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aBStraCt

Lipid rafts are small and tightly packed domains that can act as a  platform 

where proteins and lipids interact. Lipid rafts are associated with several cellular 

processes, such as signal transduction and protein secretion. In eukaryotic cells, 

lipid rafts are characterized by the presence of Flotillin proteins. Bacteria have 

two flotillins homologues (FloT and FloA) that are thought to be associated with 

functional membrane microdomains (FMM). However, contrary to the eukaryotic 

lipid-rafts, the knowledge regarding bacterial FMMs is still quite limited. Earlier 

work has identified several proteins that interact with flotillins in Bacillus subtilis. 

This included proteins involved in cell division and cell wall synthesis, like 

the  penicillin binding proteins (PBP) 1 and 5, suggesting that flotillins could 

participate, or regulate, these cellular activities. In this study, the central aim was 

to determine if flotillins can directly or indirectly regulate cell division and cell wall 

synthesis in B. subtilis. Several new strains were constructed in order to study, 

in vivo, the localization patterns and dependencies of multiple proteins involved 

in these cellular processes. In the absence of FloT and FloA, the  regulation of 

cell wall synthesis at the septa is affected, possibly via a reduction in the activity 

of PBP5. Interestingly, when PBP1 and flotillins are deleted at the  same time, 

the coordination of cell wall synthesis is lost completely. This loss of coordination 

might be caused by the  delocalization of PBP4 and/or an  affected septal 

recruitment of PBP2b. Additionally, also MreB localization was potentially affected 

under the same set of deletions. Combined, these results suggest that there is 

a specific and important link between PBP1 and flotillins, as severe disorganization 

of cell wall synthesis is only reported when both proteins are deleted. Further 

experiments are still required in order to fully explain these observations. 
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INtroduCtIoN

Eukaryotic membranes display a  heterogeneous distribution of both lipids 

and proteins resulting in the  formation of distinct membrane domains. These 

domains, named “lipid rafts”, are linked with the correct functionality of many 

cellular processes, such as signal transduction and protein secretion. Interestingly, 

lipid rafts have been associated with certain human diseases, thus making them 

an  important target for pharmacological studies (1-3). Lipid rafts have been 

studied for more than 15 years and it is widely accepted that lipid rafts may act 

as small, liquid-ordered and tightly packed domains, composed of sphingolipids 

and cholesterol, where proteins and lipids can interact and properly perform their 

natural functions (4, 5). For quite some time it was believed that prokaryotic 

membranes lacked similar complexity in membrane organization, however, it is 

known that some bacterial proteins and lipids are not entirely homogeneously 

distributed in the  membrane (6). For instance, the  presence of heterogeneity 

in the  phospholipid membrane seems to be important for the  cell division 

site selection in B. subtilis. The  MinCD system, one of the  major regulatory 

mechanisms for the cell division site selection at mid-cell, blocks polar divisions by 

concentrating at the poles. It has been proposed that MinD, a membrane-bound 

ATPase that is required for MinC membrane localization, has a preference for 

anionic phospholipids within the membrane (7-11). In 2010, the first evidence for 

a bacterial functional membrane microdomain (FMM), that can coordinate cellular 

signaling pathways, was provided (12). This work showed that membrane-bound 

sensor kinases are compartmentalized into a FMM, probably with an altered lipid 

composition from the rest of the membrane (12). Currently, the bacterial “lipid-

raft” terminology is not widely accepted, and thus in this study the term FMM 

will be used instead.  

Studies on eukaryotic cells revealed that membranes are not homogeneously 

solubilized by non-ionic detergents, resulting in detergent-resistant membrane 

(DRM) fractions which are considered to be enriched in lipid rafts, and detergent-

soluble membrane fractions (13). Some of the most common protein constituents 

of the DRMs are the proteins flotillin 1 and flotillin 2, which are believed to act as 

scaffold proteins in the lipid raft (14). Similarly to the eukaryotic membrane, a DRM 

fraction can also be isolated from the bacterial membrane and several bacteria 

encode flotillin-like proteins, which are also associated with DRM fractions, 
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indicating that bacterial flotillins can also be considered as a microdomain marker 

(15-18). Bacillus subtilis possesses two flotillin homologues, FloT, the  closest 

homologue to eukaryotic flotillin, and a  second flotillin homologue termed 

FloA (12, 16). Although FloT and FloA show distinct subcellular distribution 

patterns, both flotillins can colocalize, at least momentarily, in defined and 

dynamic foci, possibly enriched in polyisoprenoid lipids, along the  bacterial 

membrane (12, 19). FloT and FloA can also concentrate other proteins, some 

involved in signaling and transport. The inhibition of FMM formation, by deleting 

the flotillins, impairs certain cellular processes like sporulation, protease secretion 

and biofilm formation (12, 19, 20). It has been suggested that FloT and FloA 

might have overlapping functions in some membrane-associated processes and 

the absence of both flotillins results in irregularly shaped cells, a severe deficiency 

in sporulation, motility, natural competence and biofilm formation (20, 21).

Although structurally similar, flotillins do share some differences in the expression 

patterns and interacting partners. Whereas FloA is expressed throughout 

the whole life-cycle of the cell, FloT expression seems to be more active during 

stationary phase. This main difference seems to explain why FloT and FloA 

generate distinct FMMs that organize different signal transduction pathways, 

depending on the stage of the bacterial life-cycle (19). Several proteins, such as 

FtsH, interact with both FloT and FloA, but a pull-down technique and a blue 

native PAGE separation, both followed by mass spectrometry analysis, identified 

penicillin binding protein (PBP) 5 to interact solely with FloT while PBP1A/B, LytR 

and MreC interact exclusively with FloA (19, 22). The metalloprotease FtsH has 

been implicated in biofilm formation and sporulation (23), while PBP1, PBP5, 

LytR and MreC are involved in the  synthesis, remodeling and organization of 

the cell wall (19, 22). The cell wall, essential in most bacteria, provides not only 

a natural barrier and protection to the cells but also serves other different cellular 

processes such as ensuring a proper cell size and shape (24). Peptidoglycan (PG), 

the  main component of the  cell wall, is a  macromolecule composed of linear 

glycan chains cross-linked via peptide bridges. The  main proteins responsible 

for PG synthesis are the  PBPs, that with their glycosyltransferase (GT) and 

transpeptidase (TP) activities ensure the assembly of PG. GT activity is required 

to polymerize the  linear glycan chains that are cross-linked via TP activity, and 

these activities are required for lateral and septal cell wall synthesis during cell 

growth and division, respectively (25). PBP1 is a  high-molecular-weight class 
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A  PBP with both GT and TP activities and, even though not essential, is also 

part of the cell division machinery (26). PBP5 is a low-molecular-weight PBP with 

D,D-carboxypeptidase activity which controls the cross-linking degree of PG by 

cleaving non-crosslinked pentapeptides in the  cell wall (27). Although PBP5 is 

also distributed in concentrated spots along the lateral cell wall, both PBP5 and 

PBP1 localize to the division septum during division (28).

Another fundamental aspect about cell wall synthesis includes its spatial-

regulation within the cell. The activity of PBPs should be well-regulated in order to 

obtain a proper coordination of the new PG insertion into the cell wall. The bacterial 

actin homologue MreB is involved in the  spatial organization of the  cell wall 

synthesis and is the key component of the bacterial cytoskeleton. In B. subtilis, 

the mreB gene is located in the mreBCD operon, and the transmembrane proteins 

MreD and MreC are thought to link MreB to the extracellular cell wall synthetic 

machinery (29, 30). The cytoskeleton system is associated with the PG synthesis as 

several PBPs were shown to directly interact with MreB, MreC and MreD. In fact, 

PBP1 localizes to the MreB helix and is known to physically interact with MreB 

(31, 32). MreC and MreD, essential transmembrane proteins, are associated with 

MreB and thus are also involved in cell shape control. The  deletion of either 

mreC or mreD, similarly to an  mreB deletion, dramatically disturbs the  typical 

rod-shaped morphology, causing B. subtilis cells to assume an unnatural rounded 

shape (30, 31, 33). In eukaryotic cells, a direct interaction between membrane 

microdomains and the cytoskeleton has been proposed, and a possible role for 

the  lipid rafts in anchoring the  actin cytoskeleton structures has been shown 

(34-36). MreB forms dynamic polymeric structures just below the cell membrane, 

which have either been reported to be helical structures that run along the length 

of the  cell, or as short polymers that run perpendicular to the  long axis of 

the cell (37-40). Different microscopic methods and distinct fluorescent labeling 

techniques have resulted in the discrepancies in the reported results and the real 

in vivo localization pattern of MreB is yet to be resolved.

In contrast to the eukaryotic lipid rafts, bacterial FMM have not been studied 

in detail. Information regarding the  protein–protein interactions of flotillins 

can lead to valuable clues about their biological role. The direct association of 

flotillins with proteins involved in cell division and cell wall synthesis suggests 

that flotillins play a  role in, or regulate, these cellular processes, although 

the details of these associations are still largely unclear. In this work, the main 
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focus was to study whether flotillins can directly or indirectly regulate cell 

division and cell wall synthesis in B. subtilis. Several new strains were created 

so that the fluorescent patterns and dependencies of multiple proteins could 

be explored in vivo. Both FloT and FloA seem to be important for the proper 

activity of PBP5, and in the absence of flotillins, the regulation of PG synthesis 

at the septa is affected. Additionally, simultaneous deletions of PBP1 and both 

flotillins results in a strong disorganization of PG synthesis. We provide indications 

that this result is linked to the delocalization of PBP4 and possibly PBP2b. In 

addition, the  localization of MreB seemed to be affected to a certain extent. 

Although the detailed reasons for the evident delocalization of PG synthesis in 

these strains are still unclear, we will speculate on possible explanations and 

future work to resolve this question.

materIaL aNd methodS

Strain construction

The new strains, listed in Table 1, were constructed by transforming competent 

B. subtilis cells using the capacity of B. subtilis to become naturally competent 

(41). The strains were validated by microscopy to check for the expression and 

localization of the fluorescent proteins, and by PCR to confirm gene deletions 

and insertions.

media and growth conditions

B. subtilis cells were cultured in liquid medium (LB Lennox) or solid medium 

(LB  Lennox plus agar 1.5% w/v). For microscopy experiments cells from 

an  overnight culture were diluted into fresh medium and grown either until 

exponential (OD600 0.4-0.6) or early stationary phase (OD600 1.2-1.5) at 37°C 

(47). When necessary, cells were resuspended in small volumes of Phosphate 

Buffered Saline (PBS, 58 mM Na2HPO4; 17 mM NaH2PO4; 68 mM NaCl, pH 7.3). 

When required, spectinomycin (50 μg/ml), tetracycline (10 μg/ml), erythromycin 

(1 μg/ml), lincomycin (25 μg/ml), kanamycin (5 μg/ml), chloramphenicol (5 μg/ml) 

and magnesium sulphate (10 mM) were added. To induce expression of genes 

under the  control of Pspac or Pxyl, IPTG (0.02 mM) or xylose (0.2% or 0.25%), 

respectively were added to the growth medium.
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General microscopy 

Live or fixed cells were mounted on agarose (1% w/v in PBS) pads and imaged 

using a Nikon Ti-E microscope (Nikon Instruments, Tokyo, Japan) equipped with 

a Hamamatsu Orca Flash4.0 camera. The software packages ImageJ (http://rsb.

info.nih.gov/ij/) and Adobe Photoshop (Adobe Systems Inc., San Jose, CA, USA) 

were used for further image analysis. 

fluorescent fusion proteins imaging 

Cells expressing fluorescent fusion proteins were diluted, from an overnight 

culture, into fresh LB with inducer at 37°C and a 1 ml sample was collected when 

the  culture reached exponential or stationary phase. Cells were immediately 

resuspended in 20-40 µl of PBS before imaging on the  microscope. When 

required, cells were incubated with nisin (1.5 μg/ml) and with carbonyl cyanide 

m-chlorophenylhydrazone (CCCP, 0.2 mM) for 5 minutes at room temperature. 

Septum labeling 

Cells were diluted, from an  overnight culture, into fresh LB at 37°C and 

a  1 ml sample was collected when the  culture reached exponential phase. 

Cells were resuspended in 100 µl of LB and incubated with 0.5 mM HADA 

(7-hydroxycoumarin 3-carboxylic acid-amino-D-alanine) for 5 minutes at room 

temperature (for pattern visualization) or 10 minutes at 37°C (for statistical 

analysis). Cells were also incubated with 0.5 µg/ml Vancomycin-FL (equal parts 

of BodipyFL vancomycin [Molecular Probes] and unlabeled vancomycin [Sigma-

Aldrich]) and 2.5 µg/ml of N-(3-Triethylammoniumpropyl)-4-(6-(4-(Diethylamino) 

Phenyl) Hexatrienyl) Pyridinium Dibromide (FM4-64) for 5 minutes at room 

temperature. After incubation, HADA-labeled cells were immediately fixed with 

ice-cold methanol or 70% ethanol and incubated at -20°C for at least one hour. 

Later, cells were re-hydrated and washed 2 times with PBS and all cells were 

resuspended in 20-40 µl of PBS before imaging. 

Statistical analysis of septum labeling

Each strain was imaged using the same exposure time for each comparable 

set, i.e. cells labeled with FM4-64, HADA and Van-FL in a wild-type and mutant 

background. Random cells with visible septa were selected and analyzed using 
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the  ObjectJ macro tool PeakFinder by Norbert Vischer (https://sils.fnwi.uva.nl/

bcb/objectj/examples/PeakFinder/peakfinder.html). A straight line was drawn, as 

perpendicular as possible, to each septum and PeakFinder was used to retrieve 

the intensity peaks along the line. For each septum, the surrounding background 

intensity was removed and the maximum intensity of the peak was obtained, 

together with the width of the peak that was measured at the half maximum 

intensity of the peak (Fig. 5). The  intensity and the width were calculated for 

at least 97 cells. The Kolgomorov-Smirnov test was performed to determine if 

the distribution of the data was significantly different from a normal distribution. 

When the  data did not fit a  normal distribution, non-parametric tests were 

employed both for the intensity and width distributions. For the HADA-labeled 

septa, the Kruskal-Wallis test was used to determine if the medians of the samples 

are significantly different, and the Mann-Whitney U test was used to show which 

strain was significantly different from the control. In all cases, the null hypothesis 

was rejected when the p-value was equal to or below 0.05, and this significance 

is identified by an  asterisk on the  box-plot graph. In some strains, the  width 

distribution presented a  positive skewness and therefore a  valid logarithmic 

transformation was applied to all strains within the  set. This transformation 

resulted in a  more symmetrical distribution of the  data, allowing the  use of 

parametric tests, after validation by a Kolgomorov-Smirnov analysis. A one-way 

ANOVA was used to test if the means of the parameters analyzed for the different 

strains were significantly different. To determine which strain was different from 

the control, the post hoc Dunnett test was performed. These results (not shown) 

provided the same significance for the same strains to the results obtained with 

the non-parametric tests. For the FM4-64 and Van-FL –labeled septa, the Mann-

Whitney U non-parametric test was chosen to test if the medians of the  two 

analyzed samples were significantly different. In all cases, the null hypothesis was 

rejected when the p-value ≤ 0.05, and this significance is identified by an asterisk 

on the box-plot graph. Statistical analysis was done using the SPSS software (IBM 

SPSS Statistics, version 22).

reSuLtS 

In order to study the  relation between flotillins, cell wall synthesis and 

the MreB cytoskeleton, 63 new strains were generated (Table 1). These strains 
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enable the  visualization of the  localization of flotillins, MreB and key proteins 

in cell wall synthesis and cell division in the  absence of flotillins or other key 

proteins in these pathways. When relevant, the localization of cell wall synthesis 

in these strains, and the organization of the membrane, was probed using various 

fluorescent labeling methods.

table 1. List of B. subtilis strains used in this study

Strain Genetic features
Source or 
reference

donor -> recipient 
(resistance marker)

168 trpC2 Lab collection

4055 trpC2 amyE::spc Phyperspac ftsZ-
eyfp 

(42)

4056 trpC2 dacA::kan (43)

3105 trpC2 pbpC::cat Pxyl–gfp–pbpC 
1–768

(28)

3725 trpC2 mreB::kan (29)

4111 trpC2 mreB::cat Pxyl-mkate2-
mreB

Lab collection, 
unpublished

PS832 Prototrophic revertant of strain 
168

(44)

PS2062 PS832 ponA::spc (44)

PS2022 PS832 pbpD::erm (45)

2082 trpC2 pbpD::cat Pxyl–gfp–pbpD 
1–510

(28)

2083 trpC2 ponA::cat Pxyl–gfp–ponA 
1–394

(28)

2085 trpC2 dacA::cat Pxyl–gfp–dacA 
1–423

(28)

RWSB5 trpC2 amyE::spc Pxyl mrfpruby-
mreB

(38)

RWSB1 trpC2 amyE::spc Pxyl gfp-mreB (38)

3122 trpC2 pbpB::cat Pxyl-gfp-pbpB 
1–825

(28)

4042 trpC2 pbpA::cat Pxyl-mkate2-
pbpA 1−804

(46)

4048 trpC2 pbpH::cat Pxyl-gfp-pbpH 
yocH::erm

Lab collection, 
unpublished

DB003 trpC2 yuaG::pMUTIN4 (16)
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table 1. List of B. subtilis strains used in this study

Strain Genetic features
Source or 
reference

donor -> recipient 
(resistance marker)

BB003 trpC2 yuaG::pMUTIN4 yqfA::tet (22)

DB015 trpC2 yuaG-cfp cat (16)

DB001 trpC2 amyE::spc Pxyl-yuaG-
gfpmut1

(16)

3 trpC2 yuaG::yuaG-pamcherry 
cat

Lab collection, 
unpublished 

4 trpC2 yqfA::yqfA-mneongreen 
spc

Lab collection, 
unpublished

5 trpC2 yuaG::yuaG-dendra2 cat Lab collection, 
unpublished

BB001 trpC2 yqfA::tet (22)

10 trpC2 yuaG:: yuaG-mneongreen  
spc

Lab collection, 
unpublished

4057 trpC2 dacA::cat Pxyl–gfp–dacA 
1–423 yuaG::pMUTIN4

This work 2085 -> DB003 (cat, 
erm)

4058 trpC2 dacA::cat Pxyl–gfp–dacA 
1–423 yqfA::tet 

This work BB001 -> 2085 (tet, 
cat)

4059 trpC2 dacA::cat Pxyl–gfp–dacA 
1–423 yuaG::pMUTIN4 yqfA::tet

This work 2085 -> BB003 (cat, 
tet, erm)

4060 trpC2 dacA::kan yuaG::cat 
yuaG-cfp

This work 4056 -> DB015 
(kan, cat)

4061 trpC2 dacA::kan yqfA:: spc 
yqfA-mneongreen

This work 4 -> 4056 (spc, kan)

4062 trpC2 dacA::kan 
yuaG::pMUTIN4

This work DB003 -> 4056 
(erm, kan)

4063 trpC2 dacA::kan yqfA::tet This work BB001 -> 4056 (tet, 
kan)

4064 trpC2 dacA::kan 
yuaG::pMUTIN4 yqfA::tet

This work 4056 -> BB003 
(kan, erm, tet)

4065 trpC2 dacA::kan yuaG::spc 
yuaG-mneongreen

This work 4056 -> 10 (kan, 
spc)

4066 trpC2 mreB::kan yqfA::spc 
yqfA-mneongreen

This work 4 -> 3725 (spc, kan)

4067 trpC2 mreB::kan yuaG::spc 
yuaG-mneongreen

This work 3725 -> 10 (kan, 
spc)

4068 trpC2 mreB::kan yuaG:: cat 
yuaG-cfp

This work 3725 -> DB015 
(kan, cat)

4069 trpC2 amyE::spc Pxyl gfp-mreB This work 3725 -> RWSB1 
(kan, spc)

table 1. (continued)
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table 1. List of B. subtilis strains used in this study

Strain Genetic features
Source or 
reference

donor -> recipient 
(resistance marker)

4070 trpC2 mreB::kan amyE::spc Pxyl 
mrfpruby-mreB

This work 3725 -> RWSB5 
(kan, spc)

4071 trpC2 yuaG::pMUTIN4 
mreB::kan

This work 3725 -> DB003 
(kan, erm)

4072 trpC2 yqfA::tet mreB::kan This work 3725 -> BB001 
(kan, tet)

4073 trpC2 yuaG::pMUTIN4 yqfA::tet 
mreB::kan

This work 3725 -> BB003 
(kan, tet, erm)

4074 trpC2 mreB::kan amyE::spc Pxyl 
mrfpruby-mreB yuaG::pMUTIN4

This work 4070 -> DB003 
(kan, spc, erm)

4075 trpC2 mreB::kan amyE::spc Pxyl 
mrfpruby-mreB yqfA::tet

This work 4070 -> BB001 
(kan, spc, tet)

4076 trpC2 mreB::kan amyE::spc Pxyl 
mrfpruby-mreB yuaG::pMUTIN4 
yqfA::tet

This work 4070 -> BB003
(kan, spc, erm, tet)

4077 trpC2 amyE::spc Pxyl mrfpruby-
mreB yuaG::pMUTIN4

This work DB003 -> RWSB5 
(erm, spc)

4078 trpC2 amyE::spc Pxyl mrfpruby-
mreB yqfA::tet

This work BB001 -> RWSB5
(tet, spc)

4079 trpC2 amyE::spc Pxyl mrfpruby-
mreB yuaG::pMUTIN4 yqfA::tet

This work BB003 -> RWSB5
(erm, tet, spc)

4080 trpC2 amyE::spc Phyperspac 
ftsZ-eyfp yuaG::pMUTIN4

This work DB003 -> 4055
(erm, kan)

4081 trpC2 amyE::spc Phyperspac 
ftsZ-eyfp yqfA::tet

This work BB001 -> 4055
(tet, kan)

4082 trpC2 amyE::spc Phyperspac 
ftsZ-eyfp yuaG::pMUTIN4 
yqfA::tet

This work 4055 -> BB003
(kan, erm, tet)

4083 trpC2 mreB::cat Pxyl-mkate2-
mreB yuaG::spc yuaG-
mneongreen

This work 4111 -> 10
(cat, spc)

4084 trpC2 mreB::cat Pxyl-mkate2-
mreB yqfA:: spc yqfA-
mneongreen

This work 4 -> 4111
(spc, cat)

4085 trpC2 mreB::cat Pxyl-mkate2-
mreB amyE::spc Pxyl-yuaG-
gfpmut1

This work 4111 -> DB001
(cat, spc)

4086 trpC2 mreB::kan amyE::spc 
Pxyl mrfpruby-mreB yuaG::cat 
yuaG-cfp

This work 4070 -> DB015 
(kan, spc, cat)

table 1. (continued)
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table 1. List of B. subtilis strains used in this study

Strain Genetic features
Source or 
reference

donor -> recipient 
(resistance marker)

4087 trpC2 mreB::cat Pxyl-mkate2-
mreB yuaG::pMUTIN4

This work DB003 -> 4111
(erm, cat)

4089 trpC2 mreB::cat Pxyl-mkate2-
mreB yuaG::pMUTIN4 yqfA::tet

This work BB003 -> 4111
(erm, tet, cat)

4090 trpC2 ponA::spc 
yuaG::pMUTIN4

This work PS2061 -> DB003 
(spc, erm)

4091 PS832 ponA::spc yqfA::tet This work BB001 -> PS2062 
(tet, spc)

4092 trpC2 ponA::spc 
yuaG::pMUTIN4 yqfA::tet

This work PS2062 -> BB003 
(spc, tet, erm)

4093 trpC2 ponA::cat Pxyl–gfp–ponA 
1–394 yuaG::pMUTIN4

This work 2083 -> DB003 (cat, 
erm)

4094 trpC2 ponA::cat Pxyl–gfp–ponA 
1–394 yqfA::tet

This work BB001 -> 2083 (tet, 
cat)

4095 trpC2 ponA::cat Pxyl–gfp–ponA 
1–394 yuaG::pMUTIN4 yqfA::tet

This work 2083 -> BB003 (cat, 
erm, tet)

4096 trpC2 ponA::spc yuaG::cat 
yuaG-cfp

This work PS2062 -> DB015 
(spc, cat)

4097 trpC2 pbpB::cat Pxyl-gfp-pbpB 
1–825 yuaG::pMUTIN4

This work DB003 -> 3122 
(erm, cat)

4098 trpC2 pbpB::cat Pxyl-gfp-pbpB 
1–825 yqfA::tet

This work BB001 -> 3122 (tet, 
cat)

4099 trpC2 pbpB::cat Pxyl-gfp-pbpB 
1–825 yuaG::pMUTIN4 yqfA::tet

This work 3122 -> BB003 (cat, 
tet, erm)

4100 trpC2 pbpA::cat Pxyl-mkate2-
pbpA 1−804 yuaG::pMUTIN4

This work DB003 -> 4042 
(erm, cat)

4101 trpC2 pbpA::cat Pxyl-mkate2-
pbpA 1−804 yqfA::tet

This work 4042 -> BB001 (cat, 
tet)

4102 trpC2 pbpA::cat Pxyl-mkate2-
pbpA 1−804 yuaG::pMUTIN4 
yqfA::tet

This work 4042 -> BB003 (cat, 
tet, erm)

4103 trpC2 pbpH::cat Pxyl-gfp-pbpH 
yocH::erm yuaG::pMUTIN4

This work 4048 -> DB003 (cat, 
erm)

4104 trpC2 pbpH::cat Pxyl-gfp-pbpH 
yocH::erm yqfA::tet

This work 4048 -> BB001 (cat, 
tet)

4105 trpC2 pbpH::cat Pxyl-gfp-pbpH 
yocH::erm yuaG::pMUTIN4 
yqfA::tet

This work 4048 -> BB003 (cat, 
erm, tet)

table 1. (continued)
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table 1. List of B. subtilis strains used in this study

Strain Genetic features
Source or 
reference

donor -> recipient 
(resistance marker)

4106 trpC2 pbpD::cat Pxyl–gfp–pbpD 
1–510 yuaG::pMUTIN4

This work DB003 -> 2082 
(erm, cat)

4107 trpC2 pbpD::cat Pxyl–gfp–pbpD 
1–510 yqfA::tet

This work BB001 -> 2082 (tet, 
cat)

4108 trpC2 pbpD::cat Pxyl–gfp–pbpD 
1–510 yuaG::pMUTIN4 yqfA::tet

This work 2082 -> BB003 (cat, 
erm, tet)

4109 trpC2 dacA::kan ponA::spc This work PS2062 -> 4056 
(spc, kan)

4120 trpC2 pbpC::cat Pxyl–gfp–pbpC 
1–768 yuaG::pMUTIN4

This work DB003 -> 3105 
(erm, cat)

4121 trpC2 pbpC::cat Pxyl–gfp–pbpC 
1–768 yqfA::tet

This work BB001 -> 3105 (tet, 
cat)

4122 trpC2 pbpC::cat Pxyl–gfp–pbpC 
1–768 yuaG::pMUTIN4 yqfA::tet

This work 3105 -> BB003 (cat, 
erm, tet)

4123 trpC2 ponA::spc mreB::cat Pxyl-
mkate2-mreB 

This work PS2062 -> 4111 
(spc, cat)

4124 trpC2 ponA::spc 
yuaG::pMUTIN4 mreB::cat Pxyl-
mkate2-mreB

This work 4111 -> 4090 (cat, 
spc, erm)

4125 trpC2 ponA::spc 
yuaG::pMUTIN4 yqfA::tet 
mreB::cat Pxyl-mkate2-mreB

This work 4111 -> 4092 (cat, 
spc, tet, erm)

4126 trpC2 ponA::spc pbpB::cat Pxyl-
gfp-pbpB 1–825

This work PS2062 -> 3122 
(spc, cat)

4127 trpC2 ponA::spc 
yuaG::pMUTIN4 pbpB::cat Pxyl-
gfp-pbpB 1–825

This work 3122 -> 4090 (cat, 
spc, erm)

4128 trpC2 ponA::spc pbpD::cat Pxyl–
gfp–pbpD 1–510

This work PS2062 -> 2082 
(spc, cat)

4129 trpC2 ponA::spc 
yuaG::pMUTIN4 pbpD::cat Pxyl–
gfp–pbpD 1–510

This work 2082 -> 4090 (cat, 
spc, erm)

4130 trpC2 yqfA::tet pbpD::erm This work PS2022 -> BB001 
(erm, tet)

Abbreviations: erm, resistance to erythromycin and lincomycin; spc, resistance to spectinomycin; 
kan, resistance to kanamycin; cat, resistance to chloramphenicol; tet, resistance to tetracycline.

table 1. (continued)
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flotillins regulate the pBp5 activity at the cell division site

PBP5 localizes to sites of PG synthesis as it is involved in the PG maturation by 

removing the last D-Ala residue (in the 5th position) from the pentapeptide side chains 

(48). As PBP5 was previously shown to interact with FloT in a pull-down interaction 

assay (22), we wanted to determine if the fluorescent pattern of a GFP-PBP5 fusion 

protein is altered in the  absence of flotillins (Fig. 1). To this end, several strains 

were generated (Table 1). No striking difference was detected in the fluorescent 

pattern of the fusion protein GFP-PBP5 (strain 2085) in cells without FloA (strain 

4058) or in cells with a double FloT and FloA deletion (strain 4059). In a reverse 

experiment, the localization of FloT in cells without PBP5 was investigated (Fig. 2). 

The spotty fluorescent pattern of FloT (strain 1) remains unchanged in the absence 

of PBP5 (strain 4060), suggesting that the localization of flotillins does not depend 

on the presence or activity of PBP5. However, these strains were imaged during 

stationary phase in order to have the FloT expressed under the natural promoter, and 

since PBP5 is mainly active during intense cell wall synthesis, so during exponential 

phase, the  fluorescent pattern of FloA was also investigated in the  absence of 

PBP5, as FloA can be normally expressed in exponential and stationary phase (19). 

Similarly to FloT, the distribution pattern of FloA (strain 4) during exponential phase 

remains unchanged in the absence of PBP5 (strain 4061) (Fig. 2).

figure 1. Exponentially growing B. subtilis cells expressing the fluorescent fusion protein 
GFP-PBP5 were imaged. The PBP5 fluorescent pattern was determined in the control cells 
(strain 2085), in the absence of FloA (strain 4058) and in the absence of both FloT and 
FloA (strain 4059). The PBP5 localization pattern, in the mid-cell and some foci along 
the cell wall, remains similar in all strains. Scale bar: 2 µm.
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To further study the effect of flotillins on cell wall synthesis, HADA-labeling 

was used. HADA, a  fluorescent D-amino acid resulting from the  attachment 

of a  small fluorophore (7-hydroxycoumarin 3-carboxylic acid (HCC-OH)) to 

a D-amino acid backbone, is incorporated in the 5th position of the pentapeptide 

chain (49). The absence of PBP5 results in an increase of pentapeptides in the cell 

wall which accumulate both at the  lateral wall and the  division septum (27) 

(Fig. 3). Thus, in cells without PBP5 the fluorescent signal of the labeled peptides 

is considerably higher than in the  wild-type cells (49) (Fig. 3). The  HADA-

fluorescence pattern was obtained for wild-type and mutant cells lacking either 

PBP5, FloT, FloA or both flotillins at the  same time (Fig. 3). HADA-incubation 

times and subsequent treatment of the cells was exactly the same for all cultures 

before and during image acquisition so as not to introduce errors due to changes 

in labeling procedure or further treatment of the cells. As expected, cells lacking 

PBP5 show stronger overall fluorescence intensity than wild type cells, due to 

the  accumulation of labeled pentapeptides, whereas wild type cells showed 

increased activity and delayed processing of pentapeptides at the division site 

(Fig. 3). The flotillin mutants showed a similar fluorescence pattern compared to 

wild-type cells, indicating that there are no obvious changes to the localization 

figure 2. The localization patterns of both FloT and FloA were analyzed in cells with 
and without PBP5. The fusion protein FloT-CFP was naturally expressed by B. subtilis in 
early stationary phase (strain 1) while FloA-mNeonGreen was naturally expressed during 
exponential phase (strain 4). The fluorescent pattern of FloT and FloA is unaltered in the 
absence of PBP5 (strains 4060 and 4061, respectively). Scale bar: 2 µm.
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of peptidoglycan synthesis in these mutants. In addition to HADA, fluorescent 

vancomycin (Van-FL) can also be used to label active sites of PG synthesis. 

Vancomycin is an antibiotic that binds to the  terminal D-Ala-D-Ala residues of 

the  stem peptide, binding either to the  cell-wall precursor LipidII, but also to 

the non-cross-linked PG thus blocking further PG crosslinking and consequent 

cell wall synthesis (50). The Van-FL pattern revealed an  intense septal labeling 

in the double flotillin mutant and wild-type cells, similar to the HADA pattern 

(Fig. 4). This indicates that the topological organization of nascent PG synthesis 

is not changed in the absence of the flotillins. 

When the fluorescence intensities at the Van-FL and HADA-labeled division 

sites were analyzed, a statistically significant increase in the fluorescence intensity 

in cells lacking both FloT and FloA was detected (Fig. 5/6/7). The  increased 

figure 3. Exponentially growing B. subtilis cells were labeled with HADA for 5 minutes at 
room temperature. The fluorescent HADA pattern was obtained for the wild-type (strain 168), 
cells lacking PBP5 (strain 4056), cells without FloA (strain BB001), FloT (strain DB003) and both 
FloT and FloA (strain BB003). The fluorescent HADA intensity is higher in a PBP5 knockout 
strain and the fluorescent pattern remains similar in all strains analyzed. Scale bar: 2 µm.
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cells were labeled with Van-FL for 5 minutes 
at room temperature. The fluorescent 
vancomycin pattern was detected in both 
the wild-type (strain 168) and the double 
flotillins mutant (strain BB003). The resulting 
Van-FL fluorescent pattern is unaffected by 
the absence of flotillins. Scale bar: 2 µm.

figure 5. Schematic representation 
of septal analysis. Exponentially 
growing B. subtilis cells were 
labeled with dyes and imaged 
on the  microscope. Random cells 
with visible septa were selected 
and a  straight line was drawn to 
each septum using the ObjectJ 
macro tool PeakFinder by Norbert 
Vischer (panel A). For each septum, 
the surrounding intensity background 
was removed and the  maximum 
intensity of the peak was obtained, 
together with the width of the peak 
that was measured at the half 
maximum intensity of the peak 
(panel B).

fluorescence at the septa means that there is either a delay in PG synthesis at 

the septum, resulting in the accumulation of LipidII that has yet to be incorporated, 

or that there is a delay in the processing of peptidoglycan at the division septum 

resulting in the accumulation of pentapeptides at the division site. To validate 

the latter explanation, the intensity of the HADA fluorescence was determined 

a

B
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figure 6. Width and peak intensity distributions of HADA-labeled division site. Exponentially 
growing B. subtilis cells were labeled with HADA for 10 minutes at 37°C and several pictures 
were taken with same filter and exposure time. Per strain, 98 or more septa were measured 
as described in Fig. 5. The values obtained for the fluorescent peak intensity and width were 
analyzed with SPSS. The distribution of both the width (panel A) and the intensity (panel B) 
are shown in a box-plot graph with the corresponding values of the mean and standard 
error in parentheses χ (SE). Statistical significance, assumed when p-value < 0.05, is marked 
with an asterisk (*), representing the strains that are significantly different from the control.

for the PBP5 deletion strain and indeed the intensities were much higher in this 

background. In addition to the fluorescence intensity at the septum, the width at 

half maximum of the septal signal was determined as a measure for the correct 

coordination of septal peptidoglycan synthesis (as these experiments were 

performed using a wide-field microscope the exact width of the septa could not 

be determined because this is below the  resolution of the microscope). Here, 

the width of the HADA labeled septa was significantly increased in the flotillin 

double mutant and in the PBP5 deletion mutant, but this result was not found 

with Van-FL. This may be due to a slight difference in labeling between HADA 

and Van-FL (HADA can also be retained in cross-linked PG whereas Van-FL does 

not label cross-linked material, and Van-FL is bulkier than HADA). The increased 

presence of pentapeptides at the septum, and the apparent wider distribution 

of these pentapeptides, which is found in the absence of flotillins and in greater 

extent in the  absence of PBP5, suggests that there may be a  functional link 

between flotillins and the coordination of PBP5 activity at the septum.
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mid-cell ftsZ levels are reduced in the absence of flotillins 

Compared to wild-type cells, cells lacking both FloT and FloA have an irregular 

morphology and increased cell length (Fig. 8), indicative of some impairment in 

cell division. The average cell length for the wild-type (strain 168) was determined 

to be 5.2 µm (n= 107), while the  average cell length for the  double mutant 

(strain BB003) more than doubled with 11.5 µm (n= 107). This phenotype has 

been previously reported by others (20, 51, 52). The morphological disturbances 

occur when both flotillins are deleted, in agreement with the notion that flotillins 

might play redundant roles in certain biological functions (20, 22). 

To test whether the absence of both flotillins could affect the efficiency of 

the cell division site selection, the localization of the cell-division protein FtsZ was 

determined by fluorescence microscopy (Fig. 9). FtsZ, the first protein to localize 

at the division site, was detected in exponential growing cells by mild expression 

of ftsZ-eyfp in a  wild-type background (strain 4055, (42)) and in cells lacking 

figure 7. Width and peak intensity distributions of Van-FL-labeled division site. 
Exponentially growing B. subtilis cells were labeled with Van-FL for 5 minutes at room 
temperature and several pictures were taken with same filter and exposure time. Per 
strain, 97 or more septa were measured as described in Fig. 5. The values obtained for 
the fluorescent peak intensity and width were analyzed with SPSS. The distribution of 
both the width (panel A) and the intensity (panel B) are shown in a box-plot graph with 
the corresponding values of the mean and standard error in parentheses χ (SE). Statistical 
significance, assumed when p-value < 0.05, is marked with an asterisk (*), representing 
the strains that are significantly different from the control.

a B
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FloT (strain 4080), FloA (strain 4081) and both FloT and FloA (strain 4082). 

The presence of FtsZ at midcell in all strains shows that flotillins do not interfere 

with the  location of the  cell division starting point. However, when the  peak 

intensity was analyzed (Fig. 5) there was a significant decrease in the intensity of 

the fluorescence at the midcell in cells defective in both flotillins (Fig. 10). Strain 

4082 showed less intense fluorescent Z-rings when compared to the wild-type 

figure 8. Double deletion of the flotillins 
promotes changes in cell morphology. 
Compared to the wild-type and to a single 
FloT deletion (strain DB003), the deletion 
of FloA (strain 9) seems to result in slightly 
longer cells. However, when both flotillins 
are absent (strain  BB003) cells become 
elongated and show a curvy morphology. 
Scale bar: 2 µm.

figure 9. FtsZ-eYFP fusion protein was produced in exponentially growing B. subtilis cells 
induced with 0.02 mM IPTG. FtsZ-eYFP was visualized in the control (4055), in cells lacking 
FloT (strain 4080), in cells lacking FloA (strain 4081) and in cells without both flotillins 
(strain 4082). Mid-cell FtsZ-eYFP is present in all strains. Scale bar: 2 µm.
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background strain 4055. This result suggests that in the absence of flotillins it 

is either more difficult to construct a  stable Z-ring and, potentially, a  division 

septum, which could result in the observed increased cell length. 

flotillins are not required for the proper localization of 
several pBps

In addition to the identified FloT-PBP5 interaction (22), a potential interaction 

between PBP1 and FloA was reported as PBP1 migrates together with FloA 

in a membrane protein complex that can be isolated using Native PAGE (19). 

PBP1 is part of the B. subtilis divisome and is involved in septal wall synthesis, 

while it also localizes to the lateral wall during elongation of the cell (26, 53). 

Although PBP1 midcell localization is FtsZ-dependent, FtsZ is still capable to 

normally localize to the septum in most cells lacking PBP1 (28, 53). Since PBP1 

was identified as a FloA interacting protein, it was important to determine if 

PBP1 localization to the midcell and lateral wall is affected in cells with single 

or double deletions of flotillins. A  previously described fluorescent fusion 

figure 10. FtsZ-eYFP levels at mid-cell. FtsZ-eYFP fluorescence intensity levels, in 
the control (strain 4055) and in cells lacking both FloT and FloA (strain 4082), have been 
equalized in ImageJ (panel A) or measured in at least 99 septa and analyzed with SPSS 
(panel B). In panel B, the distribution of the intensity is shown in a box-plot graph with 
the corresponding values of the mean and standard error in parenthesis χ (SE). Statistical 
significance, assumed when p-value < 0.05, is marked with an asterisk (*), representing 
the strains that are significantly different from the control. Scale bar: 2 µm.

a B
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protein GFP-PBP1 (28) was used to visualize and compare the PBP1 localization 

in the  wild-type (strain 2083) and flotillin mutant backgrounds (strains 

4093/4094/4095) (Fig. 11). The  GFP-PBP1 localization pattern in the  control 

and in the mutant strains was indistinguishable, suggesting that flotillins do not 

interfere with the localization of PBP1. 

Due to overlapping resistant markers, we did not construct a FloA-mNeonGreen 

fusion in a PBP1 deletion strain. However, since both flotillins can colocalize in 

some foci on the membrane and it has been proposed that FloA and FloT might 

have overlapping biological roles (20, 22), it was decided to visualize FloT in 

a  PBP1 deletion strain. Therefore, a  FloT-CFP fusion protein under the  natural 

promoter (strain DB015) was used to determine if FloT localization pattern 

was altered in the absence of PBP1 (strain 4096) (Fig. 12). In stationary phase, 

when FloT is naturally expressed (19), the FloT fluorescent pattern is maintained 

regardless of the presence of PBP1.

The localization of PBP2b, another PBP known to localize to the  division 

septum (28, 54), was also determined using a fluorescent fusion protein (Fig. 13) 

in a wild-type (strain 3122) and mutant backgrounds (strains 4097/4098/4099). 

In line with the results above, the unaltered localization of PBP2b in all analyzed 

figure 11. Exponentially growing B. subtilis cells expressing fluorescent GFP-PBP1 fusion 
protein with 0.25% xylose were visualized. The mid-cell localization of PBP1 is present in 
the control cells (strain 2083), cells lacking either FloA (strain 4094) or FloT (strain 4093) 
and in cells lacking both flotillins (strain 4095). Scale bar: 2 µm.
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strains was expected as FtsZ and PBP1 were not delocalized from mid-cell. 

Since PBP1, PBP2b and PBP5, all involved in the  septal wall synthesis, still 

localize to the mid-cell in the absence of flotillins, other PBPs were examined 

to determine whether their delocalization could explain the observed change 

in septal PG synthesis. 

figure 12. Early stationary growing 
B.  subtilis cells expressing the fusion 
protein FloT-CFP were imaged. There are 
no changes in the fluorescent pattern of 
FloT in the control cells (DB015) and in 
the PBP1 mutant (4096). Scale bar: 2 µm.

figure 13. Exponentially growing B. subtilis cells expressing fluorescent GFP-PBP2b fusion 
protein with 0.25% xylose were visualized. The mid-cell localization of PBP2b is present in 
the control cells (strain 3122), cells lacking either FloA (strain 4098) or FloT (strain 4097) 
and in cells lacking both flotillins (strain 4099). Scale bar: 2 µm.
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Several other PBPs were imaged in both the wild-type and different flotillin 

mutant backgrounds (Fig. 14/15/16/17). None of the PBPs analyzed, including 

PBP4, PBP2a, PBP3 and PBPH, presented patterns that were different between 

the varying backgrounds. Therefore, a direct involvement of these PBPs that would 

explain the previous results can be dismissed. These results strongly suggest that 

flotillins do not have an effect on the selection of the cell division site. 

flotillins might influence the lipid composition at the septa 

FM4-64 is a  cationic fluorescent dye with a  double positive charge and 

preferentially stains negatively charged phospholipids (55). Previous work using 

confocal microscopy showed that FM4-64 staining of B. subtilis results in staining 

of septal membrane, but also the lateral wall in a helical pattern along the cell 

(11). The B. subtilis membrane has two major anionic lipids, phosphatidylglycerol 

and cardiolipin (CL). Since CL is mainly located at the  septa and poles, it is 

assumed that phosphatidylglycerol is the main component of the FM4-64 helical 

fluorescent pattern. However, the specificity of FM4-64 for phosphatidylglycerol 

is still debated (11, 56-58). The  detailed identity of the  constituent lipids of 

the  FMMs is largely unclear, although it is believed that they are enriched in 

figure 14. Exponentially growing B. subtilis cells expressing fluorescent GFP-PBP4 fusion 
protein with 0.25% xylose were visualized. The fluorescent pattern of PBP4 localization 
remains unchanged in the control cells (strain 2082), cells lacking either FloA (strain 4107) 
or FloT (strain 4106) and in cells lacking both flotillins (strain 4108). Scale bar: 2 µm.
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figure 15. Exponentially growing B. subtilis cells expressing fluorescent mKate-PBP2a 
fusion protein with 0.25% xylose were visualized. The fluorescent pattern of PBP2a 
localization remains unchanged in the control cells (strain 4042), cells lacking either FloA 
(strain 4101) or FloT (strain 4100) and in cells lacking both flotillins (strain 4102). Scale 
bar: 2 µm.

figure 16. Exponentially growing B. subtilis cells expressing fluorescent GFP-PBP3 fusion 
protein with 0.25% xylose were visualized. The fluorescent pattern of PBP3 localization 
remains unchanged in the control cells (strain 3105), cells lacking either FloA (strain 4121) 
or FloT (strain 4120) and in cells lacking both flotillins (strain 4122). Scale bar: 2 µm.
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polyisoprenoids (12). FMMs are intrinsically associated with flotillins, which can 

show a  septal and focal distribution along the  cytoplasmic membrane. This 

localization pattern differs from the  phosphatidylglycerol and CL distribution 

patterns, and in fact, it was shown that FloT does not localize exclusively in 

the phosphatidylglycerol or CL domains (16, 21). 

FM4-64-labeled septa were also measured and analyzed (Fig. 18) and the labeling 

intensity of the septa dye is increased in the strain with a double deletion of flotillins. 

This could be explained by either an  accumulation of membrane material at 

the division site or by an altered composition of the septal membrane in the absence 

of flotillins. The difference in the localization patterns of FMMs and the dye FM4-64 

seems to indicate that the  FM4-64 dye does not stain the  constituent lipids of 

the  FMMs. Therefore, in cells lacking both flotillins (and thus FMMs), the  lipid 

composition at the septa might change, exhibiting a higher proportion of anionic 

lipids, thus resulting in an increased intensity of the fluorescent dye. 

mreB and flotillins do not depend on each other for localization 

MreB is involved in the  spatial regulation of the  cell wall synthesis along 

the lateral wall and the septum (40), and the delocalization of MreB could (partly) 

figure 17. Exponentially growing B. subtilis cells expressing fluorescent GFP-PBPH fusion 
protein with 0.25% xylose were visualized. The fluorescent pattern of PBPH localization 
remains unchanged in the control cells (strain 4048), cells lacking either FloA (strain 4104) 
or FloT (strain 4103) and in cells lacking both flotillins (strain 4105). Scale bar: 2 µm.
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explain the affected PG synthesis at the septa described above. For this reason, 

the in vivo localization of MreB in the absence of flotillins was determined. To test 

this, the fluorescent pattern of two distinct MreB fusion proteins was determined 

in three different backgrounds (strains 4111, RWSB05 and 4070) (Fig. 19/20/21). 

It has been shown that high concentrations of magnesium can restore 

the  normal growth of cells lacking the  protein MreB (29). Thus, for all cells 

producing MreB fusion proteins, a supplement of 10 mM magnesium was added 

to help stabilizing the  cell shape, even when the  fusion protein was known 

to be functional (29, 38). An mRFPruby-MreB fusion protein was produced in 

exponentially growing cells (RWSB05) and in cells with a deletion of FloT (4077), 

FloA (4078) and both FloT and FloA (4079), and the  MreB pattern seemed 

a B

figure 18. Width and peak intensity distributions of FM4-64-labeled division site. 
Exponentially growing B. subtilis cells were labeled with FM4-64 for 5 minutes at room 
temperature and several pictures were taken with same filter and exposure time. At least 
98 labeled-septa, per each strain, were measured as previously described (Fig. 5). The 
values obtained for the fluorescent peak intensity and width were analyzed with SPSS. The 
distribution of both the width (panel A) and the intensity (panel B) are shown in a box-plot 
graph with the corresponding values of the mean and standard error in parenthesis χ 
(SE). Statistical significance, assumed when p-value < 0.05, is marked with an asterisk (*), 
representing the strains that are significantly different from the control.
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undisturbed in the  absence of the  flotillins (Fig. 20). As these cells were also 

producing wild-type MreB, new strains were created so that the only MreB copy 

present in the cell would be the fluorescent fusion protein. The fluorescent MreB 

pattern was determined in this new set of strains (Fig. 21) and the MreB pattern 

was unchanged in the absence of flotillins. Additionally, the fluorescent pattern 

of a different fusion protein, mKate-MreB, was visualized in a FloT and FloT/FloA 

mutant cells (Fig. 19). During exponential phase, the MreB fluorescent pattern 

remains comparable between the  strains analyzed. For unknown reasons, 

it was impossible to check this MreB fusion protein in a  FloA mutant due to 

the impossibility of generating such strain. Thus, two MreB fusions in different 

backgrounds have similar localization patterns irrespective of the  presence of 

flotillins. Flotillins and FMMs do not seem to play a role in the spatio-organization 

of the cytoskeleton protein MreB, which is in line with the unchanged pattern in 

the cell wall synthesis location in cells lacking flotillins observed with HADA and 

Van-FL staining.

figure 19. Exponentially growing 
B.  subtilis cells expressing fluorescent 
mKate-MreB fusion protein with 0.25% 
xylose were visualized. The fluorescent 
pattern of MreB remains unchanged in 
the control cells (strain 4111), cells lacking 
FloT (strain 4087) and in cells lacking both 
flotillins (strain 4089). Scale bar: 2 µm.



103

3

figure 20. Exponentially growing B. subtilis cells expressing fluorescent mRFPruby-MreB 
fusion protein with 0.5% xylose were visualized. The fluorescent pattern of MreB remains 
unchanged in the control cells (strain RWSB05), cells lacking either FloA (strain 4078) or 
FloT (strain 4077) and in cells lacking both flotillins (strain 4079). Scale bar: 2 µm.

figure 21. Exponentially growing B. subtilis cells expressing fluorescent mRFPruby-MreB 
fusion protein as the only MreB copy present in the cell with 0.5% xylose were visualized. 
The fluorescent pattern of MreB remains unchanged in the control cells (strain 4070), cells 
lacking either FloA (strain 4075) or FloT (strain 4074) and in cells lacking both flotillins 
(strain 4076). Scale bar: 2 µm.
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To determine whether or not MreB is required for proper flotillin localization, 

flotillins were visualized in cells lacking MreB (Fig. 22) and both flotillins presented 

the characteristic spotty fluorescent distribution suggesting that the cytoskeleton 

protein MreB does not regulate the membrane localization of the flotillins.  

Additionally, FloT and FloA localization was also determined in conditions that 

result in MreB delocalization from the membrane (Fig. 23). The lantibiotic nisin is 

known to make holes in the membrane thus dissipating the membrane potential, 

which is required for the proper localization of several proteins, including MreB 

(58-60). The weak acid CCCP also causes membrane potential to dissipate albeit 

without physically disrupting the  membrane (61). After incubation with nisin 

or CCCP, and thus delocalization of MreB, the  spotty fluorescent patterns of 

both FloT and FloA, spread along the membrane, remained similar to the ones 

previously reported in the  literature (16, 19). Therefore, it is possible to 

conclude that the  localization of flotillins to the  membrane does not require 

the  cytoskeleton protein MreB, nor depends on the membrane potential and, 

in the end, might only be greatly affected by the presence of polyisoprenoids, 

the putative constituent lipids of the FMMs (12, 62). 

figure 22. The localization patterns of both FloT and FloA were analyzed in cells with 
and without MreB. The fusion protein FloT-CFP was naturally expressed by B. subtilis in 
early stationary phase in the presence (strain 1) or absence of MreB (strain 4068). FloA-
mNeonGreen was naturally expressed during exponential phase in the presence (strain 4) 
or absence of MreB (strain 4066). The fluorescent pattern of FloT and FloA is unaltered in 
the absence of MreB. Scale bar: 2 µm. 
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figure 23. Flotillins localization after incubation with nisin and CCCP. Exponentially growing 
B. subtilis cells expressing FloT-GFP (strain 2) with 0.25% xylose and FloA-mNeonGreen 
(strain 4) were incubated with nisin and CCCP for 5 minutes at room temperature to 
disrupt the membrane potential. The localization of flotillins was visualized under the 
microscope and compared to the untreated control cells. FloT and FloA show a normal 
distribution pattern in cells with a dissipated membrane potential. Scale bar: 2 µm.

Interestingly, MreB (but not MreC and MreD) has been shown to organize 

the  membrane by creating specific membrane regions with increased fluidity, 

termed RIFs (58). This MreB activity is in part related to that of its eukaryotic 

counterpart actin that also creates specific lipid domains. However, in 

the eukaryotic case, the cortical actin cytoskeleton is involved with the lipid rafts, 

known for their increased membrane rigidity (58, 62). If the B. subtilis membrane 

has regions with increased and decreased fluidity associated with MreB and 

flotillins respectively, this would mean that both proteins should not colocalize to 

the same membrane region. To test this hypothesis, a strain was created in which 

the mKate-MreB fusion protein was co-expressed with FloA-mNeonGreen and 

both fluorescent patterns were imaged in exponentially growing cells (Fig. 24). 

Indeed, FloA (in green) and MreB (in red) did not seem to localize to the same 

membrane regions. In the strain 4084, FloA is under the influence of the natural 
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promoter and FloA was chosen for localization studies as this protein is expressed 

during the  entire life-cycle of the  cell, including the  exponential phase where 

MreB protein is mostly active (19). Thus, MreB and flotillins seem to organize 

the membrane in distinct ways as the localization of both proteins seems to be 

independent and unrelated. 

disorganized cell wall synthesis in the absence of pBp1 and 
flotillins

PBP1, a non-essential cell division protein, is a class A PBP with both TG and 

TP activities. Cells lacking PBP1 are slightly thinner and longer than the wild-type 

(63), indicating some cell division disturbances. The shape and growth of cells 

lacking PBP1 is dependent on the presence of divalent cations and the sporulation 

efficiency is reduced (26, 64). Interestingly, deleting both the flotillins and PBP1 

caused a synthetic phenotype, with cells displaying strong filamentation (Fig. 25), 

indicative of severe problems in cell division. When these cells were labeled with 

HADA (Fig. 25) there was a significant change in the fluorescent HADA pattern, 

compared to the control cells with only a PBP1 deletion. This result indicates that 

the  spatial organization of cell wall synthesis is strongly affected. Remarkably, 

the disturbance in the HADA pattern is accomplished regardless of which flotillin 

is deleted, which indicates that in this case there is no complementation between 

FloT and FloA.

To confirm the  delocalization of cell wall synthesis, these strains were 

stained with two other dyes: Van-FL and FM4-64 (Fig. 26). In agreement with 

figure 24. Co-localization of MreB and FloA. Exponential growing B. subtilis cells expressing 
mKate-MreB (in red) with 0.25% xylose and FloA-mNeonGreen (in green) were imaged 
under the microscope and the absence of co-localization is shown in a  superimposed 
imaged of the two fluorescences. Scale bar: 2 µm.
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the HADA-labeling experiment, the fluorescent pattern of Van-FL and therefore 

the distribution of active sites of PG synthesis is strongly affected when PBP1 and 

FloT or FloA are absent. Although both Van-FL and HADA stain sites of active PG 

synthesis, the fluorescent pattern of both dyes is slightly different (Figs 25/26), 

with the HADA fluorescent pattern showing extended patches of fluorescence 

all over the cell, while the Van-FL pattern is more spotty. This difference might 

be explained based on the different mode of action of these two dyes. During 

transpeptidation, the  donor pentapeptide loses its terminal D-Ala amino acid 

which will then create a new peptide bond by binding to an  amino group of 

the  acceptor peptide, which can be a  tri-, tetra- or pentapeptide. HADA can 

be incorporate in the  last position of the  acceptor cross-linked pentapeptide 

while vancomycin only binds to the  terminal D-Ala-D-Ala amino acids of non-

cross-linked pentapeptide chains (49, 50). However, 9.8% (n= 307) of cells with 

a  single deletion of PBP1 (strain PS2062) showed a  spread Van-FL pattern all 

over the membrane. The FM4-64 labeling indicates that also the membrane is 

affected upon the same set of deletions as there seems to be less lateral labeling 

figure 25. Exponentially growing B. subtilis cells were labeled with HADA for 5 minutes 
at room temperature. The fluorescent HADA pattern was obtained for the control (strain 
PS2062), cells lacking PBP1 together with FloA (strain 4091), or FloT (strain 4090), and 
cells with a triple deletion of PBP1, FloA and FloT (strain 4092). The fluorescent HADA 
pattern is disturbed when one of the flotillins is deleted in combination with a PBP1 
deletion.  Scale bar: 2 µm.
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figure 26. Exponentially growing B. subtilis cells were labeled with Van-FL and FM4-64 
for 5 minutes at room temperature. The fluorescent pattern for Van-FL and FM4-64 was 
obtained for the same visualized control cells lacking PBP1 (strain PS2062) and both 
flotillins (strain BB003). Cells lacking PBP1 together with FloA (strain 4091), or FloT (strain 
4090), and cells with a triple deletion of PBP1, FloA and FloT (strain 4092) were also 
imaged under the same conditions. Both fluorescent patterns are strongly affected when 
one of the flotillins is deleted in combination with a PBP1 deletion. Scale bar: 2 µm.
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when compared to wild-type cells. The overall organization of the PG synthesis at 

the membrane is disturbed although the precise reason for this result is unknown. 

Interestingly, when PBP5, the other PBP known to interact with FloT, was deleted 

in the flotillin knockout strains, there was no disturbance of the labeling patterns 

of Van-FL and FM4-64 (Fig. 27), and HADA (data not shown). This suggests that 

either the presence of flotillins or PBP1 is required for correct cell wall synthesis 

and cell division.

the absence of pBp1 and flotillins affects pBp4 localization

We hypothesized that MreB, as an organizer of the  cell wall synthesis and 

interacting partner of PBP1 (31), could be involved in the  observed cell wall 

synthesis defect in the absence of both flotillins and PBP1. Cells lacking MreB 

can have their viability restored when PBP1 is deleted (31). This happens because 

in an MreB mutant, PBP1 concentrates in the poles creating bulges, the typical 

phenotype of MreB mutants. Therefore, by eliminating PBP1, MreB mutant cells 

manage to suppress the bulge formation allowing cells to grow better (31). MreB 

figure 27. Exponentially growing B. subtilis cells were labeled with Van-FL and FM4-64 
for 5 minutes at room temperature. The fluorescent pattern for Van-FL and FM4-64 was 
obtained for the control cells lacking PBP5 (strain 4056) and cells with a triple deletion of 
PBP5, FloA and FloT (strain 4064). The fluorescent patterns remain similar in both strains. 
Scale bar: 2 µm.
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localization is not affected in the absence of flotillins (above), so the effect of 

deleting PBP1 in combination with flotillins was investigated. In the  absence 

of PBP1 (strain 4124), the  fluorescent pattern of MreB seemed, occasionally, 

more clustered in some cells while in the majority of cells the fluorescent MreB 

is dispersed throughout the  cell, similar to wild type cells (Fig. 28). Cells with 

a double deletion of PBP1 and FloT showed an even more dispersed fluorescence 

throughout the whole cell. 

An alternative explanation for the  delocalized PG synthesis in the  absence 

of PBP1 and flotillins would be that the  localization of other PBPs is affected 

in these cells. To test this, we studied PBP4, which localizes at the  peripheral 

wall and division site, and PBP2b, the cell division-specific PBP (48). GFP-PBP2b 

and GFP-PBP4 fusion proteins were expressed in cells lacking PBP1 (strain 4126 

and 4128, respectively) and in cells lacking both PBP1 and FloT (strain 4127 

and 4129, respectively) (Fig. 29). PBP4 still localizes in the  absence of FloT 

and FloA (Fig. 14) and in the absence of PBP1 (Fig. 29), however, when both 

PBP1 and FloT are deleted there is a  complete delocalization of GFP-PBP4 as 

figure 28. Exponentially growing 
B.  subtilis cells expressing mKate-
MreB with 0.25% xylose were imaged. 
The fluorescent pattern for MreB 
was obtained for the control cells 
(strain 4111), cells with a PBP1 deletion 
(strain 4124) and cells with a double 
deletion of PBP1 and FloT (strain 4125). 
The fluorescent pattern of mKate-MreB 
seems more concentrated in patches in 
strain 4124 and in a generalized spread 
in strain 4125. Scale bar: 2 µm.
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the  fluorescence is spread all over the  cell without concentrating in foci at 

the periphery or at the septa (Fig. 29). PBP2b localizes to the division site in all 

backgrounds, however, we noticed that in cells lacking both PBP1 and FloT there 

were less PBP2b midcell foci when compared to a single PBP1 deletion. Most of 

the control cells expressing GFP-PBP2b (Fig. 13) show midcell fluorescent septa, 

however 51.6% (n= 339) of cells lacking only PBP1 showed GFP-PBP2b midcell 

localized foci, while 28.8% (n= 274) of cells without PBP1 and FloT showed 

the same PBP2b localization. It should be considered that these mutants might 

have a reduced number of division sites, as cells are elongated. However, the loss 

of PBP1 seems to affect PBP2b recruitment to the  midcell but the  combined 

absence of PBP1 and FloT greatly reduces the efficiency of PBP2b recruitment to 

the division site. These results might be explained by the fact that, in the absence 

of PBP1 and FloT, MreB is not properly localized in the membrane or that other 

PBPs are delocalized and thus cannot take part in protein-protein interactions, 

thus affecting the recruitment of, eg., PBP2b (48).

Since PBP4 loses its localization in the absence of FloT and PBP1, we decided 

to check the cell wall synthesis pattern in cells lacking PBP4 and flotillins. Due to 

the overlapping of the resistant marker, it was only possible to combine a deletion 

figure 29. Exponentially growing B. subtilis cells expressing GFP-PBP2b and GFP-PBP4 
with 0.25% xylose were imaged. Both fluorescent patterns were obtained for cells 
lacking PBP1 (strains 4126 and 4128) and cells with a double deletion of PBP1 and FloT 
(strains 4127 and 4129). In the absence of both PBP1 and FloT, the fluorescent pattern 
of GFP-PBP4 is delocalized and there are less septal foci of GFP-PBP2b. Scale bar: 2 µm.
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of PBP4 with a deletion of FloA (strain 4130). As a double deletion of FloA and 

PBP1 shows a delocalized PG synthesis (Fig. 25/26), we investigated if a double 

deletion of FloA and PBP4 would yield the same result (Fig. 30). However, cells 

lacking FloA and PBP4 do not show a disturbed fluorescent pattern when labeled 

with HADA, Van-FL and FM4-64. Even though we do not know if PBP4 delocalizes 

in cells lacking both PBP1 and FloA, this results suggests that, in the strain 4130, 

PBP1 is sufficient to ensure the  proper organization of PG synthesis, at least 

when FloA and PBP4 are deleted.

figure 30. Exponentially growing B. subtilis cells were labeled with Van-FL and FM4-64 
(panel A), and HADA (panel B), for 5 minutes at room temperature. The fluorescent 
patterns were obtained for cells lacking both PBP4 and FloA. Scale bar: 2 µm.

a

B

dISCuSSIoN

Flotillins are considered the scaffold proteins for bacterial FMMs and contribute 

to a  heterogeneous distribution of lipids in the  membrane organization. 

Reports on the  interaction of flotillins with proteins involved in peptidoglycan 

synthesis and/or cell division (16, 21) prompted the work in this chapter in which 

the possible role of FloT and FloA in these cellular processes was studied. 
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We decided to analyze in more detail the  synthesis of PG, at the  septa, in 

the absence of flotillins. To accomplish this, we used different fluorescent labeling 

approaches that indicate sites of active and/or recent in vivo PG synthesis. We 

noticed that, when both FloT and FloA are not present, the overall pattern of 

PG synthesis as detected by HADA-labeling is not altered when compared to 

the control, however, the intensity of HADA fluorescence significantly increases 

at the division site. HADA, a fluorescent D-amino acid analogue, is incorporated 

in the  last (5th) D-Ala position of the pentapeptide chain. A similar result was 

obtained when cells were labeled with fluorescent vancomycin. The  cell-wall 

precursor Lipid II and the non-cross-linked PG are the targets for vancomycin which 

requires D-Ala in position 5 for binding to the stem peptide (50). Higher levels of 

HADA/Van-FL at the division site in the double flotillin mutant suggest that there 

is more Lipid II or unprocessed PG at the septa. The presence of unprocessed PG 

at the septum could be explained by a reduction of PBP5 activity. PBP5 removes 

the  last D-Ala residue from pentapeptide side chains, reducing the number of 

donor peptides for transpeptidation and thus regulating the amount of cross-

linking in the  cell wall (22, 48). Cells lacking PBP5 showed higher increase in 

the  fluorescence intensity, indicating that reduced PBP5 is indeed a  potential 

cause of the  signal increase observed in the absence of flotillins. Interestingly, 

PBP5 interacts directly with FloT. It has to be noted that in order to observe 

the  signal increase both flotillins had to be deleted indicating that they are 

partially redundant. In addition, neither the  localization pattern of PBP5 was 

affected in the absence of flotillins, nor were flotillins affected in the absence 

of PBP5. Overall these results indicate a perceptible influence of the flotillins in 

the processing of the nascent cell wall, possibly through a  reduced activity of 

PBP5 or other PBPs. Whether this effect is due to a direct interaction of flotillins 

with PBP5 or caused by a secondary mechanism linking both processes remains 

to be established.

Additionally, we also detected higher levels of the  membrane dye FM4-64 

at the  septa in exponentially growing cells lacking both flotillins. This result is 

interesting as FM4-64 is a cationic fluorescent dye with a double positive charge 

and thus it preferentially stains anionic lipids (55), like CL and phosphatidylglycerol, 

which are believed to be the main FM4-64 targets (11). The FMMs distribution 

in the cells differs from the phosphatidylglycerol pattern and since it was shown 

that FloT localization is not exclusively found in the phosphatidylglycerol or CL 
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domains (16, 21), we can hypothesize that the dye FM4-64 does not seem to 

stain the  constituent lipids of the  FMMs. Thus, in cells lacking FloT and FloA, 

the  septa might undergo rearrangements in the  lipid composition, exhibiting 

a higher proportion of negatively charged lipids, thus resulting in an  increased 

intensity of the  fluorescent dye FM4-64. To further investigate any lipidic 

differences, cells with and without flotillins could be stained with other common 

membrane dyes, such as Nile Red (9-diethylamino-5H-benzo[a]phenoxazine-5-

one) and Laurdan (6-Dodecanoyl-2-dimethylaminonaphthalene) (65). Nile Red is 

an uncharged fluorescent dye that stains lipid membranes based on its intrinsic 

hydrophobicity. Laurdan is a  fluorescent probe that has previously been used 

to study the membrane heterogeneity and fluidity, and has been used to show 

that stationary phase cells with single or double flotillin deletions show a higher 

degree of liquid ordering in the membrane, and therefore a reduced membrane 

fluidity, when compared to the  wild-type (22). Interestingly, cells lacking 

the squalene synthase YisP, required for FloT membrane localization, also show 

an  increase in the degree of liquid ordered membranes, similar to the flotillins 

related null mutants. However, using the same fluorescent dye Laurdan it was 

reported that a strain incapable of producing CL showed no membrane changes 

when compared to the wild-type (12, 22). Together, Nile Red and Laurdan have 

been used to detect highly fluid membrane regions (58) but a meticulous septal 

analysis after labeling still remains to be conducted. Such result could help 

validate or elucidate the differences detected in the fluorescence after septum 

labeling with FM4-64. 

The heterogeneous lipid organization is also important for the  selection of 

the cell division site in B. subtilis. To test whether or not flotillins can influence 

the proper cell division site position, we looked at the in vivo localization of FtsZ, 

the early cell division protein that localizes to the midcell prior to division. Although 

flotillins did not interfere with the  cell division site selection, we noticed that 

there were less fluorescent FtsZ copies at the midcell in the absence of flotillins. 

MinD, member of the MinCD system, has a preference for anionic phospholipids 

within the membrane (8, 9). FM4-64 stains anionic lipids and its fluorescence 

increase at the septum might indicate an increase in anionic phospholipids, which 

in turn could accumulate MinCD at the division site thus reducing the FtsZ levels 

at midcell. This suggests that flotillins can contribute for a smooth cell division 

process, reason why when both proteins are not present we see cell elongation, 
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indicative of impaired cell division. However, it is important to highlight that 

the  total FtsZ levels still require proper quantification in these strains as so to 

exclude a possible degradation in the absence of flotillins. An indirect association 

between cell division and flotillins, possibly via the  protein FtsH, has been 

proposed. Although not essential, FtsH is a membrane-associated AAA-protease 

and is known to directly interact with FloT and FloA (21). The  FtsH protease 

indirectly regulates the  phosphorylation of Spo0A by degrading its regulatory 

phosphatases, and the phosphorylated Spo0A is important to induce matrix gene 

expression which is required for biofilm formation. In the absence of both flotillins, 

the  levels of the  septa-localized FtsH are reduced. Additionally, the expression 

of flotillins seems to be important for the  proper activity of the  protein FtsH 

(21, 62, 66). The overexpression of both flotillins stimulates the activity of FtsH, 

which results in an  overproduction of biofilm formation (51). Moreover, cells 

that overproduce FloT and FloA show more Z-rings and more efficient septation 

resulting in shorter cells and minicells (51). This result is thought to be associated 

with a direct consequence of the FloA and FloT overproduction, which contributes 

to an  increment of the  FtsH protease activity, leading to a  negative effect on 

the stability of the protein EzrA (Extra Z-rings assembly). In fact, EzrA levels were 

dowregulated when flotillins were overproduced and FtsH overproduction led 

to a  reduction in the  EzrA levels. Therefore, FtsH activity might be associated 

with a  degradation effect on the  cell division-related protein EzrA, eventually 

indirectly regulating the cell division process (51). Interestingly, EzrA, a negative 

regulator of the FtsZ ring formation, has also been found to localize to the DRM 

fractions (62). Interestingly, twofold overproduction of EzrA caused a reduction 

in the number of Z-rings in B. subtilis cells encoding for a heat-sensitive allele 

of ftsZ, although this overproduction did not seem to produce any difference in 

the wild-type cells (67). Nevertheless, this interaction and relation is important as 

it can, at least, partially account for the lower intensity levels of the FtsZ fusion 

protein at midcell in the absence of flotillins. Even though the strains used in this 

study and the growth conditions vary from previous reports, it could be considered 

that the double deletion of FloT and FloA and possible reduced of the  septa-

localization and activity of FtsH, might be related with a  lower degradation of 

EzrA, when compared to the wild-type cells, thus resulting in a slight increase 

of the negative regulation of the Z-ring formation, which could be represented 

by the lower intensity levels at midcell of the FtsZ-eYFP in the mutant. FtsZ acts 
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as a  scaffold for various cell division proteins and a  reduced amount of FtsZ 

molecules at the division site might interfere with the efficiency of cell division 

and, later on, septal PG synthesis, as noticed in cells lacking both FloT and FloA.

Cell wall synthesis at the septa is mediated by PBPs, in particularly those PBPs 

that specifically localize to the cell division site. Several fluorescent tagged PBPs 

were tested for delocalization of the  fluorescent pattern in cells lacking both 

flotillins. No changes in the localization pattern of the PBPs that are involved in 

the septal PG synthesis, such as PBP5, PBP1 and PBP2b were found. Additionally, 

also PBP3, PBP4 and PBPH showed the same in vivo distribution pattern in cells 

lacking both flotillins when compared to the control. Two PBPs were identified 

as interacting partners of flotillins, PBP5 and PBP1 (19, 22). We have determined 

that PBP5 activity might be reduced at the septa in the absence of flotillins, but 

we wanted to get more insight about PBP1. PBP1 recruitment depends on other 

cell division proteins, like FtsZ, PBP2b, EzrA and GpsB (26, 28, 68). EzrA has 

been identified with the DRM fractions and its activity and relation with FtsH and 

flotillins seems to play a part in the regulation of the cell division process (51, 62). 

In this study, we noticed that a deletion of  PBP1 in combination with either FloA 

or FloT would result in elongated cells with an  altered topological pattern of 

PG synthesis as investigated with HADA and vancomycin labeling. Interestingly, 

in this case we did not find that FloT or FloA could complement each other, 

as it has been suggested before for other cellular processes like sporulation 

and biofilm formation (20, 21). Both the  HADA and vancomycin fluorescent 

patterns of cells without PBP1 and flotillins were considerably different than 

the fluorescent pattern obtained with HADA and vancomycin in cells lacking only 

PBP1 or flotillins. However, in cells lacking both PBP1 and flotillins, there was 

a slight difference between the fluorescent pattern of HADA and vancomycin, 

with vancomycin labeling being more spotty along the cell wall. Both HADA and 

vancomycin label sites of active PG synthesis, either by incorporation in the last 

position of the pentapeptide chain, or by binding to LipidII or non-cross-linked 

pentapeptides, respectively. The difference in the fluorescent pattern of HADA 

and vancomycin might also be related with sample processing as cells were fixed 

after HADA-labeling but not after vancomycin-labeling, however, this is unlikely 

as this fixing has been validated and is known not to influence the fluorescent 

pattern (69). In order to determine precisely which pentapeptide is being labeled 

via vancomycin, further experiments including sacculi labeling (70) will allow us to 
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determine if the loss of coordination of PG synthesis is associated with an altered 

pattern in LipidII distribution in the  membrane or a  different localization of 

the non-cross-linked pentapeptides during cell wall synthesis. 

Interestingly, the loss of PG synthesis coordination seemed to be specific for 

a  double deletion of PBP1 and flotillins, as we could not get the  same result 

when we deleted PBP5 or PBP4. Both PBP1 and PBP4 belong to the class A of 

PBPs meaning that they have both the  transglycosylase and transpeptidase 

activities. The fact that the loss in the cell wall synthesis organization only occurs 

when flotillins are mutated together with PBP1 but not with PBP4, suggests that 

the loss of PG synthesis coordination is specific to PBP1 in particular. Furthermore 

we also noticed that the septum recruitment of PBP2b in cells lacking PBP1 and 

both flotillins decreased more than 20% when compared to cells only lacking 

PBP1. This result, one more time, highlights the link between PBP1 and flotillins 

in regulating cell wall synthesis coordination. Equally interesting, PBP4 lost its 

capacity to properly localize to the septa and cell periphery when PBP1, FloT and 

FloA were deleted. The precise role of PBP4 is still unknown, but we think that 

an abnormal distribution of PBP4 in vivo might help explain the loss of the spatial 

organization of PG synthesis - as the HADA and the GFP-PBP4 pattern in the triple 

knockout are overlapping, and PBP4 has recently been shown to be the major 

PBP involved in the  incorporation of fluorescent D-amino acid analogues into 

the cell wall (71). 

Importantly, we decided to investigate MreB, as this protein is greatly associated 

not only with membrane organization but also with the spatial organization of 

cell wall synthesis (31, 40). Not surprisingly, we noticed that FloA and MreB do 

not colocalize in vivo and organize the membrane in a different way, as MreB has 

been shown to organize the membrane by creating specific membrane regions 

with increased fluidity, termed RIFs (58); unlike flotillins that are associated with 

FMMs of known membrane rigidity (22). We also shown that the localization of 

MreB and flotillins seems to be independent and unrelated, as MreB distribution 

pattern is unaffected in the absence of flotillins and flotillins normally localize 

in cells depleted of MreB. Additionally, we investigated the  pattern of MreB 

using distinct MreB fusion proteins which proved to be difficult, perhaps due to 

the growth conditions used in this study. Flotillins did not affect MreB localization 

and MreB did not affect flotillins localization, however, when we deleted flotillins 

and PBP1 at the same time, the fluorescent pattern of an MreB fusion protein 
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seemed to be affected, resulting in an  even spread throughout the  entire 

cell. The  loss of MreB proper spatial localization might be a  consequence of 

the  combined deletion of both flotillins and PBP1, as we hypothesize that 

in the  absence of flotillins, PBP1 is still capable of compensate and organize 

the membrane spatial localization of MreB; while in the absence of PBP1, flotillins 

might participate in the proper localization of MreB, as the majority of cells had 

a similar fluorescent pattern to that of the wild-type. 

Taken together, these results lead us to hypothesize that the  synthetic 

phenotype caused when PBP1 and flotillins are deleted is due to a combination 

of factors that include delocalization or impairment in recruitment of some PBPs 

and MreB. 
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