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The bacterial flagellum is important for motility and adaptation to environmental niches. The sequence of
events required for the synthesis of the flagellar apparatus has been extensively studied, yet the events that
dictate where the flagellum is placed at the onset of flagellar biosynthesis remain largely unknown. We
addressed this question for alphaproteobacteria by using the polarly flagellated alphaproteobacterium Cau-
lobacter crescentus as an experimental model system. To identify candidates for a role in flagellar placement, we
searched all available alphaproteobacterial genomes for genes of unknown function that cluster with early
flagellar genes and that are present in polarly flagellated alphaproteobacteria while being absent in alpha-
proteobacteria with other flagellation patterns. From this in silico screen, we identified pflI. Loss of PflI
function in C. crescentus results in an abnormally high frequency of cells with a randomly placed flagellum,
while other aspects of cell polarization remain normal. In a wild-type background, a fusion of green fluorescent
protein (GFP) and PflI localizes to the pole where the flagellum develops. This polar localization is indepen-
dent of the flagellar protein FliF, whose oligomerization into the MS ring is thought to define the site of
flagellar synthesis, suggesting that PflI acts before or independently of this event. Overproduction of PflI-GFP
often leads to ectopic localization at the wrong, stalked pole. This is accompanied by a high frequency of
flagellum formation at this ectopic site, suggesting that the location of PflI is a sufficient marker for a site for
flagellar assembly.

Flagellar arrangement has long been used as a defining char-
acteristic in bacterial taxonomy. Bacteria can have flagella emerg-
ing from a specific site, such as the cell pole, or from seemingly
random positions along the cell body (as in peritrichously flagel-
lated bacteria). Differences in flagellar distribution can be impor-
tant for how various species adapt to specific environments. While
the biosynthesis of the flagellum and the temporal regulation of
its assembly have been extensively studied (5, 32), we know little
about what controls the cellular position of flagellar assembly.
The distribution of flagella in peritrichous bacteria may be ran-
dom and stochastically driven, but spatial mechanisms must exist
in polarly flagellated bacteria to ensure that flagellar assembly
takes place at the right location.

It has been shown that in several polarly flagellated species
of gammaproteobacteria, the flhF gene product is necessary for
restricting the flagellum to a polar position (38, 41). flhF en-
codes a GTP-binding protein homologous to components of
the signal recognition particle (SRP) pathway; in its absence,
Pseudomonas putida and Pseudomonas aeruginosa have re-
duced motility and randomly placed flagella on the cell surface
(25, 38, 41). Surprisingly, flhF homologs are also found in
species with multiple, randomly placed flagella, indicating that
FlhF is not a defining component of polarly flagellated bacte-
ria. Furthermore, many polarly flagellated bacteria lack flhF
homologs, indicating the existence of other mechanisms for

flagellar placement. A large number of these species belong to
the vast, understudied class of alphaproteobacteria, which in-
cludes species found in a variety of environmental niches, from
aquatic environments to soils to plant and animal cells. Cau-
lobacter crescentus belongs to this bacterial group. Its flagella-
tion state varies with respect to cell cycle stage. The newly born
“swarmer” daughter cells are motile and have a single flagel-
lum and several pili at one pole. Before initiating DNA repli-
cation, swarmer cells differentiate into stalked cells by ejecting
the flagellum and forming a thin extension of the cell envelope
(the stalk, which is involved in nutrient uptake and surface
attachment) at the pole where the flagellum once was. The
sessile stalked cells then begin expressing flagellar genes in a
stepwise, hierarchical manner, and a new flagellum is formed
at the pole opposite the stalk (28, 35, 52). Division yields a
flagellated swarmer progeny for dispersal and a sessile stalked
progeny for local colonization.

Defects in flagellar placement have been observed in several C.
crescentus mutants, but the mutations lie in genes that have pleio-
tropic functions in cell polarization and polar morphogenesis (1,
20, 21, 27, 47, 49). In this study, we identify CC_2060, renamed
pflI (the polar-flagellum-linked gene), as one of the genes specif-
ically associated with flagellar positioning. In polarly flagellated
alphaproteobacteria, pflI homologs cluster with flagellar genes
involved in the initial step of flagellar assembly, whereas pflI
homologs are absent in nonflagellated and peritrichous alphapro-
teobacteria, suggesting a conserved function.

MATERIALS AND METHODS

Strains, plasmids, media, and growth conditions. C. crescentus cells were
grown at 30°C in peptone yeast extract (PYE) or M2G� medium supplemented
with antibiotics and sugars (0.3% xylose or 0.2% glucose) as described previously
(14, 26). Escherichia coli cells were grown at 37°C in Luria-Bertani medium
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supplemented with appropriate antibiotics. The methods by which the strains
and plasmids used in this study were constructed can be found in the supple-
mental material. The strains and plasmids used are listed in Table 1.

Small-subunit rRNA phylogenetic tree of sequenced alphaproteobacteria. A
list of all 51 alphaproteobacteria whose genomes had been completely sequenced
was obtained by looking at the Complete Microbial Genomes section of the
National Center for Biotechnology Information (NCBI) website (http://www
.ncbi.nlm.nih.gov/genomes/lproks.cgi). The 16S rRNA sequence was obtained
from the website associated with the genome project for each organism (see
Table S1 in the supplemental material). These sequences were aligned via the
computer program ClustalX (http://www-igbmc.u-strasbg.fr/BioInfo/ClustalX
/Top.html). Finally, a bootstrapped neighbor-joining phylogenetic tree was cre-
ated using the same program. The locations and numbers of flagella of all of
these species were determined by a literature search (see Table S1 in the sup-
plemental material).

Screen for genes involved in polar flagellar placement in alphaproteobacteria.
The chromosomal loci including and surrounding class II flagellar genes (flhA,
fliD, fliE, fliF, fliG, fliL, fliM, fliN, fliP, fliQ, and fliR) in the 21 polarly flagellated

alphaproteobacterial species were determined by searching for the gene
names at the websites associated with the genome project for each organism
(see Table S1 and Table S2 in the supplemental material). A “class II genome
region” was defined as the set of genes surrounding the class II genes listed
above until a gene with a known function unrelated to flagella was seen. The
open reading frames (ORFs) of unknown function (e.g., ORFs identified
solely by systematic gene numbers) in the class II genome regions of all
species examined were used as queries for the Basic Local Alignment Search
Tool (BLAST) offered by NCBI (3, 4). An Excel file was created to group
ORFs with their homologs found in any of the 51 fully sequenced alphapro-
teobacteria (see Table S3 in the supplemental material). A homolog was
defined as an ORF of similar size with an E value less than or equal to 0.002.
Each homolog group was placed into a row of this database. Using this Excel
database, the ORFs that were prevalent in class II flagellar genome regions
of polarly flagellated alphaproteobacteria and absent from all other species
were identified. Additionally, homologs not limited to polarly flagellated
bacteria (e.g., genes found not only in polarly flagellated bacteria but also in
nonflagellated or peritrichous bacteria) were also found.

TABLE 1. Strains and plasmids used

Strain or plasmid Relevant genotype and/or descriptiona Reference or source

Strains
E. coli

DH5 Cloning strain Invitrogen
S17-1 M294::RP4-2 (Tc::Mu)(Km::Tn7); for plasmid mobilization 46

C. crescentus
CJW27 CB15N 15
CJW686 CB15N pleC::pBGENTpleCmyfp 34
CJW816 CB15N �pleC/pMR20 P. Angelastro (gift)
CJW1208 CB15N �creS 6
CJW1298 CB15N/pMR20 P. Angelastro (gift)
CJW1406 CB15N tipN::pBGENT{tipNgfp 27
CJW1524 CB15N �fliM This study
CJW1757 CB15N �pflI This study
CJW2179 CB15N/pMR20pxylpflIgfp This study
CJW2181 CB15N pflI::pHL32{pflIgfp This study
CJW2182 CB15N �fliF pflI::pHL32{pflIgfp This study
CJW2184 CB15N �pflI pleC::pBGENTpleCmyfp This study
CJW2185 CB15N pleC::pBGENTpleCmyfp/pMR20pxylpflI This study
CJW2186 CB15N �pflI tipN::pBGENT{tipNgfp This study
CJW2187 CB15N tipN::pBGENT{tipNgfp/pMR20pxylpflI This study
CJW2188 CB15N �pflI cpaE::cpaE-yfp This study
CJW2189 CB15N cpaE::cpaE-yfp/pMR20pxylpflI This study
CJW2192 CB15N/pMR20pxylpflI This study
LS 1218 CB15N �fliF 22
PV418 CB15N cpaE::cpaE-yfp 49
UJ506 CB15N �pleC 2

Plasmids
pBGENT Gmr variant of pBGST18 integration vector 34
pBGENT{tipNgfp Integration plasmid with 3� end of tipN fused to gfp 27
pBGENTpleC-myfp Integration plasmid with full-length pleC fused to monomeric yfp 34
pBGENTpxylpflIgfp Integration plasmid with pflI-gfp under the xylose-inducible promoter This study
pBluescript KS(�) Apr cloning vector Stratagene
pEGFP-N2 Kmr cloning vector harboring gfp Clontech
pHL32 Kmr variant of pBGST18 with pBluescript KS multiple cloning site 27
pHL32{pflIgfp Integration plasmid with 3� end of pflI fused to gfp This study
pHPV227 (pNPTScpaEyfp) Sucrose suicide vector harboring cpaE fused to yfp 49
pJS14 Cmr medium-copy-no. pBBR1-derived broad-host-range vector Jeff Skerker
pJS14pflIgfp pJS14 carrying pflI fused to gfp This study
pJS14pxylpflI pJS14 carrying pflI under the control of the xylose-inducible promoter This study
pJS14pxylpflIgfp pJS14 carrying pflI fused to gfp under the control of the xylose-inducible promoter This study
pMR20 Tcr low-copy-no. broad-host-range vector 44
pMR20pxylpflI pMR20 carrying pflI under the control of the xylose-inducible promoter This study
pMR20pxylpflIgfp pMR20 carrying pflI-gfp under the control of the xylose-inducible promoter This study
pNPTS138 Litmus 38-derived vector; oriT sacB Kmr MRK Alley
pNPTSfliMko Sucrose suicide vector with sequences upstream and downstream of fliM This study
pNPTSpflIko Sucrose suicide vector with sequences upstream and downstream of pflI This study

a Tc, tetracycline; Km, kanamycin; Gm, gentamicin; Ap, ampicillin; Cm, chloramphenicol.
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