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ABSTRACT Genome engineering offers the possibility to create completely novel
cell factories with enhanced properties for biotechnological applications. In recent
years, genome minimization was extensively explored in the Gram-positive bacte-
rial cell factory Bacillus subtilis, where up to 42% of the genome encoding dispen-
sable functions was removed. Such studies showed that some strains with mini-
mized genomes gained beneficial features, especially for secretory protein
production. However, strains with the most minimal genomes displayed growth
defects. This focused our attention on strains with less extensive genomic deletions
that display close-to-wild-type growth properties while retaining the acquired ben-
eficial traits in secretory protein production. A strain of this category is B. subtilis
I1G-Bs27-47-24, here referred to as midiBacillus, which lacks 30.95% of the parental
genome. To date, it was unknown how the altered genomic configuration of
midiBacillus impacts cell physiology in general, and protein secretion in particular.
The present study bridges this knowledge gap through comparative quantitative
proteome analyses with focus on protein secretion. Interestingly, the results show
that the secretion stress responses of midiBacillus, as elicited by high-level expres-
sion of the immunodominant staphylococcal antigen A, are completely different
from secretion stress responses that occur in the parental strain 168. We further
show that midiBacillus has an increased capacity for translation and that a variety
of critical Sec secretion machinery components is present at elevated levels.
Altogether, our observations demonstrate that high-level protein secretion has dif-
ferent consequences for wild-type and genome-engineered Bacillus strains, dictated
by the altered genomic and proteomic configurations.

IMPORTANCE Our present study showcases a genome-minimized nonpathogenic bac-
terium, the so-called midiBacillus, as a chassis for the development of future indus-
trial strains that serve in the production of high-value difficult-to-produce proteins.
In particular, we explain how midiBacillus, which lacks about one-third of the original
genome, effectively secretes a protein of the major human pathogen Staphylococcus
aureus that cannot be produced by the parental Bacillus subtilis strain. This is impor-
tant, because the secreted S. aureus protein is exemplary for a range of targets that
can be implemented in future antistaphylococcal immunotherapies. Accordingly, we
anticipate that midiBacillus chassis will contribute to the development of vaccines
that protect both humans and livestock against diseases caused by S. aureus, a bac-
terial pathogen that is increasingly difficult to fight with antibiotics, because it has
accumulated resistances to essentially all antibiotics that are currently in clinical
practice.

KEYWORDS Bacillus subtilis, genome minimization, proteomics, protein secretion, Sec
pathway, signal peptidase
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ecent advances in genetic engineering and synthetic biology, combined with next-

generation sequencing technologies, have allowed the construction of microor-
ganisms with significantly reduced genomes (1-4). Initially, genome reduction was per-
formed to determine the minimal set of genes required for cell growth and viability
under favorable conditions and to elucidate the functions of essential genes (3, 5-7).
Besides answering these fundamental scientific questions, genome reduction has also
offered the possibility to create completely novel strains that can be applied as cell fac-
tories in bioproduction processes (8-13).

Bacteria of the genus Bacillus have been used extensively in industrial biotechnology
as cell factories for protein production, which relates to their high protein secretion
capacities and the fact that they are nonpathogenic to humans, animals, and plants (14,
15). Among these bacilli, the Bacillus subtilis strain 168 gained popularity not only
because of its application potential but also because it has been an important model or-
ganism for studies on Gram-positive bacteria in general. Accordingly, B. subtilis 168 was
one of the first organisms with a completely sequenced genome (16). Subsequently, this
bacterium became the starting point for extensive genome-wide studies on gene func-
tion, involving the individual deletion of all nonessential genes (5). Based on the gath-
ered knowledge, and taking advantage of the excellent genetic amenability of B. subtilis,
extensive genome minimization studies were undertaken. This culminated in the engi-
neering of B. subtilis strains that have the largest genome reductions thus far described
for any living species (4, 17). One of these massively genome-minimized strains is the so-
called ‘miniBacillus’, which lacks ~35% of the genome of its parental strain 168 (17, 18).
However, since minimization of the B. subtilis genome was based on a sequential step-
wise process, a host of intermediate genome-reduced strains was created, such as the
landmark strains 11G-Bs27-24 and 11G-Bs24-47-24 (17).

An intriguing question that we recently addressed was whether any of the ge-
nome-minimized B. subtilis strains, such as miniBacillus, could be applied as a cell fac-
tory. Indeed, it was shown that miniBacillus displayed an enhanced capability to pro-
duce difficult-to-produce proteins, as was demonstrated by the secretion of several
staphylococcal antigens that could not be secreted by the parental strain B. subtilis
168. This was partly explained by the deletion of genes for extracellular proteases and
an enhanced capacity for translation in miniBacillus, but overall, the reasons underlying
the observed improvements in protein secretion remained unclear (18). Importantly,
miniBacillus also displayed some counterproductive traits in the sense that its growth
on rich medium was slower than that of the parental strain 168 and that lower cell
densities were reached. This suggested that, at one or more stages during the con-
struction of the genome-minimized B. subtilis strains, certain beneficial traits of the pa-
rental strain 168 had been lost, while the new beneficial properties were gained.
Consistent with this view, we recently described the supersecreting midiBacillus strain
(originally designated l1G-Bs24-47-24), which still shows close-to-parental growth prop-
erties (19).

Our present study was aimed at investigating in which molecular aspects the
midiBacillus strain differs from the parental strain 168, apart from the fact that it lacks
30.95% of the genome, representing 1,401 genes. Among these deleted genes were
those that were previously designated dispensable and unwanted, especially pro-
phage-carried genes, the genes for eight major extracellular proteases, and genes
involved in sporulation and biofilm formation (20). An additional objective of our pres-
ent study was to chart the cellular responses to induced high-level production of a
secreted heterologous protein in midiBacillus and to compare them with the respective
responses of the parental strain 168. To achieve these objectives, we applied a compar-
ative proteomics approach, where the total protein complement of the two strains was
compared prior to and during induced production of the immunodominant staphylo-
coccal antigen A (IsaA). In particular, IsaA is a cell-wall-associated and secreted protein
from the livestock-associated and human pathogen Staphylococcus aureus. Currently,
S. aureus represents a global health concern due to its acquired antibiotic resistances,
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as critically underscored by the methicillin-resistant S. aureus (MRSA) lineages that
have emerged in hospitals and the community. One strategy to combat antibiotic re-
sistance, a top-10 threat to global health (21), is vaccination where specific bacterial
antigens can be used for immunization (22). However, there is currently no vaccine
against MRSA infections, and the search for suitable staphylococcal antigens for vacci-
nation is still in progress (23, 24). Importantly, the model protein IsaA employed in our
present study to asses protein secretion by midiBacillus is a potential target for innova-
tive antistaphylococcal immunotherapy (25-27).

Briefly, in the present study we separately analyzed the protein content of the cyto-
solic and membrane compartments of IsaA-producing or nonproducing midiBacillus
cells and the parental strain 168, as well as their respective extracellular proteins in the
growth medium. The concept behind this comprehensive proteome analysis was that
the results would disclose the major physiological alterations in midiBacillus that have
led to its improved performance in protein production and secretion. Interestingly, the
present investigations uncover major rearrangements in the responses of midiBacillus
to the protein secretion stress caused by induced IsaA production. These include an
upregulation of proteins controlled by the stringent response and a downregulation of
various stress-responsive systems. Importantly, compared to the parental strain 168,
midiBacillus displays elevated levels of various Sec secretion machinery components.
Together, the observed alterations provide novel explanations for the enhanced per-
formance of midiBacillus in heterologous protein secretion.

RESULTS

Protein abundance. A comparative label-free protein quantification was performed
to investigate the physiological adaptations of midiBacillus and its parental strain 168
upon production of IsaA. Both strains carrying the plasmid pRAG3:isaA for subtilin-in-
ducible expression of IsaA were grown until the exponential growth phase and then
induced with subtilin for IsaA production. After 2 h of induction, protein synthesis and
abundance were measured and compared to the controls, which were treated in the
same way but without subtilin induction. The subsequent liquid chromatography-mass
spectrometry (LC-MS) analyses of samples from the parental strain yielded 1,276 and
1,390 uniquely identified proteins for the control and induced conditions, respectively,
considering all protein fractions. For midiBacillus, 1,297 and 1,189 different proteins
were uniquely identified for the control and induced conditions, respectively. Proteins
qualified for subsequent quantification only if they were present in two out of three
replicates and localized in the predicted cell fraction. Considering that the 168 and
midiBacillus strains are far from isogenic due to the massive genome reduction, the
first step in the analysis was to determine the changes in each strain after induction.
Subsequently, we assessed whether the observed responses differed between the two
strains. The quality of biological replicates was evaluated by a principal-component
analysis (PCA). This showed that, for both the 168 and midiBacillus strains, the individ-
ual replicates of the induced condition clustered together and were separated from
the respective noninduced replicates (Fig. 1). This clearly showed that induction of IsaA
production affected the proteomes of both investigated strains.

Venn diagrams were used to compare the numbers of quantified proteins of each
strain (Fig. 2; see also Fig. S1a in the supplemental material). Proteins that were
detected only in the induced cells were designated ‘ON’, and if they were present
exclusively in the control, they were designated ‘OFF’. As shown with the Benjamini-
Hochberg false-discovery rate (FDR) method, three proteins were significantly downre-
gulated upon IsaA induction in the parental strain, while 254 and 184 proteins were
down- or upregulated, respectively, in midiBacillus. These values, together with the
numbers of OFF or ON proteins (Fig. 2; Table S2), resulted in a total of 136 and 626 pro-
teins that were altered upon induction of IsaA production in the 168 and midiBacillus
strains, respectively.

Proteomic patterns in the parental strain 168 and midiBacillus. To identify the
processes in which the quantified proteins of the 168 and midiBacillus strains were
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FIG 1 Principal-component analysis of the LFQ protein intensities in the 168 and midiBacillus strains. PCA of
the LFQ protein intensities determined for the control and induced conditions in the parental strain 168 (a)

and midiBacillus (b). Confidence ellipses are indicated.

involved, functional categories were assigned to the respective proteins according to
the SubtiWiki database (28) (Table S3). Differences in protein amounts between the non-
induced and induced cultures were then visualized in Voronoi treemaps according to
their functional category. To this end, functionally related gene products were assigned
to the same cluster and partitioned into weighted polygons with an area proportional to
the relative weight of the respective functional category (Fig. 3). Details of further subdi-
vision of the functional categories up to the level of protein names are provided in
Fig. S2. Here, it should be noted that missing values of lower levels of the functional
annotation categories were supplemented with the information available from the
higher annotation levels. The resulting Voronoi treemaps thus consider all the quantified
proteins of both strains and facilitate a visual comparison. Additionally, the proteins
encoded by genes deleted from midiBacillus are also indicated in the treemaps (Fig. 3c
and Fig. S2¢). In general, the difference in the expression of proteins between conditions
is broader in midiBacillus than in the parental strain, where most of the values oscillated
from —0.5 to 0.5 (Fig. S1b). Differences in the protein patterns of the two strains are
especially evident for universally conserved proteins, proteins involved in protein synthe-
sis and modification, proteins that are encoded by essential genes, and proteins involved
in the biosynthesis and acquisition of nucleotides (Fig. 3; Fig. S2). In fact, most of the pro-
teins in these categories were upregulated in midiBacillus upon induced production of
IsaA (Table S3 and Fig. S3). Here, it is especially noteworthy that this upregulation was
significant for ribosomal proteins, belonging to the first two specified categories.
Meanwhile, for the parental strain an increased abundance was observed in particular
for proteins that are associated with mobile genetic elements, representing more than 2
quartiles of the identified proteins in this category (Fig. S1b). The functional protein cate-
gories including higher numbers of downregulated and OFF proteins in midiBacillus
were membrane proteins and proteins coping with stress and amino acid nitrogen me-
tabolism. In the parental strain 168, downregulated and OFF proteins were membrane
proteins and proteins involved in the regulation of gene expression. Altogether, the two

a b
Induced Induced
(1048) (923)
67 [f' ‘ 66 134 54
OFF | 01) ON OFF ON

Control : Control
(1049) (1003)

Parental strain 168 midiBacillus

FIG 2 Numbers of proteins that are either unique or shared between conditions. Numbers of significantly
upregulated (1) and downregulated (|) proteins per condition are presented at the heart of the Venn
diagram in the parental strain 168 (a) and midiBacillus (b). Proteins detected only under the noninduced
condition are indicated as OFF, and proteins detected exclusively under the induced condition are
labeled as ON.
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FIG 4 Total numbers of ON, OFF, and significantly regulated proteins upon induction of IsaA production per
functional category. In the upper part of the plot, the numbers of upregulated and ON proteins are presented.

In the lower part, in a mirror scale, the numbers of downregulated and OFF proteins are presented.

strains shared a core of 702 proteins that were quantified under both conditions (Fig. S1a),
of which 24.5% are involved in protein synthesis and modification (Table S4).

Translation capacity. The response of midiBacillus to induction of IsaA production
is characterized by an increment in proteins that are involved in protein synthesis and
modification, as underpinned by the highest number of significantly upregulated and
ON proteins (Fig. 4). This finding is in line with our previous study focused on the absolute
changes in the membrane proteome upon IsaA induction (19). Importantly, the present
data highlight a key difference between midiBacillus and the parental strain, namely, the
fact that the translation machinery is boosted only in midiBacillus. Specifically, 90% of the
ribosomal proteins were significantly upregulated in midiBacillus, while 98% of these pro-
teins did not show a change in the parental strain (Table S3). Since we quantified more
proteins with translation functions in midiBacillus than in the parental strain, i.e., 150 versus
133 proteins, respectively (Table S3), we decided to evaluate the overall translation rates in
both strains. To this end, we used a previously developed synthetic reporter module where
green fluorescent protein (GFP) transcription is coupled to expression of the bmrC gene of
B. subtilis (29). Expression of the bmrC and bmrD genes, which encode an inducible drug
efflux pump, is regulated via transcriptional attenuation, involving the leader peptide
BmrB encoded by the bmrBCD operon (29). Importantly, efficient translation of bmrB
results in the formation of a terminator that precludes transcription of bmrC and bmrD.

FIG 3 Legend (Continued)

Parental strain 168)
Parental strain 168)

MSystems’

functional categories defined in SubtiWiki. (b) Designation in color code of quantified proteins for which the protein-encoding genes are absent (colored
light gray) or present (colored light brown) in midiBacillus. (c and d) Treemaps of quantified proteins depicting the ratio of protein expression of the
control versus the induced condition for the parental strain (c) and midiBacillus (d) are indicated by color code. In panels ¢ and d, proteins colored in
shades of orange are more abundant under the induced condition and proteins colored in shades of turquoise are more abundant under the control
condition. Furthermore, darker colors illustrate larger differences in protein expression. ON proteins (colored in dark orange) are present only under the
induced condition, while OFF proteins (colored in dark turquoise) are present only under the control condition. Nonidentified proteins and proteins
encoded by deleted genes are indicated in light gray. To distinguish between proteins of which the genes were deleted or present, please refer to panel

b. Relevant functional groups are highlighted by fuchsia-colored outlines in panels c and d.
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FIG 5 Translational efficiency in the parental strain 168 and its genome-reduced derivatives
approximated with a synthetic bmrC-GFP expression module. Transcriptional activity of the bmrCD
genes in different B. subtilis strains was measured in real time using a synthetic bmrC-GFP expression
module as previously described for the miniBacillus strain (18). Of note, GFP transcriptional activity
(TAU) in the four indicated strains was assessed in the presence of 0.2 ug/ml of clindamycin.

Conversely, slowed-down translation of BmrB by ribosome-targeted antibiotics, such as
clindamycin, will favor the formation of an antiterminator and trigger increased expres-
sion of bmrC and bmrD. Thus, to identify possible differences in overall translation rates,
the bmrC-GFP fusion was integrated into the bmrBCD loci of the midiBacillus and 168
strains. Subsequently, we assessed the levels of GFP expression during growth in the
presence of a small amount of clindamycin that triggers bmrC-GFP expression with the
premise that bmrC-GFP expression in midiBacillus will not be strongly induced by clinda-
mycin if overall the translation rate is high (18, 29). Consistent with the proteomics data,
the expression of GFP in midiBacillus with the bmrC-GFP module remained far below
that of the parental strain with this module (Fig. 5). This implies a significantly enhanced
efficiency of BmrB translation in midiBacillus compared to the parental strain. Interestingly,
bmrC-GFP expression in midiBacillus was comparable to the previously assessed bmrC-GFP
expression in the miniBacillus strain PG10 (18) (Fig. 5). On the other hand, it remained signifi-
cantly lower than the bmrC-GFP expression measured in strain 11G-Bs27-24 (17, 18) (Fig. 5),
which is a close ancestor of midiBacillus in the phylogeny of genome-minimized B. subtilis
strains. These findings imply that midiBacillus displays essentially the same optimal transla-
tional capabilities as the previously described miniBacillus.

Secretion via the Sec pathway. IsaA was significantly upregulated in the extracel-
lular fraction of midiBacillus [—Log(P value) = 3.025, difference = 3.710], and it was also
detected by MS in the extracellular fraction of the induced parental strain 168 (Table S3).
However, since the MS data do not provide information about the integrity of the secreted
IsaA protein, we corroborated the abundance of IsaA in the extracellular fractions of the 168
and midiBacillus strains by Western blotting (Fig. 6). In addition, the presence of IsaA in the cell
fractions was assessed using the same approach. Indeed, full-size IsaA was detectable in the
induced cells of both strains. Judged by a slightly lower mobility on lithium dodecyl sulfate
(LDS)-PAGE, it seems that IsaA accumulated in a precursor form in cells of the parental strain,
whereas IsaA in the midiBacillus cells was apparently present in a processed mature form
(Fig. 6). Similar findings were previously reported for the miniBacillus strain overproducing IsaA
(18). Importantly, mature IsaA was abundantly secreted by midiBacillus, whereas predomi-
nantly degradation fragments of IsaA were detected in the extracellular fraction of strain 168
(Fig. 6). The detection of enhanced amounts of intact IsaA secreted by midiBacillus can be
attributed to reduced protease activity, since this strain lacks eight major secreted proteases
(17). However, this does not explain the improved secretion of IsaA compared to the parental
strain. One possible reason could be that the genome reduction impacted the quantity of
secretion machinery components in midiBacillus compared to the 168 strain. Of note, it is diffi-
cult to quantify differences between these two strains from the proteomics data due to the
massive differences they display. Therefore, we first compared the proteome data for the
induced and noninduced conditions per strain. This showed that induction per se did not
change the levels of the majority of secretion machinery components (Table 1). Based on the
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FIG 6 Induced overproduction of the staphylococcal antigen IsaA in the parental strain 168 and
midiBacillus. To allow induction of IsaA expression from plasmid pRAG3:isaA with subtilin, the spaRK
genes were introduced in the amyE locus of the midiBacillus and 168 strains. Culture samples were
collected 2 h after induction with subtilin. At the same time, samples were withdrawn from parallel
noninduced cultures. Cells were separated from the growth medium by centrifugation, and proteins
in the respective fractions were analyzed by LDS-PAGE and Western blotting with the IsaA-specific
monoclonal antibody 1D9. The cytoplasmic marker protein for cell lysis TrxA was detected with a
specific polyclonal antibody. The positions of precursor and mature forms of IsaA and the TrxA
protein are marked with arrowheads. Of note, precursor and mature forms of IsaA are distinguished
based on the fact that the designated precursor form is exclusively identified in the cell fraction, has
a lower mobility on LDS-PAGE, and shows a deduced M,, difference with the secreted mature protein
that is consistent with the presence of a signal peptide.

proteomic analysis, only Rnc, a RNase IIl with different regulatory functions in protein synthesis,
modification, and secretion, showed significant upregulation in midiBacillus upon IsaA induc-
tion (Table 1). To directly compare the levels of secretion machinery components in the
midiBacillus and 168 strains, we performed a Western blot analysis, where equal ODqy, (optical

TABLE 1 Regulation of quantified proteins involved in the general protein secretion (Sec)
pathway and the response to protein secretion stress?

Parental strain 168 midiBacillus
Protein —log(Pvalue) Difference Regulation —log(Pvalue) Difference Regulation
CssS NA NA 0.968 —0.157 =
EcsA 0.016 0.015 = 0.444 —0.181 =
EcsB 0.468 0.245 = 0.394 —-0.2
HtrB NA NA ON NA NA OFF
Ffh 0.855 0.286 = 0.746 0.206 =
FIhA* 0.181 —0.162 =
FtsY 0.02 0.01 = 1.968 —0.394 !
PrsA 0.653 0.372 = 0.353 —0.195 =
RasP 0.054 —0.041 = 1.507 —0.310 =
Rnc 0.067 —0.021 = 3.547 0.82 1
SecA 0.735 —0.106 = 0.488 —0.115 =
SecDF 0.06 —0.045 = 0.318 —0.109 =
SecG NA NA 0.177 —0.169 =
SecY 0.068 0.057 = 0.197 0.103 =
SipS 0.162 0.147 = 1.378 —0.372 =
SipT 0.158 0.141 = 1.37 —0.437 =
SipU NA NA 0.104 —0.113 =
Sipw* NA NA OFF
SppA  0.23 0.104 = 1.584 0.443 =
YacD 0.015 —0.011 = 0.416 0.164 =
Yidc1 0.355 0.212 = 0.086 0.054

aAbbreviation and symbols: NA, not applied—the protein was not quantified under any condition or only under
one condition where the regulation is marked as ON or OFF; ¥, protein-encoding gene was deleted in
midiBacillus; =, difference in the protein abundance was not significant; |, the protein was significantly
downregulated; 1, the protein was significantly upregulated.
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FIG 7 Levels of Sec pathway components in the B. subtilis 168 and midiBacillus strains. The expression of IsaA
by B. subtilis 168 and midiBacillus was induced with subtilin, and culture samples were collected 2 h after
induction. The cellular levels of CssS, SRP/Ffh, FtsY, PrsA, SecA, SipS, and the cytoplasmic control protein TrxA
were assessed by Western blotting with specific polyclonal antibodies. Samples from three biological replicate
cultures of each strain were loaded on the gels.

density at 600 nm) equivalents of the respective induced cultures were used for gel loading
(Fig. 7). The relative protein levels were then calculated by ImageJ analysis, and the relative
numbers in the parental strain were considered 1. As shown by two-tailed t tests, indeed, stat-
istically significant changes in the relative amounts of Sec secretion machinery components
had occurred in midiBacillus. In particular, elevated levels of the signal recognition particle
(SRP)-related components Ffh (9.0-fold, standard deviation [SD] =1.1, P < 0.01) and FtsY (4.5-
fold, SD =04, P < 0.01), the signal peptidase SipS (not detected in the parental strain), and
the posttranslocational protein folding catalyst PrsA (1.4-fold, SD *£0.2, P < 0.05) were
detected in midiBacillus. The relative values for the parental strain 168 were 1, SD *0.3, for
Ffh; 1, SD 0.1, for FtsY; and 1, SD =0.08, for PrsA. In particular, the strongly enhanced level of
SipS would, by itself, be sufficient to explain the observed improvement in IsaA precursor mat-
uration and secretion as shown in Fig. 6, because it was previously shown that overproduction
of SipS leads to enhanced signal peptide processing in secretory precursor proteins (30).
However, also the enhanced levels of the SRP-related proteins (Ffh, FtsY) and PrsA could very
well contribute to improved IsaA secretion (Fig. 7) (31, 32). In addition, a minor increase in the
cellular level of the translocation ATPase SecA was observed, which could contribute to
improved IsaA secretion as well.

Another possible reason why IsaA secretion is enhanced in midiBacillus could be
that this strain secretes fewer proteins via the Sec pathway, thereby lowering the possi-
ble competition for translocation sites. We therefore inspected the extracellular pro-
teome data of the midiBacillus and 168 strains for proteins that are secreted with the
help of Sec-type signal peptides using the GP4 algorithm (33). Overall, the number of
secreted proteins upon IsaA induction was ~3-fold higher in the parental strain 168
than in midiBacillus, as judged by the number of ON and significantly upregulated pro-
teins that belong to the functional category of secreted proteins as defined in the
SubtiWiki database (see the fifth category from the left in Fig. 4 and Fig. S3).
Accordingly, the number of quantified extracellular proteins with GP4-predicted Sec-
type signal peptides was also ~3-fold higher in the parental strain (Table S6a).
Furthermore, based on the proteome data, we approximated the proportion of the
amounts of proteins secreted via the Sec pathway. As shown by t tests, the relative
abundance of the proteins secreted via Sec in the extracellular fraction upon IsaA
induction was significantly lower in midiBacillus (72.4%, SD *0.7) than in the parental
168 strain (78.9%, SD *=0.7; P < 0.01). Importantly, this lower number of extracellular
proteins did not relate to an accumulation of signal peptide-containing proteins in the
membrane or cytoplasm of midiBacillus, where, respectively, only two such proteins
were identified while remaining undetected in the extracellular fraction (Table S6b).
Altogether, these findings demonstrate that in midiBacillus fewer proteins with Sec-
type signal peptides compete for the available Sec translocons, which appear to be
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FIG 8 HtrA and HtrB levels in the parental strain 168 and midiBacillus. The expression of IsaA was
induced with subtilin, and culture samples were collected 2 h after induction. In parallel, samples
were collected from noninduced cultures. Cell-associated and extracellular proteins were separated by
LDS-PAGE, and the presence of HtrA and HtrB was assessed by Western blotting with polyclonal
antibodies specific for HtrA or HtrB.

present in more copies per cell. Nonetheless, the XynA protein of B. subtilis was no lon-
ger detected upon IsaA induction, which suggests that IsaA might still be competing
with XynA for the Sec pathway, possibly due to substitution of the signal peptide of
XynA for the native signal peptide of IsaA.

Secretion stress. B. subtilis cells are known to respond to high-level protein secretion
by mounting a so-called secretion stress response, which is dependent on the CssRS
two-component regulatory system. Induction of the response results in increased
expression of the quality control serine proteases HtrA and HtrB, which also have chaper-
one activity (32). While HtrA was not detected by the proteome analyses, the HtrB pro-
tein was detected upon induced IsaA expression in the parental strain 168 (Table 1).
Since this suggested the absence of a secretion stress response in midiBacillus, the levels
of HtrA and HtrB were investigated by Western blotting. As expected, the parental strain
168 mounted a typical secretion stress response upon induced expression of IsaA, as
both HtrA and HtrB were found to be upregulated (Fig. 8). Here, it should be noted that
the full-size induced HtrB was detected only in the extracellular fraction. In contrast, no
enhanced expression of HtrA or HtrB was detectable in midiBacillus upon IsaA induction.
However, the expression levels of HtrA and HtrB were found to be highly upregulated al-
ready in noninduced midiBacillus. In this case, the level of HtrA was comparable to the
secretion stress-induced HtrA level in the 168 strain, whereas the extracellular HtrB level
was massively increased compared to the 168 strain (Fig. 8). This could mean that nonin-
duced midiBacillus is secretion stressed due to an unintentional aberrant production of
one or more secreted proteins. However, a simpler explanation can be found in the
enhanced level of the sensor component CssS in midiBacillus (Fig. 7), which might lead
to a deregulated response where the noninduced cells are already more perceptive of
minor perturbations that trigger the CssRS two-component system.

A redefined secretion stress response in midiBacillus. An intriguing observation
from the functional analysis of proteins regulated upon IsaA induction was that many
proteins involved in “coping with stress” were downregulated or no longer detected in
midiBacillus (Fig. 3 and 4). In contrast, this was not the case in the parental strain 168.
Since this was suggestive of a completely altered perception of protein secretion stress
by midiBacillus, we analyzed the respective changes based on regulons. To this end, all
quantified proteins in the parental strain and midiBacillus were assigned to regulons
according to the SubtiWiki database (28) (Table S5), and Voronoi treemaps were cre-
ated based on this regulon stratification as shown in Fig. 9. To facilitate comparisons
between the two strains, all proteins in these treemaps are presented in the same lay-
out. Additional treemaps displaying the particular modes of regulation, the protein
names, and proteins for which the respective genes were deleted in midiBacillus are
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FIG 9 Voronoi treemaps showing the quantified proteins in the parental strain 168 and midiBacillus grouped per regulon. Proteins of B. subtilis 168 (left) and
midiBacillus (right) with altered abundance upon IsaA induction were grouped per regulon. The ratio of protein expression under the induced condition versus
the noninduced conditions is presented in color code. Proteins colored in shades of orange are more abundant under the induced condition, and proteins
colored in shades of turquoise are more abundant under the control condition. Furthermore, darker colors illustrate larger differences in protein expression.
ON proteins (colored in dark orange) are present only under the induced condition, while OFF proteins (colored in dark turquoise) are present only under the
control condition. Nonidentified proteins and proteins encoded by deleted genes are indicated in light gray. Regulons of interest are highlighted by fuchsia-
colored outlines.

provided in Fig. S4. Importantly, this analysis highlights two overarching responses of
midiBacillus to IsaA induction in terms of protein up- or downregulation. First, the
abundance of proteins regulated by the stringent response was highly upregulated. In
fact, the majority of quantified proteins of midiBacillus belonging to this regulon were
more abundant under the induced condition (Fig. 9). Clearly, this response was not
observed in the parental strain 168. The same was true for proteins belonging to the
PyrR and PurR regulons for pyrimidine and purine biosynthesis, which were upregu-
lated upon IsaA induction in midiBacillus (Fig. S2). Lastly, proteins belonging to the
SigW regulon were more abundant upon lIsaA induction in midiBacillus, suggesting
that the bacteria perceived some cell envelope perturbations (34, 35). On the other
hand, IsaA induction in midiBacillus resulted in a strong downregulation of proteins
belonging to the Spx, CymR, SigB, T-box, S-box, and TnrA regulons (Fig. 9) (36-39), sug-
gesting that the bacteria perceived IsaA production as a relatively “relaxing” activity. In
contrast, some proteins belonging to the Spx and SigB regulons were upregulated
upon IsaA induction in the parental strain 168. Altogether, these data show that the
secretion stress response in midiBacillus was completely redefined by this strain’s
reconfigured genome.

DISCUSSION

A protein synthesis boost in midiBacillus. The aim of our present study was to
elucidate the main physiological adaptations in a genome-reduced midiBacillus strain
with enhanced capacity for the secretion of difficult-to-produce proteins. To this end,
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we analyzed the responses of both the parental strain 168 and the midiBacillus strain
upon induced production of the staphylococcal protein IsaA by label-free MS. This pro-
teomics approach allowed the identification of ~33% and ~45% of the theoretical
proteome of the parental and midiBacillus strains, respectively. Importantly, even
though the total numbers of quantified proteins were comparable for the two strains
(see Table S2 in the supplemental material) and their core proteomes were similar
(Fig. S1), substantial differences in the respective proteomic signatures were identified
that revealed critical physiological alterations and a different adaptive behavior under
conditions of protein secretion stress.

One of the most striking features of midiBacillus concerned the high upregulation
of proteins involved in protein synthesis and modification upon induced IsaA produc-
tion (Fig. 4). This finding is particularly remarkable if one considers the fact that protein
synthesis is one of the most “expensive” processes in the cell, consuming up to 40% of
the cellular energy resources (40). In fact, proteins involved in translation and proteins
that make up the ribosome do already represent the major bacterial proteome mass
(4, 41). This upregulation of proteins with protein synthesis functions will, on the one
hand, represent an energetic burden for midiBacillus. On the other hand, it is presum-
ably one of the main features of midiBacillus that support its enhanced capacity for
protein production. What exactly triggers the increased production of proteins
involved in translation upon induced synthesis of IsaA is presently not entirely clear,
but in any case, this means that the cells are limited neither in energy nor in amino
acids. Probably, this response is not related to altered synthesis or degradation of the
alarmone (p)ppGpp, since the levels of the GTP pyrophosphokinase RelA were not
altered upon IsaA induction (42, 43). Importantly, the enhanced capacity for protein
synthesis of midiBacillus is reflected not only in its hardware for protein synthesis but
also in the enhanced general translation rate as detected with our bmrC-GFP fusion
module, which was not induced despite the presence of the inducer clindamycin. This
implies that the translation rates remained high enough to preclude BmrB-induced
antitermination of the bmrC-GFP expression. In contrast, a substantially higher induc-
tion of bmrC-GFP was detectable in the parental strain 168, but also in the intermediate
strain 11G-Bs27-24. The latter implies that the improved translational capabilities of the
midiBacillus and miniBacillus strains were acquired somewhere along the 43 consecu-
tive genome reduction steps from strain [IG-Bs27-24 to the delivery of midiBacillus (i.e.,
strain 11G-Bs27-47-24) (17, 19, 44). Notably, it is conceivable that the increased synthesis
of proteins involved in translation upon induced IsaA synthesis by midiBacillus could
be compensated by the observed overall reduction in synthesis and abundance of pro-
teins (Fig. 2) (45). This would imply a substantial rerouting of the cellular resources to-
ward the translational machinery and IsaA production.

A protein secretion “highway” in midiBacillus. Aside from an enhanced capacity
for translation, we observed that midiBacillus contains several Sec secretion machin-
ery components at elevated levels compared to the 168 strain (Fig. 7). In particular,
the enhanced level of the major signal peptidase SipS would be sufficient to explain
the improved processing of the IsaA precursor in midiBacillus (30, 46). However, the
increased levels of other secretion machinery components, like Ffh, FtsY, SecA, and
PrsA, could also contribute to the improved secretion of IsaA. Interestingly, several
previous studies involving the overproduction of secretion machinery components in
B. subtilis showed that overproduction of PrsA leads to enhanced posttranslocational
folding of various heterologous secretory proteins (47). In contrast, improved protein
secretion was not shown so far when the cellular levels of Ffh or FtsY were increased,
suggesting that these proteins do not represent a limiting factor for protein secre-
tion, at least in the 168 strain (15, 31).

The increased levels of different secretion machinery components compared to B.
subtilis 168 seem to be a constitutive feature of midiBacillus, because this increase was
observed both upon IsaA induction and under the noninduced condition (Fig. 7). The
only secretion machinery-related protein that was upregulated was Rnc (Table 1). Rnc
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is an RNase Ill, which functions in the processing and degradation of RNA molecules.
Its homologue in S. aureus was shown to regulate the expression of extracellular pro-
teins by affecting the level of RNAIII (48), but a similar function in secretion was thus
far not reported in B. subtilis. Accordingly, the observed Rnc upregulation did not result
in an increase in the number of proteins secreted by midiBacillus. Thus, we do not
know the reason why several secretion machinery components are present at elevated
levels in midiBacillus. One possibility is that this is partly related to the absence of the
eight main extracellular proteases (20). While this could explain the increased levels of
the extracytoplasmic proteins SipS and PrsA, which are subject to degradation by the
wall protease A (WprA) (15, 49), it is a less likely explanation for the higher levels of the
cytoplasmic Ffh, FtsY, and SecA proteins.

Lastly, while the Sec pathway of midiBacillus seems to be enhanced, there are appa-
rently fewer proteins competing for membrane passage via this route. Nevertheless,
the native XynA protein was no longer detected upon IsaA induction, which suggests
that there could be competition between XynA and the overproduced IsaA. If so, a fur-
ther increase in the extracellular levels of heterologous proteins could perhaps be
achieved by deletion of the xynA gene to minimize competition for the Sec pathway.
Also, it is important to know that a previous study on the absolute quantification of
membrane proteins in midiBacillus revealed that substantial amounts of IsaA accumu-
late in the membrane of this strain (18). This suggests that, despite the elevated levels
of Sec secretion machinery components in midiBacillus, this strain’s Sec pathway is still
not optimally equipped for protein translocation and/or precursor processing by signal
peptidase (18, 50). This opens up the possibility to enhance the production of IsaA by
increased expression of Sec components or signal peptidases (15, 30, 45).

A redirected protein secretion stress response. The canonical secretion stress
response in B. subtilis 168 involves the CssRS-dependent induction of HtrA and HtrB,
which is triggered by the accumulation of unfolded or poorly folded proteins in the
cell envelope (33, 51). In addition, certain heterologous secretory proteins also trig-
ger a LiaRS-dependent secretion stress response, probably due to membrane pertur-
bations. Unexpectedly, HtrA and HtrB were detectable in midiBacillus at elevated
levels already under the noninduced condition, and the induction of IsaA did not
lead to a further increase. Likewise, midiBacillus contained elevated levels of the
secretion stress sensor CssS. Unfortunately, the cognate response regulator CssR
was not detected in the present MS analyses. However, since the c¢ssR and cssS genes
are located in an autoinducible operon, it is conceivable that the higher level of
CssS is mirrored by a higher level of CssR, which could explain the elevated levels of
HtrA and HtrB. In any case, the high-level expression of HtrA, HtrB, and CssS under
the noninduced condition has not been observed before in B. subtilis, and it is thus
one of the characteristics of midiBacillus. This could, in fact, be another feature that
aids in the efficient secretion of proteins by midiBacillus, because HtrA and HtrB
function in the removal or refolding of misfolded proteins that might interfere with
integrity of the cell envelope. Yet, the LiaRS-dependently expressed LiaH protein
was detectable as an ON protein upon IsaA induction, suggesting that the IsaA pro-
duction does cause some membrane perturbation in midiBacillus (19). In contrast,
LiaH was not detected in the 168 strain upon IsaA induction. Together, these obser-
vations show that responses to secretion stress in midiBacillus differ from the canon-
ical secretion responses.

Interestingly, the present proteomics data suggest that induced IsaA expression has
a relaxing rather than a stressful effect on midiBacillus. Proteins negatively regulated
by the stringent response were upregulated in midiBacillus upon IsaA induction.
Clearly, this response was not observed in the parental strain 168. Normally, the strin-
gent response allows the cell to survive starvation or growth-limiting stresses, and it
prevents the waste of cellular resources by decreasing cellular functions related with
growth and reproduction (52). Thus, proteins belonging to the Pyr and PurR regulons,
which are involved in pyrimidine and purine biosynthesis, respectively, are repressed
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by the stringent response (52). Nonetheless, the proteins belonging to both regulons
were found to be upregulated upon IsaA induction in midiBacillus (Fig. S2). Particularly,
PurR, the negative regulator of the PurR regulon, was significantly upregulated in
midiBacillus, but this upregulation did not influence the elevated expression of pro-
teins belonging to the PurR regulon. This implies that the increase in the level of PurR
was not high enough to repress the PurR regulon. However, it could also mean that
the cells used the produced nucleotides at a higher rate. In contrast, the observed up-
regulation of proteins belonging to the PyrR regulon cannot be related to changes in
the PyrR regulator, suggesting that in this case the response is associated with an
altered stringent response.

Another surprise was that midiBacillus showed downregulation of the SigB, Spx,
and PerR regulons upon IsaA induction, suggesting that the onset of IsaA production is
even beneficial to the cells (Fig. 9 and Fig. S4). An opposite effect of IsaA induction was
observed in the parental strain 168, where several SigB- and Spx-regulated proteins
tended to be present at increased levels upon IsaA induction. In general, expression of
the SigB regulon protects the cell against potentially lethal stresses, including but not
limited to oxidative stress (53). Upregulation of the Spx regulon is associated with oxi-
dative and cell envelope stresses (37), whereas the PerR regulon responds to peroxide
stress. A previous study indicated upregulation of PerR-controlled genes in a Bacillus
subtilis strain upon elevated levels of reactive oxygen species (54), which is the oppo-
site of what we observed upon IsaA induction in midiBacillus. Importantly, a connec-
tion between secretion stress and the Spx regulon was uncovered by Helmann and co-
workers (55), who showed that the stabilization of Spx requires the YirB antiadaptor
protein. Induction of YirB depends on the CssR response regulator in the induced,
phosphorylated state. Accordingly, secretion stress in the 168 strain can lead to upreg-
ulation of Spx-controlled proteins, whereas we observed the opposite in midiBacillus.
Here, it should be mentioned that the yirB and yuxN genes involved in this pathway for
Spx regulation are still present in midiBacillus but that the respective proteins were
detected in neither this strain nor the 168 strain.

Altogether, the present study shows how genome minimization has resulted in a
rewired secretion stress response in midiBacillus, a strain with an enhanced capacity
for protein synthesis and secretion. In particular, the dissection of this strain’s pro-
teome upon induced expression of the secretory IsaA protein, and the parallel analy-
sis of the 168 strain under the same conditions, provides plausible explanations for
the improved capacity for protein secretion of midiBacillus. Clearly, the results also
provide leads for further enhancement of midiBacillus's performance, including the
provision of purines and pyrimidines that might become limiting, or the targeted
modulation of the observed secretion stress responses in this organism. We are
therefore confident that genome-engineered strains like midiBacillus will become
useful assets in the production of high-value proteins, be it for pharmaceutical or for
biotechnological applications.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. Bacterial strains and plasmids used in this
study are listed in Table 1. All B. subtilis strains were grown in lysogeny broth (LB; Becton, Dickinson) at
37°C with continuous shaking at 250 rpm. Medium was supplemented with 2 g ml~" erythromycin and
20 g ml~" kanamycin when required. Both B. subtilis 168 and midiBacillus carried the spaRK genes in
the amyE locus, which was necessary for subtilin-induced expression of the staphylococcal protein IsaA
from plasmid pRAG3::isaA, as previously described (18, 56). Of note, pRAG3::isaA encodes an IsaA protein
with the signal peptide of the B. subtilis XynA protein instead of the native signal peptide of IsaA in order
to direct efficient secretion via the B. subtilis Sec pathway (18).

For production of IsaA, the B. subtilis strains 168 and midiBacillus carrying pRAG3::isaA were grown in
LB medium supplemented with antibiotics for 18 h and, subsequently, diluted in 100 ml of fresh LB me-
dium without antibiotics to an ODy,, of 0.15. Culturing was continued until an ODy,, of 0.9 was reached,
which corresponded to the exponential growth phase. At this point, the expression of IsaA was induced
by addition of 1% (vol/vol) subtilin-containing culture supernatant of B. subtilis ATCC 6633 (56). After
continued culturing for 2 h, samples were collected for LDS-PAGE, immunoblotting, and proteomic anal-
yses. Noninduced control cultures were treated in the same way. All induced and noninduced cultures
were performed in triplicate.
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Preparation of extracellular and cellular proteome fractions. For the proteomic analyses, the growth
medium and cell fractions were separated by centrifugation at 8,500 x g for 20 min at 4°C. The supernatant
was used for further enrichment of the extracellular proteins, and harvested cells were washed with 50 ml
of TE buffer (20 mM Tris, 10 mM EDTA, pH 7.5). The washing step was repeated twice before resuspension
in 1 ml of TE buffer. The cell pellets, containing the soluble and hydrophobic protein fractions, were stored
at —80°C until further processing and enrichment of the membrane and cytosolic protein fractions.

Preparation of extracellular protein fractions. Proteins present in the growth medium fraction
were enriched by primed affinity bead purification with StrataClean beads (Agilent) and subsequently
eluted from the beads by LDS-PAGE as previously described in detail by Bonn and colleagues (57). Protein
bands were excised from the gel, washed, and digested with trypsin solution (Promega). Subsequent pep-
tide elution was carried out by ultrasonication. Peptides were quantified using the Pierce quantitative col-
orimetric peptide assay (Thermo Fisher Scientific) and desalted with ZipTip C,; tips (Merck).

Preparation of membrane and cytoplasmatic protein fractions. Cells were disrupted in a FastPrep24
instrument (MP Biomedicals) (3 times for 30 s each at 6.5 m s~') with 5 min of cooling between each cycle.
Cellular debris and beads were removed by centrifugation (20,000 x g for 5 min at 4°C). The resulting su-
pernatant was designated the whole-cell extract, and its protein concentration was determined by the
Bradford assay following the manufacturer’s protocol. An aliquot with a protein content of 3 mg was used
as starting material for the preparation of the membrane fraction. Volumes were adjusted up to 1.5 ml of
TE buffer prior to ultracentrifugation (170,000 x g, 1 h, 4°C). The resulting supernatant was stored at —20°C
for further processing of the cytosolic protein fraction, and the corresponding pellet was used to enrich the
hydrophobic fraction, as described previously (58). Briefly, the pellet was treated with 750 wl of high-salt
buffer (10 mM EDTA, 1T M NaCl, 20 mM Tris-HCl) and incubated in an ultrasonic bath to detach it. The pellet
was resuspended carefully with a pipette tip, and the tip was rinsed with an additional 750 wl of the same
buffer. The resulting suspension was mixed at 8,000 x g for 30 min at 4°C in a rotator prior to ultracentrifu-
gation (170,000 x g, 1 h, 4°C). The ultracentrifugation step was repeated, and two more ultracentrifugation
steps were performed under the same conditions but with alkaline carbonate buffer pH 11 (10 mM EDTA,
100 mM Na,CO,, 100 mM NaCl) and tetraethylammonium bromide (TEAB; 50 mM).

The pellets containing the crude cell membrane extract were dried and resuspended in 25 ul of urea
solution (6 M urea, 2 M thiourea). The pipette tip was rinsed with 25 ul urea solution, and samples were
sonicated for 5 min before protein quantification by the Bradford assay. Twenty micrograms of crude
membrane extract was used for protein digestion using S-trap columns (Protifi) according to the manufac-
turer’s instructions. Peptides were resuspended in 0.1% (vol/vol) acetic acid, quantified with the Pierce
quantitative colorimetric peptide assay (Thermo Fisher Scientific), and desalted with C,, ZipTips (Merck).

The abovementioned supernatant containing the cytoplasmic protein fraction was thawed, and pro-
teins were quantified by the Bradford assay. The same protocol as for the membrane fraction was fol-
lowed for the cytoplasmic protein digestion.

Liquid chromatography and mass spectrometric analysis. The separation of peptides was carried
out by liquid chromatography (LC) with an EASY-nLC Il LC system (Thermo Fisher Scientific) and meas-
ured in an LTQ Orbitrap mass spectrometer (Thermo Fisher Scientific). Purified peptides (1 ng for the
extracellular fraction and 5 ug for cytoplasmic and membrane fractions) were loaded onto in-house self-
packed columns (inside diameter [i.d.], 100 wm; outside diameter [0.d.], 360 wm; length, 200 mm; packed
with 3.0-um Dr. Maisch Reprosil C,, reversed-phase material, ReproSil-Pur 120 C,;,-AQ) by the LC system
with 10 ul of buffer A (0.1% [vol/vol] acetic acid) at a constant flow rate of 500 nl/min without trapping.
The peptides were subsequently eluted using a nonlinear 180-min gradient from 1% to 99% buffer B
(0.1% [vol/vol] acetic acid in acetonitrile) with a constant flow rate of 300 nl/min and injected online into
the mass spectrometer. MS and tandem MS (MS/MS) data were acquired with an LTQ Orbitrap XL
(Thermo Fisher Scientific). After a survey scan at a resolution of 30,000 in the Orbitrap using lockmass
correction, the five most abundant precursor ions were selected for fragmentation. Singly charged ions,
as well as ions without detected charge states, were not selected for MS/MS analysis. Collision-induced
dissociation fragmentation was performed for 30 ms with a normalized collision energy of 35, and the
fragment ions were recorded in the linear ion trap.

Data processing. Raw data were imported into MaxQuant (1.6.3.3) (59) incorporated with an
Andromeda search engine. Database search was carried out against reversed B. subtilis 168 or 11G-Bs27-
47-24 strain databases, with manually added IsaA, SpaR, and SpaK sequences, and with common contami-
nants added by MaxQuant (59). The parameters used for the database search were as follows: peptide tol-
erance, 4.5 ppm; minimum fragment ion matches per peptide, 1; match between runs was enabled with
default settings; primary digest mode, trypsin; missed cleavages, 2; fixed modification, carbamidomethyl C
(+57.0215); variable modifications, methionine oxidation (+15.9949), acetylation N, and K (+42.0106).
Results were filtered for 1% false-discovery rate (FDR) on spectrum, peptide, and protein levels.

Data were processed with the Perseus software for further analysis (60). Proteins were filtered in
each subproteome fraction according to the predictions by PSORTb v.3.0.2 and the UniProt database
(61, 62). Proteins were considered for further analysis only if they had a minimum of two unique pep-
tides per protein and if the proteins were quantified in at least two out of three biological replicates.
Cell-wall-associated proteins were excluded from the analysis, because no specific enrichment of such
proteins was performed. If quantified proteins were present in only one condition, they were added to
the list of OFF and ON proteins. The relative quantification of both conditions was based on the label-
free quantification (LFQ) intensities from MaxQuant (63). Mean values were calculated based on the
biological replicates, and relative protein abundance was represented as log, fold change. Quantified
proteins that were significantly changing between conditions were determined with the Benjamini-
Hochberg FDR method, which was used to compute multiple testing corrections for P values, with the
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following parameters: number of randomizations, 250; FDR, 0.05; and SO, 0.1. Principal-component anal-
ysis (PCA) was done with the web tool ClustVis (64) and was used to evaluate reproducibility based on
experimental replicates using the normalized LFQ values. Venn diagrams were drawn with the
InteractiVenn software tool (65). Box plot visualizations were created in Python 3.7.6 with the plotly
package. Voronoi treemaps were built using the Paver software (Decodon GmbH) on the basis of the
functional categories and regulon list of the SubtiWiki database (28). In order to compare the relative
amounts of secreted extracellular proteins via the Sec pathway upon IsaA induction, we first used GP4
(Gram-Positive Protein Prediction Pipeline) (33) to predict the proteins that were secreted via this path-
way. Then, the intensity of the quantified proteins secreted via the Sec pathway was summed and di-
vided by the summed intensity of all quantified proteins in the extracellular fraction. This value was then
determined for each strain upon IsaA induction.

Determination of transcriptional activity. The bmrC-GFP module used to assess the efficiency of
translational activity in the midiBacillus and 11G-Bs27-24 strains was introduced into these strains by
transformation with the plasmid pRMC-5'bmrC-gfp. Since the genome-reduced strains carry the manni-
tol-inducible comKS cassette, transformation was performed by addition of 5% mannitol as described
before (66). The PG10 strain carrying the bmrC-GFP module was constructed in the context of a previous
study (18). Relative transcriptional activity was determined by live cell array analyses as described previously
(29, 67). Briefly, overnight cultures were diluted 1:1,000 in 100 wl culture supplemented with 0.2 wg/ml clinda-
mycin or H,0 in 96-well flat-bottom microtiter plates (Greiner Bio-One). Subsequently, cultures were incubated
at 37°C in a BioTek Synergy 2 plate reader, where readings of OD,,, and GFP fluorescence (excitation, 485/
20 nm; emission, 528/20 nm) were recorded every 10 min for 12 h. Background GFP fluorescence was deter-
mined from control strains not carrying the synthetic bmrC-GFP expression module and subtracted from the
readings from the strains with the bmrC-GFP module. Finally, arbitrary transcriptional activity units (TAU) were
calculated with the equation [GFP* - (GFP' ~ ")]/OD,,,', where t represents a specific time point and t — 1 repre-
sents the previous time point at which the measurements were recorded.

Immunoblotting. Protein samples were prepared as described previously and separated by LDS-PAGE (68).
Before loading, samples were corrected to an ODy,, of 2.0. Separated proteins were blotted onto a nitrocellulose
membrane (Protran). Subsequent immunodetection of bound proteins was performed with polyclonal anti-SipS,
anti-FtsY, anti-Ffh, anti-TrxA, anti-CssS, anti-SecA, anti-HtrB, anti-HtrA, and anti-PrsA antibodies raised in rabbits.
Antibody binding was visualized using secondary antibodies labeled with IRDye800CW. The presence of IsaA was
monitored with the human IsaA-specific antibody 1D9 that had been directly labeled with IRDye 800CW (25, 69).
Fluorescence was recorded at 800 nm with an Odyssey infrared imaging system (LiCor Biosciences). Western blot
images were analyzed with the ImageJ software to determine the relative abundance of the proteins in
midiBacillus compared with the parental strain 168 (70). Statistical analyses were performed with GraphPad Prism
version 9. P values of <0.05 were considered to indicate statistical significance.

Data availability. All the mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via the PRIDE partner re-
pository with the data set identifier PXD021841.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
FIG S1, PDF file, 0.3 MB.

FIG S2, PDF file, 1.1 MB.

FIG S3, PDF file, 0.3 MB.

FIG S4, PDF file, 0.8 MB.
TABLE S1, XLSX file, 0.01 MB.
TABLE S2, XLSX file, 0.01 MB.
TABLE S3, XLSX file, 1.2 MB.
TABLE S4, XLSX file, 0.01 MB.
TABLE S5, XLSX file, 0.2 MB.
TABLE S6, XLSX file, 0.01 MB.

ACKNOWLEDGMENTS

We thank Pieter Barendrecht for support in creating the Voronoi treemaps.

Part of this research was supported by a National Council of Science and Technology
scholarship (CONACyT) (to R.A.S.) and the People Program (Marie Sktodowska-Curie
Actions) of the European Union’s Horizon 2020 Program under REA grant agreement
no. 642836 (to M.A.-V. and D.B.).

REFERENCES

1. Gibson DG, Benders GA, Andrews-Pfannkoch C, Denisova EA, Baden- HO. 2008. Complete chemical synthesis, assembly, and cloning of a Myco-
Tillson H, Zaveri J, Stockwell TB, Brownley A, Thomas DW, Algire MA, plasma genitalium genome. Science 319:1215-1220. https://doi.org/10.1126/
Merryman C, Young L, Noskov VN, Glass JI, Venter JC, Hutchison CA, Smith science.1151721.

November/December 2021 Volume 6 Issue 6 e00655-21 msystems.asm.org 16


http://proteomecentral.proteomexchange.org
http://proteomecentral.proteomexchange.org/cgi/GetDataset?ID=PXD021841
https://doi.org/10.1126/science.1151721
https://doi.org/10.1126/science.1151721
https://msystems.asm.org

Redirected Secretion Stress Response in midiBacillus

2.

November/December 2021

Posfai G, Plunkett G, lll, Fehér T, Frisch D, Keil GM, Umenhoffer K,
Kolisnychenko V, Stahl B, Sharma SS, de Arruda M, Burland V, Harcum SW,
Blattner FR. 2006. Emergent properties of reduced-genome Escherichia
coli. Science 312:1044-1046. https://doi.org/10.1126/science.1126439.

. Hutchison CA, Chuang RY, Noskov VN, Assad-Garcia N, Deerinck TJ,

Ellisman MH, Gill J, Kannan K, Karas BJ, Ma L, Pelletier JF, Qi ZQ, Richter
RA, Strychalski EA, Sun L, Suzuki Y, Tsvetanova B, Wise KS, Smith HO, Glass
JI, Merryman C, Gibson DG, Venter JC. 2016. Design and synthesis of a
minimal bacterial genome. Science 351:aad6253. https://doi.org/10.1126/
science.aad6253.

. Hirokawa Y, Kawano H, Tanaka-Masuda K, Nakamura N, Nakagawa A, Ito

M, Mori H, Oshima T, Ogasawara N. 2013. Genetic manipulations restored
the growth fitness of reduced-genome Escherichia coli. J Biosci Bioeng
116:52-58. https://doi.org/10.1016/j.jbiosc.2013.01.010.

. Kobayashi K, Ehrlich SD, Albertini A, Amati G, Andersen KK, Arnaud M,

Asai K, Ashikaga S, Aymerich S, Bessieres P, Boland F, Brignell SC, Bron S,
Bunai K, Chapuis J, Christiansen LC, Danchin A, Débarbouille M, Dervyn E,
Deuerling E, Devine K, Devine SK, Dreesen O, Errington J, Fillinger S,
Foster SJ, Fujita Y, Galizzi A, Gardan R, Eschevins C, Fukushima T, Haga K,
Harwood CR, Hecker M, Hosoya D, Hullo MF, Kakeshita H, Karamata D,
Kasahara Y, Kawamura F, Koga K, Koski P, Kuwana R, Imamura D, Ishimaru
M, Ishikawa S, Ishio |, Le Coq D, Masson A, Mauél C, Meima R, Mellado RP,
Moir A, Moriya S, Nagakawa E, Nanamiya H, Nakai S, Nygaard P, Ogura M,
Ohanan T, O'Reilly M, O’'Rourke M, Pragai Z, Pooley HM, Rapoport G,
Rawlins JP, Rivas LA, Rivolta C, Sadaie A, Sadaie Y, Sarvas M, Sato T, Saxild
HH, Scanlan E, Schumann W, Seegers JFML, Sekiguchi J, Sekowska A,
Séror SJ, Simon M, Stragier P, Studer R, Takamatsu H, Tanaka T, Takeuchi
M, Thomaides HB, Vagner V, van Dijl JM, Watabe K, Wipat A, Yamamoto H,
Yamamoto M, Yamamoto Y, Yamane K, Yata K, Yoshida K, Yoshikawa H,
Zuber U, Ogasawara N. 2003. Essential Bacillus subtilis genes. Proc Natl
Acad Sci U S A 100:4678-4683. https://doi.org/10.1073/pnas.0730515100.

. Gibson DG, Glass JI, Lartigue C, Noskov VN, Chuang R-Y, Algire MA,

Benders GA, Montague MG, Ma L, Moodie MM, Merryman C, Vashee S,
Krishnakumar R, Assad-Garcia N, Andrews-Pfannkoch C, Denisova EA,
Young L, Qi ZN, Segall-Shapiro TH, Calvey CH, Parmar PP, Hutchison CA,
Ill, Smith HO, Venter JC. 2010. Creation of a bacterial cell controlled by a
chemically synthesized genome. Science 329:52-56. https://doi.org/10
.1126/science.1190719.

. Hashimoto M, Ichimura T, Mizoguchi H, Tanaka K, Fujimitsu K, Keyamura

K, Ote T, Yamakawa T, Yamazaki Y, Mori H, Katayama T, Kato JI. 2005. Cell
size and nucleoid organization of engineered Escherichia coli cells with a
reduced genome. Mol Microbiol 55:137-149. https://doi.org/10.1111/j
.1365-2958.2004.04386.x.

. Komatsu M, Komatsu K, Koiwai H, Yamada Y, Kozone |, Izumikawa M,

Hashimoto J, Takagi M, Omura S, Shin-Ya K, Cane DE, lkeda H. 2013. Engi-
neered Streptomyces avermitilis host for heterologous expression of bio-
synthetic gene cluster for secondary metabolites. ACS Synth Biol 2:
384-396. https://doi.org/10.1021/sb3001003.

. Mizoguchi H, Sawano Y, Kato JI, Mori H. 2008. Superpositioning of dele-

tions promotes growth of Escherichia coli with a reduced genome. DNA
Res 15:277-284. https://doi.org/10.1093/dnares/dsn019.

. Shen X, Wang Z, Huang X, Hu H, Wang W, Zhang X. 2017. Developing ge-

nome-reduced Pseudomonas chlororaphis strains for the production of
secondary metabolites. BMC Genomics 18:715. https://doi.org/10.1186/
512864-017-4127-2.

. Wirth NT, Nikel PI. 2020. Engineering reduced-genome strains of Pseudo-

monas putida for product valorization. In Lara A, Gosset G (ed), Minimal
cells: design, construction, biotechnological applications. Springer, Cham,
Switzerland.

. Murakami K, Tao E, Ito Y, Sugiyama M, Kaneko Y, Harashima S, Sumiya T,

Nakamura A, Nishizawa M. 2007. Large scale deletions in the Saccharomyces
cerevisiae genome create strains with altered regulation of carbon metabo-
lism. Appl Microbiol Biotechnol 75:589-597. https://doi.org/10.1007/s00253
-007-0859-2.

. Zhou M, Jing X, Xie P, Chen W, Wang T, Xia H, Qin Z. 2012. Sequential de-

letion of all the polyketide synthase and nonribosomal peptide synthe-
tase biosynthetic gene clusters and a 900-kb subtelomeric sequence of
the linear chromosome of Streptomyces coelicolor. FEMS Microbiol Lett
333:169-179. https://doi.org/10.1111/j.1574-6968.2012.02609.x.

. Wittmann C, Liao JC (ed). 2017. Industrial biotechnology: products and

processes. Wiley-VCH Verlag GmbH, Weinheim, Germany.

. Neef J, van Dijl JM, Buist G. 2021. Recombinant protein secretion by Bacillus

subtilis and Lactococcus lactis: pathways, applications, and innovation poten-
tial. Essays Biochem 65:187-195. https://doi.org/10.1042/EBC20200171.

Volume 6 Issue6 e00655-21

16.

20.

21.

22.

23.

24.

25.

26.

28.

mSystems’

Kunst F, Ogasawara N, Moszer |, Albertini AM, Alloni G, Azevedo V,
Bertero MG, Bessieres P, Bolotin A, Borchert S, Borriss R, Boursier L, Brans
A, Braun M, Brignell SC, Bron S, Brouillet S, Bruschi CV, Caldwell B,
Capuano V, Carter NM, Choi SK, Codani JJ, Connerton IF, Cummings NJ,
Daniel RA, Denziot F, Devine KM, Disterhéft A, Ehrlich SD, Emmerson PT,
Entian KD, Errington J, Fabret C, Ferrari E, Foulger D, Fritz C, Fujita M,
Fujita Y, Fuma S, Galizzi A, Galleron N, Ghim SY, Glaser P, Goffeau A,
Golightly EJ, Grandi G, Guiseppi G, Guy BJ, Haga K, Haiech J, Harwood CR,
Henaut A, Hilbert H, Holsappel S, Hosono S, Hullo MF, Itaya M, Jones L,
Joris B, Karamata D, Kasahara Y, Klaerr-Blanchard M, Klein C, Kobayashi Y,
Koetter P, Koningstein G, Krogh S, Kumano M, Kurita K, Lapidus A,
Lardinois S, Lauber J, Lazarevic V, Lee SM, Levine A, Liu H, Masuda S,
Mauél C, Médigue C, Medina N, Mellado RP, Mizuno M, Moestl D, Nakai S,
Noback M, Noone D, O'Reilly M, Ogawa K, Ogiwara A, Oudega B, Park SH,
Parro V, Pohl TM, Portelle D, Porwollik S, Prescott AM, Presecan E, Pujic P,
Purnelle B, Rapoport G, Rey M, Reynolds S, Rieger M, Rivolta C, Rocha E,
Roche B, Rose M, Sadaie Y, Sato T, Scanlan E, Schleich S, Schroeter R,
Scoffone F, Sekiguchi J, Sekowska A, Seror SJ, Serror P, Shin BS, Soldo B,
Sorokin A, Tacconi E, Takagi T, Takahashi H, Takemaru K, Takeuchi M,
Tamakoshi A, Tanaka T, Terpstra P, Togoni A, Tosato V, Uchiyama S,
Vandebol M, Vannier F, Vassarotti A, Viari A, Wambutt R, Wedler H,
Weitzenegger T, Winters P, Wipat A, Yamamoto H, Yamane K, Yasumoto
K, Yata K, Yoshida K, Yoshikawa HF, Zumstein E, Yoshikawa H, Danchin A.
1997. The complete genome sequence of the Gram-positive bacterium
Bacillus subtilis. Nature 390:249-256. https://doi.org/10.1038/36786.

. ReuB DR, Altenbuchner J, Mader U, Rath H, Ischebeck T, Sappa PK,

Thurmer A, Guérin C, Nicolas P, Steil L, Zhu B, Feussner |, Klumpp S, Daniel
R, Commichau FM, Volker U, Stiilke J. 2017. Large-scale reduction of the
Bacillus subtilis genome: consequences for the transcriptional network,
resource allocation, and metabolism. Genome Res 27:289-299. https://
doi.org/10.1101/gr.215293.116.

. Aguilar Suarez R, Stiilke J, van Dijl JM. 2019. Less is more: toward a ge-

nome-reduced Bacillus cell factory for “difficult proteins.” ACS Synth Biol
8:99-108. https://doi.org/10.1021/acssynbio.8b00342.

. Antelo-Varela M, Aguilar Sudrez R, Bartel J, Bernal-Cabas M, Stobernack T,

Sura T, van Dijl JM, MaaB8 S, Becher D. 2020. Membrane modulation of
super-secreting “midiBacillus” expressing the major Staphylococcus aureus
antigen - a mass-spectrometry based absolute quantification approach.
Front Bioeng Biotechnol 8:143. https://doi.org/10.3389/fbioe.2020.00143.
Reul3 DR, Commichau FM, Gundlach J, Zhu B, Stiilke J. 2016. The blueprint
of a minimal cell: miniBacillus. Microbiol Mol Biol Rev 80:955-987. https://
doi.org/10.1128/MMBR.00029-16.

WHO. 2019. Thirteenth general programme of work, p 1-54. WHO, Ge-
neva, Switzerland.

Lipsitch M, Siber R. 2016. How can vaccines contribute to solving the anti-
microbial resistance problem? mBio 7:e00428-16. https://doi.org/10
.1128/mBi0.00428-16.

Clegg J, Soldaini E, McLoughlin RM, Rittenhouse S, Bagnoli F, Phogat S.
2021. Staphylococcus aureus vaccine research and development: the past,
present and future, including novel therapeutic strategies. Front Immu-
nol 12:705360. https://doi.org/10.3389/fimmu.2021.705360.

Mirzaei B, Babaei R, Zeighami H, Dadar M, Soltani A. 2021. Staphylococcus
aureus putative vaccines based on the virulence factors: a mini-review.
Front Microbiol 12:704247. https://doi.org/10.3389/fmicb.2021.704247.
Qesterreich B, Lorenz B, Schmitter T, Kontermann R, Zenn M,
Zimmermann B, Haake M, Lorenz U, Ohlsen K. 2014. Characterization of
the biological anti-staphylococcal functionality of hUK-66 IgG1, a human-
ized monoclonal antibody as substantial component for an immunother-
apeutic approach. Hum Vaccin Immunother 10:926-937. https://doi.org/
10.4161/hv.27692.

van den Berg S, Bonarius HPJ, van Kessel KPM, Elsinga GS, Kooi N, Westra
H, Bosma T, van der Kooi-Pol MM, Koedijk DGAM, Groen H, van Dijl JM,
Buist G, Bakker-Woudenberg IAJM. 2015. A human monoclonal antibody
targeting the conserved staphylococcal antigen IsaA protects mice
against Staphylococcus aureus bacteremia. Int J Med Microbiol 305:55-64.
https://doi.org/10.1016/j.ijmm.2014.11.002.

. Bispo M, Anaya-Sanchez A, Suhani S, Raineri EJM, Lépez-Alvarez M,

Heuker M, Szymaniski W, Romero Pastrana F, Buist G, Horswill AR, Francis
KP, van Dam GM, van Oosten M, van Dijl JM. 2020. Fighting Staphylococ-
cus aureus infections with light and photoimmunoconjugates. JCI Insight
5:2139512. https://doi.org/10.1172/jci.insight.139512.

Zhu B, Stiilke J. 2018. SubtiWiki in 2018: from genes and proteins to func-
tional network annotation of the model organism Bacillus subtilis. Nucleic
Acids Res 46:D743-D748. https://doi.org/10.1093/nar/gkx908.

msystems.asm.org 17


https://doi.org/10.1126/science.1126439
https://doi.org/10.1126/science.aad6253
https://doi.org/10.1126/science.aad6253
https://doi.org/10.1016/j.jbiosc.2013.01.010
https://doi.org/10.1073/pnas.0730515100
https://doi.org/10.1126/science.1190719
https://doi.org/10.1126/science.1190719
https://doi.org/10.1111/j.1365-2958.2004.04386.x
https://doi.org/10.1111/j.1365-2958.2004.04386.x
https://doi.org/10.1021/sb3001003
https://doi.org/10.1093/dnares/dsn019
https://doi.org/10.1186/s12864-017-4127-2
https://doi.org/10.1186/s12864-017-4127-2
https://doi.org/10.1007/s00253-007-0859-2
https://doi.org/10.1007/s00253-007-0859-2
https://doi.org/10.1111/j.1574-6968.2012.02609.x
https://doi.org/10.1042/EBC20200171
https://doi.org/10.1038/36786
https://doi.org/10.1101/gr.215293.116
https://doi.org/10.1101/gr.215293.116
https://doi.org/10.1021/acssynbio.8b00342
https://doi.org/10.3389/fbioe.2020.00143
https://doi.org/10.1128/MMBR.00029-16
https://doi.org/10.1128/MMBR.00029-16
https://doi.org/10.1128/mBio.00428-16
https://doi.org/10.1128/mBio.00428-16
https://doi.org/10.3389/fimmu.2021.705360
https://doi.org/10.3389/fmicb.2021.704247
https://doi.org/10.4161/hv.27692
https://doi.org/10.4161/hv.27692
https://doi.org/10.1016/j.ijmm.2014.11.002
https://doi.org/10.1172/jci.insight.139512
https://doi.org/10.1093/nar/gkx908
https://msystems.asm.org

Aguilar Suarez et al.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

November/December 2021

Reilman E, Mars RATT, van Dijl JM, Denham EL. 2014. The multidrug ABC
transporter BmrC/BmrD of Bacillus subtilis is regulated via a ribosome-
mediated transcriptional attenuation mechanism. Nucleic Acids Res 42:
11393-11407. https://doi.org/10.1093/nar/gku832.

van Dijl JM, De Jong A, Vehmaanpera J, Venema G, Bron S. 1992. Signal
peptidase | of Bacillus subtilis: patterns of conserved amino acids in pro-
karyotic and eukaryotic type | signal peptidases. EMBO J 11:2819-2828.
https://doi.org/10.1002/j.1460-2075.1992.tb05349.x.

Zanen G, Antelmann H, Meima R, Jongbloed JDH, Kolkman M, Hecker M,
van Dijl JM, Quax WJ. 2006. Proteomic dissection of potential signal rec-
ognition particle dependence in protein secretion by Bacillus subtilis.
Proteomics 6:3636-3648. https://doi.org/10.1002/pmic.200500560.
Hyyryldinen HL, Bolhuis A, Darmon E, Muukkonen L, Koski P, Vitikainen M,
Sarvas M, Pragai Z, Bron S, van Dijl JM, Kontinen VP. 2001. A novel two-
component regulatory system in Bacillus subtilis for the survival of severe
secretion stress. Mol Microbiol 41:1159-1172. https://doi.org/10.1046/j
.1365-2958.2001.02576.x.

Grasso S, van Rij T, van Dijl JM. 2020. GP4: an integrated Gram-Positive pro-
tein prediction pipeline for subcellular localization mimicking bacterial sort-
ing. Brief Bioinform 22:bbaa302. https://doi.org/10.1093/bib/bbaa302.
Kingston AW, Subramanian C, Rock C, Helmann JD. 2011. A o W-dependent
stress response in Bacillus subtilis that reduces membrane fluidity. Mol
Microbiol 81:69-79. https://doi.org/10.1111/j.1365-2958.2011.07679.x.
Zweers JC, Nicolas P, Wiegert T, van Dijl JM, Denham EL. 2012. Definition
of the o'W regulon of Bacillus subtilis in the absence of stress. PLoS One 7:
e48471. https://doi.org/10.1371/journal.pone.0048471.

Rojas-Tapias DF, Helmann JD. 2019. Identification of novel Spx regulatory
pathways in Bacillus subtilis uncovers a close relationship between the CtsR
and Spx regulons. J Bacteriol 201:€00151-19. https://doi.org/10.1128/JB
.00151-19.

Schéfer H, Turgay K. 2019. Spx, a versatile regulator of the Bacillus subtilis
stress response. Curr Genet 65:871-876. https://doi.org/10.1007/500294
-019-00950-6.

Huang X, Helmann JD. 1998. Identification of target promoters for the Ba-
cillus subtilis sigma X factor using a consensus-directed search. J Mol Biol
279:165-173. https://doi.org/10.1006/jmbi.1998.1765.

Eymann C, Mittenhuber G, Hecker M. 2001. The stringent response, oH-
dependent gene expression and sporulation in Bacillus subtilis. Mol Gen
Genet 264:913-923. https://doi.org/10.1007/s004380000381.

Wilson DN, Nierhaus KH. 2007. The weird and wonderful world of bacte-
rial ribosome regulation. Crit Rev Biochem Mol Biol 42:187-219. https://
doi.org/10.1080/10409230701360843.

Schmidt A, Kochanowski K, Vedelaar S, Ahrné E, Volkmer B, Callipo L,
Knoops K, Bauer M, Aebersold R, Heinemann M. 2016. The quantitative
and condition-dependent Escherichia coli proteome. Nat Biotechnol 34:
104-110. https://doi.org/10.1038/nbt.3418.

Takada H, Roghanian M, Caballero-Montes J, Van Nerom K, Jimmy S,
Kudrin P, Trebini F, Murayama R, Akanuma G, Garcia-Pino A, Hauryliuk
V. 2021. Ribosome association primes the stringent factor Rel for
tRNA-dependent locking in the A-site and activation of (p)ppGpp syn-
thesis. Nucleic Acids Res 49:444-457. https://doi.org/10.1093/nar/
gkaa1187.

Zhang S, Haldenwang WG. 2003. RelA is a component of the nutritional
stress activation pathway of the Bacillus subtilis transcription factor oB. J
Bacteriol 185:5714-5721. https://doi.org/10.1128/JB.185.19.5714-5721.2003.
Wenzel M, Altenbuchner J. 2015. Development of a markerless gene dele-
tion system for Bacillus subtilis based on the mannose phosphoenolpyru-
vate-dependent phosphotransferase system. Microbiology (Reading) 161:
1942-1949. https://doi.org/10.1099/mic.0.000150.

Bremer H, Dennis PP. 2008. Modulation of chemical composition and
other parameters of the cell at different exponential growth rates. EcoSal
Plus 3(1). https://doi.org/10.1128/ecosal.5.2.3.

Tjalsma H, Bolhuis A, Van Roosmalen ML, Wiegert T, Schumann W,
Broekhuizen CP, Quax WJ, Venema G, Bron S, van Dijl JM. 1998. Func-
tional analysis of the secretory precursor processing machinery of Bacil-
lus subtilis: identification of a eubacterial homolog of archaeal and eu-
karyotic signal peptidases. Genes Dev 12:2318-2331. https://doi.org/10
.1101/gad.12.15.2318.

Vitikainen M, Pummi T, Airaksinen U, Wahlstrom E, Wu H, Sarvas M,
Kontinen VP. 2001. Quantitation of the capacity of the secretion appara-
tus and requirement for PrsA in growth and secretion of a-amylase in Ba-
cillus subtilis. J Bacteriol 183:1881-1890. https://doi.org/10.1128/JB.183.6
.1881-1890.2001.

Volume 6 Issue6 e00655-21

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

mSystems’

Liu Y, Dong J, Wu N, Gao Y, Zhang X, Mu C, Shao N, Fan M, Yang G. 2011.
The production of extracellular proteins is regulated by ribonuclease I
via two different pathways in Staphylococcus aureus. PLoS One 6:20554.
https://doi.org/10.1371/journal.pone.0020554.

Bolhuis A, Venema G, Quax WJ, Bron S, van Dijl JM. 1999. Functional anal-
ysis of paralogous thiol-disulfide oxidoreductases in Bacillus subtilis. J Biol
Chem 274:24531-24538. https://doi.org/10.1074/jbc.274.35.24531.
Bolhuis A, Tjalsma H, Smith HE, De Jong A, Meima R, Venema G, Bron S,
van Dijl JM. 1999. Evaluation of bottlenecks in the late stages of protein
secretion in Bacillus subtilis. Appl Environ Microbiol 65:2934-2941. https://
doi.org/10.1128/AEM.65.7.2934-2941.1999.

Antelmann H, Darmon E, Noone D, Veening JW, Westers H, Bron S,
Kuipers OP, Devine KM, Hecker M, van Dijl JM. 2003. The extracellular pro-
teome of Bacillus subtilis under secretion stress conditions. Mol Microbiol
49:143-156. https://doi.org/10.1046/j.1365-2958.2003.03565 x.

Eymann C, Homuth G, Scharf C, Hecker M. 2002. Bacillus subtilis functional
genomics: global characterization of the stringent response by proteome
and transcriptome analysis. J Bacteriol 184:2500-2520. https://doi.org/10
.1128/JB.184.9.2500-2520.2002.

Tran V, Geraci K, Midili G, Satterwhite W, Wright R, Bonilla CY. 2019. Resil-
ience to oxidative and nitrosative stress is mediated by the stressosome,
RsbP and SigB in Bacillus subtilis. J Basic Microbiol 59:834-845. https://doi
.org/10.1002/jobm.201900076.

Duarte V, Latour JM. 2010. PerR vs OhrR: selective peroxide sensing in Ba-
cillus subtilis. Mol Biosyst 6:316-323. https://doi.org/10.1039/B915042K.
Rojas-Tapias DF, Helmann JD. 2018. Stabilization of Bacillus subtilis Spx
under cell wall stress requires the anti-adaptor protein YirB. PLoS Genet
14:21007531. https://doi.org/10.1371/journal.pgen.1007531.

Bongers RS, Veening J-W, Van Wieringen M, Kuipers OP, Kleerebezem M.
2005. Development and characterization of a subtilin-regulated expres-
sion system in Bacillus subtilis: strict control of gene expression by addi-
tion of subtilin. Appl Environ Microbiol 71:8818-8824. https://doi.org/10
.1128/AEM.71.12.8818-8824.2005.

Bonn F, Bartel J, Blttner K, Hecker M, Otto A, Becher D. 2014. Picking van-
ished proteins from the void: how to collect and ship/share extremely
dilute proteins in a reproducible and highly efficient manner. Anal Chem
86:7421-7427. https://doi.org/10.1021/ac501189j.

Antelo-Varela M, Bartel J, Quesada-Ganuza A, Appel K, Bernal-Cabas M,
Sura T, Otto A, Rasmussen M, van Dijl JM, Nielsen A, Maal3 S, Becher D.
2019. Ariadne’s thread in the analytical labyrinth of membrane proteins:
integration of targeted and shotgun proteomics for global absolute quanti-
fication of membrane proteins. Anal Chem 91:11972-11980. https://doi
.0rg/10.1021/acs.analchem.9b02869.

Tyanova S, Temu T, Cox J. 2016. The MaxQuant computational platform
for mass spectrometry-based shotgun proteomics. Nat Protoc 11:
2301-2319. https://doi.org/10.1038/nprot.2016.136.

Tyanova S, Temu T, Sinitcyn P, Carlson A, Hein MY, Geiger T, Mann M,
Cox J. 2016. The Perseus computational platform for comprehensive
analysis of (prote)omics data. Nat Methods 13:731-740. https://doi.org/
10.1038/nmeth.3901.

Yu NY, Wagner JR, Laird MR, Melli G, Rey S, Lo R, Dao P, Cenk Sahinalp S,
Ester M, Foster LJ, Brinkman FSL. 2010. PSORTb 3.0: improved protein sub-
cellular localization prediction with refined localization subcategories and
predictive capabilities for all prokaryotes. Bioinformatics 26:1608-1615.
https://doi.org/10.1093/bioinformatics/btq249.

The UniProt Consortium. 2017. UniProt: the universal protein knowl-
edgebase. Nucleic Acids Res 45:D158-D169. https://doi.org/10.1093/
nar/gkw1099.

Cox J, Hein MY, Luber CA, Paron |, Nagaraj N, Mann M. 2014. Accurate pro-
teome-wide label-free quantification by delayed normalization and maxi-
mal peptide ratio extraction, termed MaxLFQ. Mol Cell Proteomics 13:
2513-2526. https://doi.org/10.1074/mcp.M113.031591.

Metsalu T, Vilo J. 2015. ClustVis: a web tool for visualizing clustering of
multivariate data using principal component analysis and heatmap.
Nucleic Acids Res 43:W566-W570. https://doi.org/10.1093/nar/gkv468.
Heberle H, Meirelles VG, da Silva FR, Telles GP, Minghim R. 2015. Interacti-
Venn: a web-based tool for the analysis of sets through Venn diagrams.
BMC Bioinformatics 16:169. https://doi.org/10.1186/s12859-015-0611-3.
Rahmer R, Heravi KM, Altenbuchner J. 2015. Construction of a super-com-
petent Bacillus subtilis 168 using the PmtlA-comKS inducible cassette.
Front Microbiol 6:1431. https://doi.org/10.3389/fmicb.2015.01431.

Botella E, Fogg M, Jules M, Piersma S, Doherty G, Hansen A, Denham EL,
Le Chat L, Veiga P, Bailey K, Lewis PJ, van Dijl JM, Aymerich S, Wilkinson
AJ, Devine KM. 2010. pBaSysBioll: an integrative plasmid generating gfp

msystems.asm.org 18


https://doi.org/10.1093/nar/gku832
https://doi.org/10.1002/j.1460-2075.1992.tb05349.x
https://doi.org/10.1002/pmic.200500560
https://doi.org/10.1046/j.1365-2958.2001.02576.x
https://doi.org/10.1046/j.1365-2958.2001.02576.x
https://doi.org/10.1093/bib/bbaa302
https://doi.org/10.1111/j.1365-2958.2011.07679.x
https://doi.org/10.1371/journal.pone.0048471
https://doi.org/10.1128/JB.00151-19
https://doi.org/10.1128/JB.00151-19
https://doi.org/10.1007/s00294-019-00950-6
https://doi.org/10.1007/s00294-019-00950-6
https://doi.org/10.1006/jmbi.1998.1765
https://doi.org/10.1007/s004380000381
https://doi.org/10.1080/10409230701360843
https://doi.org/10.1080/10409230701360843
https://doi.org/10.1038/nbt.3418
https://doi.org/10.1093/nar/gkaa1187
https://doi.org/10.1093/nar/gkaa1187
https://doi.org/10.1128/JB.185.19.5714-5721.2003
https://doi.org/10.1099/mic.0.000150
https://doi.org/10.1128/ecosal.5.2.3
https://doi.org/10.1101/gad.12.15.2318
https://doi.org/10.1101/gad.12.15.2318
https://doi.org/10.1128/JB.183.6.1881-1890.2001
https://doi.org/10.1128/JB.183.6.1881-1890.2001
https://doi.org/10.1371/journal.pone.0020554
https://doi.org/10.1074/jbc.274.35.24531
https://doi.org/10.1128/AEM.65.7.2934-2941.1999
https://doi.org/10.1128/AEM.65.7.2934-2941.1999
https://doi.org/10.1046/j.1365-2958.2003.03565.x
https://doi.org/10.1128/JB.184.9.2500-2520.2002
https://doi.org/10.1128/JB.184.9.2500-2520.2002
https://doi.org/10.1002/jobm.201900076
https://doi.org/10.1002/jobm.201900076
https://doi.org/10.1039/B915042K
https://doi.org/10.1371/journal.pgen.1007531
https://doi.org/10.1128/AEM.71.12.8818-8824.2005
https://doi.org/10.1128/AEM.71.12.8818-8824.2005
https://doi.org/10.1021/ac501189j
https://doi.org/10.1021/acs.analchem.9b02869
https://doi.org/10.1021/acs.analchem.9b02869
https://doi.org/10.1038/nprot.2016.136
https://doi.org/10.1038/nmeth.3901
https://doi.org/10.1038/nmeth.3901
https://doi.org/10.1093/bioinformatics/btq249
https://doi.org/10.1093/nar/gkw1099
https://doi.org/10.1093/nar/gkw1099
https://doi.org/10.1074/mcp.M113.031591
https://doi.org/10.1093/nar/gkv468
https://doi.org/10.1186/s12859-015-0611-3
https://doi.org/10.3389/fmicb.2015.01431
https://msystems.asm.org

Redirected Secretion Stress Response in midiBacillus

68.

November/December 2021

transcriptional fusions for high-throughput analysis of gene expression in
Bacillus subtilis. Microbiology (Reading) 156:1600-1608. https://doi.org/
10.1099/mic.0.035758-0.

Neef J, Koedijk DGAM, Bosma T, van Dijl JM, Buist G. 2014. Efficient
production of secreted staphylococcal antigens in a non-lysing
and proteolytically reduced Lactococcus lactis strain. Appl Micro-
biol Biotechnol 98:10131-10141. https://doi.org/10.1007/s00253-014
-6030-y.

Volume 6 Issue6 e00655-21

69.

70.

mSystems’

Romero Pastrana F, Thompson JM, Heuker M, Hoekstra H, Dillen CA,
Ortines RV, Ashbaugh AG, Pickett JE, Linssen MD, Bernthal NM, Francis KP,
Buist G, van Oosten M, van Dam GM, Thorek DLJ, Miller LS, van Dijl JM.
2018. Noninvasive optical and nuclear imaging of Staphylococcus-specific
infection with a human monoclonal antibody-based probe. Virulence 9:
262-272. https://doi.org/10.1080/21505594.2017.1403004.

Abramoff MD, Magalhdes PJ, Ram SJ. 2005. Image processing with ImageJ
part II. Biophotonics Int 11:36-43.

msystems.asm.org 19


https://doi.org/10.1099/mic.0.035758-0
https://doi.org/10.1099/mic.0.035758-0
https://doi.org/10.1007/s00253-014-6030-y
https://doi.org/10.1007/s00253-014-6030-y
https://doi.org/10.1080/21505594.2017.1403004
https://msystems.asm.org

	RESULTS
	Protein abundance.
	Proteomic patterns in the parental strain 168 and midiBacillus.
	Translation capacity.
	Secretion via the Sec pathway.
	Secretion stress.
	A redefined secretion stress response in midiBacillus.

	DISCUSSION
	A protein synthesis boost in midiBacillus.
	A protein secretion “highway” in midiBacillus.
	A redirected protein secretion stress response.

	MATERIALS AND METHODS
	Bacterial strains, plasmids, and culture conditions.
	Preparation of extracellular and cellular proteome fractions.
	Preparation of extracellular protein fractions.
	Preparation of membrane and cytoplasmatic protein fractions.
	Liquid chromatography and mass spectrometric analysis.
	Data processing.
	Determination of transcriptional activity.
	Immunoblotting.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

