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Summary

A form of lateral membrane compartmentalization in
bacteria is represented by functional membrane
microdomains (FMMs). FMMs are important for vari-
ous cellular processes and offer application possibili-
ties in microbial biotechnology. We designed a
lipidomics method to directly measure relative abun-
dances of lipids in detergent-resistant and detergent-
sensitive membrane fractions of the model bacterium
Bacillus subtilis 168 and the biotechnologically attrac-
tive miniBacillus PG10 strain. Our study supports pre-
vious work suggesting that cardiolipin and prenol
lipids are enriched in FMMs of B. subtilis. Additionally,
structural analysis of acyl chains of major phospho-
lipids indicated that FMMs display increased order
and thickness compared with the surrounding bilayer.
Despite the 36% genome reduction, membrane and
FMM integrity are largely preserved in miniBacillus
PG10, as supported by analysis of membrane fluidity,
flotillin distribution and gene expression data. The
novel insights in FMM architecture reported here will
contribute to further explore the biological signifi-
cance of FMMs and the means by which FMMs can be
exploited as heterologous production platforms.
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Moreover, our lipidomics method enables comparative
FMM lipid profiling between different bacteria.

Introduction

In addition to serving as a physical barrier, the cytoplas-
mic membrane is important for a wide variety of cellular
processes. Therefore, maintenance of membrane integ-
rity, i.e. the composition and organization of membrane
lipids and proteins, is critical for cell viability and func-
tion. It has become widely accepted that both eukaryotic
and prokaryotic plasma membranes exhibit lateral
heterogeneity in the distribution of lipids and proteins
(Carquin et al., 2016). A well-studied example of mem-
brane subcompartimentalization is the existence of lipid
raft domains in eukaryotic plasma membranes (Simons
and lkonen, 1997). Lipid rafts are mobile sphingolipid-
and cholesterol-enriched microdomains that are relatively
more ordered and compact compared with the surround-
ing membrane. Various proteins have been found to
depend on the specific lipid environment created by lipid
rafts or on the marker protein of lipid rafts, flotillin (Sez-
gin et al., 2017). Furthermore, lipid rafts appear to serve
as scaffolding platforms, which can promote interactions
between particular proteins. Accordingly, lipid rafts have
been shown to play a role in various eukaryotic pro-
cesses, ranging from insulin signalling to regulation of
the cytoskeleton (Otto and Nichols, 2011).

Interestingly, bacterial equivalents of eukaryotic lipid
raft domains have been discovered more recently (Lopez
and Kolter, 2010). In bacteria, these liquid-ordered mem-
brane microdomains have been defined as functional
membrane microdomains (FMMs). Like eukaryotic rafts,
the flotillin protein serves as marker protein of FMMs
(Bramkamp and Lopez, 2015). Bacterial flotillins have
been shown to influence the activity of other proteins via
their scaffolding activity (Lopez and Koch, 2017) as well
as by their impact on overall membrane organization
(Bach and Bramkamp, 2013; Zielinska et al., 2020).
Hence, FMMs have been implicated in a wide range of
bacterial processes, among which motility, cell division,
protein secretion, biofilm formation, sporulation and cell
wall organization (Lopez and Koch, 2017). Notably, a
recent study demonstrated that bacterial FMMs can also
be exploited as spatial scaffolds in order to optimize the
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production of industrial relevant compounds (Lv et al.,
2020).

To date, most work concerning the biological signifi-
cance of FMMs has been performed using Bacillus subtilis
as a model organism. Although the two flotillins of B. sub-
tilis, FIoA and FloT, and their interaction partners have
been quite well studied (Bach and Bramkamp, 2013; Sch-
neider et al, 2015), the constituent lipids of FMMs have
been left relatively unexplored. Since most bacteria do not
synthesize cholesterol and sphingolipids, other types of
bacterial lipids have been suggested to make up FMMs
(Bramkamp and Lopez, 2015; Lopez and Koch, 2017).
Firstly, linear and circular prenol lipids (composed of Cs
isoprenoid units) have been described as potential FMM
constituents due to their more hydrophobic character com-
pared with phospholipids. More specifically, the Cis iso-
prenoid lipid farnesol, and possibly derivatives thereof,
seem to be important for securing FMM integrity in B. sub-
tilis (Lopez and Kolter, 2010; Bach and Bramkamp, 2013).
Deletion of the farnesol biosynthetic gene (yisP) impaired
the FMM-associated signalling pathway for biofim forma-
tion (Lépez and Kolter, 2010) and led to a less heteroge-
neous and overall more rigid membrane (Bach and
Bramkamp, 2013). In addition to farnesol, carotenoids (lin-
ear C4 isoprenoid lipids) could be important structural and
functional components of FMMs in bacteria that are cap-
able of carotenoid production. In Staphylococcus aureus,
the carotenoid staphyloxanthin was identified as a struc-
tural component of FMMs and as a specific lipid interaction
partner of FloA (Garcia-Fernandez et al., 2017). Moreover,
cyclic prenol lipids named hopanoids — also known as
sporulenes in B. subtilis — might be part of FMMs as cer-
tain hopanoid species have been shown to induce the for-
mation of liquid-ordered domains in model membranes
and in vivo (Saenz et al, 2012; Doughty et al, 2014;
Saenz et al,, 2015). In addition to prenol lipids, cardiolipin
(CL) has been proposed as a lipid component of FMMs
(Bramkamp and Lopez, 2015). CL is a negatively charged
phospholipid that is formed after the dimerization of two
phosphatidylglycerol molecules, with the release of one
moiety of glycerol. In B. subtilis, CL-rich domains have
been detected at the cell poles and division septa (Kawai
et al., 2004). Furthermore, by using thin-layer chromatogra-
phy, CL was found in a membrane fraction also containing
flotillins (Donovan and Bramkamp, 2009). Nevertheless,
FloT did not exclusively colocalize with CL domains.
Therefore, a potential structural, and possibly functional,
role of CL in FMMs remains to be clarified.

To increase our understanding of the biophysical basis
of FMMs and their constituent lipids, we performed a
detailed lipidomic analysis of FMMs in two academically
and industrially relevant B. subtilis host strains: B. sub-
tilis 168 and miniBacillus PG10 (ReuB et al, 2017;
Michalik et al., 2021). B. subtilis 168 is a commonly used

laboratory strain, whereas miniBacillus PG10 is a
genome-minimized (by 36%) derivative of B. subtilis 168.
Although PG10 displays a defect in the final stage of cell
division (van Tilburg et al., 2021), it is an attractive host
strain for the production of heterologous proteins and
peptides (Aguilar Suarez et al., 2019; van Tilburg et al.,
2020). For this purpose, we established a detergent-
compatible LC-MS method in order to be able to analyse
different membrane fractions isolated by detergent treat-
ment. Whereas CL, polyprenol lipids and isoprenoids
were identified as major constituent lipids of FMMs in
both B. subtilis 168 and PG10, CL and isoprenoid lipids
were even more enriched in FMMs in PG10. Moreover,
similarities in flotillin distribution and membrane fluidity
were observed between PG10 and its parental strain,
indicating that the genome reduction did not significantly
impact membrane order and structural integrity of FMMs
in PG10. In line with this, only minor differences in the
expression level of the majority of FMM lipid biosynthe-
sis genes were observed between PG10 and B. subtilis
168. Furthermore, reintroduction of yisP in PG10
resulted in an overall more fluid membrane, whereas
deletion of the major CL synthase (clsA) in PG10
reduced both the level of CL and isoprenoid lipids in
FMMs. Altogether, this work sheds more light on the
constituent lipids of FMMs in the bacterial model organ-
ism B. subtilis 168 and gives a first insight into the
occurrence and integrity of FMMs in the biotechnologi-
cally attractive miniBacillus PG10 strain.

Results

MinBacillus PG10 and B. subtilis 168 display similarities
in flotillin distribution and in membrane fluidity

Prior to lipidomic analysis, the existence of FMMs in
PG10 was probed by examination of the localization of
flotillins in PG10. In B. subtilis, the two flotillins, FloA and
FloT, previously have been shown to display a punctuate
pattern throughout the cytoplasmic membrane (Donovan
and Bramkamp, 2009; Lépez and Kolter, 2010). In addi-
tion, flotillins are detected in the detergent-resistant
membrane (DRM) fraction, which is considered to be
enriched in FMMs (Brown, 2002). In contrast, the
detergent-sensitive membrane (DSM) fraction reflects
the more fluid and disordered parts of the membrane. To
examine the localization of FIoA and FloT in PG10, each
of the flotillins was translationally fused to GFP and the
localization of the fusion proteins was analysed when
expressed from their natural promoters. Fluorescence
microscopy showed a heterogeneous distribution of each
of the flotillins throughout the membrane and indicated
the existence of FloA and FloT foci in both B. subtilis
168 and PG10 (Fig. 1A and B). Furthermore, Western
blot analysis revealed the enrichment of FIoA and FloT in
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the DRM fraction of PG10, similar as observed for B. sub-
tilis 168 (Fig. 1C and D). These results thus suggest that
PG10 still forms flotillin-containing FMMs in its membrane.

Since membrane fluidity is crucial for cellular integrity
and may be affected by the genetic deletions, we deter-
mined fluidity with Laurdan staining. This was of particu-
lar interest, since PG10 lacks YisP, a phosphatase that
produces farnesol and which is important for mainte-
nance of membrane heterogeneity in B. subtilis 168
(Lépez and Kolter, 2010; Feng et al., 2014). Laurdan
spectroscopic measurements resulted in similar general-
ized polarization (GP) values for B. subtilis 168 and
PG10, in both the exponential and stationary growth
phase (Fig. 2A). In addition, by using Laurdan fluores-
cence microscopy regions of high and low fluidity could
be observed in the membrane of B. subtilis 168 and
PG10 (Fig. 2B). Thus, both the overall and local mem-
brane organization seem comparable between PG10 B.
subtilis 168 in terms of lipid ordering.

Setup of the lipidomics method and comparison of total
membrane lipid composition

To profile the lipid composition of the membrane and
FMMs of B. subtilis 168 and miniBacillus PG10, three
membrane fractions were prepared in triplicate for each
strain: total membrane (TM), DRM fraction (parts of the
membrane containing FMMs) and DSM fraction (non-
FMM membrane). It is essential to use a mixture of non-
ionic detergents to separate the membrane fraction con-
taining FMMs from the rest of the membrane, since lipid
rafts can resist disaggregation by the detergents (Brown,
2002). Therefore, we designed a detergent-compatible
LC-MS/MS method that entails a valve switch in con-
junction with a chromatographic gradient to separate the
detergents from the analytes (Fig. 3A). In each chro-
matographic run, the initial flow-through was discarded
and the eluting clean lipid matrix was injected into the
mass spectrometer. Data were acquired in positive/nega-
tive ionization switching mode using Top20 MS2 acquisi-
tion, resulting in broad lipidomic coverage with a runtime
of 30 min per sample. A total of 8959 compound groups
mapping to 576 lipids were detected across all samples.
Annotation of detected ions to actual lipids was done
using an in-house lipid mass list based on lipid maps
(Fahy et al., 2005, 2009). We performed total ion current
(TIC) normalization, resulting in the relative quantification
of the different lipid classes in the different samples of B.
subtilis 168 and PG10. While this relative quantification
approach enables the comparison between samples, it is
limited to intra-class comparison and does not allow for
inter-class comparisons. Hierarchical clustering of z-
scored relative lipid abundances indicated that the DRM
fractions cluster separately from the DSM and TM

Membrane organization of Bacillus subtilis 1635

fractions (Fig. 3B). In addition, within the DRM cluster,
the samples of B. subtilis 168 and PG10 formed two dis-
tinct groups, suggesting differences in FMM lipid profiles
between the two strains.

First, we focussed on the total membrane fraction to ask
whether the genome reduction altered the lipid composition.
Phosphatidylglycerol (PG) and phosphatidylethanolamine
(PE) previously have been reported as major components
of the phospholipid profile of B. subtilis, whereas CL is rela-
tively less abundant (Gidden et al, 2009; Bernat et al,
2016). Determination of TIC normalized relative abun-
dances per lipid class revealed the same trend in relative
abundance of these phospholipids in TM fractions of our
strains (Fig. 3C). In both strains, PG was found to be the
most abundant phospholipid, followed by PE and CL. In
addition, no differences were observed in the most abun-
dant lipid species in the membrane of B. subtilis 168 and
PG10 (Fig. 3D), indicating that the bulk of the membrane is
similar between the strains. Also for the other lipid classes,
no significant changes in relative abundance were
observed between the two strains (Fig. S1). The only visibly
affected lipid classes were polyprenols, free fatty acids and
hopanoids, of which the two latter classes seemed to be
decreased in the membrane of PG10. Despite the genome
reduction of ~ 36%, the above data thus show that the
membrane of PG10 and B. subtilis 168 is largely similar in
lipid composition.

CL is the main lipid component of FMMs in B. subtilis
168

Bacterial lipid rafts have been suggested to be enriched
in prenol lipids (e.g. isoprenoids) and CL (Donovan and
Bramkamp, 2009; Lépez and Kolter, 2010; Bach and
Bramkamp, 2013; Garcia-Fernandez et al., 2017). How-
ever, these assumptions are based on limited experi-
mental evidence. Here, we measured for the first time
whether an enrichment of these lipid classes could be
retrieved in the FMM-containing membrane fraction
(DRM) of B. subtilis 168 by using the designed lipido-
mics method. Comparison of TIC normalized relative
abundances per lipid class between the DRM and DSM
fraction of B. subtilis 168 revealed CL to be most
strongly enriched in the DRM fraction (Fig. 4A). In addi-
tion, we found that polyprenols and isoprenoids of the
raft-associated lipid category of prenols were among the
most differential lipids, together with PE and DAG lipids
(Fig. 4B). A detailed breakdown of detected prenol lipids
can be found in Fig. S2. Zooming in on the difference in
class abundance with single lipid species resolution, we
found that only CL and polyprenols had significantly (g-
value <= 0.01) unidirectionally increased lipid species in
the DRM fraction (Fig. 4C). PE and DAG showed signifi-
cant bidirectional changes. The largest alteration
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Fig. 1. Localization of flotillins in miniBacillus PG10 and B. subtilis 168. Localization of FIoA and FloT was assessed by fusion to GFP (green
fluorescent protein) and when expressed from their natural promoters by fluorescence microscopy (A and B), and Western blotting (C and D).
In (A) and (B), phase contrast, GFP and merged images of these two channels are shown for each strain. Pictures were taken of cells in late-
exponential to stationary phase, grown in LB-Miller medium. Scale bars are 5 um. In (C) and (D), three cellular fractions of each strain were
analysed: cyto = cytosol, DSM = detergent-sensitive membrane fraction, DRM = detergent-resistant membrane fraction (FMM-enriched frac-
tion). Arrows indicate the height at which FIoA-GFP (63 kDa) and FloT-GFP (84 kDa) were detected. Coomassie-stained SDS-PAGE gels are

shown as loading controls.
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Fig. 2. MiniBacillus PG10 and B. subtilis 168 display similarities in membrane fluidity.

A. Laurdan GP values calculated from spectroscopic measurements of cell cultures labelled with Laurdan. GP values were determined in the
exponential and stationary growth phase for B. subtilis 168 and PG10. Benzyl alcohol (BnOH) was used as a control that acts as membrane flu-
idizer. Confidence interval (95%) shown as error bar, significant levels calculated using Student’s unpaired ttest (n = 3), P-value < 0.05, 0.01,
0.001, 0.0001 represented as *, **, *¥* ¥k Not significant abbreviated with ns.

B. Laurdan microscopic analysis of B. subtilis 168 and PG10 at exponential phase. Laurdan GP values were calculated using ImageJ and a
range from —0.9 (fluid) to 0.9 (rigid) was used. Phase contrast, Laurdan GP and zoomed images of Laurdan GP (white boxes) are shown. Scale

bars are 5 pm (main images) and 1 pm (zoomed images).

between the DRM and DSM fraction with the most signif-
icant fold change was CL (64:0).

We conclude that using the detergent-compatible lipi-
domics method, we can measure and cluster especially
the DRM fractions in distinct groups based on their lipi-
domic profile. Furthermore, we found that, as expected,
both CL as well as prenols are enriched in the DRM
fraction. Among those lipid classes, the most abundant
species were CL (64:0), the CL species made from PG
(32:0), and an isomeric compound corresponding to
polyprenol (35:9) a bactoprenoldiphosphate (Fig. S3).
Strikingly, hopanoids were more abundant in the DSM

fraction of B. subtilis. Equipped with this lipidomics
method, capable of untargeted profiling of FMM lipids in
complex detergent-containing matrix, we next could anal-
yse the DRM fraction of miniBacillus PG10.

Enrichment of hopanoids, CL and isoprenoids in the
DRM of minBacillus PG10 compared with B. subtilis
168, whereas structural properties of phospholipids
remain unchanged

We speculated that the lipid composition of FMMs in
miniBacillus PG10 might be different compared with its
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Fig. 3. Setup for lipidomic analysis of FMMs and comparison of total membrane composition.
A. Profiling method using a valve switch to discard the detergents for untargeted raft lipidomics.
B. Heatmap of all z-scored relative lipid abundances in B. subtilis 168 and PG10 across total membrane (TM), detergent-sensitive membrane

fraction (DSM) and detergent-resistant membrane fraction (DRM).

C. TIC normalized relative abundance comparison of the main lipid classes in the TM fractions of B. subtilis 168 and PG10.
D. Most abundant PG lipid species with different number of double bonds in the TM fractions of B. subtilis 168 and PG10. Abbreviations: cardi-
olipin (CL), phosphatidylglycerol (PG), phosphatidylethanolamine (PE) and detergent (deterg.).

parental strain, due to absence of the farnesol-producing
enzyme YisP, which in B. subtilis 168 has been shown
to be important for the functionality of FMM-associated
processes (Lopez and Kolter, 2010). Therefore, we com-
pared the DRM fractions between PG10 and B. subtilis
168. In addition to differences in lipid class abundance
and specific lipid alterations, we compared the structural
properties of the main phospholipids across the different
membrane fractions.

We found that the overall lipid class composition, while
being mostly similar (Fig. 5A), also had distinct features
(Fig. 5B). In particular, hopanoids, CL as well as iso-
prenoids were enriched in the DRM fraction of PG10,
whereas mainly PE and DAG were more abundant in
the DRM fraction of B. subtilis 168. The study of the indi-
vidual lipid species revealed that CL and the prenol lipid
class isoprenoids only had significantly increased spe-
cies in PG10, while the only uniquely decreased lipid
was FA (16:1), a generic lipid precursor (Fig. 5C). Next,
we investigated the degree of saturation and the length
of acyl chains in the phospholipids between the different
membrane fractions and in particular between the two B.

subtilis strains. We expected that especially the FMM-
containing membrane fraction would have longer fatty
acids with a high degree of saturation, thereby giving the
region its compact and low fluidity characteristics (Bram-
kamp and Lopez, 2015). To this end, we computed the
relative abundance-weighted average number of double
bonds and acyl chain length per acyl chain for the main
phospholipids of B. subtilis, PE, PG and CL (Fig. 5D and
E). In agreement with our expectation, we found that
acyl chains of phospholipids in the DRM fraction are
longer and have less double bonds compared with phos-
pholipids of the TM and DSM fractions, corresponding to
less fluid and more compact parts of the membrane.
This difference was driven by each of the three main
phospholipids, except for PE regarding acyl chain length.
While in DRM fractions the lipid classes had a similar
acyl chain composition, their structure is more variable in
the DSM fractions. Furthermore, we compared odd and
even chained phospholipids and compared their degree
of saturation of relevant acyl chains as a proxy for
branched chain fatty acids. However, no striking differ-
ences were observed (Fig. S4).
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A. TIC normalized relative abundance comparison of all detected lipid classes in DRM and DSM fractions of B. subtilis 168.
B. Log2 fold change between DRM and DSM of B. subtilis 168 sorted by median fold change; the five lipid classes increased in DRM are

coloured.

C. Significantly changing lipids (g-value <= 0.01) of the five most increased lipid classes between DRM and DSM of B. subtilis 168. Benjamini—
Hochberg corrected g-values from Student’s unpaired t-test. Dot size reflects -log10 transformed g-value. Abbreviations: cardiolipin (CL), poly-
prenol (Po), phosphatidylethanolamine (PE), diacylglycerol (DAG), isoprenoids (Is), lysophosphatidic acid (LPA), fatty acid (FA), phosphatidyl-
glycerol (PG), quinones (Qu), phosphatidylserine (PS), monoacylglycerol (MAG), lysophosphatidylglycerol (LPG), lysophosphatidylethanolamine

(LPE), lysophosphatidylserine (LPS) and hopanoids (Ho).

Our data thus show that the relative abundance of
lipid classes in the DRM fraction of PG10 differs from
the DRM of B. subtilis 168, highlighted by increased
levels of CL and prenol lipids. This suggests FMMs to
be even more ordered in PG10. However, the structural
properties of DRM phospholipids, such as degree of sat-
uration and length of acyl chains, are similar between
the two strains, but noticeably different from the non-raft
membrane. The structural lipidome divergence in the sta-
tionary phase, which has been described elsewhere

(Chwastek et al., 2020), was only absent in the DRM
fraction. This indicates that distinct sets of biochemical
processes work on the different membrane fractions.

Putative association between the abundance of CL and
isoprenoids

While the saturation level and acyl chain length of phos-
pholipids in the DRM fraction were comparable between
B. subtilis 168 and miniBacillus PG10, the class
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Fig. 5. Comparison of DRM lipid composition and structural properties of main phospholipids between PG10 and 168.

A. Relative abundance comparison of all detected lipid classes in the DRM of PG10 and 168.

B. Log2 fold change of lipid classes in the DRM fraction of PG10 compared with 168.

C. Significantly changing lipids (g-value <= 0.01) of the top 3 most differential lipid classes in the DRM of PG10 and 168. Benjamini-Hochberg
corrected g-values from Student’s unpaired t-test. Dot size reflects —log10 transformed g-value.

D. Weighted average number of double bonds per acyl chain of the most abundant membrane phospholipids, PG, PE and CL, on the class

level as coloured dots, and as bulk, grey boxplot.

E. Weighted average number of acyl chain length per acyl chain of the most abundant membrane phospholipids, PG, PE and CL, on the class
level as coloured dots, and as bulk, grey boxplot. Abbreviations: cardiolipin (CL), polyprenol (Po), phosphatidylethanolamine (PE), diacylglycerol
(DAG), isoprenoids (Is), lysophosphatidic acid (LPA), fatty acid (FA), phosphatidylglycerol (PG), quinones (Qu), phosphatidylserine (PS), monoa-
cylglycerol (MAG), lysophosphatidylglycerol (LPG), lysophosphatidylethanolamine (LPE), lysophosphatidylserine (LPS) and hopanoids (Ho).

composition was altered, especially in CL and prenol
lipids. To study the relationship between these lipid
groups, we tested several PG10 mutant strains in which
possibly one of these lipid groups would be modulated.
Since CL was confirmed to be a major constituent lipid
of FMMs, membrane properties and lipidome composi-
tion of a PG10 strain lacking the major CL synthase
(clsA) were assessed. In addition, since PG10 lacks
yisP, encoding a phosphatase implicated in membrane
organization in B. subtilis (Bach and Bramkamp, 2013),
two PG10 strains in which yisP was reinserted in the
genome were analysed (controlled by either its natural
promoter P,y or by the strong constitutive P,cg promoter,
which is 50 times stronger than P, ).

By using Laurdan staining, we first assessed whether
deletion of clsA or reintroduction of yisP affected overall
membrane fluidity in PG10. For each of the three mutant
strains, a decreased GP value was observed compared
with PG10 wild type (Fig. 6A). These results indicate that
both depletion of CL as well as reintroduction of yisP
results in a more fluid membrane. Lipidomics analysis
showed that CL levels were decreased by two orders of
magnitude in the DRM fraction of the cIsA knockout
mutant (Fig. 6B). Interestingly, this expected change
coincided with a decrease in isoprenoid levels (Fig. 6B
and Fig. S8). For the PG10 strains with reintroduced
yisP, no difference in any of the lipid classes was
observed (Fig. 6B and Fig. S5). Next, we analysed the
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acyl chain structure, which is known to most strongly
affect fluidity, i.e. the number of double bonds. Since
Laurdan staining indicated a slightly more fluid mem-

RNA-seq analysis largely correlates with lipidomic
profiles of B. subtilis 168 and PG10

brane for the yisP strains, we hypothesized that espe- To investigate whether we could find an underlying
cially for those strains the saturation state of genetic basis for the observed lipidome profiles of B.
phospholipids might be decreased, thereby contributing subtilis 168 and PG10, RNA-seq analysis was per-
to a more fluid membrane. Corroborating our hypothesis, formed. In addition to explaining differences in mem-
we found that both PG10 strains with yisP reintroduced brane and/or DRM composition between the two strains,
displayed an increase in fatty acid double bonds in the transcriptomic analysis might serve as an additional
DSM fraction, but not in the DRM fraction (Fig. 6C). In quality control for the similarities that were observed
contrast, PG10 AclsA showed no significant differences between the two strains. Although changes at the tran-
in the phospholipidome saturation state neither in the scriptome level previously have been described for
DSM nor DRM fraction (Fig. 6C). PG10 versus its progenitor strain A6 (Reuf et al., 2017),
Based on the coinciding decrease in CL and iso- we here performed RNA-seq analysis for PG10 and B.
prenoids in the cIsA knockout, we hypothesize that a subtilis 168 to allow a good comparison to our lipidomics
putative association between the two lipid classes data. For this purpose, RNA was isolated from B. subtilis
exists. While the reintroduction of yisP resulted in an 168 and PG10 cultures in the late-exponential growth
increase in the number of double bonds, thereby affect- phase and in the stationary growth phase. Even though
ing fluidity, no effect on the FMM lipid composition was lipidomic samples had been prepared from cells grown
observed. till stationary phase, we reasoned that gene expression
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Fig. 6. Effect of deletion of clsA or reintroduction of yisP on PG10 membrane fractions.

A. Laurdan GP values calculated from spectroscopic measurements of cell cultures labelled with Laurdan. GP values were determined in the
stationary growth phase.

B. Relative abundance of FMM lipids in the DRM fraction of PG10 Ac/sA and in PG10 strains with reintroduced yisP (controlled by the native
yisP promoter (P,4) or a strong constitutive promoter (P,¢g)). Pueg is 50 times stronger than P, Abbreviations: cardiolipin (CL), hopanoids (Ho)
and isoprenoids (Is).

C. Weighted average number of double bonds per acyl chain of the major phospholipids PE, PG and CL in DSM and DRM fractions of PG10
wt, PG10 AclsA and PG10 strains containing yisP. Error bar as 95% confidence interval, significant levels calculated using Student’s unpaired
ttest (n = 3), P-value < 0.05, 0.01, 0.001 represented as *, **, ***_Not significant is abbreviated with ns.
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analysis in the exponential phase might also be of inter-
est, since cells are then more metabolically active and
FMMs are maturing.

PCA analysis and correlation analysis indicated dis-
tinct expression profiles for B. subtilis 168 and PG10 in
both growth phases (Fig. S6). In addition, the three repli-
cates of each condition showed high similarity. Gene
Ontology enrichment analysis revealed lipid metabolism
as one of the cellular processes to be moderately, but
significantly (p-value < 0.05), affected at the transcrip-
tome level between B. subtilis 168 and PG10, in both
growth phases. To investigate which lipid metabolic
pathways were mostly affected, differential gene expres-
sion levels were analysed of phospholipid biosynthetic
genes as well as of FMM-related genes (involved in
biosynthesis of prenol lipids and CL). Regarding phos-
pholipid metabolic pathways, a general trend in the dif-
ferential expression of genes involved in fatty acid
metabolism was observed (Fig. 7). The majority of genes
involved in malonyl-CoA production (the fatty acid pre-
cursor), biosynthesis or degradation of fatty acids and
regulation of fatty acid metabolism were downregulated
in PG10 in both growth phases. In addition, most of
these genes displayed a fold change higher than our
cut-off value of 1.4 (Table 1). These findings agree with
our lipidomic analysis in which fatty acids were found to
be relatively less present in the membrane of PG10
compared with B. subtilis 168 (Fig. S1). Nevertheless,
the trend of downregulation of genes did not clearly con-
tinue for the more downstream phospholipid biosynthetic
genes (e.g. pisY, piIsC, cdsA, pssA and psd). In agree-
ment with this, the relative abundance of the major phos-
pholipids was not significantly different between the
membranes of the two strains.

Analysis of FMM-related genes indicated a decreased
expression level of both flotillins in PG10 in the exponen-
tial phase (about threefold), whereas floT was slightly
upregulated in PG10 in the stationary phase (almost
twofold) (Fig. 8 and Table 2). In addition, the heatmaps
showed an overall lower expression level of genes
involved in the biosynthesis of FMM lipids (prenol lipids
and CL) in PG10, especially in the exponential phase.
However, not all genes displayed this trend. For
instance, some genes of the MEP pathway (production
of isoprenoid precursors) were upregulated in PG10.
Moreover, when looking at the differential gene expres-
sion values of isoprenoid biosynthetic genes (Table 2),
only a subset of genes displayed a fold change higher
than our cut-off value, and changes were only minor and
bidirectional. This agrees with the similar relative amount
of isoprenoids in the membrane of B. subtilis 168 and
PG10 (Fig. S1). The increased level of isoprenoids in
the DRM of PG10 compared with the DRM of B. subtilis
168 thus seems a consequence of a larger enrichment

of isoprenoids in the DRM of PG10. Interestingly, of the
prenol biosynthetic genes, the only more strongly down-
regulated gene in PG10 was sghC (12-fold in stationary
phase). Since sghC encodes a squalene—hopene
cyclase, its downregulation in PG10 might explain the
decreased level of hopanoids in the membrane of PG10.
When focussing on the polyprenol biosynthetic genes
(hepS, hepT and uppS), only a significant decrease in
expression level was found for hepS and hepT in PG10.
These genes encode a heptaprenyl diphosphate syn-
thase complex, which is responsible for the biosynthesis
of polyprenol diphosphates composed of seven isoprene
units. Since the class of polyprenols was increased in
the membrane of PG10, these findings do not support
each other. Nevertheless, we cannot rule out the possi-
bility that yet to be identified genes involved in the
biosynthesis of polyprenol lipids were excluded from our
RNA-seq analysis.

Regarding CL biosynthesis, expression of the major
CL synthase, clsA, was only slightly affected in the sta-
tionary phase, displaying a 1.6 times increase in PG10.
Since CIsA activity determines the level of CL in both B.
subtilis 168 and PG10 (Cao et al., 2017 and Fig. 6B),
the slight upregulation of c/sA in PG10 might explain the
increased enrichment of CL in the DRM fraction of PG10
compared with B. subtilis 168.

In toto, our RNA-seq analysis thus identifies downreg-
ulation of fatty acid metabolic genes as the most promi-
nent change in gene expression among lipid biosynthetic
genes between B. subtilis 168 and PG10. This finding
agrees with our lipidomic analysis, in which fatty acids
were the mostly affected, and decreased, lipid class in
the membrane of PG10. In addition, the fact that mostly
minor changes were observed in the expression level of
FMM biosynthesis genes between B. subtilis 168 and
PG10 correlates with the largely similar lipidomic profiles
of the DRMs of the two strains.

Discussion

Research on bacterial lipid raft domains mainly has been
focussed on the protein cargo of FMMs: the flotillin mar-
ker proteins and other proteins that depend for their
functionality on FMMs. In contrast, to date, only limited
data are available about the lipids that make up bacterial
lipid rafts. Based on structural similarity to lipids in
eukaryotic lipid rafts, model membrane studies and lim-
ited in vivo experiments, particular bacterial lipid classes
have been suggested to be part of FMMs (Donovan and
Bramkamp, 2009; Lépez and Kolter, 2010; Saenz et al.,
2015; Garcia-Fernandez et al., 2017). The work pre-
sented here, for the first time, provides a direct and more
detailed analysis of the lipid composition of FMMs and
their structural properties in two relevant B. subtilis host
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Table 1. Differential expression levels of genes involved in phos-
pholipid biosynthesis between PG10 and B. subtilis 168. Only genes
with fold change > 1.4 and FDR-adjusted P-value < 0.05 in the
exponential (Exp.) and/ or stationary (Stat.) phase are shown.

Fold change
PG10 vs. 168
Gene -
Locus name Function/pathway Exp.  Stat.
BSU29200 accA Production of malonyl-CoA -15
BSU24350 accB Production of malonyl-CoA -37
BSU24340 accC  Production of malonyl-CoA -2.9 -7.0
BSU15900 fabD Fatty acid biosynthesis 2.7 -5.6
BSU11340 fabF Fatty acid biosynthesis -3.0
BSU15910 fabG Fatty acid biosynthesis -2.9 -2.9
BSU11330 fabHA Fatty acid biosynthesis -2.3
BSU10170 fabHB Fatty acid biosynthesis -2.3 -34
BSU11720 fabl Fatty acid biosynthesis -2.1 -5.5
BSU08650  fabL Fatty acid biosynthesis 1.4 24
BSU36370 fabZz Fatty acid biosynthesis 4.1
BSU15920 acpA Fatty acid biosynthesis -2.9 -7.5
BSU04620 acpS Fatty acid biosynthesis 34
BSU28560 IcfA Fatty acid degradation -1.6 -1.9
BSU10270 lefB Fatty acid degradation -4.0 -3.4
BSU37170 acdA Fatty acid degradation -2.8 -8.3
BSU32830 fadA Fatty acid degradation -7.9 -14.0
BSU28540 fadB Fatty acid degradation -2.6 -3.0
BSU32820 fadE Fatty acid degradation -89 -184
BSU37180 fadF Fatty acid degradation -2.8 -4.0
BSU32840 fadN Fatty acid degradation -6.3 -5.7
BSU28520  etfA Fatty acid degradation -35 -4.9
BSU28530 etfB Fatty acid degradation -3.0 -35
BSU28550 fadR Regulator of fatty -2.3 -3.5
acid metabolism
BSU15880 fapR Regulator of fatty -1.6

acid metabolism
Phospholipid biosynthesis -1.6
Phospholipid biosynthesis -2.0 2.7

BSU22830 gpsA
BSU15890 plsX

BSU18070 plsY Phospholipid biosynthesis 3.1
BSU16540 cdsA Phospholipid biosynthesis -1.9
BSU02270 pssA Phospholipid biosynthesis 1.8 -1.8
BSU02290 psd Phospholipid biosynthesis 1.7 -1.8
BSU16920 pgsA Phospholipid biosynthesis -2.1 -2.0
BSU08425 mprF Phospholipid biosynthesis 2.4 8.5
BSU19180 des Phospholipid desaturase 41 -2.8

strains. We developed a LC-MS/MS approach in order to
be able to perform lipidomic analysis on detergent-rich
membrane fractions. Using the relative lipid quantities
derived from this method, we confirmed that CL, iso-
prenoid lipids and polyprenol lipids are enriched in the
FMM-containing membrane fraction (DRM) of B. subtilis.
In particular, CL (64:0) and polyprenol (35:9) were identi-
fied as major lipid species of FMMs. Due to the large
variety of possible isomers of prenol lipids, which we
also observed for Po (35:9), the exact nature of polypre-
nols and isoprenoid lipids residing in FMMs remains a
question for future research.

Surprisingly, hopanoids, a class of cyclized prenyl
lipids, were found to be enriched in the DSM fraction of
B. subtilis. This is an unexpected finding, since hopa-
noids have been described as structural and functional
analogues of cholesterol (Saenz et al., 2012; Doughty

et al., 2014; Saenz et al., 2015), which is part of eukary-
otic lipid rafts. However, to the best of our knowledge,
the relationship between FMMs and hopanoids so far only
has been studied in vivo in Gram-negative bacteria and
cyanobacteria. Also, it has been shown that structural dif-
ferences between hopanoids impact their distribution in
the membrane and their ability to modulate membrane flu-
idity (Poger and Mark, 2013; Belin et al, 2018). It thus
seems that the majority of hopanoid species produced by
B. subtilis reside in the non-raft part of the membrane and
this is likely due to their specific structures. Nevertheless,
we also detected hopanoids in the DRM fraction. There-
fore, it remains important to identify the specific structural
properties of hopanoid species associated with the differ-
ent membrane fractions.

In addition to the relative quantification of lipid classes
enriched in FMMs, structural insights were acquired by
our lipidomic analyses. Our data indicate that the acyl
chains of phospholipids in FMMs are more saturated
and longer compared with the phospholipids in the rest
of the membrane. This agrees with the fact that lipid
rafts are relatively more ordered and compact membrane
regions compared with the surrounding membrane.
Moreover, this suggests an increased thickness of the
bilayer within bacterial lipid rafts, similar as mentioned
before for cholesterol-rich eukaryotic rafts (Simons and
Sampaio, 2011).

Additionally to providing more insight into FMM lipid
composition of the model strain B. subtilis 168, we for
the first time analysed the lipidome of the large-scale
genome-minimized strain miniBacillus PG10. Although
Reuss et al. performed a detailed characterization of
PG10 versus its A6 progenitor strain on the transcrip-
tome, proteome and metabolome level (Reufi et al.,
2017), their analysis did not include the lipidome. Our
work indicates that the lipid composition of the mem-
brane of PG10 and its initial progenitor strain, B. subtilis
168, is very similar. The most prominent change
involved a decrease in the relative abundance of fatty
acids in the membrane of PG10. This finding agrees with
our RNA-seq analysis, in which a general trend of down-
regulation of fatty acid metabolic genes was observed in
PG10. A possible cause for these observations is a
reduced transcript level of spo0A, a major transcriptional
regulator, which can activate and fine-tune the expres-
sion of the accDA operon during initiation of sporulation
in B. subtilis (Pedrido et al., 2013; Haggett et al., 2018).
Spo0A has been preserved during the genome reduction
process and, in fact, displayed a ~ 2.5-fold decreased
expression in PG10 (Table S2). This might have led to
downregulation of the genes encoding the acetyl-CoA
carboxylase complex (accABCD) and thus to a
decreased production of malonyl-CoA (the substrate of
fatty acid biosynthesis). As a consequence, fatty acid
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Table 2. Differential expression levels of genes involved in FMM
lipid biosynthesis between PG10 and B. subtilis 168. Only genes
with fold change > 1.4 and FDR-adjusted P-value < 0.05 in the
exponential (Exp.) and/ or stationary (Stat.) phase are shown.

Fold change
PG10 vs. 168

Gene -
Locus name  Function/pathway Exp. Stat.
BSU25380 floA Flotillin-like protein -2.6
BSU31010  floT Flotillin-like protein -3.3 1.9
BSU24270 dxs MEP pathway -1.6
BSU00900  ispD MEP pathway 2.0
BSU00460  ispE MEP pathway 1.7
BSU00910  ispF MEP pathway -1.7
BSU25070  ispG MEP pathway 1.9
BSU22870  fni MEP pathway -1.4 -21
BSU24280 yqiD Geranyltransferase -1.9
BSU19320 sghC  Squalene-hopene cyclase —1.7 -12.4
BSU22760 hepS  Polyprenol biosynthesis -2.4
BSU22740 hepT  Polyprenol biosynthesis -1.8 -5.6
BSU36590 clsA Cardiolipin synthase, 1.6

major enzyme
BSU37190 ciIsB Cardiolipin synthase, 2.1 -34
minor enzyme

BSU37240 cIsC Cardiolipin synthase, -3.8 -25

minor enzyme

biosynthetic genes became downregulated (possibly via
FapR), resulting in a decreased level of fatty acids in
PG10. At the same time, the cells possibly maintained
the rate of incorporating fatty acids into phospholipids in
order to maintain membrane homeostasis. Additionally,
downregulation of genes involved in the degradation of
fatty acids might have occurred to prevent further deple-
tion of the fatty acid pool. In agreement with this, we
indeed observed a reduced expression for the majority
of genes involved in fatty acid biosynthesis and degrada-
tion, whereas phospholipid biosynthesis genes were less
uniformly affected. Thus, although fatty acid metabolism
seems to be deregulated in PG10, this did not come at
the cost of membrane phospholipid homeostasis, since
the phospholipid composition was similar between B.
subtilis 168 and PG10.

By analysis of flotillin localization, membrane fluidity
and DRM lipid composition, our work also gives a first
indication of the existence and integrity of FMMs in
PG10. Despite the large-scale genome reduction (includ-
ing yisP), the lipidome profile of the DRM fraction in
PG10 was found to be similar to the parental 168 strain,
in terms of both DRM-enriched lipids and structural fea-
tures of phospholipids in the different membrane frac-
tions. The only difference observed was a significant
increase in the relative abundance of CL, isoprenoids
and hopanoids in the DRM fraction of PG10. Although
this might suggest FMMs of PG10 to be even more com-
pact than FMMs of B. subtilis 168, Laurdan staining
experiments did not show drastic differences in overall

or local membrane fluidity between the two strains. Addi-
tionally, distinct flotillin-enriched membrane domains
could be observed in PG10. Thus, lack of yisP in PG10
did not seem to disturb the formation of FMMs. This is in
contrast to what has been previously reported to occur
in B. subtilis upon deletion of yisP (Lépez and Kolter,
2010; Bach and Bramkamp, 2013). Perhaps, the large
reduction in genome size led to changes in the regula-
tory landscape involved in maintenance of membrane
heterogeneity in PG10. This might have enabled PG10
to cope with the absence of yisP, while preserving a
heterogeneous membrane. In agreement with this, no
large differences in the expression level of isoprenoid
and CL biosynthesis genes were observed between
PG10 and B. subtilis 168, in both exponentially and sta-
tionary growing cells. It thus seems that FMM integrity
and the expression of the remaining FMM-relevant
genes have been well maintained in PG10.

Strikingly, the reported and direct product of YisP, far-
nesol, could not be detected in any of the membrane
fractions, neither in B. subtilis 168 nor in PG10 with rein-
troduced yisP. However, as a relatively hydrophilic iso-
prenoid lipid, farnesol might have ended up in the
cytosolic fraction during the cell fractionation process. In
addition, it is possible that farnesol is an intermediate in
the biosynthesis of higher isoprenoid lipids and thus that
it might have been converted into a variety of isoprenoid
lipids of unknown nature. Interestingly, we did observe
an increase in membrane fluidity in PG10 strains har-
bouring yisP. This finding agrees with previous studies
reporting the ability of farnesol to fluidize and disorder
biological membranes (Rowat and Davis, 2004; Inoue
et al.,, 2016). Since farnesol was not detected in any of
the membrane fractions analysed in this study, it
remains unsure whether the increase in overall mem-
brane fluidity in PG10 strains with yisP has been caused
by farnesol itself. In addition, the increased membrane
fluidity might also be (partly) attributed to the observed
decrease in saturation level of phospholipid acyl chains
in the non-raft membrane fraction of these strains. This
latter finding suggests a secondary effect of reintroduc-
tion of yisP in PG10 and aligns with farnesol its beha-
viour to stabilize a fluid phase in membranes (Rowat
and Davis, 2004).

Another interesting finding of our lipidomic analyses of
the different strains is that there might be a certain level
of codependency between the level of CL and isoprenoid
lipids in FMMs. When comparing the lipid composition of
DRM fractions between B. subtilis 168 and PG10, we
observed a significant increase in both CL and iso-
prenoid lipids in the DRM fraction of PG10. In agreement
with this, a decrease in CL as well as in isoprenoid lipids
in the FMMs of PG10 was found upon deletion of the
major CL synthase. These findings make it tempting to
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speculate that CL and isoprenoid lipids are exclusive
interaction partners within FMMs, and therefore influence
each other’s biosynthesis.

To conclude, our work clarifies which lipids reside in
FMMs of B. subtilis and highlights structural features of
raft and non-raft parts of the membrane. Moreover, we
show that miniBacillus PG10 still displays a heteroge-
neous membrane consisting of FMMs that are enriched
in flotillins, CL and prenol lipids. This opens up the pos-
sibility to use FMMs both in B. subtilis 168 as well as in
PG10 as spatial scaffolds for the potential improvement
of heterologous multi-enzymatic production pathways.

Experimental procedures
Strains and growth conditions

Bacterial strains and plasmids used in this study can be
found in Table 3. Bacillus subtilis 168 and miniBacillus
PG10 strains were cultured at 37°C with aeration in LB-
Lennox medium (Formedium), unless otherwise stated.
E. coli (Top10) was used as a cloning host and grown in
LB at 37°C with aeration. When required, the growth
media of B. subtilis strains were supplemented with
antibiotics at the following concentrations: 0.5 ug ml™
erythromycin, 12.5 ug mlI~" lincomycin or 5 pug ml™"
kanamycin. For PG10, half of the concentration of antibi-
otics was used in case of liquid cultures. For E. coli,

Table 3. List of plasmids and bacterial strains used in this study.

Membrane organization of Bacillus subtilis 1647

100 ug mlI~" ampicilin or 30 ug mI~' kanamycin was
used. For solid medium, growth media were supple-
mented with agar (1.5%).

Construction of plasmids and strains

Oligonucleotides used for cloning of plasmids can be
found in Table S1 and were synthesized by Biolegio (Nij-
megen, the Netherlands). Fast digest restriction
enzymes, T4 DNA ligase and Phusion-HF DNA poly-
merase were purchased from Thermo Fisher Scientific
(Waltham, MA, USA). PfuX7 DNA polymerase (purified
in our laboratory) was used for colony PCR. Standard
restriction—ligation was used for construction of plasmids.
All constructs were verified by sequencing.

To integrate floA or floT fused to GFP controlled by
their natural promoters (Pyqez and Pyyar, respectively) in
the sacA locus, two pJOE8999 vectors were generated.
First, a specific single-guide RNA (sgRNA)-encoding
sequence to target sacA was designed using the
CRISPR Guide Design Software of Benchling (ggac-
gattttggatacatgt) and cloned into pJOE8999 via Bsal
digestion. To allow homologous recombination, up- and
downstream flanking regions of sacA were PCR ampli-
fied from genomic DNA of B. subtilis by using primer
pairs sacA-up-fw-Sfil + sacA-up-rv-Bglll (up) or sacA-
down-fw-Xhol + sacA-down-rv-Sfil (down). To amplify

Relevant characteristics

Reference

Plasmids
pJOE8999

pJOE_FloA-GFP(sacA)

Vector for markerless genetic engineering of B. subtilis by
employing CRISPR-Cas9; km"
pJOEB8999 derivative for insertion of floA-GFP under control of

Altenbuchner (2016)

This study

its native promoter (Pyqez) in the sacA locus

pJOE_FloT-GFP(sacA)

pJOEB8999 derivative for insertion of floT-GFP under control of

This study

its native promoter (P,.4r) in the sacA locus

pDG1664 Integration vector for genomic integration in the thrC locus of B. subtilis Guérout-Fleury et al. (1996)
168 and PG10; ery"

pDG-Ppar-yisP pDG 1664 derivative containing yisP controlled by its natural promoter This study

pDG-Pyeg-yisP pDG 1664 derivative containing yisP controlled by the strong constitutive This study

promoter Pyeg

pUC21_AclsA pUC21 derivative for deletion of clsA Cao et al. (2017)

pSG-floA-GFP pSG1154 carrying floA-GFP; source for amplification of floA-GFP Gift of D. Lopez

pSG-floT-GFP pSG1154 carrying floT-GFP; source for amplification of floT-GFP Gift of D. Lopez
Strain

B. subtilis 168 trp” Lab collection

B. subtilis 168 FloA-GFP B. subtilis 168 derivative; sacA::Pyqer-floA-GFP This study

B. subtilis 168 FloT-GFP B. subtilis 168 derivative; sacA::Pyr-floT-GFP This study

PG10 Large-scale genome-minimized strain derived from B. subtilis
168; 36% reduction in genome size

Reus et al. (2017)

PG10 FloA-GFP PG10 derivative; sacA::P qez-floA-GFP This study
PG10 FloT-GFP PG10 derivative; sacA::Py,-floT-GFP This study
PG10 Pnat-yisP PG10 derivative; thrC::P-yisP This study
PG10 Pveg-yisP PG10 derivative; thrC::Pyeg-yisP This study
PG10 AclsA PG10 derivative; clsA::kmR This study
E. coli Top10 F— mcrA A(mrr-hsdRMS-mcrBC) ®80lacZAM15 AlacX74 recA1 Lab collection

araD139 A(ara leu) 7697 galU galK rpsL (StrR) endA1 nupG
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Pyqez and Py, primer pairs PygeZ-fw-Bglll + PygeZ-rv-
Apal or PyuaF-fw-Bglll + PyuaF-rv-Apal were used and
using genomic DNA of B. subtilis as template DNA. floA-
GFP and floT-GFP were amplified using forward primer
floA-fw-Apal or floT-fw-Apal and reverse primer GFP-rv-
Xhol, using as template DNA pSG-floA-GFP or pSG-
floT-GFP. To obtain the final vectors, PCR fragments
were digested with specified restriction enzymes and
subsequently ligated into Sfil-digested pJOE vector con-
taining the sgRNA-encoding sequence. This yielded the
vectors pJOE_FIoA-GFP(sacA) and pJOE_FloT-GFP
(sacA).

To construct pDG1664 vectors containing yisP con-
trolled by its natural promoter or by the strong constitu-
tive Pyeg promoter, the following primer pairs were used
for amplification of different inserts from the genomic
DNA of B. subtilis: Pnat-yisP-fw-Eco31| + yisP-rv-Eco31I
(yisP and its promoter region), yisP-fw-Eco31l + yisP-rv-
Eco31l (yisP) and Pveg-fw-Eco31l + Pveg-rv-Eco31Il
(Pveg)- PDG1664 was linearized using primers pDG-bb-
fw-Eco31l + pDG-bb-rv-Eco31l. Digestion of DNA frag-
ments with Eco31l, followed by ligation, resulted in pDG-
Phrat-yisP and pDG-P,g-yisP.

B. subtilis 168 was transformed in Spizizen’s minimal
medium as described before (Harwood and Cutting,
1990). Competence in miniBacillus PG10 was induced
by supplementing LB medium with 0.5% (w/v) mannitol
in the exponential phase (Rahmer et al., 2015).

Preparation of membrane fractions

Bacillus subtilis cell pellets, derived from stationary
phase cultures, were re-suspended in lysis buffer
(30 mM Tris-HCI pH 7.5 containing 1 mg ml~" lysozyme
and protease inhibitor cocktail) and incubated at 37°C
for 30 min. Cells were lysed by sonication, and cell deb-
ris was removed by centrifugation (3000 g, 10 min, 4°C).
The cell lysate was centrifuged at higher speed
(175 000 g, 70 min, 4°C) to separate the cytosolic and
membrane fraction. DSM and DRM fractions were pre-
pared using the CelLytic MEM protein extraction kit
(Sigma Aldrich, ST. Louis, MO, USA) according to manu-
facturer’s instructions. In short, the membrane pellet was
re-suspended in 800 pl of lysis and separation buffer by
overnight incubation at 4°C with gentle agitation. The
next morning, samples were centrifuged (3 min, 3000 g,
RT) to remove material pelleting below the two phases.
The two phases were mixed and incubated on ice for
10 min. Then, samples were incubated at 37°C for
30 min while inverting them a few times. By centrifuga-
tion (8 min, 3000 g, 25°C), the DSM fraction (upper
phase) was subsequently separated from the DRM frac-
tion (lower phase). Residual DSM was removed from the
DRM fraction by a three times washing step involving

resuspension of the DRM fraction in 400 pl of wash buf-
fer, incubation for 10 min on ice and 20 min at 37°C.
Centrifugation yielded again two phases of which the
lower phase was used for subsequent washing steps
and, in the end, to obtain the final DRM fraction. Three
biological replicates of each membrane fraction of each
strain were prepared for lipidomic analysis.

Protein detection by Western blotting

Detection of FIoA or FloT (fused to GFP) was performed
by loading samples (four times dilution of cytosolic frac-
tion and three times dilution of DRM and DSM fractions)
on a 10% SDS-PAGE gel. Blots were blocked for 1 h
with 5% skimmed milk in PBST. For detection, primary
antibodies were incubated O/N at 4°C, whereas sec-
ondary antibodies were incubated for 1 h at RT. The fol-
lowing antibodies were used: 1:5000 rabbit anti-GFP
(G10362, Invitrogen) and 1:10 000 horseradish
peroxidase-conjugated goat anti-rabbit (ABIN3020597,
antibodies-online). Western blot signals were generated
with Pierce ECL Plus Western blot substrate (GE Health-
care) and detected with the ChemiDoc XRS+ imaging
system (Bio-Rad).

Fluorescence microscopy

For fluorescence microscopy, cells were immobilized on
a microscope slide covered with a thin layer of 1.5% (w/
v) agarose. Images were taken on a DeltaVision Elite
inverted microscope (Applied Precision, GE Healthcare)
equipped with a sCMOS camera, a four-colour fluores-
cent protein InsightSSI Module, and using a 100x oil,
1.4NA objective. For GFP images, an excitation wave-
length 475/28 nm and emission wavelength 525/48 nm
were used (1s exposure time, 32% power). Digital
images were acquired with SoftWorX 3.6.0 software
(Applied Precision) and analysed using ImagedJ Fiji.

For Laurdan microscopy, a DAPI filter set was used
for excitation at 390 nm and emission at 435 nm,
whereas a FITC filter set was used for emission at
523 nm. Images were deconvolved, and ImagedJ Fiji in
combination with the macro tool CalculateGP (https://
sils.fnwi.uva.nl/bcb/objectj/examples/Calculate GP/MD/gp.
html, designed by Norbert Vischer) was used to calcu-
late GP values and to generate heatmaps.

Laurdan labelling and spectroscopy

Laurdan (6-Dodecanoyl-N, N-dymethyl2-naphthylamine,
Cayman Chemical Company) was used to assess mem-
brane fluidity as previously described (Wenzel et al.,
2018). Cells were grown in LB medium at 37°C and
220 rpm. At the desired ODggp, laurdan was added to a
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final concentration of 10 uM from a 1 mM working solu-
tion dissolved in dimethylformamide (DMF). After 10 min
incubation at 37°C in the dark, cells were washed three
times in pre-warmed Laurdan Buffer and re-suspended
to ODGOO of 0.4.

For spectroscopic measurements, Laurdan was
excited at 350 nm and fluorescent emission was mea-
sured at 460 and 500 nm using a plate reader (Var-
ioskanLUX, Thermo Fisher). After subtraction of
background fluorescence, GP values were calculated by
using the following formula:

GP = l460 — Is00/ 1460 + I500-

Lipid extraction

Lipid extraction from the membrane fractions was
achieved by addition of isopropanol:methanol (1:1, v:v)
(Honeywell, CHROMASOLV LC-MS Quality) containing
internal standards (UltimateSPLASH ONE Cat. number
330820 Avanti lipids). The solution was sonicated for
30 min using the XX sonicator and spun down, and
supernatant was subjected to analysis by LC-MS/MS.

Mass spectrometry

A Thermo Fisher Scientific Vanquish Autosampler —
HPLC-platform was used with a 100 mm BEH C18 col-
umn with inner diameter 2.1 mm and particle size
1.7 um (Waters, Milford, MA, USA). All solvents were
prepared with H,O from an Ultrapure 1Q7000 system
with a LC-Pak Polisher (Merck Millipore, Burlington, MA,
USA). Solvent A acetonitrile:H,O (60:40, v:v) containing
10 mM ammonium acetate. Solvent B, isopropanol:ace-
tonitrile (90:10, v:v) containing 10 mM ammonium acet-
ate. Chromatographic separation was achieved by
starting with 85% solvent A and 15% solvent B; percent-
age of solvent B is given at decimal time in min: [(O :
15%), (3.88 : 30%), (4.95 : 48%), (21.96 : 82%), (23.03 :
99%), (24.24 : 15%), (30 : 15%), end]. Valve position, 0—
8.3 min into waste, 8.3—-23.03 min mass spectrometer,
23.03-30 min into waste. Flow rate was 0.4 ml min~
with a single injection volume of 3 pl per sample. A
Thermo Fisher Scientific Q-Exactive Orbitrap mass spec-
trometer with a heated electrospray ionization source
was operated in polarity switching ionization mode (capil-
lary temp. 300°C) at 60 000 resolution with an acquisi-
tion cycle of MS1 and Top20 MS2.

Spectral data processing and data analysis

The software compounp piscoverer 3.1 of Thermo Fisher
Scientific was used to align, group, integrate and anno-
tate the peaks from mass spectrometry raw data using
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an in-house lipid database based on MS1. Statistical
analysis was performed using python 3.6 with the latest
(10.7.2020) libraries of the SciPy ecosystem and sea-
born.

RNA isolation and quality control

For RNA-seq analysis, cells were grown in LB medium
at 37°C and 220 rpm and harvested in the mid- to late-
exponential phase or stationary phase. Cell pellets were
re-suspended in 200 ul of TE buffer, after which 1% (fi-
nal) SDS and 0.25 g of glass beads were added. After
two times bead beating for 1 min (1 min on ice in
between), 1 ml of ice-cold TRIzol was added and sam-
ples were vortexed and incubated for 20 min at 70°C to
fully lyse the cells. 200 pl of chloroform was then added,
followed by vortexing for 15 s and incubation for 2 min
at RT. After centrifugation (12 500 g, 15 min, 4°C), the
upper aqueous phase containing RNA was transferred to
a clean tube and mixed with two volumes of 100% etha-
nol. RNA was purified using an RNA Clean & Concentra-
tor™-5 column (Zymo Research, cat. R1015) according
to manufacturer instructions. RNA concentrations were
measured using a NanoDrop ND-1000 (Thermo Fisher
Scientific). RNA quality was assessed by gel elec-
trophoresis. RNA samples were stored at —80°C.

RNA sequencing and data analysis

rRNA depletion and cDNA library preparation were per-
formed using Zymo-Seq RiboFree Total RNA-Seq
Library Kit (Zymo Research, cat. 3003). Fastq files were
mapped to the B. subtilis str. 168 reference genome (ac-
cession: NC_000964.3) using Bowtie (Langmead et al.,
2009) (parameters: -a -l 28 -n 2 -m 7 --best --strata).
Counts per gene were calculated using featureCounts
(Liao et al., 2014) and the latest RefSeq annotation (pa-
rameters: -t gene -g locus_tag -O -M --fraction). Differen-
tially expressed genes were identified using DESeq2
(Love et al., 2014), selecting genes with an absolute
log2(fold change) > 0.5 and FDR-adjusted P-
value < 0.05.
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Fig. S1. Lipidome profiles of total membrane fractions of B.
subtilis 168 and PG10. (A) TIC normalized relative abun-
dance of lipid classes in total membrane fractions of B. sub-
tilis 168 and PG10. (B) Log2 fold change of relative
abundance of lipid classes in total membrane fractions of
PG10 versus B. subtilis 168. Abbreviations: cardiolipin (CL),
polyprenol (Po), phosphatidylethanolamine (PE), diacylglyc-
erol (DAG), isoprenoids (Is), lysophosphatidic acid (LPA),
fatty acids (FA), phosphatidylglycerol (PG), quinones (Qu),
phosphatidylserine (PS), monoacylglycerol (MAG), lysophos-
phatidylglycerol (LPG), lysophosphatidylethanolamine (LPE),
lysophosphatidylserine (LPS) and hopanoids (Ho).

Fig. S2. Structural attributes of annotated prenol lipids. Rep-
resentation of the structural attributes of detected prenol
lipids. The most abundant lipid of each class is highlighted
with an asterisk. Abbreviations: hopanoids (Ho), isoprenoids
(Is), polyprenol (Po) and quinones (Qu).

Fig. S3. Chromatograms and ms2 information of cardiolipins
and isoprenoids in different strains. Abundant cardiolipin
(CL) and isoprenoid (Is) species with corresponding MS2
information. ‘dclsA’ is the PG10 clsA deletion strain.

Fig. S4. Structural comparison of glycerophospholipids in B.
subtilis 168 and PG10 across different membrane fractions.
Cluster map of z-scored relative lipid abundances of the
main phospholipids in B. subtilis 168 and PG10 between
the total membrane (TM), detergent-sensitive membrane
fraction (DSM) and detergent-resistant membrane fraction
(DRM). Abbreviations: cardiolipin (CL), phosphatidylglycerol
(PG) and phosphatidylethanolamine (PE).

Fig. S5. FMM composition of miniBacillus PG10 strains with
different genetic backgrounds. Abundancies of lipid classes
in DRM fractions of different PG10 strains: deletion of c/sA
(‘dcIsA’), reintroduction of yisP controlled by its natural pro-
moter (‘nat’) or the P4 constitutive promoter (‘veg’).

Fig. S6. Analysis of gene expression profiles’ similarity of B.
subtilis 168 and PG10 in exponential and stationary growth
phase. (A) PCA analysis. Exp. = exponential phase and
Stat. = stationary phase. Replicates are labelled #1-3. (B)
Correlation analysis of gene expression profiles of the same
conditions as mentioned in (A).

Table S1. List of oligonucleotides used in this study.

Table S2. Differential expression level of spo0OA in PG10
compared with B. subtilis 168.

Data S1. Extracted lipidomics data.
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