
latory network highlights the differences that have evolved in flagellar regulation across
the Vibrionaceae.

IMPORTANCE Vibrio campbellii is a Gram-negative bacterium that is free-living and
ubiquitous in marine environments and is an important global pathogen of fish and
shellfish. Disruption of the flagellar motor significantly decreases host mortality of V.
campbellii, suggesting that motility is a key factor in pathogenesis. Using this model
organism, we identified >60 genes that encode proteins with predicted structural,
mechanical, or regulatory roles in function of the single polar flagellum in V. camp-
bellii. We systematically tested strains containing single deletions of each gene to
determine the impact on motility and flagellum production. Our studies have uncov-
ered differences in the regulatory network and function of several genes in V. camp-
bellii compared to established systems in Vibrio cholerae and Vibrio parahaemolyticus.

KEYWORDS motility, flagellar gene regulation, Vibrio, Vibrio campbellii, flagellar motility

wimming motility is an important behavior that is common among aquatic bacte-

ria. By using a rotating molecular nanomachine called a flagellum, bacteria can pro-
pel themselves through fluid environments as a resource-scavenging strategy (1, 2).
For many bacteria swimming motility is also critical for host interactions. Vibrio species
are a highly motile group of marine bacteria that closely associate with a diverse range
of marine hosts (3-6). Some vibrios form symbiotic pairings, such the mutualism between
Vibrio fischeri and the Hawaiian bobtail squid, Euprymna scolopes (3, 7). Other vibrios are
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pathogenic and can infect humans (e.g., Vibrio cholerae and Vibrio parahaemolyticus) and/
or are pathogens of fish and shellfish (e.g., Vibrio harveyi and Vibrio campbellii) (8-11).
Flagellum-mediated motility plays a critical role for each of these interactions between
Vibrio species and their hosts; both colonization and lethality of these strains in their re-
spective hosts decreases when moatility is inhibited (4, 12, 13). For this reason, vibrios have
served as key models for study of flagellar regulation and its role in colonization.

Of the various Vibrio species, V. cholerae has been the most studied Vibrio species
regarding flagellar regulation and has thus served as the predominant model for polar
flagellar regulation in other vibrios (14-17). In V. cholerae, flagellar regulation is organ-
ized stepwise into a four-tiered transcriptional hierarchy, whereby expression of down-
stream flagellar components is activated after expression of upstream components (16,
17). Under this model, the sole class | gene encodes the o>4-dependent transcriptional
activator FIrA. Once FIrA is expressed, class Il gene expression is activated, which
includes several structural components of the flagellum (flagellar export machinery,
early basal body genes, and ATPase), some chemotaxis genes, and the fIrBC and fliA
regulatory genes whose products regulate expression of classes Ill and 1V, respectively
(16, 18, 19). Class lll is activated by FIrC, another o->*-dependent transcriptional regula-
tor that belongs to a two-component system, along with its cognate histidine kinase
FIrB (19, 20). Class Il genes include those for intermediate structural components, such
as the distal and proximal rod, hook proteins, and the essential flagellin FlaA (16). Once
the flagellum has reached a certain length after class lll expression, the anti-sigma fac-
tor FIgM is exported from the cell, leading to activation of FliA (the alternative sigma
factor ¢28) that activates class IV genes (21). These include those for late structural
components such as the flagellar stator, four alternative flagellins, and the T ring, as
well as other chemotaxis proteins, including the methyl-accepting chemoreceptors.
The synthesis of a functional flagellum in V. cholerae depends on this stepwise regula-
tory hierarchy, and deletion of any of the four regulators disrupts the subsequent steps
and results in complete loss of motility (19).

The regulatory network driving flagellar motility has also been studied in other
Vibrio species, including V. fischeri, V. parahaemolyticus, and Vibrio vulnificus (22). The
polar flagellar genes are highly conserved between Vibrio species and are organized
into similar genetic clusters in each genome (16, 22, 23). Despite this, flagellar pheno-
types differ among each species. While most Vibrios produce a sodium-driven monotri-
chous polar sheathed flagellum, some species, such as V. fischeri, exhibit peritrichous
polar sheathed flagella (24, 25). V. parahaemolyticus and Vibrio alginolyticus encode a
secondary set of flagellar genes that allow them to produce proton-driven peritrichous
lateral unsheathed flagella in addition to their polar flagellum, enabling them to
undergo swarming motility over surfaces (26, 27). These differences in motile pheno-
types suggest that there is much diversity in the number, type, and regulation of flag-
ella among Vibrio species.

V. campbellii is a marine bacterium belonging to the Harveyi clade that shares simi-
lar free-living and pathogenic life cycles with other members of the Vibrionaceae
(28-30). V. campbellii has served as an important organism for the study of pathogene-
sis because it infects many different organisms critical to aquaculture, including
shrimp, oysters, and fish (8-10). V. campbellii uses a monotrichous sheathed polar flag-
ellum to propel itself. As with other vibrios, swimming motility plays an important role
in pathogenesis for V. campbellii, and inhibition of motility significantly decreases host
mortality during infection (13). However, while V. campbellii encodes flagellar and che-
motaxis genes conserved by other Vibrio species, the expression and function of these
genes have not been characterized. In addition, the V. campbellii genome encodes
genes with homology to V. parahaemolyticus lateral flagellar genes for swarming motil-
ity. However, only a few strains appear to express these genes with little phenotypic or
genetic characterization (31, 32). Thus, there are several gaps in our understanding of
V. campbellii flagellum-based motility.

Recently, we established the wild isolate V. campbellii DS40M4 as a new model
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strain for V. campbellii research because it is capable of natural transformation, thus
facilitating powerful genetic manipulations such as MuGENT (33-35). The genetic tract-
ability of DS40M4 enabled us to use it as a model system to study flagellar motility in
V. campbellii. We systematically deleted all 63 predicted polar flagellar and chemotaxis
genes in V. campbellii and characterized the swimming phenotypes of each mutant.
We used RNA-seq to identify the genes controlled by canonical flagellar regulators in
V. campbellii. With these data, we propose a model for the transcriptional regulation
program that governs expression of polar flagellar genes in V. campbellii.

RESULTS

Identification of the flagellar gene operons in V. campbellii. Using reciprocal
BLASTp analyses based on known flagellar homologs characterized in other vibrios, we
identified 63 distinct polar flagellar genes organized across five regions within chromo-
some | of V. campbellii DS40M4 (Fig. 1A), as well as 41 distinct lateral flagellar genes
organized across two regions within chromosome Il (see Fig. S1 in the supplemental
material) (22, 26). In our previous work, we conducted differential RNA-seq (dRNA-seq)
to identify transcription start sites across the entire DS40M4 genome (34). We used the
dRNA-seq data to identify transcriptional start sites in these five loci, allowing us to
predict corresponding operons for each flagellar gene (Fig. 1A). Examples of the dRNA-
seq transcript data are shown in Fig. 1B for the fliEFGHIJ, pomAB, and flhAFG genes
(Fig. 1B). Thus, Fig. 1 presents a diagram showing the predicted organization of the
core polar flagellar and chemotaxis genes in V. campbellii and respective transcriptional
start sites for each.

We next used comparative genomics to investigate the conservation of each of the
known polar flagellar genes between V. campbellii and other known polar flagellated
Vibrio species (Fig. 2). We used a minimum amino acid percent identity requirement of
40% (the lowest possible value for clustering allowed by cd-hit) in this analysis to
increase the number of functional homologs identified in our results. For the flagellins
that are highly similar to each other, we also independently examined their similarity
to flagellins in other Vibrio species using BLASTp. Our genomic data suggest that the
genome of V. campbellii encodes homologs that match the complete set of known po-
lar flagellar genes established in Vibrio species thus far (Fig. 2). These genes are highly
conserved in the V. campbellii clade. The flagellar gene system in V. campbellii shares
amino acid identity most closely with V. parahaemolyticus, whereas most polar flagellar
genes in V. campbellii are more divergent compared to other members of the
Vibrionaceae, such as V. cholerae or V. fischeri.

Deletion and characterization of all known flagellar/chemotaxis genes in V.
campbellii. Few studies have characterized the complete set of flagellar genes in a
Vibrio species, likely owing to the time and labor associated with genetic mutation of
dozens of genes (22, 23). Recently, we showed that genetic manipulation of V. camp-
bellii DS40M4 is highly efficient due to inducible natural transformation via overexpres-
sion of the master competence regulator Tfox (33, 34). To automate primer design for
constructing deletion mutants in V. campbellii, we programmed an algorithm to gener-
ate a list of primers for deletion of every annotated open reading frame (ORF) in the
DS40M4 genome. Candidate primers were designed so that overlapping genes were
not disrupted and followed a specific set of criteria for validity, including preference
for a shorter length (25 to 30 nucleotides), no homopolymers of five or more bases, a
melting temperature of 58 to 63°C, and the 3" end of each primer ends in a cytosine or
guanine. We used this algorithm to design primers to construct unmarked deletions of
each predicted flagellar or chemotaxis gene in V. campbellii.

Altogether, we constructed 64 mutants, including each of the 63 flagellar and che-
motaxis genes spread across the five flagellar regions in chromosome | of DS40M4, as
well as rpoN, which encodes o°*. We classified mutants into groups based on their
capacity to swim via soft agar swim plates (Fig. 3A) and the presence or absence of
flagella observed via microscopy using the fluorescence stain NanoOrange, a reagent
which is virtually nonfluorescent in aqueous solution that fluoresces brightly when it
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FIG 1 Organization of the polar flagellar gene system in V. campbelli DS40M4. (A) Diagram showing the five regions of polar flagellar genes in
chromosome | (GenBank accession number CP030788.1) in V. campbellii. Transcriptional start sites (TSS) are mapped to each region (bent arrows) based on
the dRNA-seq results. Flagellar genes are color coded based on their classification in the transcriptional hierarchy via our RNA-seq data. (B) Data shown are
cDNA reads from dRNA-seq data mapped to three genetic loci in V. campbellii DS40M4 for samples untreated [TEX(-)] or treated [TEX(+)] with terminator

5'-phosphate-dependent endonuclease. Bent arrows labeled “+1” indicate predicted TSS for flagellar genes.

binds hydrophobic regions of proteins and lipids, allowing visualization of cell bodies
and flagella (Fig. 3B) (36, 37). Mutants that deviated from wild-type were classified
into three phenotypic classes: (i) nonmotile (Mot~) mutants are inhibited for motil-
ity on swim plates but produce a detectable flagellum; (ii) aflagellate (Fla-) mutants
are inhibited for motility on swim plates and produce no detectable flagellum; and
(iii) semimotile (Mot*/-) mutants demonstrate reduced motility (smaller swim halos)
on swim plates (Table 1). Of these 64 mutants, 34 are still capable of producing a
swim halo (ranging from significantly reduced to wild-type levels), whereas 30 are
completely inhibited for swimming motility on swim plates (Fig. 3A). The reduced
motility phenotypes in some of these mutants may be explained by a chemotaxis
defect such as in che genes (i.e., cheABRWVYZ), which were not studied further
within the scope of this work. Overall, we identified a total of 7 Mot~ mutants, 25
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FIG 2 Polar flagellar gene homology across Vibrionaceae. Comparative genomics show the amino acid identity of
known V. cholerae polar flagellar genes. The chart indicates the amino acid identity shared with V. campbellii DS40M4
proteins, as indicated by the color scale.

Fla- mutants, and 20 Mot™/~ mutants, with 12 mutants that have phenotypes indis-
tinguishable from the wild type.

Among the 7 Mot~ mutants from our pool are the four motor/stator genes pomAB,
motX, and motY, which are crucial for flagellar rotation but not assembly, as well as fliA
(0%8; class IV regulator) and cheYW (chemotaxis) (38, 39). The 25 Fla- mutants included
flgN (hook chaperone), figBCF (proximal rod), figDE (hook), figG (distal rod), figH (L ring),
flgl (P ring), flgJ (rod cap), figkL (hook), flhBA (exporter apparatus), fliEF (MS ring), fliGMN
(C ring), fliPQ (exporter apparatus), fliS (flagellin chaperone), fIrBC (class Il regulators),
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FIG 3 Swim phenotypes of DS40M4 polar flagellar mutants. (A) Soft agar (0.3%) swim plates showing swim halo phenotypes for wild-type and mutant
strains of DS40M4. (B) Fluorescence microscopy images of wild-type, AcheB (Fla*), and AflgL (Fla”) strains using the fluorescent protein stain NanoOrange
to observe the presence of flagella.

and o4 Among the mutants in our pool of 20 Mot™/~ mutants, we identified figT and
flgP (H ring), cheVR (chemotaxis), flaC (flagellin), firD (unknown), cheAB (chemotaxis),
flhFG (flagellar number/localization), fliHlJ (ATPase), fliK (hook length), fliL (torque gen-
erator), fliOR (export apparatus), fIrA (class Il regulator), fliT (chaperone), and fliD (fila-
ment cap). Finally, we found little to no change in motility in figM (anti-o28), figO (H
ring), flgA, flaABDEF (flagellins), cheZ (chemotaxis), and ORF1/ORF2 (unknown/chemo-
taxis) mutants compared to the wild-type strain.

Most mutants within our pool of 64 were sorted into phenotypic classes that agree
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TABLE 1 Phenotypic classification of V. campbellii DS40M4 strains containing deletions of predicted flagellar or chemotaxis genes

Gene Predicted function Locus tag Swim plates Flagella Mutant class
pomA Flagellar motor protein PomA DSB67_03225 - + Mot~
pomB Flagellar motor protein PomB DSB67_03230 - + Mot~
figT Hypothetical protein (flagellum basal-body protein) DSB67_03720 + + Swm-~
flgo Membrane protein DSB67_03725 +++ + WT
flgP Flagellar assembly lipoprotein FIgP DSB67_03730 + + Mot*/~
flgN Molecular chaperone (for FlgK and FIgL) DSB67_03735 - - Fla-
flgM Flagellar biosynthesis anti-sigma factor FigM DSB67_03740 +++ + WT
flgA Flagella basal body P-ring formation protein FIgA DSB67_03745 +++ + WT
cheV Chemotaxis protein CheV DSB67_03750 + + Mot*/-
cheR Protein-glutamate O-methyltransferase DSB67_03755 + + Mot*/~
flgB Flagellar basal body rod protein FIgB DSB67_03760 - - Fla-
flgC Flagellar basal body rod protein FIgC DSB67_03765 - - Fla~
flgh Flagellar hook assembly protein FlgD DSB67_03770 - - Fla~
flge Flagellar hook protein FIgE DSB67_03775 - - Fla~
flgF Flagellar basal body rod protein FIgF DSB67_03780 - - Fla-
flgG Flagellar basal-body rod protein FIgG DSB67_03785 - - Fla~
flgH Flagellar basal body L-ring protein FIgH DSB67_03790 + (fuzzy) + Mot*/~
flgl Flagellar basal body P-ring protein Figl DSB67_03795 + (fuzzy) + Mot*/~
flg) Flagellar assembly peptidoglycan hydrolase FlgJ DSB67_03800 + (fuzzy) + Mot */~
flgk Flagellar hook-associated protein FIgK DSB67_03805 - - Fla~
figL Flagellar hook-associated protein FlgL DSB67_03810 - - Fla~
flaC Flagellin DSB67_03815 + + Mot "/~
flaB Flagellin DSB67_03820 +++ + WT
flaE Flagellin DSB67_03825 +++ + WT
motY Motor protein (OmpA family protein) DSB67_10725 - + Mot-
firD DUF2802 domain-containing protein DSB67_11255 + + Swm-~
cheW Chemotaxis protein CheW DSB67_11260 - + Mot~
ORF2 Chemotaxis protein CheW DSB67_11265 +++ + WT
ORF1 ParA family protein DSB67_11270 +++ + WT
cheB Chemotaxis response regulator protein-glutamate DSB67_11275 + + Mot */~
methylesterase
cheA Chemotaxis protein CheA DSB67_11280 + (fuzzy) + Mot ™/~
chez Protein phosphatase DSB67_11285 +++ + WT
cheY Chemotaxis protein CheY DSB67_11290 - + Mot-
fliA RNA polymerase sigma factor FliA DSB67_11295 - - Mot-
flhG MinD/ParA family protein DSB67_11300 + + Mot*/~
flhF Flagellar biosynthesis regulator FIhF DSB67_11305 + (fuzzy) + Swm~
flhA Flagellar biosynthesis protein FIhA DSB67_11310 - - Fla~
flhB Flagellar biosynthesis protein FIhB DSB67_11315 - - Fla-
fliR Flagellar type Ill secretion system protein FliR DSB67_11320 + + Mot */~
fliQ Flagellar biosynthetic protein FliQ DSB67_11325 + (fuzzy) + Mot ™/~
fliP Flagellar biosynthetic protein FliP DSB67_11330 + (fuzzy) + Mot~
flio Flagellar biosynthetic protein FIliO DSB67_11335 + + Swm~
fliN Flagellar motor switch protein FIiN DSB67_11340 - - Fla~
fliM Flagellar motor switch protein FliM DSB67_11345 - - Fla~
fliL Flagellar basal body-associated protein FliL DSB67_11350 + + Mot*/~
fliK Flagellar hook-length control protein FliK DSB67_11355 + + Mot~
fliJ Flagellar biosynthesis chaperone FliJ DSB67_11365 + + Swm-~
flil Flagellum-specific ATP synthase Flil DSB67_11370 + + Swm~
fliH Flagellar assembly protein FliH DSB67_11375 + + Swm-~
fliG Flagellar motor switch protein FliG DSB67_11380 - - Fla~
fliF Flagellar basal body M-ring protein FliF DSB67_11385 - - Fla~
fliE Flagellar hook-basal body complex protein FliE DSB67_11390 - - Fla-
firC o>*-dependent Fis family transcriptional regulator DSB67_11395 - - Fla~
firB/flaL PAS domain-containing protein DSB67_11400 - - Fla-
flrA o>*-dependent Fis family transcriptional regulator DSB67_11405 + + Mot*/~
fliS Flagellar export chaperone FliS DSB67_11410 - - Fla~
it Flagellar protein FIiT DSB67_11415 + + Mot "/~
fliD Flagellar cap protein FIiD DSB67_11420 + + Mot~
flaG Flagellar protein flag DSB67_11425 +++ + WT
flaA Flagellin DSB67_11430 +++ + WT
flaD Flagellin DSB67_11435 +++ + WT
(Continued on next page)
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Gene Predicted function Locus tag Swim plates Mutant class
flaF Flagellin DSB67_11445 +++ WT

rpoN RNA polymerase o> factor DSB67_13575 - Fla-

motX Motor protein (Sel1 repeat family protein) DSB67_14290 - Mot~

with previous observations in other vibrios or flagellate bacterial species. However,
some discrepancies were found compared to these findings. Notable examples include
mutants in the flagellar hook length control gene (fliK), as well as the flagellar export
apparatus (fiOR) and the filament cap (fliD and fliT), both of which are required for mo-
tility in other bacteria such as Salmonella enterica but resulted in Mot*/~ phenotypes
for our mutants (40-45). Although soft agar plates are often used to assess swimming
motility, the interpretation of these can be misleading because the observed pheno-
types are the result of a combination of factors, including but not limited to flagellar
synthesis, chemotactic sensing, growth rates, biofilm formation, and sensing of metab-
olites. Thus, in addition to using swim plates we used phase-contrast microscopy to
directly observe swimming in all semimotile mutants. We distinguished semimotile
mutants by creating a fourth phenotypic class that we designated nonswimmers
(Swm-), which produce swim halos on soft agar plates but show no detectable swim-
ming cells when observed by live cell microscopy. While we observed swimming in
many of the Mot™/~ mutants, we were surprised to identify several mutants that were
semimotile on soft agar plates appear nonmotile by microscopy, including figT (H
ring), firD (regulatory protein), flhF (flagellar placement), fliO (export apparatus), and
fliHlJ (ATPase) mutants. These results corroborate previous observations of flagellar
mutants in other bacteria, in which deletion of these genes results in nonmotile and/or
aflagellate cells (40, 46-48). This suggests an important difference between the behav-
iors observed on swim plates versus microscope that may be explained by defects in
flagellar assembly, structure, or function.

Effects of core flagellar transcriptional regulators on swimming motility and
flagellum synthesis. In vibrios with a defined polar flagellar gene system, including V.
cholerae, V. fischeri, V. vulnificus, V. alginolyticus, and V. parahaemolyticus, previous stud-
ies have shown that the flagellum is regulated by a four-tiered transcriptional hierarchy
that includes o4, FIrA (or the homolog FlaK), FIrC (or the homolog FlaM), and FliA
(028). Deletion of any one of these transcriptional regulators results in complete loss of
motility in most vibrios, with the exception of V. parahaemolyticus that also produces a
compensating regulator of lateral flagella, LafK (18, 19, 49-52). To determine whether
the V. campbellii flagellar genes are regulated in a similar transcriptional hierarchy, we
examined the four predicted regulators: >4, FIrA (annotated as FlaK), FIrC (annotated
as FlaM), and FliA. While the annotation of V. campbellii DS40M4 shares the same nam-
ing scheme for FlaKLM with V. parahaemolyticus, we refer to them as FIrABC, respec-
tively, henceforth for consistency with the naming in other vibrios and due to the
meaning behind the prefix Fir (flagellar regulatory protein) (49). We constructed iso-
genic strains with a single deletion of each of the flagellar transcriptional regulator
genes in DS40M4 and tested for the presence or absence of motility in each mutant on
soft agar plates (Fig. 3A). Similar to other vibrios, deletion of rpoN (that encodes %),
fIrC, and fliA results in the complete abrogation of motility on swim plates (Fig. 4A).
However, the AflrA mutant demonstrates swimming motility, albeit partially reduced
compared to the wild-type strain. We complemented each mutant at an ectopic locus
in the genome. For rpoN and fIrA, our transcriptional start site (TSS) analyses indicated
that these genes are likely the first gene in the operon; thus, we complemented these
using their cognate promoter. However, for fIrC and fliA, it was unclear from our dRNA-
seq data which promoter(s) controls expression of these genes, so we complemented
firC and fliA using an IPTG (isopropyl-B-p-thiogalactopyranoside)-inducible promoter.
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FIG 4 Swimming and flagellar phenotypes of V. campbellii flagellar regulator mutants. (A) Soft agar (0.3%)
swim plates showing swim halo phenotypes for wild-type and mutant DS40M4 strains. The top panel shows
deletion mutants. The bottom panel shows deletion mutants that were complemented at an ectopic locus
(luxB). (B) TEM of wild-type and mutant DS40M4 strains grown in LM liquid culture. Arrows point to flagellar
protrusions in strains.

In each case, complementation results in increased levels of motility compared to the
deletion strain (Fig. 4A).

Because our results showed that DS40M4 FIrA is dispensable for motility, we sought
to test the role of FIrA in swimming motility in another Vibrio campbellii strain: BB120
(also known as ATCC BAA-1116, previously classified as Vibrio harveyi) (28). We con-
structed deletions of fIrA, firC, and fliA in BB120, and we observed the same results as
in DS40M4. The AfirC and AfliA strains are nonmotile, whereas the AfIrA strain retains
motility that is slightly diminished compared to wild-type BB120 (see Fig. S2). From
these data, we conclude that FIrA is dispensable for swimming motility in V. campbellii
DS40M4 and BB120.

We also directly observed the presence or absence of flagella via transmission elec-
tron microscopy (TEM) to compare the structural effects of deletion of flagellar regula-
tors (Fig. 4B). We chose to assess deletion strains for each of the four flagellar transcrip-
tional regulators (ArpoN, AflrA, AfirC, and AfliA), as well as AflrB, AflhF, and AflhG
strains, which act within the four-tiered transcriptional hierarchy and have observable
flagellar patterns in other vibrios (46, 53, 54). When rpoN and fIrB are deleted, no flag-
ella are detectable via TEM. The AfIrC cells are also largely aflagellate; however, some
observable short cable structures did protrude from some of the cells (Fig. 4B). When
fIhF is deleted, the cells were largely aflagellate except for a few that produce short and/or
nonpolar cable-like structures that appear to be nonlocalized flagella. Conversely, AflhG
mutants demonstrate hyperflagellation. These findings correlate with prior studies in
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FIG 5 LafK does not regulate swimming motility in V. campbellii. Soft agar (0.3%) swim plates show swim halo
phenotypes for wild-type and mutant strains of DS40M4.

Vibrio species indicating FIhF’s role in flagellar localization and FIhG's role in regulating
flagellar number (46, 53). Deletion of either flIrA or fliA had no observable impact on detect-
able flagella via TEM (Fig. 4B). In the AfliA mutant this may be explained by the role of FliA
in primarily regulating chemotaxis and motor genes rather than structural genes, though
FliA is typically required for expression of alternate flagellins in vibrios (19). However, it is
notable that the AflrA mutant produces intact flagella, conflicting with the models in other
Vibrio species in which it is one of the earliest required transcriptional regulators for
expression of flagellar genes (18, 19). Altogether, these results largely support previous
findings in other vibrios with one major exception: we conclude that FIrA is not required
for flagellar production or motility in V. campbellii.

The lateral flagellar gene lafK does not compensate for the absence of fIrA. In
addition to encoding the polar flagellar gene system, V. campbellii also encodes a set
of genes homologous to known V. parahaemolyticus lateral flagellar genes (26). The lat-
eral flagellar gene system is a separate set of similar but distinct genes which produce
numerous, nonsheathed lateral flagella and which are encoded in chromosome I
rather than I. Historically, lateral flagella have been characterized in V. parahaemolyticus
and V. alginolyticus, but other vibrios, such as V. campbellii, have been found to either
produce or encode these genes as well (26, 31, 32, 55-57). Importantly, the lateral flag-
ellar o>*-dependent transcriptional regulator LafK cross-regulates class Il polar flagellar
genes in the absence of the FIrA homolog (FlaK) in V. parahaemolyticus (51). V. camp-
bellii encodes a lafk homolog in its genome. We hypothesized that V. campbellii LafK
regulation facilitates the partially motile phenotype in the AflrA mutant strain. The V.
campbellii Alafk mutant demonstrates no change in swimming motility compared to
wild-type, mimicking the results in V. parahaemolyticus (Fig. 5). However, unlike V. par-
ahaemolyticus, the AlafK AfirA mutant shows no further decrease in motility compared
to the AflrA mutant (Fig. 5). We also tested the role of LafK in V. campbellii BB120 and
likewise saw that the AlafK AflrA mutant does not show a decrease in motility com-
pared to the AfIrA strain (see Fig. S2). Finally, the dRNA-seq analysis shows that the
level of transcription of the lafK locus is very low, much like most of the lateral flagellar
genes (34). Thus, we conclude that V. campbellii LafK does not compensate for FIrA.

Due to the lack of observed LafK-mediated polar flagellar regulation, we hypothe-
sized that V. campbellii may not have an active lateral flagellar system for swarming
motility. Although V. campbellii encodes lateral flagella, few studies have characterized
these flagella or the capacity for swarming motility in V. campbellii (31, 32). We tested
to see whether V. campbellii was capable of swarming motility by performing swarm
plate assays with various agar concentrations. V. parahaemolyticus is capable of swarm-
ing at agar concentrations of 1.5%, while other swarming bacteria such as B. subtilis
swarm at agar concentrations between 0.3 and 1.0% (58). Under each condition tested,
we were unable to observe swarming in V. campbellii DS40M4 (see Fig. S3). We also
assayed for swarming motility in three additional V. campbellii strains but no swarming
was observed, whereas we were able to visualize swarming in V. parahaemolyticus as a
positive control (see Fig. S3). Finally, all known lateral flagellar are either extremely
lowly expressed or are not expressed at all when V. campbellii is grown in liquid media
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according to both dRNA-seq and RNA-seq data sets (see Data Set S1) (34). Together,
our data suggest that despite carrying lateral flagellar genes, V. campbellii DS40M4 has
an inactive lateral flagellar system under the conditions we tested. In addition, we con-
clude that the lateral flagellar regulator LafK does not compensate for FIrA activity in a
AfIrA mutant.

Transcriptome profiling of flagellar regulators. To identify the V. campbellii genes
that are controlled by the transcriptional regulators o°4, FIrA, FIrC, and FliA, we com-
pared the transcription profiles between wild-type and isogenic mutant strains lacking
one of these four genes (rpoN, fIrA, flrC, and fliA, respectively) using RNA-seq (see Data
Set S1). Our goal was to sort genes into different classes in the regulatory hierarchy
based on gene expression relative to wild-type similar to previous studies (16). We pre-
dicted that genes expressed earlier in the transcriptional hierarchy are regulated by
only the earliest flagellar regulator(s) and not any downstream regulators, whereas
genes expressed later in the hierarchy will be affected by all upstream regulators.

Figure 6 shows the expression profiles of flagellar genes for ArpoN, AfirA, AfirC,
and AfliA strains compared to the wild type, as determined by RNA-seq (Fig. 6; differ-
ential gene expression data, statistical analyses, and fold changes in transcript levels
for each mutant compared to the wild type are presented in Data Set S1). We com-
pared gene expression by examining genes that were differentially regulated 1.5-fold
or more (P <0.05) in the mutant compared to the wild type. These data revealed that
much of the downstream hierarchy is organized similarly to the transcriptional hierar-
chy established in other vibrios (16, 27). Specifically, FliA-dependent expression pat-
terns are very similar to class IV flagellar genes in other vibrios, where we observed
that transcription decreases in the absence of FliA and/or upstream regulators for
pomAB, flgMN, cheVR, flaBE, firD, cheW, ORF1, ORF2, cheBAZY, fliS, flal, fliD, flaG, flaA,
flaDF, and motX. Similarly, FIrC-dependent expression patterns are comparable to
class Ill in other vibrios as well, since we identified several genes clusters that were
decreased in expression in the absence of FIrC: figT, flgOP, flgBCDE, flgFGHIJ, figkL,
flaC, liIkLMNOPQR, flhB, and motY.

The expression patterns for FIrA showed the largest deviation from studies of other
vibrios. In V. cholerae, FIrA is required for regulation of several flagellar operons, includ-
ing flIEFGHIJ, fIRAFG, fIrBC, and fliA (16, 19). Deletion of fIrA also results in decreased
expression of downstream genes controlled by either FIrC or FliA, such as hook, rod,
chemotaxis, and flagellin genes. Conversely, our data show that FIrA is not required for
expression of fliEFGHIJ or firBC, which are expressed at levels similar to wild type in the
absence of either FIrA or o>* (Fig. 6; see also Data Set S1). The only unique set of genes
solely affected by the AflrA mutation are flhAFG. This result correlates with the swim
plate results in which fIrA is not required for swimming motility, but deletion of fIrA
reduces swim halo size. Notably, however, fliK, fiLMNOPQR, and flhB expression patterns
are decreased in both a AflrA mutant and a AfirC mutant, which suggests that both FIrA
and FIrC regulate these genes. From these data, we conclude that FIrA-dependent regula-
tory patterns in V. campbellii DS40M4 is distinct from that of FIrA in V. cholerae. In addition,
transcription of genes—fliEFGHL, firA, and flrBC—classified as class Il in V. cholerae is inde-
pendent of the four regulators studied here in V. campbellii.

FIrA and FIrC coregulate class Il genes. The results of our RNA-seq analysis indi-
cate that some flagellar genes are decreased in expression in both the AflrA and AfirC
backgrounds compared to wild type. FIrA and FIrC are both bacterial enhancer binding
proteins (bEBPs) that share 39.79% identity and serve as o>*-dependent transcriptional
regulators (49, 59, 60). Thus, we hypothesized that FIrA shares a coregulon with FIrC.
To test this, we performed qPCR on wild-type, AflrA, AflrC, and AflrA AfIrC strains. In
addition, we complemented fIrA and fIrC in the double AflrA AfirC mutant background.
We chose to examine genes from each class based on our RNA-seq data: flhF appears
to be regulated by FIrA, flgO appears to be regulated by FIrC, and fliK appears to be
coregulated by FIrA and FIrC. As a control, we assessed gene expression of flaA, a gene
controlled by FliA late in the hierarchy, which is thus affected by all upstream regula-
tors. Similar to our RNA-seq results, we found that flhF is more strongly decreased in
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Wild-type vs.

ArpoN AfIrA AflrC AfliA

DSB867_03225 (pomA)
DSB867_03230 (pomB)
DS867_03720 (figT)
DS867_03725 (figO)
DS867_03720 (figP)
DSB867_03735 (fig)
DS867_03740 (fight)
DS867_03745 (figh)
DSE67_03750 (cheV)
DSB867_03755 (cheR)
DSB867_03769 (figB)
DS867_03765 (figT)
DS867_03770 (figD)
DS867_03775 (fIgE)
0S867_03780 (figF)
DS867_03785 (figs)
DS867_03790 (figH)
0S867_03795 (figl)
DSB867_03800 (flgJ)
DS867_02805 (figK)
DSB867_02310 (figl)
DS867_02815 (flaC)
DSB867_03320 (flaB)
DS867_02825 (flaE)
DS867_10725 (motY)
DS867_11255 (firD)
DS867_11280 (cheW)
0SB867_11285 (ORF2)
DS867_11270 (ORF1)
DS867_11275 (cheB)
0S867_11280 (cheAd)
DS867_11285 (cheZ)
DSB867_11290 (cheY)
DS867_11205 (fliA)
DS867_11300 (fIhG)
DSE67_11305 (fIhF)
0S867_11310 (flhA)
DS867_11315 (fIhB)
DS867_11320 (fliR)
0S867_11325 (fliQ)
DS867_11320 (fliP)
0S867_11335 (fi0)
DSB67_11340 (fliN)
DSB867_11345 (fliM)
DS867_11350 (fliL)
DS867_11355 (fliK)
DS867_11365 (fiv)
DS867_11370 (fiil)
DS867_11375 (fliH)
0S867_11380 (fiiG)
DS867_11385 (fiiF)
DS867_11390 (fiiE)
DS867_11395 (firC)
DS867_11400 (fir8)
DS867_11405 (firA)
DS867_11410 (fliS)
0S867_1141S (flal)
0S$867_11420 (fiiD)
DSB867_11425 (1aG)
DSB867_11420 (flaA)
DS867_11435 (flaD)
DSB867_1144S (flaF)
DS867_13575 (rpoN)
DS867_14290 (motX)

Color Key
-4 -3 -2 -1 o] 1

FIG 6 Expression patterns of class | to Ill polar flagellar genes. A heat map shows the expression
levels of polar flagellar genes (the color key indicates the log, fold change) determined by RNA-seq
analysis in the wild type (DS40M4) compared to ArpoN (BDP029), AflrA (BDP030), AflrC (BDP031), and
AfliAp (BDP046) strains. Flagellar gene names and locus tags are indicated.
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FIG 7 FIrA and FIrC coregulate class Il genes. Data shown are absolute transcripts quantified by gPCR of genes
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indicate significant differences in ANOVA (on log-transformed data for flgOo and flaA), followed by Tukey's
multiple-comparison test (n=5, P<0.05). Error bars represent the means and standard deviations from five
biological replicates.

expression in the AflrA mutant, whereas flgO is more strongly decreased in the AfirC
mutant compared to the wild-type strain (Fig. 7A and B). However, deletion of either
fIrA or flrC has a significant effect on both genes compared to wild type. In addition,
deletion of either firA or fIrC partially decreases the expression of fliKk compared to the
wild type, whereas the deletion of both fIrA and fIrC together further decreases fliK
expression compared to the single mutants (Fig. 7C). Complementation of fIrA or firC in
the AfirA AfirC background restores flgO levels to the single-mutant level (Fig. 7B),
whereas complementation did not affect flhF or fliK levels (Fig. 7A and B). As predicted,
we also find that deletion of either fIrA or fIrC significantly impairs flaA expression (Fig.
7D). We observe additive effects on regulation of flik and flgO, suggesting that both
FIrA and FIrC control expression of the fliK and flgO operons. Although deletion of fIrC
does significantly decrease flhF expression as measured by qPCR, the deletion of fIrA
and fIrC is not additive, suggesting that FIrA is the dominant regulator (Fig. 7A). From
these data, we conclude that FIrA and FIrC have compensatory roles and coregulate
the class Il genes in the flagellar hierarchy.

DISCUSSION

Swimming motility is employed by many different Vibrio species for taxis toward or
away from stimuli. The genetic and regulatory networks underlying flagellar swimming
motility have primarily been studied in V. cholerae, V. parahaemolyticus, and V. fischeri
by testing individual flagellar mutants or by impairing specific flagellar gene intervals
(16, 22, 23, 50). By exploiting the power of natural transformation, we were able to effi-
ciently delete every known gene in the five flagellar and chemotaxis genetic loci in V.
campbellii. Our work here is both the first broad examination of the polar flagellar
genetic network in V. campbellii and one of the first studies to characterize the com-
plete set of known genes in the flagellar and chemotaxis genomic regions in a Vibrio
species using reverse genetics.

Of the 64 genes we examined in this study, the phenotypes of most mutants are
consistent with predicted outcomes based on prior studies in other bacterial species.
The majority of mutants we characterized are semimotile, as has been observed in
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previous flagellar systems as well, suggesting that these strains are still capable of syn-
thesizing a partially functional flagellum (22). These strains include those impaired in
components of the basal body or the outer flagellar rings (L ring, P ring, and H ring),
though notably hook and rod mutants were not observed in this mutant class. We
found that flagellar hook and rod mutants were nonmotile, likely because these struc-
tures are critical for downstream flagellar assembly steps or flagellar joint functionality,
which aligns with previous findings in other bacteria (22, 61). We were surprised to find
that flagellar filament cap mutants lacking either fIiT or fliD demonstrated detectable mo-
tility, though this result does support previous findings in V. parahaemolyticus in which ab-
sence of fliD does not completely inhibit motility unlike in S. enterica (62, 63). In addition,
mutants lacking the internal ruler for flagellar hook length control, FliK, were semimotile
on soft agar plates, which is notably different compared to findings in other bacteria (44,
45, 64, 65). However, previous research has shown that Aflik mutants can quickly produce
suppressor mutants that restore partial motility compared to wild-type cells, most notably
in flhB, a component of the flagellar type Ill secretion system (66, 67). Because motility pro-
vides a strong selective pressure for gain-of-function suppressor mutants, we cannot
exclude the possibility that some of the phenotypes that we observed in our flagellar
mutants arose from suppressor mutations (68). Most of the nonmotile mutants we identi-
fied were also aflagellate, except for the motor mutants, due to the stepwise nature of as-
sembly of the flagellum in bacteria.

Notably, prior studies that characterized presence or absence of a flagellum did so
using Western immunoblots to measure the presence of polar flagellin production
(22). Rather, in this study we directly observed the presence or absence of a flagellum
using fluorescence staining and microscopy. However, this approach excludes cells
that continue to produce and secrete downstream flagellar components (such as flag-
ellins), regardless of whether these secreted products correlate with an intact flagel-
lum. Both approaches have their advantages, and this distinction could account for dif-
ferences we observed between flagellate and aflagellate mutants in this study versus
previous work. We also noted that several mutants (AfliO, AflgT, AfliHIJ, AflhF, and
AfIrD) produce swim flares at the edges of the inoculum center. These are likely sup-
pressor mutants derived from the strong selection for motility in this assay, and future
examination of these mutants may enable a broader understanding of the flagellar sys-
tem in V. campbellii.

Importantly we found that none of the flagellin genes (flaABCDEF) are absolutely
required for motility in V. campbellii. Only deletion of flaC impairs motility compared to
the other mutants, which all resemble the wild type. FlaC is most closely related to
FlaA in V. cholerae, which is the only filament protein required and sufficient for motil-
ity (69). The reduced motility in the V. campbellii AflaC mutant correlates with most
other vibrios that also encode a predominant flagellin subunit that impairs (but does
not eliminate) motility when deleted (62, 70-72).

A few Vibrio species such as V. parahaemolyticus, V. alginolyticus, and V. campbellii
also encode lateral flagellar genes in addition to their polar flagellar system, which pro-
vide them the capacity for swarming motility over surfaces (26, 31, 32). While charac-
terizing the polar flagellar system in V. campbellii in this study, we also studied the lat-
eral flagella and swarming motility in an attempt to describe this behavior as well.
When comparing several different strains of V. campbellii using different hard agar con-
centrations, we were unable to observe swarming motility in any of these strains. We
also did not observe additional flagella beyond the presence of the polar flagellum
using TEM of cells prepared from hard agar or soft agar plates in the BB120 strain
(Fig. 4B; data not shown). Notably, the first study to identify lateral flagella in V. camp-
bellii (then called Beneckea campbellii) observed that only some strains produced both
polar and lateral flagella, while many of the strains only produced a single polar flagel-
lum (32). Taking our observations here and the results found in previous studies of V.
campbellii, we believe it is likely that the V. campbellii strains we examined have an
inactive lateral flagellar system under our laboratory conditions.
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FIG 8 Transcriptional hierarchy of polar flagellar genes in V. campbellii. A model of the transcriptional
hierarchy for polar flagellar genes in V. campbellii DS40M4 is shown. Class | encodes early structural
components of the flagella, as well as the genes encoding class Il regulators FIrA and FIrC. Class Il
genes depend on regulation by o** and one or both o**-dependent transcriptional activators, FIrA
and FIrC. These genes include most structural components of the flagellum, including the export
apparatus, hook, rod, ATPase, flagellin, flagellar rings, and more. Finally, FliA (o) activates class IIl
genes, which encode additional flagellins, chemotaxis proteins, and the motor/stator.

Our transcriptome analysis of the flagellar regulatory mutants in V. campbellii high-
lighted some unique features of the flagellar regulatory hierarchy, which allowed us to
construct a model for the flagellar regulatory hierarchy in V. campbellii (Fig. 8). First, we
note that while FIrA plays an observable role in the flagellar regulatory hierarchy, it is
also not necessary for V. campbellii cells to be motile on swim plates, which we tested
in two strains (DS40M4 and BB120). Genes that were classified as class Il in V. cholerae
are mostly expressed independently of both o> and FIrA in V. campbellii, except for
flhAFG and fliA (16). This presents two possibilities for the flagellar regulatory hierarchy
in V. campbellii. One possibility is that the four-tiered flagellar hierarchy is actually a
three-tiered hierarchy in V. campbellii, where some previously identified class Il genes
such as fliEFGHIJ and the downstream flagellar regulators like fIrB and fIrC are
expressed constitutively and independently of other regulators like o°*. Taking the
data we have presented here into account, without bias from previously defined hier-
archies from other Vibrio flagellar species, this is our proposed model for flagellar tran-
scriptional regulation in V. campbellii (Fig. 8). However, we recognize that without a
stepwise checkpoint system in place, if multiple class | operons were expressed consti-
tutively in V. campbellii, this could cause a competitive disadvantage because cells
would needlessly waste resources in expressing flagellar gene products when swim-
ming motility is not required. Previous reports show that flagellar synthesis is a costly
behavior in bacteria, and expression of flagellar genes can impair growth (73-75).
Thus, an alternative hypothesis to explain our data are that an unidentified regulator
controls the expression of these independently expressed class | genes in V. campbellii.
While this model would preserve the four-tiered stepwise mechanism of flagellar regu-
lation conserved by other vibrios, our current data suggest the class | genes are inde-
pendent of o>* regulation, and we have not found any evidence of a novel regulator
for these genes in V. campbellii. Thus, the first hypothesis is our proposed model that
we present in Fig. 8. We anticipate that future work will uncover the presence or ab-
sence of a potential novel class | flagellar regulator.

Another critical difference in our proposed hierarchy model is how class Il genes are
regulated in V. campbellii. In our RNA-seq analysis, FIrC in V. campbellii showed very
similar expression profiles to those observed in V. cholerae; thus, our model groups
class Iy, 4m, and class lll,, ., genes very similarly between both species (16). However,
as we noted earlier, FIrA still plays an observable role in regulation of downstream flag-
ellar genes such as class Il and class Ill, and we found that fiKLMNOPQR and flhB
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showed stronger decreases in expression in a AflrA mutant compared to a AflrC mu-
tant. When testing these further with gPCR in both single mutants and a AflrA AfirC
double mutant, we found that deletion of either FIrA or FIrC significantly impaired
expression of genes from the opposite regulon. In addition, a subset of genes classified
as FlrC-dependent in both our V. campbellii RNA-seq data and previous V. cholerae
models (17) showed additive downregulation when both o->4-dependent flagellar reg-
ulators were deleted. Based on these findings, we propose that FIrA and FIrC are both
partially interchangeable o>*-dependent transcriptional regulators and that class Il
flagellar genes are coregulated by both FIrA and FIrC. Future work will more carefully
tease apart the mechanisms behind regulation by both bEBPs. Finally, we note that fliS,
flal, fliD, flaG, flaA, ORF1, ORF2, and fIrD display FliA-dependent regulation, as opposed
to the FIrC-dependent regulation that is observed in V. cholerae (16). Thus, we group
these genes with other FliA-regulated genes (class lll) in the V. campbellii regulatory
hierarchy.

Although the flagellar genes in V. campbellii are conserved and share similar chro-
mosomal organization with other Vibrio species, we have shown that the regulation of
the polar flagellum in V. campbellii is distinct in several ways. Furthering our under-
standing of the regulation of motility in different Vibrio species is important because
motility and taxis in response to external signals are key behaviors of bacteria in vari-
ous niches. In brief, our work here has established tools and broadened our under-
standing of the flagellar gene network in V. campbellii that will be valuable in future
work both in studying swimming motility in V. campbellii and in comparing flagellar
regulation across the Vibrionaceae.

MATERIALS AND METHODS

Strains and growth conditions. All bacterial strains and plasmids are listed in Tables S1 and S2 in
the supplemental material. V. campbellii strains were grown at 30°C on Luria marine (LM) medium (lysog-
eny broth supplemented with an additional 10 g NaCl per liter). Instant ocean water (IOW) medium was
used in chitin-independent transformations; it consists of Instant Ocean sea salts (Aquarium Systems,
Inc.) diluted in sterile water (2x =28 g/liter). Transformations were outgrown in LBv2 (lysogeny broth
medium supplemented with additional 200 mM NaCl, 23.14 mM MgCl,, and 4.2 mM KCI). When neces-
sary, strains were supplemented with kanamycin (100 ug/ml), spectinomycin (200 ug/ml), or trimetho-
prim (10 wg/ml).

Analysis of Vibrio flagellar genes. Identification of Vibrio flagellar and chemotaxis genes was per-
formed as described previously (33). A data set comprising all of the protein sequences from various
Vibrio species (including DS40M4) was clustered into groups based on sequence similarity using cd-hit
version v4.8.1-2019-0228 (76) (parameters: -M 0 -g 1 -s 0.8 -c 0.4 -n 2 -d 500). The protein sequences from
the polar flagellar gene clusters were compared against the corresponding DS40M4 flagellar gene using
BLASTp and the percent identity of the best scoring homolog from each Vibrio species was recorded
and plotted in the heat map. The six flagellins overlapped in a single cluster due to high sequence iden-
tity and were resolved manually by comparing synteny of these genes with other Vibrio flagellin genes.

Primer design and strain construction. For constructing deletion strains in V. campbellii DS40M4,
natural transformation or MUGENT was used as previously described (33-35). A candidate primer set
was generated for deletion of each gene consisting of two primer pairs chosen to maximize the portion
of the gene removed such that (i) any overlapping genes were left complete and (ii) all four primers met
our criteria for validity. A valid primer is between 25 and 30 bp with a preference for shorter primers,
contains no homopolymers of 5 or more bases, ends in cytosine or guanine, and has a T,, between 58
and 63°C as determined by the BioPerl implementation of Allawi and SantaLucia (77).

All primers are listed in Table S3 in the supplemental material. These primers were used to generate
linear transforming DNAs (tDNA) by splicing-by-overlap extension (SOE) PCR as previously described
(35). Briefly, an UP arm containing ~3-kb homology of the area upstream of the gene to be deleted was
PCR amplified via a F1 and R1 primer set. Similarly, a DOWN arm containing ~3-kb homology of the
area downstream of the gene to be deleted was PCR amplified via a F2 and R2 primer set. For unselected
tDNA products, the UP and DOWN arms were used as the template and amplified via the F1 and R2 pri-
mers to make a SOE product that lacked an antibiotic marker. Unselected tDNA products were cotrans-
formed with a selected tDNA product, which targets the nonfunctional /uxB site in DS40M4 and inserts
an antibiotic resistance cassette (for either spectinomycin or trimethoprim). These tDNAs were used to
construct V. campbellii DS40M4 strains using previously published methods (78). Briefly, DS40M4 were
grown overnight in LBv2 at 30°C, with shaking and with antibiotic and 100 «M IPTG. The next day, the
culture was back-diluted into IOW containing 100 uM IPTG and tDNA. The tDNA marked with an antibi-
otic resistance cassette was added, and cells were incubated statically at 30°C for 4 to 6 h. LBv2 was then
added, and the cells were incubated shaking at 30°C for an additional 1 to 2 h before streaking cultures
onto LM plates with respective selective antibiotics. After natural transformation, strains containing the
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correct target mutation were identified via colony PCR with a forward and reverse detection primer and
further confirmed by sending the products to Eurofins Scientific for sequencing.

V. campbellii BB120 gene deletions were made as previously described (79). Briefly, plasmids to make
unmarked gene deletions were constructed using the suicide vector pRE112. Genetic regions flanking
genes of interest (1,000 bp) were PCR amplified and inserted into pRE112, and the plasmid was then
introduced to BB120 by conjugation and selection on chloramphenicol. Integration of the plasmid was
verified by PCR, and each strain was plated on 20% sucrose for counterselection. Colonies that were su-
crose resistant were screened for chloramphenicol sensitivity, indicating a crossover event had undergone to
delete the gene of interest. Chloramphenicol-sensitive mutants were sequenced to confirm gene deletions.

Motility assays. Swimming motility was measured by performing swimming assays on soft agar
(medium containing 0.3% agar). V. campbellii strains were grown overnight in LM medium and then
diluted to an optical density at 600 nm (ODy,,) of 0.5 the following day. Then, 5-ul portions of the
diluted cultures were stabbed and pipetted into the centers of soft agar LM plates and grown in a humid
container at 30°C for 24 h. After growth, plates were imaged via Alphalmager HP imaging system
(ProteinSimple) and compared for swim halo size.

Swarm assays were performed using LM hard agar plates (0.7, 1.0, and 1.5% agar). V. campbellii
strains were grown overnight in LM medium and concentrated to an OD,,, of 10 the following day.
Next, 5-ul portions of the cultures were spotted onto the surfaces of LM swarm plates and grown in a
humid container at 30°C for 72 h. After growth, the plates were measured for swarming radius.

RNA extraction, quantitative reverse transcription-PCR (qRT-PCR), and RNA-seq. Strains were
inoculated in 5 ml of LM medium and grown overnight shaking at 30°C at 275 rpm. Each strain was back
diluted to 1:1,000 in 5 ml of LM medium and grown with shaking at 30°C at 275 rpm until they reached
an ODy,, of ~0.5. Cells were collected by centrifugation at 3,700 rpm at 4°C for 10 min, the supernatant
was removed, and the cell pellets were flash frozen in liquid N, and stored at —80°C. Triplicate biological
samples were collected for RNA-seq and dRNA-seq. RNA was isolated from pellets using a TRIzol-chloro-
form extraction protocol as described previously (80) and treated with DNase by using a DNA-free DNA
removal kit (Invitrogen). RNA-seq was performed as described previously (79).

Real-time gRT-PCR was used to quantify transcript levels from samples collected as described above
using a SensiFast SYBR Hi-ROX One-Step kit (Bioline) according to the manufacturer’s guidelines. First,
1ug of each RNA template was converted to ¢cDNA using SuperScript IV reverse transcriptase
(Invitrogen). All reactions were then performed using a LightCycler 4800 Il (Roche) with a 0.4 uM con-
centration of each primer and 5 ng of template RNA (10 ul total volume). Primers were designed to have
the following parameters: amplicon size of 100 bp, a primer size of 20 to 28 nucleotides, and a melting
temperature of 55 to 60°C. qRT-PCR was performed with five biological replicates and two technical rep-
licates. Data were analyzed using the standard curve method, which was assessed by qPCR on a quanti-
fied cDNA dilution series (see Data Set S3). After normalization to the standard curve for each gene, all
crossing point values for target genes were normalized to hfg Cp values. Statistical analyses were per-
formed using GraphPad Prism software to conduct one-way analysis of variance (ANOVA), followed by
Tukey's multiple-comparison test. The qRT-PCR data passed normal distribution tests (Shapiro-Wilk and
Kolmogorov-Smirnov). We include the raw data for qRT-PCR in Data Set S3.

dRNA-seq analysis. cDNA libraries from RNA (isolated as described above) were constructed as
described previously (81) by Vertis Biotechnology AG (Freising, Germany) and sequenced using an
Illumina NextSeq 500 machine in single-read mode (75-bp read length).

Transcriptional start site analysis. TSS prediction was performed using the program TSSpredator
on normalized coverage data (see Data Set S2). TSS classified as primary or secondary are located
upstream of a gene, not further apart than the chosen untranslated region (UTR) length of 300 bp. Of
these, the primary TSS is the one with the strongest expression. The ones within the annotated gene
located on the sense strand are classified as internal, while the ones which are on the antisense strand
not farther than the chosen UTR length are classified as antisense. Finally, those which are not within
the vicinity of any of the annotated genes are classified as orphans. The TSS data are presented in Data
Set S2.

Flagellar labeling and microscopy. Fluorescence microscopy was performed with a Nikon Eclipse
80i microscope equipped with a Plan Apo 100x phase-contrast objective. Cells were grown in LM me-
dium to an ODy,, of ~0.5, near mid-log phase, and 1 ml of culture volume was concentrated by centrifu-
gation at 4,000 x g for T min at room temperature and resuspended in 50 ul of phosphate buffer saline
(PBS). Then, 1 ul of NanoOrange dye (ThermoFischer Scientific) was mixed with the cells, followed by
15 min for staining to occur. NanoOrange-stained cells and flagella were visualized with a FITC HYQ filter
cube (excitation filter, 460 to 500nm; barrier filter, >590nm). Images were captured with a
Photometrics Coolsnap HQ2 camera and processed using MetaMorph 7.7.9.0 image software (Universal
Imaging Corp.).

For TEM, strains were inoculated in 5 ml of LM medium and grown overnight shaking at 30°C at 275
rpm. Each strain was back diluted at 1:1,000 in 5ml of LM medium and grown with shaking at 30°C at
275 rpm until it reached an ODy,, of ~0.5, near mid-log phase. Cells were collected by centrifugation at
4,000 x g for 1 min at room temperature and then washed with PBS. Cells were collected on grids and
stained in 2% uranyl acetate. The grids were commercially prepared continuous carbon films on 400
mesh copper grids obtained from Ted Pella, Inc. Electron microscopy was performed at nominal magnifica-
tions ranging from 2,500x to 50,000x using a JEOL JEM 14000plus TEM operating at 120 kV. Images were
recorded with a Gatan OneView camera using 0.5 s exposures and Gatan'’s built-in motion correction.

Data availability. The raw, demultiplexed reads and coverage files from RNA-seq and dRNA-seq
were deposited in the National Center for Biotechnology Information Gene Expression Omnibus (NCBI
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GEO) under accession numbers GSE167483 and GSE147616. Custom scripts are available on GitHub
(https://github.com/Juliacvk/vibrio_primer_design).
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