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ABSTRACT

The dimorphic alphaproteobacterium Prosthecomicrobium hirschii has both short-stalked and long-stalked morphotypes. Nota-
bly, these morphologies do not arise from transitions in a cell cycle. Instead, the maternal cell morphology is typically repro-
duced in daughter cells, which results in microcolonies of a single cell type. In this work, we further characterized the short-
stalked cells and found that these cells have a Caulobacter-like life cycle in which cell division leads to the generation of two
morphologically distinct daughter cells. Using a microfluidic device and total internal reflection fluorescence (TIRF) micros-
copy, we observed that motile short-stalked cells attach to a surface by means of a polar adhesin. Cells attached at their poles
elongate and ultimately release motile daughter cells. Robust biofilm growth occurs in the microfluidic device, enabling the col-
lection of synchronous motile cells and downstream analysis of cell growth and attachment. Analysis of a draft P. hirschii ge-
nome sequence indicates the presence of CtrA-dependent cell cycle regulation. This characterization of P. hirschii will enable
future studies on the mechanisms underlying complex morphologies and polymorphic cell cycles.

IMPORTANCE

Bacterial cell shape plays a critical role in regulating important behaviors, such as attachment to surfaces, motility, predation,
and cellular differentiation; however, most studies on these behaviors focus on bacteria with relatively simple morphologies,
such as rods and spheres. Notably, complex morphologies abound throughout the bacteria, with striking examples, such as P.
hirschii, found within the stalked Alphaproteobacteria. P. hirschii is an outstanding candidate for studies of complex morphol-
ogy generation and polymorphic cell cycles. Here, the cell cycle and genome of P. hirschii are characterized. This work sets the
stage for future studies of the impact of complex cell shapes on bacterial behaviors.

The Alphaproteobacteria comprise a diverse group of bacteria,
including important pathogens of animals (Brucella spp. and

Rickettsia spp.) and plants (Agrobacterium spp.), plant symbionts
(Rhizobium spp., Sinorhizobium spp., and Mesorhizobium spp.),
photosynthetic bacteria (Rhodobacter spp.), freshwater bacteria
(Caulobacter spp.), and marine bacteria (Hyphomonas spp.). De-
spite the diverse habitats and lifestyles of these bacteria, many
alphaproteobacterial species have a characteristic life cycle that
culminates in asymmetric cell division (1–4). Caulobacter crescen-
tus has served as a model bacterial system for the study of cell cycle
regulation, and decades of research have provided insights into the
mechanism underlying the precise cell cycle control that allows
the production of two morphologically and functionally diverse
daughter cells, a motile swarmer cell and an adherent stalked cell
(5). A polar adhesin, termed holdfast, is found at the tip of the
stalk and is required for permanent attachment to a surface (6).

Bioinformatic analysis of alphaproteobacterial genomes sug-
gests that the core architecture of the regulatory genes that govern
Caulobacter cell cycle progression is broadly conserved within at
least two clades of Alphaproteobacteria, Rhizobiales and Caulobac-
terales (7, 8). Furthermore, genes shown to be essential for cell
cycle progression in C. crescentus have also been shown to have
important functions in cell cycle regulation of Agrobacterium tu-
mefaciens (9–12), Sinorhizobium meliloti (3, 13–16), and Brucella
abortus (14, 17–20). Notably, the essentiality and regulons of cell
cycle regulators are varied in Alphaproteobacteria, suggesting that

mechanisms of cell cycle regulation are plastic and may provide a
means of adapting to a particular environment (12, 15, 21).

The ability to produce a polar polysaccharide appears to be a
conserved trait among the Alphaproteobacteria. Polar polysaccha-
rides are described for a number of species within the Caulobacte-
rales and Rhizobiales clades (4, 6, 10, 22–26). A comparison of the
genes responsible for the synthesis of the polar polysaccharide
among C. crescentus and several Rhizobiales species suggests that
these genes are largely conserved (see Fig. S1 and Table S1 in the
supplemental material) (27). The production of polar polysaccha-
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rides is stimulated by contact with a surface in three alphaproteo-
bacterial species, C. crescentus, Asticcacaulis biprosthecum, and A.
tumefaciens, indicating that this may be a general phenomenon
(28).

Asymmetric cell division and polar polysaccharide production
are likely ancestral traits within the Caulobacterales and Rhizobia-
les clades, and yet, there are many alphaproteobacterial species for
which these traits have not been described. In this work, we have
characterized Prosthecomicrobium hirschii, a member of the Rhi-
zobiales clade (see Fig. S2 in the supplemental material), which at
first glance does not appear to use a regulated cell cycle to generate
distinct morphotypes or produce a polar polysaccharide (29). P.
hirschii cells adopt one of two morphologies: (i) numerous short
stalks or (ii) 3 to 12 markedly longer stalks (Fig. 1A) (29). The
short-stalked morphotype of P. hirschii has a single polar or sub-
polar flagellum (Fig. 1E) (29), which raises the possibility that this
bacterium undergoes asymmetric cell division.

Traditional microscopy techniques are integral to better un-
derstand the division of this bacterium. However, there are
advantages to smaller-scale platforms that reduce medium
consumption, precisely control the cell environment, and au-
tomate analysis. In addition, significant advances have been
made in the development of microfluidic systems for cell biol-
ogy (30–33). Of particular importance to this work, precise
fluid handling on microfluidic devices provides more control
over the microenvironment of the cells (34, 35). The integra-
tion of automated valves and pumps on-chip has enabled the

addition of sample preparation and analysis on one device (36–
38). A recent work on the development of a microfluidic device
for bacterial synchronization and high-resolution analysis (39)
of C. crescentus highlights the utility of these devices. Swarmer
cell enrichments on the microfluidic device are comparable to
standard synchronization techniques, but synchronized popu-
lations are collected on-demand over 4 days, and cells are
tracked in downstream microchannels postsynchronization to
observe single-cell behavior.

In this study, we carefully examined the short-stalked mor-
photype of P. hirschii with traditional microscopy techniques, and
our observations indicate that these cells may have a Caulobacter-
like cell cycle in which cell division gives rise to two functionally
distinct daughter cells. Although the two cells are similar in
appearance, one cell is motile and the other cell is nonmotile.
Furthermore, we observed that short-stalked P. hirschii cells
produce a polar adhesin. The presence of a polar adhesin ren-
ders this bacterium a suitable organism to integrate into our
previously developed microfluidic platform, due to the ability
of the cell to permanently adhere to the microchannel walls.
With our device, we were able to synchronize P. hirschii cells and
observe the behavior of newborn cells, confirming that short-
stalked P. hirschii cells exhibit a Caulobacter-like cell cycle. Finally,
a study of the P. hirschii genome confirmed the presence of a
complex regulatory circuit consistent with the presence of a
CtrA-regulated cell cycle.

FIG 1 P. hirschii has two distinct morphotypes. (A) Scanning electron microscope image of P. hirschii cells highlights the short- and long-stalked morphologies.
The image was acquired at 60,000� magnification. Scale bar � 1 �m. (B) Fluorescent D-amino acid staining of cells reveals polar and midcell peptidoglycan
synthesis. Scale bar � 2 �m. (C) Time-lapse differential interference contrast (DIC) images taken every 60 min on MMB agar pads show a short-stalked mother
cell giving rise to a short-stalked daughter cell (top) and a short-stalked mother cell giving rise to a long-stalked daughter cell (bottom). The white arrowhead
indicates the formation of a long stalk. Scale bar � 2 �m. (D) A long-stalked mother cell gives rise to a long-stalked daughter cell (top), and a long-stalked mother
cell gives rise to a short-stalked daughter cell (bottom). Scale bar � 2 �m. (E) Transmission electron micrograph of an individual short-stalked P. hirschii cell with
a single polar flagellum. Scale bar � 1 �m. (F) Montage showing a nonmotile mother cell producing a motile daughter cell. The white arrowheads indicate the
stationary mother cell. The red arrowheads indicate the position of the motile daughter cell in the each image. The images shown were acquired at 20-min
intervals. Scale bar � 2 �m.
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MATERIALS AND METHODS
Strain and culture conditions. P. hirschii (ATCC 27832T) was obtained
from James Staley (University of Washington, Seattle, WA) and grown in
minimal medium broth (MMB) (29) or peptone yeast extract (PYE) me-
dium (6) at 26°C with shaking.

Materials. We purchased glass slides (50 mm by 75 mm by 1.5 mm)
from Corning Incorporated; poly(dimethylsiloxane) (Sylgard 184) from
Dow Corning, Inc.; no. 1 Gold Seal cover glass (48 by 60 mm) from VWR
International, LLC; Shipley 1813 photoresist, SU-8 2010, and Nano PG
Developer from MicroChem Corp.; Alexa Fluor 488-wheat germ aggluti-
nin lectin from Life Technologies; and all other chemicals from Sigma-
Aldrich.

Scanning electron microscopy. P. hirschii cells were grown to an op-
tical density at 600 nm (OD600) of 0.3 in PYE medium, centrifuged, and
washed in sterile water. Cell suspensions were spotted onto poly-L-lysine-
coated cover glass, fixed with 3% glutaraldehyde for 5 min and 1% os-
mium tetroxide for 5 min, washed twice in deionized water, and dehy-
drated with sequential washes of 50, 70, 90, 95, and 100% ethanol. The
cover glass was dried in a CPD 030 (Balzers) critical point drying appara-
tus with liquid CO2, mounted on a stub, sputter coated in an E5100 (Po-
laron Equipment) vacuum evaporator with a palladium-gold (80%–20%)
target, and examined with a JEOL JSM-5800 LV scanning electron micro-
scope at 15 kV.

Transmission electron microscopy. Droplets of exponentially grow-
ing cultures were deposited onto a piece of Parafilm, and electron micros-
copy (EM) carbon-Formvar-coated copper grids (200 mesh) were floated
onto the droplets for 2 min. Excess liquid was removed with filter paper,
and the grids were quickly washed four times by floating onto droplets of
double-distilled water, transferred to droplets of 1% uranyl acetate in
water for 2 min, washed once in double-distilled water, dried, and exam-
ined with a JEOL JEM-1010 transmission electron microscope.

Light microscopy and FDAA staining. Epifluorescence microscopy
was performed with an inverted Nikon Eclipse TiE, a QImaging Rolera
EM-C2 1K EMCCD camera, and the Nikon NIS-Elements imaging soft-
ware. Short pulses of fluorescent D-amino acid (FDAA) labeling were
completed as described previously (40). Briefly, exponentially growing
cells (OD600, �0.3) were stained with 1 mM HADA (7-hydroxycou-
marin-3-carboxylic acid-amino-D-alanine; emission maximum, 450 nm;
blue) for 5 min and then washed three times in PYE to remove excess dye
prior to imaging.

Initial attachment and polar adhesion detection. Wheat germ agglu-
tinin lectin conjugated to Alexa Fluor 488 (WGA-AF488) (Life Technol-
ogies) was used to detect polar polysaccharide in P. hirschii. In all experi-
ments, a concentration of 0.5 �g/ml WGA-AF488 was used. Epifluorescence
microscopy was performed with a Nikon Eclipse 90i equipped with a
Photometrics Cascade 1K EMCCD camera and MetaMorph imaging soft-
ware (Molecular Devices, LLC).

An inverted optical microscope, equipped with a total internal reflec-
tion fluorescence (TIRF) system (cell^TIRF; Olympus, Inc.) and a high-
sensitivity CCD camera (C9100-13; Hamamatsu, Inc.), was used to visu-
alize the polar holdfast in both wide-field and TIRF modes. To achieve a
higher signal-to-noise ratio for images in TIRF mode, cover glass (no. 1)
was cleaned in a solution of NH4OH, H2O2, and H2O (2:1:2) at 70°C for
20 min and rinsed with ultrapure water (18 M� · cm). The glass substrates
were then sonicated in ultrapure water, rinsed again, dried in a stream of
nitrogen, and heated for 10 min in a 70°C oven to remove excess water. A
mixed culture of P. hirschii in MMB was dispensed onto the clean slides
and placed in a humid chamber overnight to promote permanent attach-
ment. After overnight incubation, cover glass with the attached cells was
washed gently with a syringe filled with 50 �g/ml WGA-AF488 in MMB.
Approximately 2 ml of the lectin-containing medium was added to the
cover glass, incubated for 10 min to stain the holdfast, and rinsed with
MMB to remove any unbound lectin. The holdfast-bound lectin was ex-
cited with a 491-nm laser, and images in wide-field and TIRF modes were
collected to optically characterize the polar holdfast.

Biofilm formation and LIVE/DEAD staining. Bacteria were grown to
mid-log phase in MMB and diluted to an OD600 of 0.05. Three milliliters
of diluted bacteria was placed in the wells of 12-well polystyrene plates
containing polyvinyl chloride coverslips placed vertically in each well. The
plates were incubated at 26°C for the indicated times (see Fig. 2E). After
incubation, coverslips were removed and rinsed with distilled water
(dH2O) to remove planktonic cells. Half a microliter of LIVE/DEAD stain
mixture (LIVE/DEAD BacLight bacterial viability kit L7007; Life Technol-
ogies) was added to 500 �l of dH2O, placed on the top of the coverslip, and
incubated in the dark for 15 min at room temperature. The stained cov-
erslips were rinsed with dH2O and observed by epifluorescence micros-
copy.

Microfluidic device fabrication. Polydimethylsiloxane (PDMS)-glass
microfluidic devices were fabricated, as previously described (39), from
two layers (control and fluid) of PDMS and one layer of glass. Briefly, the
fluid and control layers were cast from SU-8 masters created by standard
photolithography. An initial 15-�m-thick layer of SU-8 created a robust
film, on top of which the fluid and control channels were created. This
SU-8 layer was prebaked on a programmable hot plate (65°C for 3 min
and 95°C for 1 min), exposed to UV light (270 mJ/cm2), and postbaked in
a manner similar to the prebake. For the fluid control master, a 20-�m-
thick SU-8 layer was spin-coated onto the initial layer and exposed to 270
mJ/cm2 through the first photomask. For the control layer master, a 40-
�m-thick layer of SU-8 was spin-coated in two steps onto the substrate
and exposed to 350 mJ/cm2 of UV light through a second photomask. The
masters were developed for 2 min in Nano PG Developer, rinsed with
2-propanol, and dried with nitrogen.

Control layer replicas were prepared by spreading 9 ml of uncured
PDMS onto the master. The PDMS was degassed under a vacuum for 30
min and cured for 2 h, at which point the pressure and vacuum access
holes were punched. A fluid layer was created by spreading 3 ml of un-
cured PDMS across the master and degassing the PDMS under a vacuum
for 10 min. The glass substrate was spun at 1,000 rpm for 35 s to achieve a
100-�m-thick layer suitable for the lifting-gate valve architecture and was
partially cured for 15 min. The control and fluid layers were aligned, and
the two substrates were brought together and cured for 2 h to permanently
bond the layers. All PDMS replicas were cured at 65°C to minimize any
shrinking in the layers that would compromise optimal alignment and
valve operation. The bonded control and fluid layers were slowly peeled
off the glass substrate, and fluid-access holes were punched through the
PDMS.

Number 1 cover glass was cleaned in a solution of NH4OH, H2O2, and
H2O (2:1:2) at 70°C for 20 min, rinsed with ultrapure water, and dried in
a stream of nitrogen. The PDMS valves were covered with a mask prior
to plasma cleaning to prevent irreversible adhesion that would render
the valves nonfunctional. Both the bonded control and fluid layers and
the glass coverslip were cleaned of plasma, the mask was removed, and the
substrates were brought into direct contact with each other for an irre-
versible bond between the PDMS and the coverslip.

Device operation. The fluidic device was coupled to an AssayMark
system (Microfluidic Innovations, LLC). The AssayMark system inter-
faces with the microfluidic device through a stainless steel manifold that
contains pressure (35,000 Pa) and vacuum (�89,000 Pa) connections,
which align with the pressure and vacuum holes in the control layer of the
device. The control software allows the user to operate the valves in man-
ual and programmed modes. The programmed mode automates the ac-
tuation of pumps and valves over multiple days with no user input. The
lifting-gate valve architecture in this device permits thin cover glass (no. 1)
to be used as a cover plate for the fluid layer, and as a consequence,
high-resolution imaging through the thin cover glass in both wide-field
and TIRF modes is possible. Images were taken with high-numerical-
aperture (NA) objectives in the analysis channel at 100� magnification.

Cell culture, seeding, and synchronization. The microfluidic device
was inoculated by pumping a mixed culture from the cell reservoir
through the incubation region to the waste reservoir. After the incubation
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region was filled with culture, the pumps were stopped to initiate a gentle
hydrostatic flow. During this time, permanent adhesion of the bacteria to
the microchannel wall was observed. Fresh culture was pumped in every
10 min to replenish the population of swarmer cells. Device seeding was
terminated after 1 h, and PYE medium was pumped from the incubation
reservoir through the incubation region to flush away any unadhered
cells.

The biofilm in the incubation region was grown over a period of 3
days. The doubling time of P. hirschii (�6 h) is much slower than that of
C. crescentus synchronized on this same platform (39). As a result, 3 days
of growth was necessary to establish a biofilm large enough to produce a
number of motile progeny. During this growth period, the incubation
region was rinsed every 30 min to remove unadhered cells and to perfuse
fresh medium over the established biofilm. To collect a synchronized
population, the incubation region was flushed with medium for 15 min.
The exit valve to the incubation region was closed to prevent flow, and
newborn cells were released into the fresh medium for 20 min. Pumps 1
and 3 were used to route the medium containing the synchronized cell
population to the analysis channel for downstream experiments. The in-
verted optical microscope was used to collect images from the microflu-
idic device experiments. WGA-AF488 was added to the medium prior to
synchronization to observe the fluorescence associated with rapid cell
attachment to the analysis channel surface. Video data were collected with
the MetaMorph Advanced imaging software (Molecular Devices, LLC),
and cell tracks were obtained from the video data with the ImageJ Par-
ticleTracker plug-in.

P. hirschii genome sequencing, assembly, and annotation. P. hirschii
genome sequencing and assembly were completed as described previously
(41). The annotation used in this analysis was completed by the University
of Missouri Informatics Research Core Facility (IRCF) and is publicly
available on the IRCF genomics website (http://genomics.ircf.missouri
.edu/genomes/). The various scripts and files associated with the bacterial
annotation pipeline are available for download from GitHub (https:
//github.com/sgivan/BGA). A custom genome annotation pipeline that
progresses through four components was used: gene prediction, gene re-
finement, functional data collection (FDC), and function prediction (FP).
Glimmer3 predicts initial gene boundaries in the DNA sequence of the
genome assembly (42). Gene refinement proceeds through two phases.
The first phase refines the gene start position based on potential upstream
ribosome binding site (RBS) motifs obtained with RBSfinder (43). A con-
sensus RBS is defined by DREME (44). The second phase of gene refine-
ment follows FDC. During FDC, every gene identified by Glimmer3 is
conceptually translated and subjected to BLASTP searches against two
databases, Swiss-Prot and KEGG, and hidden Markov model searches of
Pfam (45–47). Following FDC, gene start positions are confirmed or
modified based on likelihood models of potential upstream and down-
stream start locations constructed from comparisons to similar database
sequences. The data from FDC are also used to resolve significant overlaps
between neighboring coding regions. Automated FP relies on a scoring
matrix generated dynamically for every gene. The scoring matrix is con-
structed by parsing database hit descriptions to score words and phrases
weighted by the quality of the database hits. Subsequently, database hits
are ranked by the scoring matrix, and the highest-scoring hit is used to
create a functional description of the genomic element. The distribution
of scores provides a confidence estimate of the quality of the function
assignment. The automated FP is an unsupervised process. A final com-
ponent of the pipeline searches for conserved coding potential in inter-
genic regions of the genome. If identified, these open reading frames
(ORFs) are subjected to FDC and FP.

Ortholog identification. Orthologs of genes described to have an im-
portant function in cell cycle regulation or holdfast biogenesis of C. cres-
centus or A. tumefaciens were identified in P. hirschii, following searches
for bidirectional best hits (BBH). Two query data sets composed of pro-
teins from C. crescentus and A. tumefaciens were used for the BBH analysis.
In all cases in which the protein was encoded in both query genomes, the

same BBH was identified in the translated coding sequence (CDS) from
the P. hirschii genome. An E value of 0.01 and sequence identity of 30%
were used as thresholds in the analysis.

Genome-wide motif searches. The P. hirschii genome was searched
for the presence of conserved motifs involved in the cell cycle regulation of
Alphaproteobacteria, including CtrA-binding sites (TTAAN7TTAA) and
CcrM methylation sites (GANTC) (7). Our RelaxedMotifSearch (RMS)
algorithm provides a fast and simple search of the patterns of short se-
quences of form “XYZ,” in which prefix X and suffix Z are to be matched,
and Y is a variable part of the pattern of a predefined length N. The search
can be done at the whole-genome scale and allows for a single-base-pair
substitution in the prefix X and/or suffix Z. The input includes a specific
motif(s) of interest, and the outputs are the locations in which the motif(s)
is found. The RMS guarantees to find a comprehensive list of the motifs in
both DNA strands. The search scans the motifs by consecutively trying to
match subsequences of the genome sequence with a shift of one nucleo-
tide. In the event the motif is found, RMS shifts |X| � |Z| � N nucleotide
positions and continues the search. Searches were completed on both the
total genome sequence and the predicted CDS.

Phylogenetic tree construction. A phylogenetic tree was constructed
with gyrA sequences from representative species. Sequences were aligned
with MUSCLE (48). RAxML (49) reconstructed the maximum-likeli-
hood phylogeny with the JTT amino acid substitution matrix, a four-
category discrete gamma distribution, and single invariant category of
sequence rate variation among sites. Analysis of 100 bootstrapped data
sets determined support for clades occurring in the maximum-likeli-
hood phylogeny.

RESULTS
Short-stalked P. hirschii cells are motile. A mixed culture of P.
hirschii cells grown in PYE or MMB contained cells of two distinct
morphologies (Fig. 1A) (29). The population has cells with many
short stalks that often appear to be positioned regularly around
the cell surface (short-stalked cells). The population also has cells
with stalks that are much longer but fewer in number (long-
stalked cells). When individual cells are spotted on agarose pads
and allowed to grow, two morphologies do not arise by a morpho-
logical transition in the cell cycle. Indeed, the morphologies of 367
mother cells remained fixed during 20 h of observation. This re-
sult is consistent with previous observations and presumably oc-
curs because P. hirschii cells grow by tip elongation (29, 50). Stain-
ing of live P. hirschii cells with fluorescent D-amino acids (FDAA)
(40) confirmed that new peptidoglycan is synthesized at one pole
during elongation and at midcell in late-predivisional cells (Fig.
1B). When grown in PYE or MMB, the short-stalked morphology
appears to be favored, and a short-stalked mother cell gave rise to
a short-stalked daughter cell 99% of the time (n � 339) (Fig. 1C).
In contrast, long-stalked mother cells were about equally likely to
produce a short-stalked daughter cell (54% [n � 15]) or a long-
stalked daughter cell (46% [n � 12]) (Fig. 1D). Time-lapse mi-
croscopy illustrated that the short- and long-stalked morphotypes
reproduce at similar rates, with division times of approximately 6
h (Fig. 1C and D). Irrespective of the daughter-cell morphology, a
mother cell typically produced daughters of the same morphology
for many generations, resulting in the formation of microcolonies
dominated by cells of a single morphology (see Fig. S3 in the
supplemental material) (29).

The observation that microcolonies are composed of either
long- or short-stalked cells revealed a clear functional difference in
the two cell types. Microcolonies of long-stalked cells were tightly
compacted due to the nonmotile nature of these cells (see Fig. S3
in the supplemental material). In contrast, microcolonies of
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short-stalked cells were capable of spreading on the agar (see Fig.
S3 in the supplemental material), which suggests that cells of this
morphology are motile by means of a polar or subpolar flagellum
(Fig. 1E) (29). Notably, when a mixture of long- and short-stalked
cells was observed under light microscopy, only a small fraction
(�10%) of the short-stalked cells appeared to be actively swim-
ming, and rosettes were frequently observed (Fig. 1B, top, and
2A). Furthermore, when cells were observed in 0.5% agarose that
was sufficiently wet for motile cells to swim, nonmotile mother
cells were observed to give rise to motile daughter cells (Fig. 1F; see
also Movie S1 in the supplemental material). These observations
are consistent with the hypothesis that short-stalked P. hirschii
cells may have a Caulobacter-like cell cycle during which asym-
metric cell division will result in the formation of two functionally
distinct daughter cells, a motile cell and a sessile cell (Fig. 1F).

Short-stalked P. hirschii cells produce a polar polysaccha-
ride. The ability of the cells to form rosettes is often indicative of
the presence of a polar polysaccharide. Wheat germ agglutinin
lectin conjugated to Alexa Fluor 488 (WGA-AF488), which binds
to N-acetylglucosamine, was used to determine if the polar poly-
saccharide is produced in planktonic cultures of P. hirschii. Lectin
bound to one pole of some short-stalked cells but was never ob-
served to bind to long-stalked cells (Fig. 2A, left). In addition,
lectin bound at the center of rosettes (Fig. 2A, right), which indi-
cates that short-stalked P. hirschii cells are capable of producing a
holdfast-like polar polysaccharide. To determine if the polar poly-
saccharide of P. hirschii mediates surface attachment, P. hirschii
cells were incubated with cover glass for 24 h. The cover glass was
washed to remove unattached cells, the polar polysaccharide of
attached cells was labeled with WGA-AF488, and attached cells
were visualized with epifluorescence microscopy. P. hirschii cells
bound to the coverslip in an end-on configuration, and each cell
attached to the surface also bound WGA-AF488 (Fig. 2B).

To ensure that the polar polysaccharide is present at the cell-
surface interface, microscopy in wide-field and TIRF modes was
conducted to detect WGA-AF488-labeled polar polysaccharides
of cells attached to cover glass. In images collected in wide-field
mode, the polar polysaccharide appeared to be a ring, which sug-
gests that the polar polysaccharide forms a cap around the pole of
the cell (Fig. 2C, left). In TIRF mode, which only visualizes fluo-
rescence signal approximately 100 nm deep into the sample, the
WGA-AF488 was detected as a single uniform spot, which sug-
gests that the polar polysaccharide is present at the cell pole-to-
surface interface and likely promotes attachment to surfaces (Fig.
2C, right).

Because P. hirschii produces a polar polysaccharide and at-
taches to surfaces, we hypothesized that this bacterium should be
capable of robust biofilm formation. Under static conditions, we
observed that P. hirschii cells readily attach to a submerged vertical
coverslip (Fig. 2D), with an enrichment of cells near the liquid-air
interface (Fig. 2E). After 4 days, we observed robust biofilm for-
mation on the coverslip along the meniscus of the coverslip, and
LIVE/DEAD staining indicated that the attached cells were largely
viable (Fig. 2E, right). Taken together, these results suggest that P.
hirschii produces a unipolar polysaccharide capable of mediating
cell-to-surface and cell-to-cell attachment. This notion is sup-
ported by the presence of a nearly complete wzy-type polysaccha-
ride gene cluster with similarity to the C. crescentus holdfast and A.
tumefaciens unipolar polysaccharide (UPP) biosynthesis clusters

in the P. hirschii genome (Fig. 2F; see also Fig. S1 and Table S1 in
the supplemental material).

Short-stalked P. hirschii cells can be synchronized. The pres-
ence of the P. hirschii polar adhesin and its ability to form a biofilm
suggested that this bacterium could be synchronized on a micro-
fluidic platform previously used to synchronize C. crescentus (39).
Figure 3A is a schematic of the microfluidic device design. Using
this device, we collected bright-field and fluorescence images of
the biofilm. The bright-field image of the cells (Fig. 3C, left) sug-
gests the biofilm develops as a monolayer on the surface of the
microchannel. During the 3 days of biofilm growth, cells adhered
to the microchannel wall by the polar adhesin, which was con-
firmed by the fluorescence of WGA-AF488 added to the me-
dium to indicate the presence of the polar polysaccharide (Fig.
3C, middle and right). The biofilm density increased over time,
and cells remained attached to the biofilm, even when the
pumps perfused fresh medium over the biofilm every 30 min.

FIG 2 Short-stalked P. hirschii cells produce a holdfast. (A) A polar polysac-
charide is detected by labeling with WGA-AF488 (green) in short-stalked cells
but is absent in long-stalked cells. Scale bar � 2 �m. (B) Short-stalked cells
with a holdfast attach polarly to a glass surface. A DIC image (left) and fluo-
rescence image of WGA-AF488 signal (right) of attached cells are shown. Scale
bar � 2 �m. (C) Wide-field (left) and TIRF (right) images of a holdfast reveal
that the holdfast is located at the surface-cell interface and forms a cap around
the cell pole. Schematics indicate the focal plane imaged for the wide-field and
TIRF images. Scale bar � 1 �m. (D) Schematic of the experimental setup used
in the static biofilm assay in panel E. (E) Biofilm attached to polyvinyl chloride
(PVC) coverslips stained with the BacLight LIVE/DEAD stain at different
times of a static biofilm assay. The images represent overlays of green (live
cells) and red (dead cells) collected by epifluorescence microscopy from the
meniscus and bottom of the coverslip. Scale bar � 5 �m. (F) Genetic organi-
zation of the putative unipolar polysaccharide (upp) gene cluster (C1_5514 to
C1_5522). The locus tag numbers and predicted functions are listed below
each arrow. Black arrows indicate the positions of hypothetical proteins. AT,
acetyltransferase; GT, glycosyltransferase; MPA-1, membrane-periplasmic-
auxiliary protein.
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Movie S2 in the supplemental material shows that the cells were
adhered to the surface and remained attached during medium
perfusion. In addition to attachment, the cells were confined to
the incubation region by the valves (Fig. 3B), and this confine-
ment kept the downstream analysis channel free from cells
prior to analysis.

Using the automated operation of the microchip device by the
AssayMark system, we synchronized cells, and newborn motile
cells were released into the fresh medium in the incubation region
for 20 min. During this time, the activity in the biofilm was mon-
itored to ensure that cells in the biofilm were dividing. Motile cells
accumulated in the biofilm region during the 20-min release time
(Fig. 3D, left). After the 20-min release period, cells were pumped
to the analysis channel where motile cells were highly enriched
(�75%), as evidenced by the cell tracks for the synchronized pop-
ulation in the analysis channel (Fig. 3D, right; see also Movie S3 in
the supplemental material).

In addition to the release of newborn motile cells, we observed
the rapid attachment of newborn cells to the microchannel walls
(Fig. 3E; see also Fig. S4 in the supplemental material). Within 5
min after the synchrony, a cell had attached to the microchannel
wall and developed a unipolar polysaccharide (Fig. 3E, left). After
an additional 5 min, two more cells had attached to the micro-

channel in the field of view (Fig. 3E, right). Over time, the number
of motile cells in the microchannel decreased, and the number of
adhered cells increased. After 10 min, the proportion of cells at-
tached to the microchannel increased from �30% to 55% (see Fig.
S4 in the supplemental material). These data suggest that polar
adhesin-mediated attachment is rapid, and our observations are
consistent with the possibility that surface contact stimulates po-
lar polysaccharide production, as described for other Alphaproteo-
bacteria (28).

We monitored the swim behavior of the synchronized cells
over the course of 3 h in the analysis channel and observed that the
newly adhered cells in the microchannel continued to grow (Fig.
3F; see also Fig. S5 in the supplemental material). We observed
that the cells attached to the microchannel wall were similarly
sized predivisional cells, suggesting that these cells are tightly syn-
chronized by our microfluidic platform (Fig. 3F; see also Fig. S5 in
the supplemental material). The majority of cells were synchro-
nized based on the observation that predivisional septa increased
from 8.33% (n � 108) shortly after synchronization to 70.86%
(n � 127) at �200 min postsynchrony (see Fig. S5 in the supple-
mental material). The observation that a synchronized motile
population transitions to a sessile state is further evidence for an
asymmetric Caulobacter-like cell cycle.

FIG 3 Synchronization of short-stalked P. hirschii cells in the microfluidic device. (A) Fluid layer design of the microfluidic device. A biofilm is formed in the
incubation region over 3 days, and the synchronized population is pumped to the analysis channel for observation. (B) Bright-field image of cell confinement in
the microfluidic device. The area above the valve seat has cells grow up to, but not beyond, the valve seat. No cells were observed on the opposite side during
biofilm growth. Scale bar � 50 �m. (C) Biofilm formation within the incubation region of the microfluidic device. Biofilm is labeled with WGA-AF488, which
indicates the presence of the polar polysaccharide. White-light (left), fluorescent (middle), and overlay (right) images are provided. Scale bar � 5 �m. (D)
Newborn cells released from the biofilm are motile. Tracks of motile cells were generated with ImageJ ParticleTracker and are overlaid on the false-colored
white-light images in the incubation region (left) and the analysis channel (right). Scale bar � 5 �m. (E) Newborn cells rapidly attach to the analysis channel.
White-light (left) and fluorescent (right) images of cells labeled with WGA-AF488 attached to the analysis channel 5 (left) and 10 (right) min after collection. The
arrowheads indicate the position of a cell that attached within 5 min of collection. Scale bar � 1 �m. (F) Attached cells grow in the analysis channel. Three hours
after collection, predivisional cells were observed attached to the analysis channel. Scale bar � 1 �m.
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Conservation of cell cycle regulators and binding sites. Many
members of the Alphaproteobacteria, including C. crescentus and
A. tumefaciens, have a complex life cycle resulting in the formation
of two distinct cell types, a motile cell and a nonmotile sessile cell
(5, 10, 27, 51). Notably, the regulatory components underlying the
alphaproteobacterial cell cycle are well conserved, and transcrip-
tional control has been hypothesized to be a conserved mecha-
nism to govern cell cycle progression in C. crescentus, A. tumefa-
ciens, and S. meliloti (1, 7, 16). Because short-stalked P. hirschii
cells exhibit features of a similar cell cycle (Fig. 1F), the newly
sequenced genome of P. hirschii (41) was searched for hallmarks of
regulatory networks governing the alphaproteobacterial cell cycle.

Like other Alphaproteobacteria, the P. hirschii genome contains
orthologs of proteins predicted to function in cell cycle regulation
(see Table S2 in the supplemental material). The P. hirschii ge-
nome contains orthologs of the global regulators GcrA, CcrM,
SciP, and CtrA. In C. crescentus, these global regulators function in
regulatory modules to control progression through the cell cycle:
the CtrA/MucR, GcrA/CcrM, and CtrA/SciP modules regulate se-
quential transcription of target genes during the G1, S, and G2

phases, respectively (8, 52). The P. hirschii genome also contains
orthologs of proteins predicted to regulate CtrA function, includ-
ing CckA, ChpT, DivL, and DivK. In C. crescentus, the CckA/ChpT
phosphorelay is required for the phosphorylation and activation
of CtrA (51). The activity of the hybrid histidine kinase CckA is
modulated by the tyrosine kinase DivL and the single-domain
response regulator DivK. Phosphorylated DivK can inhibit the
activity of the DivL-CckA complex, resulting in the inhibition of
CtrA activity. The phosphorylation state of DivK is regulated by
the PdhS family of histidine kinases, which includes PleC and DivJ
in C. crescentus and additional kinases in other Alphaproteobacte-
ria (1, 10, 13, 51, 53). The P. hirschii genome encodes four PdhS
proteins with similarity to the PleC, DivJ, PdhS1, and PdhS2
proteins of A. tumefaciens (see Table S2 in the supplemental ma-
terial). In C. crescentus, CtrA activity is also modulated by prote-
olysis by the ClpPX protease, along with CpdR and RcdA. The
proteolysis machinery is conserved in P. hirschii (see Table S2 in
the supplemental material). The presence of genes encoding key
components known to function in cell cycle regulation of Alpha-
proteobacteria suggests that P. hirschii may utilize temporal tran-
scriptional control as a means to control cell cycle progression.

The CtrA protein sequence of P. hirschii is remarkably well
conserved, with 94.2% protein sequence identity with CtrA from
A. tumefaciens (see Fig. S6A in the supplemental material). Based
on the high degree of CtrA protein conservation and successful
complementation of C. crescentus CtrA mutants with CtrA from
Rickettsia prowazekii (54), it is reasonable to hypothesize that
CtrA-binding sites are highly conserved among Alphaproteobacte-
ria (7). To determine which genes might be directly regulated by
CtrA, we searched for the consensus CtrA-binding site
(TTAAN7TTAA [7]) in the P. hirschii genome. Twenty exact
matches to the consensus CtrA-binding site were identified, and
90% (18/20) of these sites were found in intergenic regions (Fig.
4A, closed circles). Seven of these putative CtrA-binding sites were
found upstream of genes involved in flagellum biosynthesis or
methyl-accepting chemotaxis proteins (Fig. 4A and D; see also Fig.
S6B in the supplemental material), suggesting that CtrA may reg-
ulate the motility of P. hirschii. Three putative CtrA-binding sites
were upstream of genes encoding penicillin binding proteins
(PBPs) and the min genes, suggesting a role in the regulation of cell

growth and division, as in S. meliloti (16). CtrA-binding sites also
occupied the regions upstream of regulatory genes, including dgcB
and pdhS1. Relaxing the search for CtrA-binding sites to allow one
substitution in the binding site resulted in the identification of
additional candidate CtrA-binding sites in the genome. Many of
these putative binding sites were found upstream of genes with
predicted functions in chemotaxis, motility, adhesion, cell growth

FIG 4 P. hirschii genome reveals signatures of cell cycle regulation. (A) Rela-
tive distances of CtrA-binding sites to the ATG of predicted targets. The pre-
dicted targets of CtrA regulation in chemotaxis, motility, adhesion, cell growth
and division, and regulation are shown. For chemotaxis, all predicted targets
are methyl-accepting chemotaxis proteins. Closed circles indicated a perfect
match to the TTAAN7TTAA consensus sequence. Open circles have one sub-
stitution in the predicted CtrA-binding site. (B) Relative distance of CcrM
methylation sites to the ATG of predicted targets in DNA replication, cell
division, and regulation. All predicted methylation sites match the GANTC
consensus sequence. (C) The P. hirschii origin of replication contains CtrA-
binding sites with one substitution (open circles) and multiple CcrM methyl-
ation sites (stars). (D) Schematic of genes that may be regulated via putative
CtrA binding (solid arrows) or via putative CcrM methylation (dashed ar-
rows), based on the findings in this study. Genes are grouped together accord-
ing to function. Ori, origin of replication.
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and division, and regulation (Fig. 4A, open circles, and 4D; see
also Fig. S6B and C in the supplemental material). In addition,
putative CtrA-binding sites were identified in the origin of repli-
cation (Fig. 4C), suggesting a role for CtrA in integrating DNA
replication with the cell cycle, as described for Caulobacter species
(55, 56). Further support for the hypothesis that DNA replication
is integrated with the P. hirschii cell cycle was provided by the
presence of four consensus CcrM methylation sites (GANTC [7])
(Fig. 4C).

In C. crescentus, the methylation of DNA by CcrM plays an
important role in the regulation of cell cycle progression (57–59),
and methylated sites are subject to transcriptional regulation by
GcrA (14). Methylation by CcrM is conserved in other Alphapro-
teobacteria, including B. abortus (18), A. tumefaciens (9), and S.
meliloti (60). Furthermore, ccrM genes from C. crescentus and S.
meliloti are able to cross-complement (60), suggesting that the
methylation site may be conserved. Finally, methylation-depen-
dent binding of GcrA from other Alphaproteobacteria has been
shown in vitro, suggesting that methylation-dependent recruit-
ment of GcrA to promoters may be conserved (14). Because or-
thologs of both CcrM and GcrA are present in the P. hirschii ge-
nome (see Table S2 in the supplemental material), the genome was
scanned for potential methylation sites. In the P. hirschii genome,
there are a total of 7,538 GANTC sites potentially methylated by
CcrM. Notably, the number of possible methylation sites (7,538)
is far lower than would be predicted by the expected frequency of
this sequence (16,996 occurrences) in the P. hirschii genome, sug-
gesting that these sites are underrepresented in the genome. The
proportion of intergenic regions in the genome is 11.95%, and
nearly a quarter (24.6%) of these methylation sites are found in
intergenic regions, suggesting that these sites might be targets for
transcriptional regulation. Putative methylation sites are enriched
upstream of genes encoding proteins with function in DNA rep-
lication, cell division, and cell cycle regulation (Fig. 4B and D).
This observation is consistent with the described role of CcrM-
mediated methylation in mediating cell cycle progression, DNA
metabolism, and cell division in C. crescentus (57, 58).

DISCUSSION

The results presented in this work suggest that the short-stalked
cells of P. hirschii have a Caulobacter-like cell cycle in which cell
division results in the release of a motile cell (Fig. 1F). The motile
cell is capable of rapid attachment to surfaces mediated by a polar
polysaccharide (Fig. 3E). Following surface attachment, the cells
undergo a period of cell growth, leading to the production of a
predivisional cell with a polar polysaccharide at one cell pole and a
flagellum at the opposite pole. Cell division ultimately leads to the
production of two functionally distinct daughter cells, a motile
cell and a sessile cell (Fig. 5). Asymmetric cell division is proposed
to be broadly conserved in the Caulobacterales and Rhizobiales
clades of the Alphaproteobacteria (1, 7), and our results support
this notion.

Rapid attachment to surfaces by means of a polar polysaccha-
ride has been characterized in C. crescentus and other Alphapro-
teobacteria (28). We have observed a polar polysaccharide in P.
hirschii (Fig. 2) that shares key features with the well-studied C.
crescentus holdfast and A. tumefaciens UPP. First, we observed
labeling of the polar polysaccharide with WGA-AF488 (Fig. 2A to
C and 3C). WGA is an N-acetylglucosamine-specific lectin and is
known to bind both the holdfast and the A. tumefaciens UPP,

suggesting that the polar polysaccharides of C. crescentus, A. tume-
faciens, and P. hirschii all contain N-acetylglucosamine. Second,
we observed that newborn P. hirschii cells rapidly attach to sur-
faces and produce a polar polysaccharide (Fig. 3E). Both C. cres-
centus and A. tumefaciens have been shown to extrude a polar
polysaccharide within minutes of contacting a surface (25, 28, 61),
and P. hirschii cells have a similar response to surface contact.
Third, we observed that the P. hirschii cells bound to surfaces
within a biofilm produce the UPP (Fig. 3C). Both holdfast and
UPP play essential roles in attachment and biofilm formation (25,
26, 62, 63). Finally, we have identified a gene cluster with similarity
to the upp biosynthesis cluster (Fig. 2E; see also Fig. S2 in the
supplemental material) in the P. hirschii genome. The P. hirschii
upp gene cluster contains putative CtrA-binding sites (Fig. 4A and
D; see also Fig. S6C in the supplemental material), which are sug-
gestive of cell cycle regulation of polysaccharide biosynthesis, as
has been described for holdfast (64, 65) and suggested for A. tu-
mefaciens UPP (11). Because the putative P. hirschii UPP biosyn-
thesis cluster is missing a flippase (see Fig. S2 in the supplemental
material), we hypothesize that additional proteins involved in
UPP biosynthesis and export remain to be identified. Indeed, a
putative flippase at another genomic locus has been identified (see
Fig. S1 and Table S1 in the supplemental material). Taken to-
gether, these observations suggest that P. hirschii is capable of
producing a unipolar polysaccharide that enables rapid attach-
ment to surfaces and likely promotes biofilm formation. Addi-
tional characterization of P. hirschii genes predicted to function in
UPP biosynthesis will be necessary to understand the mechanisms
underlying attachment and biofilm formation in this bacterium;
however, we have been hindered by a lack of a genetic system and
an inability to generate mutants in this bacterium, despite testing
a number of approaches.

In this work, we provide evidence that the short-stalked cells of
P. hirschii have a Caulobacter-like cell cycle and explore the poten-
tial role of global regulators in mediating cell cycle progression.
Studies indicate that the P. hirschii genome contains genes that
encode candidate cell cycle regulators, including CtrA and CcrM,
suggesting that transcriptional control may play an important role
in regulation of the P. hirschii cell cycle (Fig. 4; see also Table S2 in
the supplemental material). The high degree of conservation of
regulatory proteins in the Alphaproteobacteria has led to the sug-
gestion that transcriptional control of the cell cycle is conserved
among Alphaproteobacteria (1, 7). The Caulobacter paradigm of
transcription regulation of cell cycle progression has recently been

FIG 5 Schematic of the short-stalked cell cycle. Sessile cells (S) are attached to
a surface by means of a polar polysaccharide (gold) and are capable of elonga-
tion. Late predivisional cells (PD) produce a polar or subpolar flagellum. Cell
division produces two distinct daughter cells: a motile cell (M) with a flagellum
and a sessile cell (S) with a polar polysaccharide.
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extended to S. meliloti, providing additional support for this no-
tion (15). CtrA-binding sites are found upstream of cell cycle-
regulated genes in both C. crescentus and S. meliloti; however,
there is very little overlap between the CtrA regulons (15). In con-
trast, CtrA-binding sites are strongly conserved among Alphapro-
teobacteria closely related to S. meliloti, suggesting that the func-
tions regulated by CtrA may be influenced by the lifestyle(s) of the
bacteria (15).

The regulation of motility and flagellum biosynthesis by CtrA
is posited to be an ancestral trait (21); thus, our observation of
CtrA-binding sites upstream of genes involved in motility and
chemotaxis is to be expected. Remarkably, in P. hirschii, the puta-
tive mechanism of CtrA regulation of motility is more similar to
that of C. crescentus than to that of S. meliloti. CtrA-mediated
regulation of motility is largely indirect in S. meliloti, in which
CtrA is thought to regulate Rem, an important regulator of flagel-
lar gene expression (15, 66). In contrast, CtrA directly binds to the
promoter regions of the flg, fli, flm, and flj genes, representing all
four tiers of the flagellar regulatory hierarchy, and many mcp
genes in C. crescentus (67). Putative CtrA-binding sites are present
upstream of presumptive class II flagellar genes (flgBC, fliLM,
flhA, and fliI), class III flagellar genes (flgI operon), class IV flagel-
lar genes (fljM and fljNO), and numerous chemotaxis genes in the
P. hirschii genome (Fig. 4A; see also Fig. S6B in the supplemental
material). These observations suggest that CtrA may have a direct
role in the regulation of flagellum biosynthesis and chemotaxis in
P. hirschii. In P. hirschii, CtrA-binding sites are also observed up-
stream of genes encoding a putative unipolar polysaccharide bio-
synthesis cluster (Fig. 4A; see also Fig. S6C in the supplemental
material). We are tempted to speculate that because P. hirschii and
C. crescentus share an environmental niche (freshwater), common
mechanisms of cell cycle regulation may be beneficial. Indeed,
simulations have shown that in patchy nutrient environments,
such as freshwater, a developmental cell cycle with both sessile and
motile cell types may confer a survival advantage (68).

Although the potential regulation of motility by CtrA in P.
hirschii is similar to that of C. crescentus, this trend is not universal.
We found that the predicted regulation of cell division in P.
hirschii by CtrA resembles what is observed in S. meliloti, in which
CtrA represses the min operon (16). Likewise, in P. hirschii, CtrA-
binding sites are found upstream of the genes encoding the Min
system, which regulates the placement of the septum, and up-
stream of ftsK, which encodes an essential cell division protein.
These results support the notion that CtrA has a critical role in
controlling the timing of min expression and subsequent cell di-
vision in the Rhizobiales (1, 15, 16). This finding may reflect a
common mechanism for the regulation of cell division among
bacteria exhibiting polar elongation (50). Additional research is
necessary to test the hypothesis that P. hirschii exhibits cell cycle-
dependent transcription and to understand the influence of global
regulators on processes, such as cell division, biofilm formation,
and motility.

Notably, the Caulobacter-like cell cycle is observed only among
short-stalked P. hirschii cells. Long-stalked P. hirschii cells are
nonmotile and do not produce an observable polar polysaccha-
ride (Fig. 2A; see also Fig. S3 in the supplemental material). The
long-stalked cells are capable of cell elongation and division; how-
ever, when long-stalked mother cells produce long-stalked daugh-
ter cells, the progeny are not morphologically or functionally dis-
tinct from the mother cells (Fig. 1D, top). Thus, P. hirschii exhibits

polymorphic cell cycles in which two morphologically different
cell types with distinct cell cycles persist in the same culture. Other
Alphaproteobacteria, particularly Rhodomicrobium and Hyphomi-
crobium spp., are described to have polymorphic cell cycles in
which one cell morphology routinely utilizes a Caulobacter-like
cell cycle, which suggests that the complex elaboration of the di-
morphic cell cycle may be widespread (2, 69).

The ability to synchronize short-stalked P. hirschii cells in a
microfluidic device provides an opportunity to better understand
the interplay among the two morphologies of P. hirschii. Under
standard laboratory conditions, the short-stalked morphology is
dominant and appears to be stable, with very few short-stalked
cells giving rise to long-stalked daughter cells (Fig. 1C). In con-
trast, long-stalked cells frequently gave rise to short-stalked
daughter cells (Fig. 1D, bottom). These observations raise the pos-
sibility that the different morphologies provide an advantage un-
der certain nutrient conditions, as described for Rhodomicrobium
species (2). In the microfluidic device, synchronous populations
of short-stalked P. hirschii cells could be exposed to a variety of
nutrient conditions in an effort to determine if a particular con-
dition triggers short-stalked cells to produce long-stalked daugh-
ter cells. The identification of the conditions that trigger such a
switch would certainly provide insights into the complex poly-
morphic cell cycles of P. hirschii.
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