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ABSTRACT

Cell shape has been suggested to play an important role in the regulation of bacterial attachment to surfaces and the formation
of communities associated with surfaces. We found that a cardiolipin synthase (�cls) mutant of the rod-shaped bacterium Rho-
dobacter sphaeroides—in which synthesis of the anionic, highly curved phospholipid cardiolipin (CL) is reduced by 90%—pro-
duces ellipsoid-shaped cells that are impaired in biofilm formation. Reducing the concentration of CL did not cause significant
defects in R. sphaeroides cell growth, swimming motility, lipopolysaccharide and exopolysaccharide production, surface adhe-
sion protein expression, and membrane permeability. Complementation of the CL-deficient mutant by ectopically expressing CL
synthase restored cells to their rod shape and increased biofilm formation. Treating R. sphaeroides cells with a low concentration
(10 �g/ml) of the small-molecule MreB inhibitor S-(3,4-dichlorobenzyl)isothiourea produced ellipsoid-shaped cells that had no
obvious growth defect yet reduced R. sphaeroides biofilm formation. This study demonstrates that CL plays a role in R. spha-
eroides cell shape determination, biofilm formation, and the ability of the bacterium to adapt to its environment.

IMPORTANCE

Membrane composition plays a fundamental role in the adaptation of many bacteria to environmental stress. In this study, we
build a new connection between the anionic phospholipid cardiolipin (CL) and cellular adaptation in Rhodobacter sphaeroides.
We demonstrate that CL plays a role in the regulation of R. sphaeroides morphology and is important for the ability of this bac-
terium to form biofilms. This study correlates CL concentration, cell shape, and biofilm formation and provides the first exam-
ple of how membrane composition in bacteria alters cell morphology and influences adaptation. This study also provides insight
into the potential of phospholipid biosynthesis as a target for new chemical strategies designed to alter or prevent biofilm forma-
tion.

Many bacteria have evolved mechanisms of community-based
living based on attachment to surfaces and growth into bio-

films. Biofilm formation occurs through several stages. In the first
stage, bacterial cells attach to surfaces, replicate, and accumulate
to form multilayered cell communities. During biofilm matura-
tion, bacteria secrete a layer of extracellular polymeric substances
that encapsulates cells and protects them from environmental
stress. At a later stage, planktonic bacterial cells are released into
the bulk fluid, attach to new surfaces, replicate, and seed the for-
mation of new biofilms. Biofilms are a central mechanism that
bacteria use to adapt to changes in their environment, are preva-
lent in ecology, and present challenges in industrial applications
and medicine due to biofouling and antibiotic resistance (1–3).
For example, the North American Centers for Disease Control
and Prevention estimates that 65% of all human infections by
bacteria involve biofilms (4).

The shape of bacterial cells has been hypothesized to affect
their attachment to surfaces and biofilm development (5). During
the initial step in biofilm formation, cell attachment requires that
the adhesive force between cells and surfaces (measured as 0.31 to
19.6 pN) overcomes the shear force of flowing fluids that are pres-
ent in many environments (6). On the basis of the mechanisms
that cells typically use to attach to surfaces (e.g., fimbriae, flagella,
surface adhesion proteins, exopolysaccharides [EPS], and non-
specific, noncovalent forces between the outer membrane lipo-
polysaccharides [LPSs] and surfaces), cell adhesion has been hy-

pothesized to scale with the surface area available for contact
between a cell and surface (5, 7). For bacteria with identical diam-
eters, rod-shaped cells (surface area, 6.28 �m2) have a larger con-
tact area than spherical cells (surface area, 3.14 �m2). We hypoth-
esize that rod-shaped bacterial cells attach to surfaces more tightly
than sphere-shaped cells by maximizing the contact area and that
this leads to an increase in biofilm formation because of a higher
initial biomass. This hypothesis is challenging to study because it
requires the use of different strains of rod- and sphere-shaped
bacteria, which typically have differences in growth rates, cell
physiology, and the production of extracellular polymeric sub-
stances. In principle, this hypothesis can be studied by using an
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organism whose cell shape can be altered without changing key
phenotypes that play a central role in biofilm formation.

To test this hypothesis, we turned our attention to Rhodobacter
sphaeroides. R. sphaeroides is a rod-shaped, Gram-negative mem-
ber of the class Alphaproteobacteria that is metabolically diverse
and capable of growing in environments where the concentration
of salts and nutrients is high, such as soil, mud, sludge, and anoxic
zones of waters. R. sphaeroides and other Rhodobacter species are
the primary surface colonists in coastal waters and are known to
form biofilms (8, 9). A fascinating characteristic of R. sphaeroides
is that its cytoplasmic membrane undergoes unusual gymnastics
during photosynthetic growth that facilitates the formation of
chromatophores, which are the light-harvesting organelles in cells
(10). R. sphaeroides membranes contain the same three primary
classes of phospholipids found in the majority of Gram-negative
bacteria: phosphatidylethanolamine, phosphatidylglycerol (PG),
and cardiolipin (CL) (11). Bacterial membranes have been histor-
ically considered to play a passive role in cell shape determination.
For example, CL has been hypothesized to concentrate in regions
of large membrane curvature—that is shaped by the peptidogly-
can sacculus—to dissipate elastic strain and reduce the membrane
free energy (12). The physiological role of CL in R. sphaeroides
remains largely unexplored, and yet R. sphaeroides has been con-
sidered a candidate for the origin of mitochondria in which the
shape of the inner membrane changes dramatically—as it does in
R. sphaeroides—and CL is essential (13–15).

In this study, we tested for a previously unrealized connection
between CL and cellular adaptation by using R. sphaeroides. We
demonstrate that a CL-deficient mutant of R. sphaeroides has cells
with an ellipsoidal shape that are impaired in biofilm formation,
particularly in early stages in which cell-to-surface attachment is
key. We also show that chemical tools that induce the formation of
ellipsoidal cells also produce a defect in biofilm formation. These
studies support the hypothesis that rod-shaped bacterial cells at-
tach to surfaces better than sphere-shaped cells do and produce
biofilms with higher cell volumes.

MATERIALS AND METHODS
Bacterial strains and growth conditions. R. sphaeroides strains were
grown aerobically in Sistrom’s succinate medium (16) at 30°C with shak-
ing at 200 rpm. When required, ampicillin (50 �g/ml), kanamycin (25
�g/ml), or spectinomycin (5 �g/ml) was added to the medium. Esche-
richia coli strains were grown in LB broth at 37°C with shaking at 200 rpm.

When required, ampicillin (50 �g/ml), kanamycin (25 �g/ml), or specti-
nomycin (50 �g/ml) was added to the medium. The bacterial strains and
plasmids used in this study are described in Table 1.

For growth curves, cell cultures in stationary phase were standardized
to an absorbance of 1.0 (wavelength of 600 nm). The standardized cul-
tures were inoculated at 1/100 into 1 ml of Sistrom’s succinate medium in
glass test tubes and grown with shaking for 72 h at 30°C. The absorbance
(wavelength of 600 nm) of cell cultures was measured at the time points
indicated.

CL synthase expression plasmid (cls-pIND5sp) construction. cls was
amplified by PCR from R. sphaeroides 2.4.1 genomic DNA and cloned into
pIND5sp at the NdeI and BglII sites by In-Fusion Cloning (Clontech) in
accordance with the user manual. The primers used were NdeI-cls (5=-
GGA GAA ATT AAC ATA TGA TCG ACG ACT GGC TGG GC-3=) and
cls-BglII (5=-GAT GGT GAT GAG ATC TGA GGT AGC TCT GGA TCG
G-3=). pIND5sp is a derivative of pIND4sp (a variant of pIND4 [17] with
a spectinomycin resistance cassette) in which the NcoI site was replaced
with an NdeI site by using the Stratagene QuikChange XL site-directed
mutagenesis kit in accordance with the manufacturer’s protocol. The
primers used were pIND5sp (5=-GTG ATG GTG ATG AGA TCT GGA
TCC TCC ATA TGT TAA TTT CTC CTC TTT AAT TCT AGA TG-3=)
and pIND5sp-anti (5=-CAT CTA GAA TTA AAG AGG AGA AAT TAA
CAT ATG GAG GAT CCA GAT CTC ATC ACC ATC AC-3=).

Complementation of the CL3 strain. The pIND5sp and cls-pIND5sp
plasmids were transformed into E. coli S17-1 (18) and subsequently mo-
bilized via conjugation into the recipient R. sphaeroides wild-type or CL3
strain as described previously (19). The strains harboring these plasmids
were incubated for 72 h at 30°C with 1 mM isopropyl-�-D-thiogalactopy-
ranoside (IPTG) to induce expression.

Analysis of cell morphology. An aliquot (4 �l) of cell culture was
dropped onto a 2% (wt/vol) agarose pad prepared in phosphate-buffered
saline (PBS) buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.76
mM KH2PO4, pH 7.4), covered with a glass coverslip, and imaged with an
inverted Nikon Eclipse TE2000 microscope equipped with a shuttered
black and white Andor iXonEM� DU-897 electron-multiplying charge-
coupled device (EMCCD) camera (Andor Technology, South Windsor,
CT). Images were acquired with a 100� objective (Nikon Plan Apo 100�/
1.40 oil DM) and the Metamorph software program (version 7.5.6.0;
MDS Analytical Technologies, Downingtown, PA). Cell width and length
were determined with ImageJ.

Lipid extraction. Polar lipids were extracted from cells by a modified
version of the original Bligh-Dyer method (20). Briefly, 50 ml of cell
cultures was grown for 72 h at 30°C. Cells were then collected by centrif-
ugation and resuspended in 5 ml of PBS. A 7.5-ml volume of methanol-
chloroform (2:1, vol/vol) was added to the cell suspension, and the mix-
ture was shaken for 1 h at 25°C. Two phases were created by adding 2.5 ml

TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Genotype or description Source or reference

E. coli strains
DH5� recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 deoR �(lacZYA-argF)U169 � (	80dlacZ�M15) Laboratory collection, CGSC 12384
S17-1 recA pro hsdR RP4-2-Tc::Mu-Km::Tn7 18

R. sphaeroides strains
2.4.1 Wild type ATCC 17023
CL3 2.4.1 with kanamycin resistance cassette in place of genomic cls 26

Plasmids
pIND4 IPTG-inducible expression vector for R. sphaeroides, kanamycin resistant 17
pIND4sp Variant of pIND4 with spectinomycin resistance cassette in place of kanamycin resistance

cassette
B. Burger and R. Lemke

pIND5sp Derivative of pIND4sp with NcoI site replaced with NdeI site This study
cls-pIND5sp pIND5sp containing cls This study
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of chloroform and 2.5 ml of 0.1 N HCl and then centrifuging the mixture
at 1,000 � g, 4°C for 10 min. The bottom chloroform phase was collected
with a glass Pasteur pipette and dried under nitrogen in a small glass vial.
The extracted lipids were weighed, redissolved in chloroform, and stored
at 
20°C.

TLC. Total lipid extracts were analyzed by thin-layer chromatography
(TLC) on silica gel (TLC silica gel 60, catalog no. HX259108; EMD Milli-
pore). The plate was developed with the solvent chloroform-methanol-
acetic acid-water (85:15:10:3.5, vol/vol) (21) and developed in a vapor of
iodine until the bands became visible. The CL content was quantified by
densitometry with ImageJ. Densitometry was performed without satura-
tion for any phospholipids in the image.

Biofilm formation assays. Static biofilm formation was assayed as
described previously (22). Cell cultures in stationary phase were standard-
ized to an absorbance of 1.0 (wavelength of 600 nm). The standardized
cultures were inoculated at 1/100 into 100 �l of Sistrom’s succinate me-
dium in the wells of a 96-well polystyrene microtiter plate that was then
incubated for 72 h at 30°C. Thereafter, the wells were washed with water to
remove planktonic cells and biofilms were labeled with 0.1% crystal violet
(CV) for 10 min at 25°C. After labeling, the wells were washed with water
and the retained CV was solubilized in 30% acetic acid. The amount of
biofilm formed in each well was quantified by measuring the absorbance
at a wavelength of 550 nm.

To image biofilms, standardized cultures were inoculated at 1/100 into
Sistrom’s succinate medium containing 5 �g/ml Nile Red in a chamber
slide with hydrophobic plastic surfaces (ibidi, Verona, WI) that was then
incubated for 72 h at 30°C. After being washed with water, biofilms were
imaged on an inverted Nikon Eclipse TE2000 epifluorescence microscope
equipped with a shuttered black and white Andor iXonEM� DU-897
EMCCD camera (Andor Technology, South Windsor, CT). Images were
acquired with a 40� objective (Nikon Plan Fluor ELWD 40�/0.60 DM)
and the Metamorph software program (version 7.5.6.0; MDS Analytical
Technologies, Downingtown, PA).

Imaging of bacterial cell attachment to surfaces. Stationary-phase
cell cultures were standardized to an absorbance of 1.0 (wavelength of 600
nm). The standardized cultures were inoculated at 1/100 (�1.25 � 107

cells) into Sistrom’s succinate medium in a chamber slide with hydropho-
bic plastic surfaces (ibidi, Verona, WI) and then incubated at 30°C. Cells
attached to the surface were imaged at 1, 24, 48, and 72 h after inoculation.
Images were acquired as described in the previous paragraph.

Motility assays. Cell cultures in stationary phase were standardized to
an absorbance of 1.0 (wavelength of 600 nm). Five-microliter samples of
the standardized cultures were placed on the surfaces of plates containing
Sistrom’s minimal medium with 0.25% agar (23). Diameters of swim-
ming colonies were measured after incubation for 72 h at 30°C.

Cell velocity measurements. Cell cultures in stationary phase were
diluted 1/100 in Sistrom’s succinate medium, and a 20-�l aliquot of the
diluted suspension was placed inside a ring of Apiezon M grease on pre-
cleaned glass slides and sealed with a 1.5-mm glass coverslip. We imaged
cell motility with a Nikon Eclipse 80i phase-contrast upright microscope
and a black and white Andor LucaS EMCCD camera (Andor Technol-
ogy). Images were acquired with a 40� ELWD dry objective (Nikon Plan
Fluor 40/0.60 dry Ph2 DM). We collected videos consisting of 300 frames
with a 33-ms exposure time at a rate of 30 frames/s. Microscopy data were
analyzed with MATLAB (MathWorks) by identifying the center of mass of
each bacterium in successive frames and grouping those points together to
create a cell trajectory from which we determined the mean cell velocity.
We used only tracks that had more than 30 frames (i.e., more than 1 s), a
minimal total length of 10 �m, and a minimal displacement of 5 �m. Cells
that moved in a constant tumbling or wobbling manner or stuck to the
coverslip were discarded from the analysis.

qPCRs. Cells were grown to log phase, and RNA was isolated as pre-
viously described (24). The RNA samples were then treated with RNase-
free DNase (Qiagen, Valencia, CA) and further purified with an RNeasy
CleanUp kit (Qiagen, Valencia, CA). cDNA synthesis was performed with

a High Capacity RNA-to-cDNA kit (Applied Biosystems, Foster City,
CA). Five nanograms of cDNA was used for each quantitative PCR
(qPCR). The Applied Biosystems 7500 real-time PCR system (Applied
Biosystems, Foster City, CA) with SYBR green chemistry was used to
monitor amplification and to quantify the amounts of PCR products.
Relative quantitation of gene expression was calculated by the ��CT

method, in which the level of rpoZ gene (encodes the � subunit of RNA
polymerase) expression was used as an internal control. The primers used
were rpoZ forward (5=-TGA CAA GAA CCC TGT CGT G-3=), rpoZ re-
verse (5=-GCA GCT TCT CTT CGG ACA T-3=), fliC forward (5=-CTG
ATT GAG ACC CAT GAC CT-3=), fliC reverse (5=-GTG AAC GAC CAG
TTC AAC AC-3=), fdp forward (5=-GAG ATC GAC ACG CCA TTC A-3=),
and fdp reverse (5=-ACC GAG ATC CTG ACC TAT CA-3=).

LPS extraction. LPS was extracted as described previously (25).
Briefly, cell cultures in stationary phase were standardized to an absor-
bance of 1.0 (wavelength of 600 nm). A 1.5-ml volume of the standardized
culture was then collected by centrifugation and resuspended in 200 �l of
sodium dodecyl sulfate (SDS) buffer (2% �-mercaptoethanol, 2% SDS,
and 10% glycerol in 50 mM Tris-HCl, pH 6.8). Bacteria were boiled for 15
min and treated with proteinase K at 59°C for 3 h. A 200-�l volume of
ice-cold Tris-saturated phenol was added to the sample, and the mixture
was incubated at 65°C for 15 min with occasional vortexing. A 1-ml vol-
ume of diethyl ether was added to the mixture, and two phases were
created by centrifugation at 16,100 � g for 10 min. The bottom layer
containing LPS was collected, mixed with 200 �l of 2� SDS buffer, and
run on a 12% SDS-polyacrylamide gel. LPS was visualized by silver stain-
ing, and quantitation of LPS content was performed with ImageJ.

EPS extraction. Cell cultures in stationary phase were standardized to
an absorbance of 1.0 (wavelength of 600 nm). The standardized cultures
were inoculated at 1/100 into 1 ml of Sistrom’s succinate medium in glass
test tubes that were incubated for 72 h at 30°C with shaking. The cell
cultures were centrifuged at 10,000 � g for 20 min, and the supernatants
were mixed with 3 volumes of absolute ethanol and incubated for 2 h at

20°C to precipitate EPS. The precipitates were collected by centrifuga-
tion at 3,000 � g for 30 min, washed once with 75% ethanol, and dried at
room temperature overnight. The precipitated EPS was dissolved in wa-
ter, separated by electrophoresis on a 12% SDS-polyacrylamide gel, and
visualized by silver staining. Quantitation of the EPS content was per-
formed with ImageJ.

Measurement of membrane permeability by fluorescence micros-
copy. Samples (0.5 ml) of R. sphaeroides cell cultures in stationary phase
were collected, concentrated by centrifugation, and resuspended in 0.5 ml
of 0.85% NaCl. Propidium iodide (PI) at a final concentration of 20 �M
was added to the cell suspension, and samples were incubated for 10 min
at 25°C. An aliquot (4 �l) of the cell suspension was imaged as described in
the previous section. Measurement of the fluorescence intensity of each
cell was performed with ImageJ.

A22 treatment. Cell cultures in stationary phase were standardized to
an absorbance of 1.0 (wavelength of 600 nm). The standardized cultures
were inoculated at 1/100 into Sistrom’s succinate medium containing 10
�g/ml S-(3,4-dichlorobenzyl)isothiourea (referred to as A22) or dimethyl
sulfoxide (DMSO) as a solvent control. The cells were grown in glass test
tubes for 72 h at 30°C with shaking for cell shape analysis or incubated in
polystyrene microtiter plates for 72 h at 30°C for biofilm formation assays.

RESULTS
CL deficiency in R. sphaeroides changes the shape of cells. A
CL-deficient mutant of R. sphaeroides (here referred to as R. spha-
eroides CL3) was created previously by deletion of the CL synthase
(cls) gene and produces 90% less CL than wild-type cells (26). We
were unable to remove CL from R. sphaeroides completely by us-
ing genomic tools to identify and knock out potential homologs of
CL synthase (see the supplemental material) and instead relied on
R. sphaeroides strain CL3 for our studies. In contrast to rod-
shaped wild-type R. sphaeroides cells, CL3 cells were ellipsoidal,
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had a characteristic decrease (35%) in their aspect ratio (Fig. 1),
and yet displayed no significant difference in growth from the
wild-type strain (26). We observed the change in R. sphaeroides
cell shape in both the log and stationary phases, which suggests
that this phenotype is growth phase independent.

Complementation of CL synthase in R. sphaeroides strain
CL3 restores the rod shape of cells. To confirm the role of CL in
the change in cell shape that we observed in the CL synthase dele-
tion mutant, we performed a plasmid-based complementation of
CL synthase in the CL3 strain. Using TLC analyses, we found that
phospholipids extracted from CL3 cells expressing the R. spha-
eroides CL synthase from plasmid cls-pIND5sp contained seven
times as much CL as the phospholipids extracted from cells of R.
sphaeroides CL3 harboring the empty vector pIND5sp (Fig. 2B and
C). Complementation of CL biosynthesis in CL3 cells increased
the cell aspect ratio by 31% and restored cells to their rod-shaped
phenotype (Fig. 2A). These results demonstrate that CL plays a
role in the establishment and maintenance of the rod shape of cells
of R. sphaeroides.

Reducing the concentration of CL alters R. sphaeroides bio-
film formation. Cell shape has been suggested to play an impor-
tant role in the attachment of cells to surfaces, in part because the
dominant forces of adhesion between cells and surfaces are sensi-
tive to the amount of surface area in contact (5). To investigate the
effect of cell shape on the surface attachment and subsequent bio-
film development of R. sphaeroides, we cultivated biofilms of wild-
type and CL3 cells in growth medium containing the cell-perme-
ating, lipophilic fluorescent dye Nile Red. We used Nile Red in
these experiments because it labels the cell membrane and makes
it possible to visualize cells by epifluorescence/confocal micros-
copy, is biocompatible, and does not change the cell shape and
impede cell growth (27) (see Fig. S1 in the supplemental material).
We performed these experiments under static growth conditions
(i.e., no flow), which is an ideal system for the study of biofilm
formation in early stages in which cell-to-surface attachment is
key (22). In addition, static conditions enable us to reproduce and
quantify experiments with different R. sphaeroides strains. In static
cultures, wild-type R. sphaeroides cells formed biofilms after 72 h
with a mean thickness of 20 �m; however, CL3 cells incubated for
72 h produced only small microcolonies that were 9 �m thick on
surfaces and did not form biofilms that extended over larger sur-
face areas (Fig. 3A; see Fig. S2 in the supplemental material). To

measure cell-to-surface attachment directly, we imaged surface-
attached cells at 1, 24, 48, and 72 h after incubation and counted
the cells attached to surfaces at the 1-h time point (Fig. 3B; see Fig.
S3 in the supplemental material). Cell adherence was significantly

FIG 1 Morphology of R. sphaeroides wild-type (WT) and CL3 cells at different growth phases. R. sphaeroides WT and CL3 cells were grown aerobically in
Sistrom’s succinate medium at 30°C with shaking at 200 rpm until they reached log phase (absorbance of �0.5 at a wavelength of 600 nm) or stationary phase
(absorbance of �1.3 at a wavelength of 600 nm). Each datum point was determined by imaging 300 cells by phase-contrast bright-field microscopy and using
ImageJ to determine cell width and length. Shown are mean values  standard deviations. Differences between the cell shape parameters of the two strains were
analyzed by Student’s t test. The P value for all of the parameters measured was �0.001.

FIG 2 Complementation of the CL3 strain restores the rod shape of cells. (A)
Images depicting the morphology of CL3 cells harboring the empty vector
pIND5sp (control [Ctrl]) or expressing CL synthase from cls-pIND5sp (Cls). Each
datum point was determined by imaging 300 cells by phase-contrast bright-field
microscopy and using ImageJ to determine cell width and length. Shown are mean
values  standard deviations. Differences between the cell shape parameters of the
two strains were analyzed by Student’s t test. The P value for all of the parameters
measured was �0.001. (B) TLC analyses of lipids extracted from CL3 cells harbor-
ing the empty vector pIND5sp (Ctrl) or expressing CL synthase from cls-pIND5sp
(Cls). (C) Levels of CL in CL3 cells harboring the empty vector pIND5sp (Ctrl) or
expressing CL synthase from cls-pIND5sp (Cls). Each datum point was deter-
mined from a TLC plate by quantifying the optical densitometry signal with Im-
ageJ. Shown are mean values  standard deviations obtained from three indepen-
dent experiments. PE, phosphatidylethanolamine; PC, phosphatidylcholine;
SQDG, sulfoquinovosyldiacylglycerol.
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reduced, from 3.6 � 104  0.3 � 104 cells/mm2 in the wild-type
strain to 1.7 � 104  0.2 � 104 cells/mm2 in the CL3 mutant (Fig.
3B), suggesting that cells of the R. sphaeroides CL3 mutant at-
tached less well to surfaces than wild-type cells did. We observed
that wild-type cells increased in length over time when attached to
surfaces. CL3 cells that attached to surfaces changed in shape and

length from an ellipsoid to a rod shape (Fig. 3C). To quantify early
stages of biofilm formation in which biofilm differences may be
most pronounced because of the potential impact of cell shape on
surface attachment, we cultivated biofilms for 72 h in microtiter
dishes with polystyrene surfaces and labeled cells with CV. R.
sphaeroides strain CL3 displayed a 54% reduction in biofilm for-
mation compared with the wild-type strain after 72 h of incuba-
tion (Fig. 3D), which was material independent and occurred on
both polystyrene and glass surfaces (see Fig. S4 in the supplemen-
tal material). Figure 3E demonstrates that there is no significant
difference in planktonic growth between wild-type and CL3 cells.
Although an �0.1 difference in absorbance (wavelength of 600
nm) was observed at stationary phase, the CFU counts of the wild-
type and CL3 strains were not significantly different (wild type,
1.6 � 109 CFU/ml; CL3, 1.5 � 109 CFU/ml), suggesting that im-
paired biofilm formation was not a result of a growth defect.

CL deficiency in R. sphaeroides does not cause defects in
swimming motility, LPS production, fasciclin I domain protein
(fdp) gene expression, EPS production, and membrane perme-
ability. Swimming motility plays an important role in biofilm
formation by R. sphaeroides and other bacterial species (9, 28–31).
It has been hypothesized that motility enables cells to overcome
surface repulsion forces, contact surfaces, and adsorb. In close
physical proximity to surfaces, flagella make it possible for bacte-
rial cells to adsorb and attach to surfaces (7, 30). To examine
whether the CL3 strain has motility defects, we assessed the mo-
tility of wild-type and CL3 cells in motility agar. After 72 h of
incubation at 30°C, CL3 cells displayed swimming diameters
comparable to those of wild-type cells (Fig. 4A and B). In addition,
we measured the proportion of motile cells in wild-type and CL3
cell cultures in phase-contrast microscopy videos and found no
significant difference (wild type, 4.3%  2%; CL3, 4.2%  1%).
We also measured the velocities of single wild-type and CL3 cells
by using a particle-tracking algorithm and found no significant
difference between the swimming velocities of cells of the two
strains (wild type, 30  4 �m/s; CL3, 29  5 �m/s) (Fig. 4C). To
confirm these results, we compared the expression levels of the
primary flagellar protein FliC in CL3 and wild-type R. sphaeroides
cells. Using a real-time qPCR assay, we found no significant dif-
ference between the expression levels of the fliC gene in wild-type
and CL3 cells (Fig. 4D). These results suggest that the reduction in
CL3 biofilms was unlikely to be due to defects in motility or fla-
gellum assembly.

LPS has been implicated in the attachment of bacterial cells to
surfaces (32–34). The O antigen of LPS controls cell surface hy-
drophobicity and surface charge and influences the interaction of
cells with substrates (35). It is unknown whether alterations in
membrane composition—specifically, the reduction in the con-
centration of CL— have an impact on LPS production. To deter-
mine whether the CL3 strain has a defect in LPS production, we
extracted and compared the LPSs from wild-type and CL3 cells.
The LPSs from both R. sphaeroides strains displayed similar band-
ing patterns of O-antigen repeats and were present in similar
amounts, as evidenced by quantification of the bands on the gel
(Fig. 4E and F). These results suggest that the impaired biofilm
formation we observed in the CL3 strain was unlikely to be due to
defects in LPS production.

R. sphaeroides Fdp has been suggested to function as a surface
adhesion protein. Fdp knockout mutants of R. sphaeroides lose the
ability to adhere to surfaces and form defective biofilms (36). We

FIG 3 R. sphaeroides strain CL3 forms defective biofilms. (A) Representative
fluorescence micrographs of R. sphaeroides wild-type (WT) and CL3 biofilms
grown on a chamber slide with hydrophobic plastic surfaces for 72 h at 30°C in
Sistrom’s succinate medium containing 5 �g/ml Nile Red. (B and C) R. spha-
eroides WT and CL3 cells were grown on a chamber slide with hydrophobic
plastic surfaces at 30°C in Sistrom’s succinate medium. Images were acquired
at 1 (see Fig. S3 in the supplemental material), 24, 48, and 72 h after incubation
by phase-contrast bright-field microscopy. Insets are magnified views of rep-
resentative cells that demonstrate changes in cell length. Surface-attached cells
were counted at 1 h. Shown are mean values  standard deviations obtained
from three independent experiments. (D) Quantification of R. sphaeroides WT
and CL3 biofilms grown in wells of a polystyrene microtiter plate for 72 h at
30°C in Sistrom’s succinate medium and then labeled with CV. Biofilm for-
mation was quantified by measuring the absorbance of CV at a wavelength of
550 nm. Shown are mean values  standard deviations obtained from three
independent experiments, each performed in eight replicates. (E) Growth
curves of R. sphaeroides WT and CL3 cells grown with shaking in glass test
tubes at 30°C in Sistrom’s succinate medium. Shown are mean values  stan-
dard deviations obtained from three independent experiments.
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compared the transcription levels of the fdp gene in the R. spha-
eroides wild-type and CL3 strains and found no significant differ-
ence in fdp transcription between wild-type and CL3 cells (Fig.
4G). These results indicate that impaired CL3 biofilm formation is
not attributable to changes in Fdp production.

EPS is a key component of the extracellular polymeric sub-
stances produced by many biofilm-forming bacteria and required
for cellular attachment to surfaces and subsequent biofilm forma-
tion (37). To investigate whether the CL3 mutant has defects in
EPS production, we extracted EPS from planktonic cultures of
wild-type and CL3 cells and analyzed them on an SDS-polyacryl-
amide gel (see Fig. S5 in the supplemental material). EPS pro-
duced from the both R. sphaeroides strains was present in similar

amounts, as evidenced by quantification of the EPS in the gel (Fig.
4H). These results suggest that the reduction in CL3 biofilms is
unlikely to be due to defects in EPS production.

Membrane permeability is connected to a variety of different
processes in the cell, including the transport of nutrients, ions and
charged molecules, and quorum-sensing compounds. Transport
properties have been shown to alter biofilm formation in many
bacterial species (38, 39). For example, bacterial quorum sensing
is important for the construction of biofilms and the membrane
permeability of biofilm cells may play a role in the release of quo-
rum-sensing signals required for biofilm development (38–40).
To investigate whether a CL deficiency alters membrane permea-
bility, we used PI, which labels the DNA of cells with disrupted

FIG 4 CL deficiency of R. sphaeroides does not cause defects in swimming motility, LPS production, fdp gene expression, EPS production, and membrane
permeability. (A) The motility of the R. sphaeroides wild-type (WT) and CL3 strains was assessed by using the same soft-agar swimming plate. (B) Diameters of
swimming colonies of the R. sphaeroides WT and CL3 strains on soft-agar swimming plates. Shown are mean values  standard deviations obtained from three
independent experiments. (C) Box-and-whisker plots depicting the swimming velocities of individual R. sphaeroides WT and CL3 cells (n � 12). The extent of
the box encompasses the interquartile range of the velocity, whiskers extend to maximum and minimum velocities, and the line within each box represents the
median. (D) fliC gene expression in R. sphaeroides WT and CL3 cells assayed by qPCR. Shown are mean values  standard deviations obtained from three
independent experiments, each performed in triplicate. (E) LPSs from R. sphaeroides WT and CL3 cells separated on an SDS-polyacrylamide gel and visualized
by silver staining. (F) The LPS content of cells was quantified by densitometry with ImageJ. Shown are mean values  standard deviations obtained from three
independent experiments. (G) fdp gene expression in R. sphaeroides WT and CL3 cells assayed by qPCR. Shown are mean values  standard deviations obtained
from three independent experiments, each performed in triplicate. (H) The distribution of EPS extracted from planktonic cultures of R. sphaeroides WT and CL3
cells, separated on an SDS-polyacrylamide gel, and quantified by densitometry with ImageJ. Shown are mean values  standard deviations obtained from three
independent experiments. (I) Box-and-whisker plots depicting the membrane permeability of the R. sphaeroides WT and CL3 strains measured by PI staining (n
� 100). The extent of the box encompasses the interquartile range of the PI fluorescence intensity, whiskers extend to maximum and minimum fluorescence
intensities, and the line within each box represents the median. Differences between the parameters of the R. sphaeroides WT and CL3 strains were analyzed by
Student’s t test. The P value for all of the parameters measured was �0.5. ns, not significant.
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membranes. We found that R. sphaeroides wild-type and CL3 cells
displayed comparable PI fluorescence intensities (Fig. 4I), sug-
gesting that a CL deficiency does not alter membrane integrity and
that altered biofilm formation in CL3 was unlikely to be due to
defects in membrane permeability.

R. sphaeroides cell shape impacts biofilm formation. To fur-
ther evaluate whether cell shape regulates biofilm formation, we
quantified the effect of CL complementation on the ability of CL3
cells to form biofilms. We expressed R. sphaeroides CL synthase
from plasmid cls-pIND5sp in CL3 cells and the empty vector
pIND5sp in wild-type cells. Complementation of CL biosynthesis
in CL3 cells increased the cell aspect ratio by 20% compared to
that of wild-type cells harboring the empty vector (Fig. 5A). TLC
analyses of lipids showed that complementation increased the
amount of CL by 60% in CL3 cells compared to that in wild-type
cells harboring the empty vector (Fig. 5B). The two strains (CL3
containing cls-pIND5sp and the wild type containing pIND5sp)
showed no difference in planktonic growth (Fig. 5D). R. spha-

eroides strain CL3 containing cls-pIND5sp restored biofilm for-
mation by 26% (measured by CV labeling) compared to that of
wild-type cells (compare Fig. 5C and 3D).

We used a chemical biological approach to independently test
if a change in cell shape could cause altered formation of R. spha-
eroides biofilms. A22 is a small molecule that disrupts the MreB
cytoskeleton, causes MreB filaments to depolymerize, and creates
rounded cells in many species of bacteria (41, 42). R. sphaeroides
cells treated with A22 at a concentration of 10 �g/ml (we found
that the MIC for R. sphaeroides is 60 �g/ml) became round (Fig.
6A); however, no significant changes in planktonic growth were
observed over 72 h of growth (Fig. 6C). Although A22 treatment
caused a decrease in absorbance (wavelength of 600 nm) of �0.1
at stationary phase, it did not significantly reduce the number of
viable cells present (DMSO control, 1.7 � 109 CFU/ml; A22, 1.6 �
109 CFU/ml). The alteration in R. sphaeroides cell shape due to
A22 treatment caused a 70% reduction in biofilm formation
(measured by CV labeling) compared to that of wild-type cells
(Fig. 6B). These results confirm our observation that CL influ-
ences R. sphaeroides cell shape and affects biofilm formation.

FIG 5 Complementation of the CL3 strain restores biofilm formation. (A)
Images depicting the morphology of R. sphaeroides wild-type (WT) cells har-
boring the empty vector pIND5sp (Ctrl/WT) and CL3 cells expressing CL
synthase from cls-pIND5sp (Cls/CL3). Each datum point was determined by
imaging 300 cells by phase-contrast bright-field microscopy and using ImageJ
to determine cell width and length. Shown are mean values  standard devi-
ations. (B) Levels of CL in R. sphaeroides WT cells harboring the empty vector
pIND5sp (Ctrl/WT) and CL3 cells expressing CL synthase from cls-pIND5sp
(Cls/CL3). Each datum point was determined from a TLC plate by densitom-
etry with ImageJ. Shown are mean values  standard deviations obtained from
three independent experiments. (C) Quantification of biofilms formed by R.
sphaeroides WT cells harboring the empty vector pIND5sp (Ctrl/WT) and CL3
cells expressing CL synthase from cls-pIND5sp (Cls/CL3). Biofilms were
grown on a polystyrene microtiter plate for 72 h at 30°C in Sistrom’s succinate
medium and then stained with CV. The extent of biofilm formation was de-
termined by measuring the absorbance of CV at a wavelength of 550 nm.
Shown are mean values  standard deviations obtained from three indepen-
dent experiments, each performed in eight replicates. (D) Growth curves of R.
sphaeroides WT cells harboring the empty vector pIND5sp (Ctrl/WT) and CL3
cells expressing CL synthase from cls-pIND5sp (Cls/CL3). Cells were grown in
Sistrom’s succinate medium in glass test tubes at 30°C with shaking. Shown are
mean values  standard deviations obtained from three independent experi-
ments.

FIG 6 A22 treatment impairs biofilm formation. (A) Images depicting the
morphology of R. sphaeroides wild-type (WT) cells treated with DMSO or 10
�g/ml A22. Each datum point was determined by imaging 300 cells by phase-
contrast bright-field microscopy and using ImageJ to determine cell width and
length. Shown are mean values  standard deviations. Differences between the
cell shape parameters of the two treatments were analyzed by Student’s t test.
The P value for all of the parameters measured was �0.001. (B) Quantification
of biofilms formed by R. sphaeroides WT cells treated with DMSO or 10 �g/ml
A22. Biofilms were grown in Sistrom’s succinate medium containing DMSO
or 10 �g/ml A22 on a polystyrene microtiter plate for 72 h at 30°C and then
stained with CV. The extent of biofilm formation was determined by measur-
ing the absorbance of CV at a wavelength of 550 nm. Shown are mean values 
standard deviations obtained from three independent experiments, each per-
formed in eight replicates. (C) Growth curves of R. sphaeroides WT cells
treated with DMSO or 10 �g/ml A22. Cells were grown in Sistrom’s succinate
medium containing DMSO or 10 �g/ml A22 in glass test tubes at 30°C with
shaking. Shown are mean values  standard deviations obtained from three
independent experiments.
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DISCUSSION

CL plays an essential role in the adaptation of many bacterial spe-
cies to environmental stresses, including high salinity and low pH
(43–46). CL has also been reported to play an important role in the
regulation of essential processes in bacteria, including cell divi-
sion, ATP synthesis, and protein translocation across membranes
(47–50). Remarkably little is known about the function of CL in R.
sphaeroides. The interaction of R. sphaeroides cytochrome c oxi-
dase (CcO) and CL is essential for the full activity of the enzyme
(51–54). However, a previous study demonstrated that a CL defi-
ciency in R. sphaeroides does not impair the structure and function
of CcO or cause any significant growth defects (26). Several groups
have demonstrated that PG can override the absence of CL in E.
coli and restore the interaction of proteins with the membrane,
which may explain the results of those previous studies with R.
sphaeroides CcO (55–57).

In E. coli, three cls genes have been identified; clsA, clsB, and
clsC show DNA sequence homology and belong to the phospho-
lipase D superfamily. Strains with the individual genes knocked
out still produce some CL; however, triple cls knockout E. coli
strain BKT12 does not produce any detectable CL (58). To remove
CL completely from R. sphaeroides cells, we used computational
tools to identify homologous genes that code for other CL syn-
thases. Our analysis identified the phospholipase D family protein
RSP_0113, which may be responsible for the residual CL in the
CL3 strain (see the supplemental material). However, we found
that RSP_0113 does not catalyze the synthesis of CL in R. spha-
eroides, as ectopically expressing it in the CL3 strain did not
change the relative concentration of CL present. We are unsure of
the origins of the residual CL in R. sphaeroides strain CL3, which
may come from the promiscuity of another phospholipid syn-
thase, such as phosphatidylserine synthase, as has been reported in
other cells (26).

Although the CL3 strain shows no significant defects in
growth, it exhibits a characteristic ellipsoidal cell shape phenotype
in both the log and stationary phases. Rod-shaped bacteria can
undergo a similar morphological change when the rate of cell
division is higher than the rate of cell mass production. The CL3
strain has a division rate (Fig. 3E) (26) and a cell volume (�1.3
�m3) similar to those of the wild-type strain (�1.2 �m3), which
suggests that the alteration in its shape is not due to a change in cell
volume or decoupling of growth rate and division. As cells of E.
coli and many other rod-shaped bacterial species enter stationary
phase, they often adopt a sphere-like morphology (59, 60). We did
not observe a similar growth phase-dependent change in wild-
type R. sphaeroides cell shape (i.e., cells remain rod shaped). Our
results are consistent with a change in the shape of cells of the CL3
strain that is not related to growth conditions.

Bacterial cell shape has been hypothesized to play an important
role in the regulation of the attachment of cells to surfaces, which
occurs at early stages of biofilm formation. Cell shape determines
the amount of the cell body in contact with surfaces and has been
suggested to regulate subsequent biofilm development (5). We
hypothesized that a CL deficiency in R. sphaeroides can cause a
reduction in biofilm formation (compared to that of wild-type
cells), as the ellipsoidal cells have a reduced surface area that limits
surface attachment. Bacterial cell length and curvature are pri-
mary determinants for maximization of the amount of contact
between bacterial cells and surfaces. Because of our inability to

measure mean cell curvature accurately, we do not include a for-
mal analysis of the effect of curvature on cell attachment; however,
papers in other areas of biology have described the connection
between cell curvature and maximization of surface contact (61).
To test the hypothesis regarding R. sphaeroides cell geometry and
surface attachment, we compared biofilms of wild-type and CL3
R. sphaeroides strains grown in static cultures. Static growth con-
ditions do not promote the biofilm maturation typically associ-
ated with flow cell systems and are effective at identifying factors
required for cell-to-surface attachment (22). R. sphaeroides strain
CL3 displayed weaker attachment to surfaces than the wild-type
strain and formed defective biofilms, which is consistent with the
observation that a rodA mutant of Burkholderia cepacia forms
spherical cells and shows impaired biofilm formation (62). The
hypothesis that bacteria can increase the strength of their attach-
ment to surfaces by altering their cell shape has been proposed
previously (e.g., a rod-shaped cell elongating into a filament and a
spherical cell increasing its length and becoming rod shaped) yet
has not been tested (5). We found that cells of both the wild-type
and CL3 R. sphaeroides strains increase in length when attached to
surfaces, suggesting that they may be maximizing surface contact.

Cell shape also plays a role in the regulation of bacterial motil-
ity, which is important for the initial attachment of cells to sur-
faces and subsequent biofilm development (29, 63). We found
that a CL deficiency in R. sphaeroides alters cell shape but not
swimming motility, which is interesting. However, the R. spha-
eroides cell is unlike that of most rod-shaped bacteria in terms of
the location of its individual flagellum (not polar like most bacte-
ria) and its biophysics and motility mechanism. Consequently,
much of what we know about the influence of the shape of bacte-
rial cells on their motility may not be applicable to R. sphaeroides.

LPS is the major component of the outer membrane of Gram-
negative bacteria and has been shown to regulate cell attachment
to surfaces (32–35). Fdp is a surface adhesion protein that is local-
ized at the inner membranes of R. sphaeroides and facilitates the
attachment of cells to surfaces and thus the development of bio-
films (36). EPS is important for cell-to-surface attachment and is
often referred to as a primary glue or cement for biofilms (37).
Our data indicate that the CL3 strain is not defective in any of
these primary factors for initiation of biofilm formation. A CL
deficiency may cause a change in the anionic composition of
membranes that affects the surface charge of cells and their attach-
ment to surfaces. However, the level of PG is increased in the CL3
mutant and thereby retains the negatively charged character of
membranes (26).

Quorum sensing occurs between cells in biofilms and signals
biofilm development in several species of bacteria (38). Changes
in bacterial membrane permeability could alter quorum sens-
ing—and a variety of other cellular processes that are influenced
by changes in molecular transport into the cell—and affect bio-
film formation. We found that the membrane permeability of CL3
cells is unchanged (compared to that of wild-type cells). R. spha-
eroides produces acylhomoserine lactone, a quorum-sensing sig-
nal that regulates EPS production (64). Since CL3 cells produce an
amount of EPS similar to that of wild-type cells, it is unlikely that
the quorum-sensing system is impaired in CL3 biofilms. These
data suggest that a change in cell shape caused by CL deficiency is
the primary factor that impairs biofilm formation by the R. spha-
eroides CL3 strain, and not other physiological consequences that
accompany a change in cell shape.
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To further evaluate whether cell shape regulates biofilm forma-
tion, we quantified the effect of CL complementation on the abil-
ity of the CL3 strain to form biofilms and found that it restored a
rod-shaped morphology and recovered its ability to form bio-
films. Complementation was unable to completely recover bio-
film formation by the CL3 strain, which we attribute to our inabil-
ity to restore native levels of CL and completely recover the rod
shape of CL3 cells. These results correlate the CL concentration to
the cell shape and biofilm formation.

MreB is a bacterial cytoskeletal protein that is homologous to
eukaryotic actin (65). In rod-shaped bacteria, MreB polymerizes
into dynamic filaments that move circumferentially around the
cytoplasmic membrane of cells, interacts with cell wall synthesis
machinery, and plays a role in the maintenance of cell shape (66–
68). A22 is a small-molecule inhibitor that binds MreB, disassem-
bles filaments, causes the protein to mislocalize in cells, and pro-
duces cells with a spherical shape (41, 42). Treatment of R.
sphaeroides cells with A22 produced round cells and suggests that
the MreB-mediated rod shape formation model in many Gram-
negative bacteria is conserved in R. sphaeroides. We quantified the
effect of low concentrations of A22 on R. sphaeroides cells and
found that it produced spherical cells, did not alter cell growth,
and reduced biofilm formation similar to our experiments reduc-
ing CL.

In conclusion, we have demonstrated that conditions that alter
R. sphaeroides cell shape (a CL deficiency or a compound that
blocks MreB activity) impede its ability to form biofilms. We sug-
gest that cell shape affects biofilm formation by reducing the sur-
face area available for cell attachment to surfaces. The R. spha-
eroides CL3 mutant is the first example that we are aware of in
which the cell membrane composition alters cell morphology and
influences the bacterium’s adaptation by reducing the ability to
form multicellular structures. Future studies will extend these re-
sults to other bacteria and explore the molecular mechanisms that
connect CL to bacterial cell shape.
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