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In the spore-forming bacterium Bacillus subtilis transcription and translation
are uncoupled and the translational machinery is located at the cell poles.
During sporulation, the cell undergoes morphological changes including
asymmetric division and chromosome translocation into the forespore.
However, the fate of translational machinery during sporulation has not been
described. Here, using microscopy and mass spectrometry, we show the
localisation of ribosomes during sporulation in wild type and mutant Bacillus
subtilis. We demonstrate that ribosomes are associated with the asymmetric
septum, a functionally important organelle in the cell’s developmental control,
and that SpolIDMP-driven peptidoglycan rearrangement is crucial for ribo-
somes packing into the forespore. We also show that the SpolllA-SpollQ
‘feeding-tube’ channel is not required for ribosome translocation. Our results
demonstrate that translation and translational machinery are temporally and
spatially organised in B. subtilis during sporulation and that the forespore
‘inherits’ ribosomes from the mother cell. We propose that the movement of
ribosomes in the cell may be mediated by the bacterial homologs of cytos-
keletal proteins and that the cues for asymmetric division localisation may be
translation-dependent. We anticipate our findings to elicit more sophisticated
structural and mechanistic studies of ribosome organisation during bacterial
cell development.

The view of a bacterial cell as a disorganised collection of macro-
molecules enclosed by a rigid cell wall is slowly but surely going into
obscurity’. The number of proteins having discrete subcellular
addresses in the bacterial cell has been increasing with examples
including cell division proteins FtsZ and the Min system (involved in
cell division site selection)’*, or chromosome translocases FtsK and
SpolllE in Escherichia coli and Bacillus subtilis, respectively*’. Inter-
estingly, the translational machinery itself has been somewhat
neglected in this type of studies, however, not due to a lack of

subcellular location. In vegetative cells of B. subtilis, the ribosomes
were shown to be localised at the cell poles, away from the
centrally located nucleoid and transcriptional machinery®’. The func-
tional consequences of this separation were recently described by
Johnson et al.® in their seminal paper showing that transcription and
translation are uncoupled in B. subtilis.

In response to nutrient limitation, vegetative cells of B. subtilis can
undergo a developmental change to form dormant and resistant
spores. Sporulation is a tightly regulated and highly trackable process,
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both temporally and spatially. The hallmark of sporulation is formation
of an asymmetric septum which divides the cell into two compart-
ments with differing fates: small forespore and a larger mother cell. In
brief, sporulation consists of precisely regulated positioning of the
asymmetric septum, chromosome translocation, engulfment of the
forespore by the mother cell, spore coat and cortex development and

Length [%] Length [%] Length [%]

finally, mother cell lysis and spore release (Fig. 1a)° ™ In this sequence
of morphological events, two processes receive considerable attention
—rearrangements of the cell membrane and peptidoglycan and chro-
mosome translocation”?¢, However, although the translational
machinery including ribosomes and translation factors constitutes
~20% of the cell volume”, little is known about its localisation and
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Fig. 1| Localisation of translational machinery during sporulation in B. subtilis
is precisely orchestrated. a Schematic of the sporulation process in B. subtilis. A
vegetative cell undergoes asymmetric septation, followed by chromosome trans-
location into the forespore. Next, the mother cell engulfs the forespore which then
develops spore cortex and coat. A mature spore is then released as a result of
mother cell autolysis. B. subtilis WT expressing GFP-tagged ribosomes, RpsB-GFP
(b) or GFP-tagged RNA polymerase {3’ subunit, RpoC-GFP (d). Cells were stained
with DAPI to visualise the chromosome and FM4-64, a membrane stain, to track the
asymmetric septation and sporulation progress. Blue arrowhead points to the
localisation of the chromosome (DAPI) and green arrowheads point to the locali-
sation of ribosomes (GFP). Samples were taken before sporulation induction (TO)
and every hour of the sporulation process (T1-T5). Scale bar is 2 um. Example cells
and plots of mean GFP fluorescence intensity (green) across the cells show sub-
cellular localisation of ribosomes (c) or RNA polymerase (e) during sporulation in
relation to the chromosome (blue) and cell membrane and asymmetric septum
(red). The cell lengths were normalised and fluorescence was measured along a line

drawn across the cell long axis. The cells are oriented so that the spore is located to
the left. The number of cells (n) analysed for each strain and time point is as follows:
RpsB-GFP (TO, n=109; T1, n=110; T2, n=225; T3, n=246; T4, n=116; T5, n=138);
RpoC-GFP (TO, n=116; T1, n=205; T2, n=163; T3, n=119; T4, n=84; T5, n=99).
Scale bar is 1 um. f Microscopic images of B. subtilis WT cells treated with OPP and
stained with Alexa 488 and DAPI, illustrating active translation during 5 h of spor-
ulation (TO-T5). White arrowheads point to the location of selected forespores.
Scale bar is 2 um. g Plots of the mean OPP-Alexa 488 fluorescence intensity (green)
across the cell showing localisation and intensity of active translation during
sporulation in relation to the chromosome localisation (blue). The cell lengths were
normalised and fluorescence was measured along a line drawn across the cell long
axis. The number of analysed cells (n) is as follows (TO, n=186; T1, n=609; T2,
n=435; T3, n=346; T4, n=338; T5, n =422). Scale bar is 1 um. Error bars represent
+SD (standard deviation) of the fluorescence intensities. Source data are provided
as a Source Data file.

dynamics during sporulation, and only recently the ribosomes became
objects of detailed observations in the sporulating B. subtilis'®.

In this work, we used a combination of microscopic assays to
monitor positioning of the ribosomes during sporulation in B. subtilis.
We showed that localisation of the ribosomes correlates with the
active translation sites and that the asymmetric septum plays an
important role in the spatial organisation of ribosomes. We also
showed that the ribosomes enter the forespore in a sequential manner,
after the chromosome translocation and this is dependent on septal
peptidoglycan rearrangements.

Results

Ribosome packing into the forespore is sequential

Using fluorescence microscopy, we observed distribution of ribo-
somes during sporulation in B. subtilis in 1-h intervals, beginning at TO
(logarithmic growth, immediately prior to sporulation induction) to T5
(5 h post sporulation induction). We tagged the small ribosomal pro-
tein RpsB (S2) with GFP to monitor the position of ribosomes in rela-
tion to the asymmetric septum and the chromosome, stained with
FM4-64 and DAPI, respectively (Fig. 1b, c). At TO, mid-exponential
phase, the GFP signal is localised throughout the cell, with a slight
increase at the cell poles. This pattern becomes more pronounced 1h
post sporulation induction, where both poles are enriched in ribo-
somes. However, at T2 when the asymmetric septum is being formed
at -20th percentile of the cell's length, we observed a drop in GFP
signal in favour of DAPI at the cell pole where the forespore is devel-
oping. Approximately 3h post sporulation induction, membrane
migration is mostly complete, based on the increase in FM4-64 signal
at the cell pole where the spore is (Fig. 1b, ¢, Supplementary Fig. 1), and
this is accompanied by chromosome translocation resulting in fore-
spore inflation to ~30% of the mother cell’s length. Interestingly, we
observed that during asymmetric septation and chromosome trans-
location (T2-T3), the fluorescence signal corresponding to ribosomes
at the cell pole (T1) decreases, suggesting that less ribosomes are
detected in the developing forespore. It appears that the ribosomes
gather and wait at the asymmetric septum at the mother cell side and
during or very shortly after the engulfment by the mother cell, the
ribosomes are translocated into the spore (T4). To further investigate
whether such sequential packing of the developing spore is char-
acteristic of sporulation and applies also to transcriptional machinery,
we observed the localisation of GFP-tagged ' subunit of RNA poly-
merase (RpoC) during sporulation. We show that the RpoC colocalizes
with the chromosome during asymmetric septation and membrane
migration (T2 and T3), and is not excluded from the developing
forespore prior to engulfment (T4) (Fig. 1d, e). The SpolllE channel
strips the translocating chromosome of the DNA-binding proteins
including RNA polymerase. However, as the chromosome segregation
begins before asymmetric septation, a proportion of RNA polymerase

is present at the cell pole prior to SpolllE channel formation. The
increase in fluorescence intensity in the forespore results from
expression of rpoC-gfp from the native locus, which is present in the
forespore compartment at the time of polar septation®. This is sup-
ported by the detection of de novo RNA synthesis in the forespore at
T2 and T3, measured by incorporation and fluorescent tagging of the
uridine analogue, 5-ethynyluridine (EU)*° (Supplementary Fig. 2). The
initial expression of RpoC-GFP in the early forespore implies, however,
the presence of translating ribosomes in this compartment. We
investigated this using an Alexa 488 labelled alkyne analogue of pur-
omycin (O-propargyl-puromycin (OPP)). Puromycin terminates trans-
lation by mimicking an aminoacyl-tRNA and binding to the nascent
polypeptide chain. Fluorescently labelled nascent chains allow for
visualisation and relative quantification of the incorporated OPP, or in
other words, of the active translation®. As shown previously in Iwanska
et al.”, in the early time points translation localises to the cell poles,
away from the chromosome (Fig. 1f, g), which is consistent with the
uncoupled transcription-translation in B. subtilis discussed in the
seminal paper by Johnson et al. . At T2, around the time of asymmetric
division, translation declines significantly which correlates with the
loss of polar localisation of the ribosomes. Once the asymmetric sep-
tation is complete, translation takes place mostly at the septum on the
mother cell side, and then inside the spore (T4). It should be noted,
however, that past T4 the fluorescence signal from the spore is limited
due to, most probably, spore impermeability and the results presented
in Fig. 1f, g regarding late sporulation (T5) are more representative of
the mother cell. Low level of translation in the forespore prior to
engulfment is consistent with our observation that there is a small
proportion of ribosomes present in the forming forespore and in fact,
most of the ribosomes are localised at the septum on the mother cell
side. Around the time of engulfment, however, ribosomes are trans-
located into the forespore. We also followed these dynamic subcellular
changes in the ribosome and RNA polymerase localisation using time-
lapse microscopy (Supplementary Videos 1 and 2, Supplementary
Figs. 3 and 4). Based on the above observations we propose that the
ribosomes are packed into the forespore sequentially, after the chro-
mosome translocation, and that this shift is associated with membrane
migration or cell wall remodelling during engulfment.

Mass spectrometry indicates direct interaction of the ribosome
with components of the protein machinery required for
engulfment

We applied tandem mass tag-mass spectrometry (TMT-MS) analysis to
determine which proteins may interact with the ribosome at the site of
asymmetric septation. We collected the cells 3h post sporulation
induction and performed digitonin-based lysis on DSP (dithio-
bis(succinimidyl propionate)) cross-linked and non-cross-linked cul-
tures, in duplicates. Digitonin-based lysis allowed for membrane
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Fig. 2 | Ribosomes are associated with the mother cell and forespore pepti-
doglycan and membrane proteins. a Polysome profiles of the DSP cross-linked
(DSP) and non-cross-linked (D) samples of sporulating B. subtilis cells lysed with
digitonin. Fractions analysed by MS, in both DSP and D conditions, are highlighted
in grey: monosome (fr1), monosomal shoulder (fr2) and disome (fr 3 and 4). Posi-
tions of the ribosomal subunits (30S, 50S), monosome (70S) and polysomes are
indicated. b Volcano plots illustrating the mass spectrometry proteomics data for
cross-linked vs non-cross-linked samples (DSP vs D), for the consecutive fractions
1-4. The x-axis shows the calculated Log2 fold change and p values are represented

Log2FC DSP/D

on the y-axis as —LoglO(p value) (Student’s T-test, two-sided; no adjustments for
multiple comparisons). The vertical and horizontal dotted lines show the cut-off
of Log2(Fold Change) = + 1 (Fold Change =+ 2), and for p value = 0.05, respectively.
The enriched proteins are categorised into 11 functional groups, colour-coded
accordingly to the legend shown in bottom left. Protein components of the
feeding tube channel (SpolllAH-AG, SpollQ and GerM) and peptidoglycan degra-
dation module (SpolIP and SpolIB) are labelled. Source data are provided as a
Source Data file.

solubilisation and enrichment of the lysates with membrane interact-
ing and/or bound proteins. We used flash-frozen and pulverised cells
(according to Kopik et al.?) as a control of the lysis method, as well as
cells harvested in the logarithmic phase as a control for the develop-
mental stage (sporulating vs non-sporulating cells). We separated the
70S ribosome and disome-containing fractions using sucrose gradient
centrifugation (Fig. 2a, Supplementary Fig. 5). We used close to phy-
siological salt concentration and did not prepurify the ribosomes using
sucrose cushion to allow for co-migration of even transiently asso-
ciated factors. Although we are aware this may result in high back-
ground, including for example, large multiprotein complexes like
flagellum (Fli, Flh, FIg and Hag proteins)*, we did intend to cast a wide
net in our search. The TMT-MS analysis revealed 641 proteins,
including 55 ribosomal proteins and their paralogs (Supplementary
Data 1). We performed PCA analysis of log2 normalised reporter
intensities for all samples, revealing adequate grouping of data based
on preservation of the native ribosomes (lysis-dependent, PC1) and
growth stage (sporulating vs logarithmic, PC2) (Supplementary Fig. 5).
We compared the consecutive cross-linked (DSP) vs non-cross-linked

(D) samples lysed with digitonin and identified 204, 174, 111 and 82
enriched proteins in the consecutive cross-linked fractions which we
categorised into 11 functional groups (Fig. 2b, Supplementary Data 1).
We also compared both experimental groups with the control of the
lysis method and the monosomal fractions of cells in sporulating vs
logarithmic growth phases (Supplementary Fig. 6). The biggest func-
tional group of proteins enriched in cross-linked samples was broadly
defined metabolism, mostly due to the polar and/or membrane-
associated localisation of proteins within this group. The second and
third next functional groups were sporulation and cell envelope and
cell division proteins. In the DSP cross-linked samples, we also
observed enrichment of translation factors including IF-2 (infB), IF-3
(infC), EF-G (fusA), EF-Tu (tufA), EF-P (efp) and RRF (frr) indicating that
we have collected actively translating ribosomes. We observed
enrichment of the cell wall and membrane-associated proteins (cell
envelope and cell division group), such as components of the Min
system, bacterial cytoskeletal homologues (MreB, MreC, Mbl, DivIVA,
FtsH) and regulatory proteins (FtsE-FtsX, EzrA, GpsB). Within the
sporulation group, we identified proteins related to spore coat and
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Fig. 3 | Peptidoglycan remodelling, but not membrane migration, is essential
for ribosome translocation into the developing spore. a Selected cells of the
AspolllAH, AspollQ and AspolID strains with fluorescently tagged RpsB-GFP and
RpoC-GFP proteins. Cells were stained with DAPI to visualise the chromosome and
FM4-64, a membrane stain, to track the asymmetric septation and sporulation
progress. Samples were taken every 30 min starting 2 h post sporulation induction
(T2) up to 5 h post sporulation induction (T5). Scale bar is 1 um. b Plots of the mean
fluorescence intensity illustrating the localisation of ribosomes (RpsB-GFP) or RNA
polymerase (RpoC-GFP), in relation to the asymmetric septum (FM4-64, red) and
chromosome (DAPI, blue) in AspolllAH, AspollQ and AspolID strains during spor-
ulation (T2-T5). The cell lengths were normalised and fluorescence was measured
along a line drawn across the cell long axis. The number of cells (n) analysed for
each strain and time point is as follows: AspolllAH RpsB-GFP (T2, n=507; T2:30,
n=364; T3, n=532;T3:30, n=425; T4, n=560; T4:30, n=505; T5, n=477); AspollQ
RpsB-GFP (T2, n=718; T2:30, n = 684; T3, n=351; T3:30, n =356; T4, n=512; T4:30,
n=456; TS5, n=393); AspolID RpsB-GFP (T2, n=273; T2:30, n=391; T3, n=338;

0
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T3:30, n=269; T4, n=182; T4:30, n=159; TS5, n=198); and AspollD RpoC-GFP (T2,
n=445;T2:30, n=450; T3, n=434; T3:30, n=437; T4, n=262; T4:30, n=23§; T5,
n=2331). ¢ Cartoon representation of the ribosome and RNA polymerase localisa-
tion (green) in the sporulating B. subtilis cell 4 h post sporulation induction (post
engulfment, T4) in the AspolllAH, AspollQ and AspolID strains. d Microscopic images
of selected AspolID cells treated with OPP and stained with Alexa 488 and DAPI,
illustrating active translation during sporulation (TO-T5). Scale bar is 1 um. Below,
plots of the mean OPP-Alexa 488 fluorescence intensity (green) across the AspollD
cells showing localisation and intensity of active translation during sporulation in
relation to the chromosome localisation (DAPI, blue). The number of cells (n)
analysed for each time point is as follows: (TO, n=353; T1, n=358; T2, n=609; T3,
n=345; T4, n=415; TS5, n=457). The cell lengths were normalised and fluorescence
was measured along a line drawn across the cell long axis. Cells exhibiting the
bulged membrane phenotype were selected for the analysis. Error bars represent
+SD (standard deviation) of the fluorescence intensities. Source data are provided
as a Source Data file.

cortex assembly (SpolVA, SpoVR, SpoVS, CotE, CotO, SafA, CwiD),
mother cell and forespore-associated penicillin-binding proteins
(DacF, SpoVD) and specifically, components of the feeding tube
channel (SpolllAG, SpolllAH, SpollQ and GerM) and septal pepti-
doglycan degradation module (SpollP and SpolIB) (Fig. 2b). Since both
of these protein complexes are essential for engulfment and constitute
a potential gateway for the ribosomes to enter the spore, we further
investigated whether either one or both may have a role in transloca-
tion of the ribosomes into the developing spore.

Deletion of the components of SpollIA-SpollQ complex does not
influence ribosome localisation

The SpolllA proteins, encoded in the single operon spolllA (SpollIAA-
SpolllAH), together with SpollQ and GerM required for assembly, form
a multimeric channel connecting the mother cell and the forespore.
The channel was proposed to constitute a hybrid secretion-like
transport machinery and function as a feeding tube. Indeed, the
SpolllA-SpollQ channel was shown to maintain forespore physiology
and mediate small-molecule intercellular transport® . Deletion

strains of any component of the complex produce small forespores
with membrane invaginations and limited transcription during late
sporulation (expression of oG regulon), generally resulting in defective
spore formation®. SpolllAH and SpollQ were also identified as having
additional role in membrane migration during engulfment, forming a
zipper-like structure”. Because of this dual function, we investigated
ribosome localisation during sporulation in 4spolllAH and AspollQ
strains in half-hour intervals, between 2 and 5h post sporulation
induction, using GFP-tagged ribosomes as above. Both strains formed
asymmetric septa between 2 and 2.5h post sporulation induction,
maintaining the ribosome localisation to the mother cell side of the
septum, similarly to WT cells, and failed to conclude spore engulfment
by T3, as expected. However, in the later stages of sporulation
(T3-T3:30) we detected the GFP signal at the forespore membrane
vicinity, and by T4 the ribosomes were localised inside the forespore
(Fig. 3a-c, Supplementary Fig. 7a, b). This implies that the Q-AH
complex may aid in, but is not essential for the ribosome translocation
into the spore of B. subtilis. We also investigated localisation of the
transcriptional machinery and active translation in AspollQ strain
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Fig. 4 | Ribosomes migrate from the mother cell to the forespore post-
chromosome translocation with the aid of peptidoglycan rearrangements.
Lattice SIM images showing representative cells of WT (a) and 4spolID (b) strains
with GFP-tagged ribosomes and WT strain with GFP-tagged RNA polymerase (c)
during sporulation from T1 (1 h post sporulation induction) to T4 (4 h post
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sporulation induction). Images in (a, b) were reconstructed using SIM? recon-
struction algorithm and images in (c) were reconstructed using SIM reconstruction
algorithm. Images processed in ImageJ using Fire LUT represent fluorescence signal
intensity (blue—low; white—high; colour scale in the range of 0-256 [arbitrary
unit]). Scale bar is 1 um.

(Supplementary Fig. 8). Interestingly, we found that although both
transcriptional and translational machineries are present in the fore-
spore of the mutant strain, there is little fluorescence signal corre-
sponding to the active translation in the spore and the strongest OPP-
Alexa 488 signal is localised to the asymmetric septum in late spor-
ulation (T4 and T5). This is most probably a direct consequence of
limited transcription in the spore described by others®*°, however, not
due to the lack of relevant protein machineries. The feeding tube
channel has been shown to transport small molecules including
arginine®’, however, we also investigated the effect of deletion of the
ring-forming complex of the channel®, AspollIAG, on the ribosome
localisation. The mutant showed the expected small spores pheno-
type, and the ribosomal translocation into the forespore was not
affected suggesting that the feeding tube channel does not take part in
ribosome translocation into the developing spore (Supplemen-
tary Fig. 9).

Peptidoglycan remodelling by the SpolIDMP is crucial for ribo-
some translocation into the spore

The SpolIDMP complex localises at the leading edge of the mother cell
membrane during engulfment and partially degrades peptidoglycan at
the asymmetric septum allowing for membrane migration and new
peptidoglycan synthesis. The SpollP and SpolID are cell wall hydro-
lases and SpolIM localises the complex to the septum. In B. subtilis, all
three proteins are essential for engulfment and deletion mutants
demonstrate developmental blockage during sporulation after asym-
metric septation and produce bulged septal membranes>**>, We,
therefore, investigated localisation of the translational machinery
(GFP-tagged ribosomes) in the AspollD strain between 2 and 5 h post
sporulation induction. We observed asymmetric septation in the

AspollID strain between T2 and T3, followed by bulging of the septum
(Fig. 3a, b, Supplementary Fig. 7c). Similar to WT, in the 4spollD strain
ribosomes are also mostly excluded from the forespore and localised
at the mother cell side of the asymmetric septum (T2:30-T3). How-
ever, unlike in WT, we did not record enrichment of the GFP signal
inside the forespore at the later time points, suggesting that translo-
cation of the ribosomes into the developing spore depends on pepti-
doglycan rearrangement. To test whether this applies also to
transcriptional machinery, we observed the localisation of RpoC-GFP
and recorded fluorescence signal in the forespore post asymmetric
septation (Fig. 3a-c, Supplementary Fig. 7d). We then investigated
translational activity of the AspollD strain and showed that after the
asymmetric division, there was negligible level of active translation in
the forespores of the mutant strain (Fig. 3d, Supplementary Fig. 7e).
We also investigated this in the AspolIM and AspollP mutants and
obtained similar results (Supplementary Fig. 10). In the light of SpolllE
protein stripping activity during chromosome translocation discussed
above, a decrease of OPP-Alexa 488 fluorescence intensity in the
forespore at T3 (Fig. 3d) together with the presence of RNA poly-
merase in the forespore led us to further investigate the ribosomal
localisation during sporulation. We used structured illumination
microscopy (Lattice SIM) to observe the localisation of ribosomes
(RpsB-GFP) in the WT and A4spolID strains between 1 and 4 h post
sporulation induction in 30 min intervals, as well as localisation of the
RNA polymerase (RpoC-GFP) in WT as a control (Fig. 4). We show that
during asymmetric septation a small proportion of ribosomes is
associated with the forespore membrane. In the WT strain, as the
chromosome translocation concludes and as the peptidoglycan rear-
rangement driving spore engulfment progresses, the fluorescent sig-
nal in the spore membrane increases suggesting relocation of the
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Fig. 5| Sporulation in B. subtilis is a highly orchestrated, multi-step process. Cartoon model of the sporulation process in B. subtilis WT and AspollD mutant illustrating
chromosome and ribosomes translocation into the developing spore. Chromosome is depicted in grey, RpsB/ribosomes in green and RpoC/RNA polymerase in yellow.

ribosomes into the spore (T2-T3). However, this is not the case for the
AspollD strain in which blockage of the peptidoglycan degradation-
driven engulfment prevents ribosome translocation into the spore. As
the bulged, newly synthesised membrane is devoid of the GFP signal,
this implies that the cell possibly uses existing mother cell membrane
proteins to anchor and transport ribosomes. This may also suggest
that de novo ribosome biosynthesis in the developing spore is very
limited if not null. Levels of RNA polymerase on the other hand are only
briefly decreased in the forespore, at the time of chromosome trans-
location by the SpolllE (T2), and the fluorescence intensity and dis-
tribution quickly become similar in both mother cell and the forespore
in WT.

Discussion

In this work, we propose a model of ribosomes translocation into the
developing spore in B. subtilis (Fig. 5). Contrary to the current model,
we propose that the ribosomes are not already present in the fore-
spore and displaced to the forespore periphery during chromosome
translocation'®. Rather, the translocation of ribosomes into the
forespore is temporally separate from and subsequent to chromo-
some translocation and the forespore inherits the mother cell’s
ribosomes. Our data strongly suggest that ribosomes are restricted
from the developing forespore rather than trapped in the divided
cytoplasm. The ribosomes move away from the pole where the
asymmetric septation will take place, and only a small proportion of
membrane-associated ribosomes is included in the developing
forespore. The majority of the ribosomes then wait at the asymmetric
septum at the mother cell side where they remain translationally
active. This supports the view of the asymmetric septum as a bac-
terial organelle serving as a hub in the cell’'s developmental control,
proposed by Shapiro and Losick®. Peptidoglycan rearrangement by
SpolIDMP is crucial for ribosome packing into the spore after the
chromosome translocation and we hypothesise that this transfer is
mediated by mother cell membrane or cell wall proteins, possibly via
the septal pore, after SpolllE loss of focal localisation and before the
spore peptidoglycan synthesis. Once the chromosome becomes
dehydrated, ribosomes are released from the spore membrane and
move towards the centrally located chromosome. The proposed
model implies two things—(I) ribosomes can be transported to dif-
ferent subcellular locations during development and the cell most
likely employs homologues of cytoskeletal proteins for this; (II) the
cues for localisation of asymmetric septation may be translational
and also based on the sites of ribosome location. Whether membrane
targeting and membrane association of the ribosomes is via signal
recognition particles, short nascent peptides® or by direct binding
with the membrane or cell wall components (perhaps lipid Il medi-
ated?), remains to be answered.

We postulate that the SpolIDMP role in ribosomes translocation
into the forespore can be underlined by the evolutionary conservation
of these proteins in the sporulation gene set of Firmicutes” and can
suggest that ribosome transport may be widespread and universal in
spore-forming bacteria. Since we did not observe ribosome biogenesis

factors in the MS data nor the GFP signal in the bulged membrane of
AspollID, this might suggest that ribosomes are not synthesised de novo
in the forespore and are inherited from the mother cell. Also, the
ribosomal transport from the mother cell to the developing spore
appears to be in fact required for successful sporulation. SpolllA-
SpollQ feeding tube channel is another example of a conserved com-
plex essential for engulfment in sporulating bacteria. Although our
data show that it is not necessary for ribosome transport into the
forespore, we do not exclude the possibility that it may play an indir-
ect role.

Collectively, our results contribute to the changing idea of the
bacterial cell as a spatially organised system and place the translational
machinery in the context of dynamic subcellular localisation during
sporulation.

Methods

Strains and growth conditions

B. subtilis 168 strain was used as a wild type and the remaining strains
are derivatives thereof, as listed in Supplementary Table 1a. The strains
were grown overnight in LB medium at 30 °C with shaking then diluted
to ODggp = 0.1in CH medium*® and grown until OD¢g( reached 0.5-0.6,
at 37 °C with shaking. Sporulation was induced by medium exchange
to sporulation medium as described by Sterlini and Mandelstam®,
except the cells were harvested by filtration and filters were trans-
ferred into the culture flasks. The sporulation medium was supple-
mented with 3% v/v of the culture in CH medium at ODggo = 0.5-0.6 to
promote sporulation.

Strains construction
The primers and plasmids used in this study are listed in Supplemen-
tary Tables 1b and c, respectively.

B. subtilis single deletion strains were purchased from Bacillus
Genetic Stock Center (BGSC, www.bgsc.org)*.

For strains with the GFP tag, the RpsB ribosomal protein or '
subunit of RNA polymerase, RpoC, was tagged with GFP at the C
termini. The fusion was performed by a double cross-over and
integrated into the chromosome in the native locus. The tag was
introduced by transforming the competent B. subtilis cells* with a
linear DNA construct prepared by overlap PCR method*’. The ~5.5 kb
DNA construct consisted of two genomic regions 2 kb upstream and
downstream of the STOP codon of rpsB or rpoC genes amplified
from the genomic DNA of B. subtilis using dedicated UPFOR/UPREV
and DOWNFOR/DOWNREV primers, and GFP tag and spectinomycin
resistance cassette were amplified from pSHP2 plasmid with MID1-
FOR/MID2REV primers introducing appropriate flanking regions
(Supplementary Tables 1b and c). The STOP codons of rpsB and rpoC
were omitted. The transformants were selected on nutrient agar
plates with spectinomycin and the results of transformations
were verified by PCR and visually (expression of GFP). WT strains
with GFP-tagged ribosomes and RNA polymerase demonstrated
normal morphology and growth in CH medium at 37 °C compared
to WT.

Nature Communications | (2025)16:354


http://www.bgsc.org
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55196-9

Confocal microscopy

Confocal microscopy was carried out with an inverted confocal system
Nikon Cl1. Images were taken with Plan-Apo VC 100%/1.40 oil immer-
sion objective. GFP/Alexa 488 were excited at 488 nm, DAPI at 408 nm,
FM4-64 at 543 nm. The fluorescence signals were collected using filter
sets: 515/30 nm for GFP/Alexa 488, 480/40 nm for DAPI and 610LP nm
for FM4-64. Imaging of specimens having more than one fluorophore
was performed in a sequential scan mode to prevent bleed-through of
signal. B. subtilis strains were grown and sporulation was induced as
described above. Aliquots of the cultures were sampled every hour for
6 h into sporulation, beginning at time TO—prior to sporulation
induction. Cells were immobilised on 1% agarose pads prepared with
1.0 x1.0-cm GeneFrames (Thermo Fisher Scientific). Unless stated
otherwise, the cells were visualised with FM4-64 dye at a final con-
centration of 10 ug ml™ and 4’,6-diamidino-2-phenylindole (DAPI) dye
at a final concentration of 5 pug ml™. For translation visualisation, cells
were incubated with OPP using Click-iT® Plus OPP Alexa Fluor® 488
Protein Synthesis Assay Kit (Invitrogen) according to the manu-
facturer’s guidelines. Briefly, cells we incubated with 13 uM OPP for
30 min at 37°C with shaking. Cells were then fixed with 3.7% for-
maldehyde and permeabilized with 0.1% Triton X-100. Fluorescent
labelling was performed for 30 min with Alexa Fluor 488 reaction
cocktail and then, cells were stained with DAPI.

Time-lapse microfluidics microscopy (TLMM)

TLMM experiments were performed using a Delta Vision Elite inverted
microscope equipped with a 100x/1.4 Oil objective. B. subtilis strains
were grown and sporulation was induced as described above. Imme-
diately after sporulation induction cells were loaded into the ONIX
observation chamber (B0O4A-03-5PK CellASIC ONIX plates for bacteria
cells) and further cultured in sporulation medium with addition of
0.57-3% of the rich medium. Images were recorded at 5 min intervals
for 6 h (35 ms exposure time, 10% transmittance on transmitted light
channel, 15ms exposure time and 10% of transmittance on EGFP
channel). The temperature during the experiment was main-
tained at 37 °C.

Lattice SIM imaging

Strains were grown and sporulation was induced as described above.
Cultures were sampled hourly beginning with T1 (1 h post sporulation
induction), to T4 (4 h post sporulation induction). Lattice SIM Imaging
was performed using an Elyra 7 (Zeiss) inverted microscope equipped
with an sCMOS 4.2 CL HS camera and an alpha Plan-Apochromat 100x/
1.46 Oil DIC M27 objective with an Optovar 1.6x magnification changer.
Fluorescence was excited with 488 nm laser (100 mW), the signals
were observed through multiple beam splitter (405/488/561/641 nm)
and laser block filters (405/488/561/641 nm). Cells were immobilised
on 1% agarose pads (1.0 x 1.0-cm GeneFrames; Thermo Fisher Scien-
tific). Cells were illuminated with 488 nm laser with 0.9% intensity and
150 ms exposure time and with 0.5% intensity and 100 ms exposure
time for respectively RpsB-GFP and RpoC-GFP fusions. Each Z-plane
was illuminated in Lattice-SIM mode comprising 13 phases. Image
reconstruction was performed with the ZEN 3.0 SR software (Zeiss)
using SIM? reconstruction algorithm with standard parameters. Images
were viewed and analysed in ImageJ and the middle planes were
selected for visualisation.

Microscopy data analysis

Images were analysed using ImageJ*® and graphs were prepared in R*.
For fluorescence localisation measurements, a 1p line was drawn
across the cells (region of interest, ROI). The cell lengths were nor-
malised to 100% and the fluorescence intensities across the line were
recorded and visualised. The number of cells used to calculate the
mean fluorescence for each time point was as follows: for WT
expressing RpsB-GFP (Fig. 1c), 109, 110, 225, 246, 116 and 138 cells were

analysed at TO, T1, T2, T3, T4 and TS5, respectively. For WT expressing
RpoC-GFP (Fig. 1e), 116, 205, 163, 119, 84 and 99 cells were measured at
TO, T1, T2, T3, T4 and TS5, respectively. In the case of the translation
visualisation experiments (Fig. 1g), 186, 609, 435, 346, 338 and 422
cells were analysed at TO, T1, T2, T3, T4 and T5, respectively. For the
AspolllAH mutant expressing RpsB-GFP (Fig. 3b), 507, 364, 532, 425,
560, 505 and 477 cells were analysed at T2, T2:30, T3, T3:30, T4, T4:30
and T5, respectively. For the 4spollQ mutant expressing RpsB-GFP
(Fig. 3b), 718, 684, 351, 356, 512, 456 and 393 cells were quantified at T2,
T2:30, T3, T3:30, T4, T4:30 and TS5, respectively. Similarly, for the
AspollD mutant expressing RpsB-GFP (Fig. 3b), 273, 391, 338, 269, 182,
159 and 198 cells were analysed at T2, T2:30, T3, T3:30, T4, T4:30 and
T5, respectively. For the Aspoll[D mutant expressing RpoC-GFP
(Fig. 3b), 445, 450, 434, 437, 262, 238 and 331 cells were examined at
the same respective time points. In the translation visualisation
experiment for the AspollD (Fig. 3d), 353, 358, 609, 345, 415 and 457
cells were analysed at TO, T1, T2, T3, T4 and TS5, respectively. To
enhance the visualisation of the green channel intensity (OPP and EU),
the minimum and maximum values of the green channel histogram
were scaled to a range of 0-2500 using Image]) ‘Brightness/Contrast...’
option. The example cells were individually selected and cropped to
create isolated images. These images were then rotated to a standar-
dised orientation in GIMP.

Ribosome purification and mass spectrometry

Ribosomes were purified from B. subtilis WT cultures harvested 3 h
post sporulation induction, in duplicates. Before harvesting, cultures
were treated with 0.3 mM chloramphenicol. Cross-linking was per-
formed using 2.5mM DSP for 30s, followed by quenching with
50 mM Tris for 30s. The cross-linked cultures were collected by
centrifugation, 10 min, 2500 x g, 4 °C. Otherwise, cells were collected
by filtration and flash-frozen in liquid nitrogen. In case of detergent-
based lysis, frozen cells were incubated in lysis buffer (20 mM Tris pH
7.6,10 mM MgAcet, 150 mM KAcet and 1 mM chloramphenicol), with
1% digitonin, 1 mg/ml lysozyme and 100 U/ml Dnase I for 30 min at
30 °C. Lysis by grinding was performed with mortar and pestle with
addition of aluminium oxide, in lysis buffer without digitonin (20 mM
TRIS pH 7.6, 10 mM MgAcet, 150 mM KAcet, 0.4% TRITON X-100,
1 mM chloramphenicol, 100 U/ml Dnase I). As a control, cultures in
logarithmic growth phase were also harvested. These were grown in
CH medium at 37 °C with shaking and harvested when ODggo = 0.8.
Lysed cells were then centrifuged and debris-free lysates were col-
lected. Concentration of RNA was measured spectrophotometrically.
Linear sucrose gradients (5%-30% w/v, 12.5ml) were prepared in
polysome buffer (20 mM Tris, 10 mM MgAcet, 5 mM KAcet, 100 mM
NH,4CI) with 0.1% addition of digitonin for the samples lysed by
detergent-based lysis, in polypropylene ultracentrifuge tubes. The
same amounts of samples (700 pg of total RNA) were layered on top
of the sucrose gradients and centrifuged in a Thermo Scientific
Sorval WX Ultra Series ultracentrifuge for 3 h at 96,589 x g (average
g-force), 4°C using a Thermo Scientific Th-641 swinging bucket
rotor. Polysome profiles were recorded at 254 nm and gradients were
fractionated into 500 pl fractions using BioComp’s Piston Gradient
Fractionator™. Polysome profiles were analysed and fractions cor-
responding to the monosome were sent for mass spectrometry
analysis.

The collected samples were subjected to chloroform/methanol
precipitation and the resulting protein pellets were washed with
methanol. The pellets were air-dried for 10 min and resuspended in
100 mM HEPES pH 8.0. TCEP (final conc. 10 mM) and chloroacetamide
(final conc. 40 mM). Trypsin was added in a 1:100 enzyme-to-protein
ratio and incubated overnight at 37 °C. The digestion was terminated
by the addition of trifluoroacetic acid (TFA, final conc. 1%). The
resulting peptides were labelled using an on-(StageTip) column TMT
labelling protocol®. Peptides were eluted with 60 pl 60% acetonitrile/
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0.1% formic acid in water. Equal volumes of each sample were pooled
into two TMT12plex samples and dried using a SpeedVac concentrator.
Peptides were then loaded on StageTip columns and washed with 0.1%
TEA/5%ACN, eluted with 0.1% TEA/SO%ACN, and dried using a Speed-
Vac concentrator. Prior to LC-MS measurement, the peptide fractions
were dissolved in 0.1% TFA, and 2% acetonitrile in water. Chromato-
graphic separation was performed on an Easy-Spray Acclaim PepMap
column 50 cm long x 75 um inner diameter (Thermo Fisher Scientific)
at 55°C by applying 180 min acetonitrile gradients in 0.1% aqueous
formic acid at a flow rate of 300 nl/min. An UltiMate 3000 nano-LC
system was coupled to a Q Exactive HF-X mass spectrometer via an
easy-spray source (all Thermo Fisher Scientific). The Q Exactive HF-X
was operated in TMT mode with survey scans acquired at a resolution
of 60,000 at m/z 200. Up to 15 of the most abundant isotope patterns
with charges 2-5 from the survey scan were selected with an isolation
window of 0.7m/z and fragmented by higher-energy collision dis-
sociation with normalised collision energies of 32, while the dynamic
exclusion was set to 35s. The maximum ion injection times for the
survey scan and the MS/MS scans (acquired with a resolution of 45,000
at m/z 200) were 50 and 96 ms, respectively. The ion target value for
MS was set to 3e6 and for MS/MS to 1e5, and the minimum AGC target
was set to 1e3. Data were processed with MaxQuant v. 1.6.17.0*, and
peptides were identified from the MS/MS spectra searched against a
modified Uniprot Bacillus Subtilis reference proteome (UPO00001570
was extended by four entries: protein RpsN1 sequence MAKKS-
MIAKQQRTPKFKVQEYTRCERCGRPHSVIRKFKLCRICFRELAYKGQIPGV
KKASW; protein RpsN2 sequence MAKKSKVAKELKRQQLVEQYA-
GIRRELKEKGDYEALSKLPRDSAPGRLHN =~ RCMVTGRPRAYMRKFKMS-
RIAFRELAHKGQIPGVKKASW; protein RpmG2 sequence MRKKITLAC
KTCGNRNYTTMKSSASAAERLEVKKYCSTCNSHTAHLETK; protein Rpm
G3 sequence MRVNVTLACTETGDRNYITTKNKRTNPDRLELKKYSPRLK-
KYTLHRETK) using the built-in Andromeda search engine. Reporter
ion MS2-based quantification was applied with reporter mass toler-
ance=0.003Da and min. reporter PIF=0.75. Normalisation was
selected, weighted ratio to all TMT channels. Cysteine carbamido-
methylation was set as a fixed modification and methionine oxida-
tion as well as glutamine/asparagine deamination were set as
variable modifications. For in silico digests of the reference pro-
teome, cleavages of arginine or lysine followed by any amino acid
were allowed (trypsin/P), and up to two missed cleavages were
allowed. The false discovery rate was set to 0.01 for peptides, pro-
teins, and sites. A match between runs was enabled. Other para-
meters were used as pre-set in the software. Unique and razor
peptides were used for quantification enabling protein grouping
(razor peptides are the peptides uniquely assigned to protein
groups and not to individual proteins). Reporter intensity corrected
values (values) for protein groups were loaded into Perseus v.
1.6.10.0". Standard filtering steps were applied to clean up the
dataset: reverse (matched to decoy database), only identified by site,
and potential contaminant (from a list of commonly occurring
contaminants included in MaxQuant) protein groups were removed.
The values were log2 transformed and proteins groups with at least
one valid value across all 11 sample groups were kept. The values
were then normalised to the ribosomal protein content of each
sample (within each sample a median value of 54 detected ribosomal
proteins was subtracted from the values of non-ribosomal proteins).
Log2 fold changes were calculated for: DSP fr1-4 vs. D fr1-4 (cross-
linked vs. non-cross-linked samples lysed with digitonin), DSP fr1-4
and D fr1-4 vs. monosomal fraction P (control for lysis method), and
sporulating sample P vs. logarithmic sample Log fr1-2 (control for
growth stage). PCA plot was generated in R. Volcano plots were
generated using the EnhancedVolcano package*® in R. The mass
spectrometry proteomics data have been deposited to the Proteo-
meXchange Consortium*’ via the PRIDE®® partner repository with
the dataset identifier PXD047497.

Statistics and reproducibility

The mass spectrometry experiments were performed in biological
duplicates. The microscopic observations using confocal microscopy
were performed in biological triplicates or duplicates and data from a
single replicate was presented in this manuscript. No data were
excluded from the analyses. No statistical method was used to pre-
determine sample size. Randomisation is not applicable in this study.
All samples were analysed and processed in the same manner thus, no
blinding was required.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The mass spectrometry proteomics data generated in this study have
been deposited in the ProteomeXchange Consortium*’ via the PRIDE*®
partner repository under accession code PXD047497. The micro-
scopic measurements and log2FoldChange values for the protein mass
spectrometry data generated in this study, for all data presented in
graphs within the Figures are provided in the Source Data file. The
calculated log2FoldChange values for the protein mass spectrometry
data generated in this study are provided in the Supplementary Data 1
file. Source data are provided with this paper.
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