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Ribosomes translocation into the spore of
Bacillus subtilis is highly organised and
requires peptidoglycan rearrangements

Olga Iwańska 1, Przemysław Latoch 1, Mariia Kovalenko 1,
Małgorzata Lichocka1, Joanna Hołówka2, Remigiusz Serwa 3,
Agata Grzybowska1, Jolanta Zakrzewska-Czerwińska2 & Agata L. Starosta 1

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 SpoIIDMP-driven peptidoglycan rearrangement is crucial for ribo-
somes packing into the forespore. We also show that the SpoIIIA-SpoIIQ
‘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
obscurity1. 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)2,3, or chromosome translocases FtsK and
SpoIIIE in Escherichia coli and Bacillus subtilis, respectively4,5. 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 machinery6,7. The func-
tional consequences of this separation were recently described by
Johnson et al.8 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

finally, mother cell lysis and spore release (Fig. 1a)9–12. In this sequence
of morphological events, two processes receive considerable attention
—rearrangements of the cell membrane and peptidoglycan and chro-
mosome translocation13–16. However, although the translational
machinery including ribosomes and translation factors constitutes
~20% of the cell volume17, little is known about its localisation and
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dynamics during sporulation, and only recently the ribosomes became
objects of detailed observations in the sporulating B. subtilis18.

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 T0
(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 T0, mid-exponential
phase, the GFP signal is localised throughout the cell, with a slight
increase at the cell poles. This pattern becomes more pronounced 1 h
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 3 h 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, c, 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 β' 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 SpoIIIE 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 SpoIIIE 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 septation19. 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)20 (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 translation21. As shown previously in Iwanska
et al.22, 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. 8. 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 3 h 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

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 β' 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 (T0)
and every hour of the sporulation process (T1–T5). Scale bar is 2 µm. 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 (T0, n = 109; T1, n = 110; T2, n = 225; T3, n = 246; T4, n = 116; T5, n = 138);
RpoC-GFP (T0, n = 116; T1, n = 205; T2, n = 163; T3, n = 119; T4, n = 84; T5, n = 99).
Scale bar is 1 µm. 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 (T0–T5). White arrowheads point to the location of selected forespores.
Scale bar is 2 µm. 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 (T0, n = 186; T1, n = 609; T2,
n = 435; T3, n = 346; T4, n = 338; T5, n = 422). Scale bar is 1 µm. Error bars represent
±SD (standard deviation) of the fluorescence intensities. Source data are provided
as a Source Data file.
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supplementary material available at
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