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ABSTRACT Biofilm formation is a complex process that requires a number of tran-
scriptional, proteomic, and physiological changes to enable bacterial survival. The
lipid membrane presents a barrier to communication between the machinery within
bacteria and the physical and chemical features of their extracellular environment,
and yet little is known about how the membrane influences biofilm development.
We found that depleting the anionic phospholipid cardiolipin reduces biofilm forma-
tion in Escherichia coli cells by as much as 50%. The absence of cardiolipin activates
the regulation of colanic acid synthesis (Rcs) envelope stress response, which re-
presses the production of flagella, disrupts initial biofilm attachment, and reduces
biofilm growth. We demonstrate that a reduction in the concentration of cardiolipin
impairs translocation of proteins across the inner membrane, which we hypothesize
activates the Rcs pathway through the outer membrane lipoprotein RcsF. Our study
demonstrates a molecular connection between the composition of membrane phos-
pholipids and biofilm formation in E. coli and suggests that altering lipid biosynthe-
sis may be a viable approach for altering biofilm formation and possibly other multi-
cellular phenotypes related to bacterial adaptation and survival.

IMPORTANCE There is a growing interest in the role of lipid membrane composi-
tion in the physiology and adaptation of bacteria. We demonstrate that a reduction
in the anionic phospholipid cardiolipin impairs biofilm formation in Escherichia coli
cells. Depleting cardiolipin reduced protein translocation across the inner membrane
and activated the Rcs envelope stress response. Consequently, cardiolipin depletion
produced cells lacking assembled flagella, which impacted their ability to attach to
surfaces and seed the earliest stage in biofilm formation. This study provides empiri-
cal evidence for the role of anionic phospholipid homeostasis in protein transloca-
tion and its effect on biofilm development and highlights modulation of the mem-
brane composition as a potential method of altering bacterial phenotypes related to
adaptation and survival.

KEYWORDS anionic phospholipids, cardiolipin, Escherichia coli, Rcs signaling, biofilm,
cell membranes, flagella, phosphoinositol kinase, protein translocation

Bacteria are often found in multicellular communities referred to as biofilms (1, 2).
Biofilms are ubiquitous and persistent structures with a complex and economic

impact that has drawn broad attention to studying (and disrupting) the processes
underlying their development (3–5). Attachment of cells to a substrate is the initial step
in biofilm formation and is facilitated by extracellular organelles, including pili and
flagella (1, 6–8). As the biofilm grows and matures, cells within the community produce
and secrete a polymer matrix (i.e., extracellular polymeric substance [EPS] or extracel-
lular matrix [ECM]) that encases the microbial consortium, providing a three-
dimensional structure and protecting the cells within from hostile and fluctuating
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environments (e.g., desiccation, shear forces, and the presence of antibiotics, antisep-
tics, and oxidants) (9, 10). ECM is dispensable for the first steps of biofilm formation in
several bacteria (e.g., Escherichia coli) and required for later stages of development (11).

Many of the physiological changes that occur during biofilm formation involve
processes associated with the cell membrane (e.g., an increase in secretion of polysac-
charides or nucleic acids) or structures attached to it (e.g., pili and flagella). The cell
membrane is a largely overlooked connection to biofilm-relevant factors and pheno-
types. The membrane is a central participant in the activation of stress responses,
including those propagated by the �S and regulation of colanic acid synthesis (Rcs)
signaling pathways, which play important roles at different stages of biofilm develop-
ment (12, 13). Many of the signaling pathways that impact biofilm development— e.g.,
Rcs and Cpx—involve proteins directly associated with the membrane and/or are
activated by disruption of the lipid membrane (e.g., lipopolysaccharide defects) (14, 15).
In addition, proteins that assemble into extracellular organelles are transported across
and/or inserted into the cell envelope, participate in the attachment of cells to surfaces,
and contribute to the ECM to enable biofilm formation. Consequently, alterations in the
composition of bacterial membranes may impact the transport of these families of
proteins.

A number of observations highlight the importance of bacterial membranes in
biofilm formation, and recent work has deepened our understanding of the interplay of
these two factors. Benamara et al. showed that the Gram-negative opportunistic
pathogen Pseudomonas aeruginosa undergoes significant changes in inner and outer
membrane lipid composition when adapting to a biofilm state of growth, and other
groups have elucidated important roles for rhamnolipid production at every stage of
biofilm development in P. aeruginosa and Agrobacterium tumefaciens (16–19). Specific
lipids present in the ECM are important in late stages of biofilm formation in Myco-
bacterium tuberculosis (20). In Listeria monocytogenes, biofilm attachment has been
correlated with the production of the fatty acids hexadecanoic acid and octadecanoic
acid, which may be associated with or inserted into membranes (21). The connection
between the composition and properties of membranes and biofilm formation is
largely unstudied in the vast majority of bacteria, including the model Gram-negative
bacterium Escherichia coli (22).

E. coli cells growing exponentially under typical laboratory conditions and at expo-
nential phase have cell membranes consisting of the following families of lipids and
their relative concentration: 70% phosphatidylethanolamine (PE), 15% to 25% phos-
phatidylglycerol (PG), and 5 to 10% cardiolipin (CL) (Fig. 1) (23). The lipid composition
of cell membranes changes as cells enter the stationary phase (e.g., the concentration
of CL increases to 15% to 20% of total lipid) (23); however, nothing is known about the
changes that occur directly before or during biofilm formation.

CL is an unusual four-tailed anionic phospholipid synthesized by three nonessential
phospholipase D type enzymes, namely, cardiolipin synthase A (ClsA), ClsB, and ClsC
(23). The function of CL in bacterial physiology is not entirely known; however, growing
evidence supports a role for CL in localizing and activating proteins in cells (24–27).
Recently, Rowlett et al. demonstrated that cardiolipin synthases influence the attach-
ment of E. coli cells to surfaces (22). Concomitant with that study, we discovered that
depleting CL causes a drastic decrease in both early biofilm (here we refer to it as
“surface attachment”) and late-stage biofilm formation. In characterizing this pheno-
type, we discovered that disrupting CL biosynthesis activates the Rcs envelope stress
response and leads to downstream phenotypes that alter biofilm formation.

The initiation of the Rcs signaling system leads to the phosphorylation of RcsB,
enabling it to dimerize and function as a transcriptional regulator (28). Phosphorylated
RcsB can also form a heterodimer with the auxiliary protein RcsA (29); the RcsB-RcsB
and RcsA-RcsB complexes control the expression of a number of genes involved in acid
resistance, as well as the colanic acid and curli synthesis operons, osmotically inducible
peroxidase gene osmC, and the small regulatory RNA rprA (30–32). We found that
activation of the Rcs pathway has little or no effect on Δcls cells growing planktonically.
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Disrupting the Rcs system is sufficient to restore surface attachment in cls mutants,
suggesting that Rcs activation is responsible for the biofilm defects we observe. The
data we describe support a model in which CL reduction impairs the translocation of
proteins across the inner membrane (IM), which initiates the Rcs stress response,
leading to a downstream reduction in biofilm formation.

RESULTS
Cardiolipin affects surface attachment. Previous studies have established that in

the exponential phase of growth, CL represents �5% of the total lipid composition in
E. coli cells. Under certain environmental conditions, such as high osmolarity, low pH,
or upon entry into stationary phase, CL content increases by as much as 200% (33). As
nothing was known at the onset of this study regarding how lipid composition changes
in biofilm-associated cells, we extracted and quantified total lipids from cells grown
statically in 96-well microplates. As expected, TLC analysis of cells grown in minimal
medium revealed a significant increase in CL in stationary phase cells (17.6% of total
phospholipids) compared with that of exponentially growing cells (6.6% of total
phospholipids) (Fig. 2). Similar to stationary phase cells, CL was enriched in biofilm-
associated cells (19.2% of total phospholipids). Interestingly, the proportion of PE
decreased to approximately half of the total phospholipid in both stationary-phase and

PA

O O

O

P
O

R

O

O

R

OH
O-

CdsA

PssA PgsA

O O

O

P
O

R

O

O

R

CDP
O-

O O

O

P
O

R

O

O

R

O
O

O-
NH

3
+

O

-

-

-
O O

O

P
O

R

O

O

R

O
O

O
P

O

OH

OH
O

O O

O

P
O

R

O

O

R

O
O

NH
3
+

Psd PgpABC

PS

PG

O O

O

P
O

R

O

O

R

O
O

OH

OH

PG-phosphate

CDP-DAG

PE

ClsABC

- -

O O

O

P
O

R

O

O

R

O
O

O

OH P
O O O R

O

O

O

R

O
--

CL

FIG 1 Phospholipid biosynthesis pathways in E. coli. Chemical transformations for CL biosynthesis in E.
coli cells. Abbreviations for phospholipids are the following: PA, phosphatidic acid; CDP-DAG, CDP
diacylglycerol; PS, phosphatidylserine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; and CL,
cardiolipin. The lipid composition of wild-type E. coli growing exponentially in typical laboratory growth
conditions (37°C in rich medium with agitation) is 70% PE, 15% to 25% PG, and 5% to 10% CL.
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biofilm-associated cells, and this decrease was accompanied by a concomitant rise in
PG levels.

To further investigate the effect of CL on biofilm formation, we used crystal violet to
quantify adherence of cells lacking one or more cls genes to the surface of polystyrene
microplates. In minimal medium— but not in LB— disrupting any combination of cls
genes resulted in a significant (P � 0.05, unpaired t test) decrease in surface attachment
relative to wild-type (WT) cells (Fig. 3A; see Fig. S1 in the supplemental material). Even
after incubation for 5 days, Δcls cells produced less biofilm than WT cells (see Fig. S2 in
the supplemental material). All three Cls enzymes (ClsA, ClsB, and ClsC) contain 2
phospholipase D-type HKD motifs, and mutation of one or both of these motifs renders
Cls catalytically inactive. Using an arabinose-inducible expression vector to comple-
ment single Δcls mutant strains, we were able to partially restore surface attachment by
ectopic expression of WT but not mutated cls (Fig. 3B; see Fig. S3 in the supplemental
material).

While ClsA is active at all stages of growth, ClsB and ClsC do not contribute
significantly to CL production until stationary phase or under certain conditions of
stress (23, 34). We noted that ΔclsA mutants exhibited a more drastic reduction in
surface attachment than other cls deletion strains. To investigate the growth phase
dependence of surface attachment in cls mutants, we assayed the ability of stationary-
phase cells to adhere to surfaces. We used saturated overnight cultures to inoculate
96-well microplates and measured crystal violet labeling after 24 h of incubation (Fig.
3C). Under these conditions, strains lacking a single cls gene had a higher number of
cells adhered to microplate well surfaces than a mutant completely lacking CL.

The deletion of clsA has been associated with increased sensitivity of cells to
novobiocin, an aminocoumarin-based inhibitor of bacterial DNA gyrase (35). As the
antibiotic sensitivity may arise by altering the structure of the IM and increasing the
transport of novobiocin across the membrane, we explored whether cells lacking CL
were more susceptible to other families of antibiotics—including those targeting the
membrane. We determined the MICs of multiple classes of antimicrobial compounds,
including two targeting the cell membrane, namely, cecropin A (an antimicrobial
peptide) and polymyxin B (a mixture of lipopeptides derived from the bacterium
Bacillus polymyxa) (see Table S4 in the supplemental material). In general, planktonic E.
coli ΔclsABC cells were more susceptible to these compounds than to surface-attached
cells. Surprisingly, treatment of both WT and CL-deficient cells attached to surfaces with
polymyxin B or cecropin A slightly increased attachment compared with a nontreated

PE PG CL

To
ta

l l
ip

id
 (

%
)

0

10

20

30

40

50

60

70 log

stationary

biofilm

*** *
**

** *

n.s.

** n.s.
***

FIG 2 CL is elevated in cells from early-stage biofilms compared with cells in log phase. Total
membrane lipids were isolated from MG1655 cells grown in suspension to an absorbance (�, 600
nm) of 0.4 to 0.6 (log) for 24 h (stationary) or in 96-well plates without shaking for 24 h (biofilm).
After separation by TLC, phospholipids were visualized by fluorescence imaging following treatment
with cupric sulfate. ImageJ was used to quantitate lipid spots. Error bars indicate standard deviation
of 3 biological replicates; ***, P � 0.001; **, P � 0.01; *, P � 0.05; n.s., not significant; Student’s t test.
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control (Fig. S4), but none of the antimicrobials we tested showed a significant
difference in their effects on surface attachment between cells of WT and cls mutant
strains.

Cardiolipin impacts activation of the Rcs envelope stress response. Depletion of
PE or PG causes severe physiological defects, decreases cell viability, and activates
multiple stress responses; in contrast, depletion of CL has little quantifiable effect on
cell physiology (12). Previous studies largely focused on the effects of disrupting ClsA.
We reasoned that removing CL completely by deleting all three CL synthases would
likely have a more dramatic physiological effect and that activation of membrane stress
response(s) was a potential link between CL depletion and biofilm defects.
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E. coli possesses five signaling pathways known to be associated with envelope
stress, namely, phage shock protein (Psp), bacterial adaptive response (Bae), �E, regu-
lation of colanic acid synthesis (Rcs), and conjugative pilus expression (Cpx) (36). We
measured the activation of these pathways using quantitative PCR (qPCR) of genes
transcriptionally regulated by each specific signal transduction pathway (Fig. 4A).
Rcs-activated transcripts were on average 20-fold more abundant in ΔclsABC cells than
in WT cells. Furthermore, disruption of the Rcs pathway was sufficient to restore the
attachment of cells to WT levels in a surface attachment assay (Fig. 4B).

Initiation of the Rcs signaling system causes the phosphorylation of RcsA and RcsB,
enabling them to function as transcriptional regulators (Fig. 5). RcsB (which can form a
homodimer in its phosphorylated state) and RcsAB regulate a diverse array of genes.
The Rcs regulon includes a number of genes involved in acid resistance, as well as the
colanic acid and curli synthesis operons, osmotically inducible peroxidase gene osmC,
and the flagellar master regulator gene flhDC (28). The production of colanic acid and
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other secreted polysaccharides promotes later stages of biofilm maturation by provid-
ing structure and protection to the developing community. Improperly timed activation
of Rcs impairs the functioning of other systems required for biofilm formation, includ-
ing expression of flagella (37–39). Furthermore, PG-deficient E. coli cells exhibit defects
in flagellum synthesis (12, 40). By immunostaining cells with an antibody raised against
FliC, we observed cells lacking CL had significantly fewer flagella than WT cells (Fig. 6A
and B) and displayed a decrease in both swimming and swarming motility (Fig. 6C and
D). Deleting the RcsA transcriptional regulator, which binds phosphorylated RcsB to
form a complex that represses flhDC, increased production of flagella in the cls mutants
and rescued swarming motility defects.

Cardiolipin enhances protein translocation in vivo. RcsF is an outer membrane
lipoprotein that relays stress signals to the sensor kinase RcsC (Fig. 5). Newly synthe-
sized RcsF is transported to the outer membrane (OM) �-barrel assembly complex by
the periplasmic chaperone LolA, where it is assembled into a complex with OmpA (41,
42). This step sequesters RcsF and prevents it from binding IgaA, an IM protein that
downregulates the Rcs pathway (43). Defects in the maturation of OM proteins increase
the size of the pool of unbound RcsF that is able to bind IgaA, thus, relieving the
inhibition of Rcs activation by IgaA.

The majority of periplasmic and membrane-associated proteins are translocated
across the IM by the Sec translocon—a large, multisubunit complex that is stimulated
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by CL when reconstituted in proteoliposomes (44, 45). We hypothesized that depleting
CL would have a negative effect on Sec-mediated protein translocation in vivo. We
tracked the translocation of the alkaline phosphatase PhoA, a reporter system to assay
protein translocation activity in clsABC mutants, in which the protein is inactive until it
is exported to the periplasm (Fig. 7). WT cells exported PhoA at a rate of 20.3 � 0.7
units/h. In contrast, we found that cells lacking CL had a significantly decreased level of
PhoA translocation activity (2.9 � 0.5 units/h) that was comparable to the translocation
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rate of a ΔsecG strain (3.1 � 0.4 U/h) (Fig. 7). Furthermore, Western blot analysis of
His-tagged OmpA showed that WT cells produced mature OmpA at a faster rate than
ΔclsABC cells (Fig. S5).

DISCUSSION

The physiological roles of CL are still emerging, and E. coli has played a key role as
a model bacterium for understanding this family of phospholipids. Various CL-protein
interactions have been identified, including interactions with respiratory complexes,
aquaporins, and DNA recombination proteins (e.g., RecA and DnaA) (26, 46–49). The CL
composition in cells is correlated with entry into stationary phase and osmotic stress
(23, 50, 51). A growing body of evidence suggests that CL stabilizes cell membranes at
regions of high cell wall curvature— e.g., at sites of cell division and spore forma-
tion— by relieving elastic strain through the reorganization of phospholipids within the
liquid crystalline bilayer (52, 53).

CL synthases are redundant, and numerous studies have demonstrated that they are
nonessential. It is likely that PG supports some of the cellular function of CL when the
latter is missing in the membrane; significant cell defects arise when both CL and PG
are removed from cells, and cell viability in these mutants requires accessory mutations
in Braun’s lipoprotein, Lpp. In our biofilm studies, it appears that PG is not sufficient to
replace the change in membrane properties that arises from depleting CL.

Many previous studies of CL centered on clsA mutants, and almost all studies of CL
and CL synthases have been performed using cells growing in optimized laboratory
conditions. We studied the effects of CL depletion on processes involved in biofilm
development, a lifestyle commonly adopted by cells under stress that can be consid-
ered very different from the ideal laboratory growth conditions referred to above,
including starvation and deprivation of specific growth factors. Many studies of CL
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synthases in E. coli have been conducted using the rich medium lysogeny broth (LB);
however, enteric bacteria are likely to encounter fluctuating environments that are not
well mimicked by persistently high concentrations of nutrients; instead, these cells
likely experience short bursts of high concentrations of nutrients interspersed with long
periods of low nutrient concentrations (54). In minimal nutrient medium, we identified
a biofilm phenotype associated with a cellular CL deficiency, which was not observed
with cells grown in LB medium (see Fig. S2 in the supplemental material). Conse-
quently, a biofilm phenotype arising from the absence of CL in cells growing in low
nutrient conditions is consistent with previous observations that biofilms are sensitive
to the environmental context in which they are grown (55–57).

We found that ΔclsA cells showed a more severe surface attachment defect than
other cls mutants, including combinations of ΔclsA and ΔclsB and/or ΔclsC (Fig. 3A). This
phenotype may be partially due to the differential activity of the synthases at different
stages of cell growth, i.e., ClsA appears to be constitutively active, while ClsB and ClsC
have low activity until stationary phase (23). To test this hypothesis, we assayed the
earliest stage of biofilm formation—i.e., attachment of cells to a surface—starting from
saturated cultures, a point in time at which all 3 synthases contribute to CL production
(Fig. 3C). In this context, single cls deletion mutants attach more effectively than a strain
that lacks all three cardiolipin synthases, supporting our initial assumption. However,
the observation that strains lacking multiple synthases attach better and produce more
biofilm than cells missing only clsA suggests that the interplay between these enzymes
is more complex than a simple additive effect.

We demonstrated that the Rcs phosphorelay system is activated in CL-deficient
mutants growing in nutrient-limited conditions and impairs biofilm formation. We
found that CL-deficient mutants have fewer flagella and reduced swimming and
swarming cell motility than WT cells. These observations are in agreement with Rcs
activation causing decreased expression of flhDC and reduced motility in other Gram-
negative enteric bacteria, such as Serratia marcescens and Salmonella enterica (58, 59).
Disrupting the transcription of components of the Rcs signal transduction pathway in
E. coli restored surface attachment to WT levels and improved flagellum production.
Deletion of rcsF resulted in the greatest improvement in flagella production and
swimming migration; however, ΔrcsA was the only mutant to display a significant
improvement in swarming, suggesting that Rcs activity affects relevant factors other
than the number of flagella in cls mutants. E. coli mutants lacking rcsC performed better
than the ΔclsABC strain only in surface attachment assays. Consistent with these
findings, Rcs activity has been reported as an important step in late stages of biofilm
formation; yet, alterations in the timing of Rcs pathway activation inhibit organelle
production and reduce the ability of cells to attach to surfaces (37, 39).

Rcs activity also influences the formation of fimbriae in E. coli by affecting the
transcription of fimB and fimE (60). The relative ratio of the FimB and FimE recombi-
nases dictates the orientation of the fimA promoter (fimAp) and, thus, controls tran-
scription of the entire type I fimbria operon (61). We did not observe any change in the
ratio of phase-on-oriented (fimAp facing the fim operon) versus phase-off-oriented
(fimAp facing opposite to fim operon, preventing transcription) cells in the absence of
clsABC (Fig. S6); however, it is possible that an investigation of the number of fimbriae
per cell would tell a different story.

Rowlett et al. (22) described the activation of multiple envelope stress pathways in
the absence of CL using fluorescent protein promoter fusions and immunoblotting to
measure protein levels; we found no significant activation of pathways other than Rcs
using qPCR to directly quantify transcript levels of target genes. As each of these
techniques interrogates different steps in protein expression, our results do not con-
tradict those published previously. A detailed investigation of pretranscriptional and
posttranscriptional changes in CL-deficient cells would help further illuminate potential
factors affecting biofilm development in CL mutants.

The activity of stress pathways, such as Rcs, has widespread effects on cell physi-
ology, e.g., rcsB overexpression affected transcript levels of multiple genes involved in
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drug efflux and resistance (62). To test whether cls mutants may yield synthetic lethal
phenotypes when matched with the loss of function of other proteins, including those
involved in the structure and function of components of the cell wall, we paired the
effects of CL depletion with different antibiotics. We observed that planktonic E. coli
ΔclsABC cells had an increased susceptibility to several antimicrobial agents (Table S4),
which supports this hypothesis. We also tested whether these antibiotics reduced
biofilm formation (including cell attachment) of planktonic E. coli ΔclsABC cells and
found the effects variable and generally inconclusive (Fig. S3).

Anionic phospholipids and Rcs activation have been discussed together in multiple
studies with limited biochemical data points to support their connection. Previous
studies of CL and the Sec translocon suggested a physical link between these two
cellular components that may lead to Rcs activation (44). CL is tightly bound to purified,
recombinant SecYEG and has been reported to enhance the stability of the SecYEG
complex and stimulate the ATPase activity of SecA in vitro. SecYEG substrates include
lipoproteins, whose translocation and assembly are monitored by the outer membrane
lipoprotein RcsF (41). The observation of regions of SecYEG to which CL binds suggests
why PG may not be able to replace the loss of CL, impacting the function of protein
translocation. Accordingly, our results demonstrate that mutants deficient in CL display
a dramatic reduction in protein translocation activity, supporting a role for SecYEG in
the interaction between CL and Rcs. Other work has shown that the absence of CL
causes an increase in unfolded OmpF, further supporting our hypothesis (22).

The Rcs phosphorelay system consists of integral membrane proteins that may have
activities that respond to changes in membrane fluidity, which occurs with other classes
of membrane proteins (63–65). Increasing the concentration of CL increases membrane
fluidity in vitro; however, the impact of depleting CL on the fluidity of membranes in
living cells has not yet been demonstrated conclusively (66). A recent study found no
significant reduction in membrane fluidity in ΔclsA E. coli cells using fluorescence
recovery after photobleaching (FRAP) experiments of membranes doped with BODIPY-
labeled C-12 fatty acids (67). This work did not examine fluidity in a strain that was
entirely CL-null, nor did it investigate the effect of multiple growth conditions. FRAP is
generally unable to detect small changes in cell membrane fluidity, and the structure
of the bacterial membrane in live cells— containing large amounts of lipopolysaccha-
ride—may confound the interpretation of data.

Several studies have demonstrated that saturated fatty acids (SFAs) inhibit swarming
in multiple organisms, such as S. enterica, a pathogen closely related to E. coli. As
swarming is reported to be a stage connected to biofilm formation, we hypothesize
that the presence of SFAs—and, thus, membrane fluidity—may also play a role in
biofilm formation (19, 68). A recent study demonstrated that cells of Staphylococcus
aureus, L. monocytogenes, P. aeruginosa, and Salmonella enterica serovar Typhimurium
in biofilms are enriched in SFAs compared to planktonic cells (69). Our studies focus on
the effects of phospholipid composition of cells in relatively early stages of biofilm
development. A more detailed investigation of biofilm membrane composition that
includes an examination of various types of biofilms (e.g., flow cell and pellicle) at
different stages of development and analyzes changes in lipids and the composition of
their acyl tail groups may reveal details on the interplay of lipids and biofilm formation
in E. coli.

Several outstanding questions concerning the role of CL in cellular processes remain
unanswered. First, the disruption of CL synthesis has broad effects on transcriptional
regulation of a variety of genes; however, the biochemical mechanisms that regulate
the production of CL are unknown. Second, a better understanding of CL regulation
may aid in discovering the specific function(s) of each individual CL synthase and
understanding the purpose of their redundancy in E. coli. The presence of multiple CLS
genes is widely conserved among bacteria, with most species encoding at least 2
synthases. A BLAST search reveals that the genome of the closely related bacterium S.
enterica encodes for proteins with 94%, 87%, and 82% identity to E. coli ClsA, ClsB, and
ClsC, respectively (70). Available data point to a hypothesis in which CL serves a variety

Anionic Phospholipids Alter E. coli Biofilm Reduction Journal of Bacteriology

May 2019 Volume 201 Issue 9 e00804-18 jb.asm.org 11

https://jb.asm.org


of physiological functions. The results described in this paper expand our understand-
ing of the roles of CL and other membrane lipids in biofilms in conditions that mimic
the natural environment of E. coli cells.

MATERIALS AND METHODS
Strains and growth conditions. All bacterial strains used in this study are listed in Table S1 in the

supplemental material. We created mutants using protocols for P1 phage transduction, chemical
transformations, and lambda-red recombination (71–73). To construct strains of E. coli, we grew cells at
37°C in lysogeny broth (LB) consisting of 1% (wt/vol) tryptone, 0.5% (wt/vol) yeast extract, and 1%
(wt/vol) NaCl, or on LB plates containing 1.5% agar and infused with LB. For all other purposes, cells grew
at 30°C in M9 minimal medium (3.4% [wt/vol] Na2HPO4, 1.5% [wt/vol] KH2PO4, 0.25% [wt/vol] NaCl, 0.5%
[wt/vol] NH4Cl, 0.05% [wt/vol] thiamine HCl, 2 mM MgSO4, 0.1 mM CaCl2, and 0.4% [wt/vol] glucose)
supplemented with a defined amino acid mixture (500 mg/ml of each alanine, cysteine, glycine, histidine,
aspartic acid, glutamic acid, phenylalanine, asparagine, glutamine, methionine, leucine, isoleucine,
proline, serine, threonine, lysine, and valine; 50 mg/ml tryptophan; and 50 mg/ml tyrosine). Antibiotics
(50 �g/ml ampicillin, 20 �g/ml tetracycline, 30 �g/ml kanamycin, and/or 25 �g/ml chloramphenicol)
were added to growth medium as needed. To induce the expression of genes from various plasmid
constructs, we added L-arabinose to a final concentration of 0.2% (wt/vol).

Surface attachment assays. We quantified early stages of E. coli biofilm formation using a crystal
violet assay by diluting cells from an overnight M9 culture 1:100 into fresh M9 medium in wells of
polystyrene 96-well microplates (100 �l/well), and incubating at 30°C for 24 h unless indicated otherwise
(74). We measured optical density by quantifying the absorbance of the wells (i.e., optical density) at a
wavelength of 600 nm (OD600). Liquid growth medium was removed and discarded, plates were rinsed
with distilled water to remove nonadherent cells, 125 �l of an aqueous solution of 0.1% crystal violet was
added to each well, and plates were incubated for 15 min at 25°C. The liquid in each well was removed,
and wells were rinsed with distilled water 3 times; the addition of 125 �l of 30% acetic acid (in water)
released crystal violet trapped in biofilms, and the dye was quantified by measuring the absorbance at
� of 550 nm. We normalized the absorbance of crystal violet to absorbance of cells in the starting culture
(OD600) and determined the statistical significance of the data using an unpaired t test.

Quantitative PCR. We used a Direct-zol RNA miniprep kit (Zymo Research Corp., CA) to extract total
RNA from E. coli cells. Genomic DNA was removed using HL-dsDNase (ArcticZymes, Norway), and RNA
was reverse transcribed using an Applied Biosystems high-capacity RNA-to-cDNA kit (Life Technologies,
TX). We treated newly synthesized cDNA with RNase H (New England Biolabs, MA) to digest RNA
hybridized to cDNA. A PowerUp SYBR green master mix (Life Technologies) enabled us to perform
quantitative PCR on a 7500 Fast real-time PCR system (Applied Biosystems, CA) using the manufacturer’s
instructions for a standard cycling protocol. We used primers for gapA and/or idnT as endogenous
controls.

Motility assays. For E. coli swarming assays, we prepared swarm plates by pipetting 15 ml of hot LB
containing 0.6% Eiken agar (Japan) and 0.5% (wt/vol) glucose into 100- by 15-mm petri dishes (BD). We
cooled plates uncovered for 30 min in a laminar flow hood, and then inoculated the center of each plate
with 3 �l of a saturated E. coli culture (�109 cells/ml). We waited �5 min for the excess liquid in the
droplet to absorb into the agar, covered the plates, and incubated the inverted plates at 30°C for 24 h.
For swimming assays, we prepared plates using M9 minimal medium, without amino acids, containing
0.3% agar. We allowed the plates to solidify and cool uncovered for 30 min in a laminar flow hood, and
then inoculated them with 3 �l of a saturated E. coli culture. After drying for �5 min, the plates were
incubated, right side up, at 30°C for 24 h.

Immunofluorescence microscopy of flagella. Immunostaining of flagella was performed using an
anti-FliC primary antibody and an Alexa Fluor 488-tagged goat anti-rabbit IgG secondary antibody using
a published protocol (68). We grew E. coli cells to an absorbance (�, 600 nm) of 0.6 to 0.8, diluted cells
1:5 in 1� phosphate-buffered saline (PBS), and imaged them in chambers consisting of a glass coverslip
attached to a glass slide with double-sided tape and treated with a solution of poly-L-lysine. After adding
cells to the chambers, we fixed them with 1% formaldehyde in PBS and then rinsed and incubated cells
in blocking buffer (3% bovine serum albumin [BSA] containing 0.2% Triton X-100 in 1� PBS) overnight
at 4°C. We incubated E. coli cells in a solution of primary antibody diluted 1:1,000 in blocking buffer for
1 h at 25°C, washed them with washing buffer (0.2% BSA and 0.05% Triton X-100 in 1� PBS), and then
incubated them in a solution of secondary antibody for 1 h. We incubated cells in secondary antibody
diluted 1:1,000 in blocking buffer for 1 h, washed them with washing buffer followed by PBS, and imaged
them using a Nikon TI-E Eclipse inverted epifluorescence microscope.

PhoA translocation assay. We measured PhoA translocation as described previously (75). Overnight
cultures of E. coli were diluted 1:50 in fresh M9 medium and grown to an absorbance of 0.6 to 0.8 (�, 600).
We induced the expression of PhoA in E. coli cells from pBad33 using 0.2% arabinose, removed 1 ml of
culture at the indicated time points for analysis, and determined the absorbance (�, 600). We arrested
protein secretion by an addition of iodoacetamide to a final concentration of 2 mM, collected cells by
centrifugation for 1 min at 12,000 � g at 4°C, discarded the supernatant, and resuspended cells in 1 ml
MOPS buffer (67 mM 3-(N-morpholino)propanesulfonic acid, 83 mM NaCl, 16 mM NH4Cl, and 10 mM
MgCl2; pH 7.2). We repeated the wash step once more and then added 100 �l of the E. coli cell
suspension to a microcentrifuge tube containing 900 �l TZ buffer (1 M Tris-HCl and 1 mM ZnCl2; pH 8.1),
25 �l 0.1% (wt/vol) SDS, and 25 �l of CHCl3. Cell suspensions were vortexed briefly, and then 100 �l of
4 mg/ml p-nitrophenyl phosphate (New England Biolabs, MA) was added and the mixture was vortexed
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again. Assay tubes were incubated at 28°C until the solution began to turn yellow and then were
centrifuged for 5 min at 12,000 � g at 4°C. We removed 800 �l of liquid from the upper portion of the
tube, measured the absorbance of this aliquot (�, 420 nm), and calculated units of active PhoA using the
equation (1,000 � A420)/(t � V � OD600), where t is the time after induction of PhoA expression in
minutes and V is the volume of cell suspension added in milliliters.

Lipid extraction and thin-layer chromatography. We extracted and quantified total membrane
lipids from E. coli cells using a modified version of the Bligh and Dyer method (76). Briefly, we pelleted
E. coli cells at 5,000 � g for 10 min, resuspended cells in 100 �l of water, and lysed cells by adding 125
�l CHCl3 and 250 �l methanol and inverting tubes several times. We added 100 �l of H2O and 100 �l
CHCl3 to the tubes, vortexed the samples, centrifuged the tubes for 5 min at 13,000 rpm, and collected
the lower organic phase and dried it under a stream of N2. We dissolved dried lipid extracts in 40 �l of
1:1 methanol:CHCl3 and used 5 to 10 �l of sample for thin-layer chromatography (TLC) on TLC silica gel
60 plates (Merck, Germany) with a mixture of 65:25:10 CHCl3-CH3OH-CH3COOH for the mobile phase.
After the TLC plates were dried, we sprayed them with a cupric sulfate solution (100 mg/ml CuSO4 in 8%
[wt/vol] H3PO4) and incubated them on heat plates at 145°C for 5 min. We imaged plates using the Cy3
fluorescence setting on a ImageQuant LAS 4010 (GE Healthcare Bio-Sciences, PA) and quantified the
intensity of bands using ImageJ version 1.51h.

To extract lipids from biofilm-associated E. coli cells, we grew cells in 96-well microplates as
described. After discarding the waste medium and rinsing the wells of the plates, we added 50 �l of 1.5
M NaCl to each well and detached E. coli cells from the microplate surface by sonicating for 10 min in
a 2510 bath sonicator (Branson, CT). We collected resuspended E. coli cells, centrifuged them for 10 min
at 5,000 � g, removed the supernatant, and proceeded with lipid extraction and quantification as
described above.

Statistical analysis. We used Student’s t test for pairwise comparisons and Fisher’s exact test for
comparisons of categorical variables. We performed experiments with at least 3 independent biological
replicates to ensure reproducibility. We considered P values less than 0.05 statistically significant. For
qPCR experiments, we considered changes of at least 2-fold to be significant.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/JB

.00804-18.
SUPPLEMENTAL FILE 1, PDF file, 1.1 MB.
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