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Reduced genomes in nature 

Gene loss occurs naturally as a result of sudden mutation or as a slow process 
where mutations have acummulated1,2. This process can be observed in all kingdoms of 
life as part of evolution3, and it occurs also in humans4,5. Evolution is not only the result 
of gene loss, but also gene duplication as observed in eukaryotes, such as plants and 
vertebrates6. During the evolution of vertebrates, humans acquired genes from bacteria 
through horizontal gene transfer. In fact, almost half of the human genome is derived 
from transposable elements, that fortunately have become inactive7. Intriguingly, some 
prokaryotes have experienced higher rates of gene loss than of gene acquisition, a trend 
that is observed particularly among genes belonging to the same family8. This loss of 
genes can compromise the free-living status of the respective organisms and facilitate 
intracellular lifestyles, ultimately leading to the development of parasites, 
endosymbionts and organelles. For instance, during evolution, chloroplasts transferred 
more than 3000 protein-encoding genes to their host. Thus, many proteins required for 
chloroplast function are synthetized by the host, and subsequently imported from the 
host’s cytoplasm into the organelle. Chloroplasts have conserved ~100 protein-encoding 
genes which, overall, encode mostly proteins that are difficult to transport across the 
chloroplast’s outer, inner and thylakoid membranes9. Chloroplasts and mitochondria 
are the current end points of an extreme reductive evolution that started with 
endo-symbiotic bacteria. For other microorganisms this evolution has reached an 
intermediate stage as exemplified by Buchnera aphidicola. This bacterium is an obligate 
symbiont, which lives in the gut of aphids. The presence of B. aphidicola is advantageous 
for the host, because it provides essential amino acids that are insufficiently provided 
through the diet of the aphids. Remarkably, Buchnera species evolved from the same 
ancestor as Escherichia coli (4.6 Mbp) and became an example of extreme genome 
reduction with genome sizes of approximately 600 kb10. Bacteria with intracellular 
lifestyles do not necessarily provide benefits to their hosts. Wolbachia species, which 
infect insects and transfer genes to their host, are able to modify the mating behaviour 
of the host by increasing female promiscuity to enhance their transmission to other 
hosts11.  

The examples above refer to organisms that have adapted to different conditions 
over several million years. However, genome reduction is not a process that exclusively 
occurs in nature since, in recent years, it has also been achieved in the laboratory by 
human efforts. This became possible as a result of the advances that have been achieved 
in genome sequencing and genome engineering in approaches that are collectively 
referred to as synthetic biology. Thus, the complete chemical synthesis of bacterial 
genomes has been achieved with the construction of Mycoplasma mycoides JCVI-syn1.0 
and its minimized version JCVI-syn3.0 (531 kbp)12,13. Originally, genome reduction in the 
context of synthetic biology was primarily aimed at determining the minimal set of 
genes necessary to maintain cell viability and at elucidating gene functions14,15. However, 
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at the same time, it was realized that genome reduction could also offer the possibility 
to create novel chassis that could be exploited as bacterial cell factories16,17. 

Design-Build-Test cycle 

The construction and improvement of genome-reduced microorganisms involves 
the Design-Build-Test cycle abbreviated as DBT cycle (Figure 1.1)18. The process begins 
with the design of a desired cell factory. Ideally, such a cell factory produces high yields 
of particular value-added products, utilizes low-cost substrates and presents an optimal 
productivity with minimal resource expenditure on biomass formation19. These 
preferred traits should be accompanied by low maintenance requirements in 
fermentation and high-level product secretion into the growth medium for ease of 
downstream processing of products. Some target sequences to be excluded from the 
final engineered genome include protease genes, transposons and insertion sequences, 
prophage regions and non-essential genes. Protease-deficient cell factories can improve 
the yields of protein products20. Deletion of non-essential genes, such as redundant 
genes, prophage regions or flagellar genes, may prevent the inefficient use of resources 
and enhance the stability of the producing cells. While, deletion of transposons and 
insertion sequences will increase their genetic stability21. The essentiality of genetic 
elements can be tested by inactivation through homologous recombination, transposon 
insertions, antisense RNA expression, or the CRISPRi technology22,23. Once the target 
genes for deletion have been defined, the following step in the process is to build the 
desired genome. However, in this context, it is necessary to consider the possibility of 
synthetically lethal genome configurations as a consequence of the simultaneous 
deletion of genes that are by themselves non-essential24. Lastly, the construction of the 
envisaged genome can be achieved along two major routes that involve either 
bottom-up or top-down approaches. The bottom-up approach requires chemical 
synthesis of DNA fragments and their consecutive assembly to create the desired 
genome25. Streamlining a genome through a top-down approach entails the successive 
excision of genomic segments26. To note, most of the genome-reduced microorganisms 
so far have been created following top-down approaches.  

The next step in the DBT cycle requires to test the characteristics of the newly 
engineered strain. The performance of the strain should be evaluated to ensure that it 
meets the desired requirements. The acquired knowledge from this evaluation is 
fundamental for further improvement of the design. Since living cells display many 
different layers of regulation, whose intricate interactions are far from being completely 
understood, iterative DBT cycles will be required for fine-tuning and delivery of the 
ultimate cell factory. 
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Microbial cell factories 

Although the use of genome-reduced cell factories has been explored in different 
microorganisms, most efforts have addressed prokaryotic cells (Figure 1.2). The genome 
engineering of eukaryotic cells is currently also in progress, but it is complicated due to 
the cellular complexity as illustrated by a relatively modest genome reduction of ~5% in 
Saccharomyces cerevisae27. E. coli and B. subtilis, the main model organisms of 
Gram-negative and Gram-positive bacteria, respectively, are currently preferred targets 
for genome engineering. This has resulted in genome-reduced derivative E. coli strains 
that lack up to 36% of the genome, and B. subtilis strains that lack up to 42% of the 
genome28,29. Importantly, cell factories with reduced genomes have already shown 
beneficial traits compared to their parental strains. For instance, a derivative of  
Streptomyces avermitilis, lacking 18.5% of the genome, displays increased antibiotic 
production due to the selective deletion of genes involved in the production of the 
major endogenous secondary metabolites produced by the parental strain30. Also, the 
E. coli strain MGF-01 displayed increased threonine production after the removal of 
genes that are not required for growth in minimal media31. Unfortunately, the acquired 
properties of genome-reduced strains are not always beneficial for their application in 
biotechnology. Some genome-engineered strains display inferior growth compared to 
the respective parental strains, or show no improvement in productivity32. 

 

Figure 1.1 | Design–Build-Test cycle. Engineering of microorganisms by means of the DBT cycle. Properties 
that can be considered for the design of the cell factory include removal of non-essential or even 
detrimental genes that impose a metabolic burden on the cell. The second step involves the construction 
of the desired genome. To verify whether the design is functional, strains should be thoroughly tested. 
Finally, the acquired knowledge after the test stage is fundamental to learn and improve the design.  
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Figure 1.2 | Maximal reported microbial genome reductions without loss of productivity. The Figure 
indicates the names of the parental strains used in different top-down genome engineering efforts, where 
the resulting genome-reduced strains showed enhanced features for biotechnological applications. It 
should be noticed that in some of the indicated strains even larger sections of the genome have been 
deleted, but these have not yet been tested for application potential, or they showed no improvements in 
productivity. Therefore, the latter engineered strains were not considered for this comparison.  

Bacillus subtilis as a cell factory 

Bacillus species have been used extensively in industry for enzyme production, 
mainly because of their high secretion capacity and genetic amenability. Particularly, 
B. subtilis is a preferred cell factory as many of its products are ‘Generally Recognised As 
Safe’ by the Food and Drug safety Authority of the USA. The latter relates to the 
complete absence of toxins from B. subtilis, especially the lipopolysaccharides 
(endotoxins) produced by Gram-negative bacteria such as E. coli. However, a clear 
limitation of B. subtilis is its natural high-level production of proteases that can severely 
hamper the production of both homologous and heterologous proteins. Attempts to 
overcome this limitation resulted in the creation of the protease-deficient strains BRB08 
and WB800, which lack the genes for the eight major extracellular proteases of 
B. subtilis 16833,34. From all industrially employed Bacillus species, genome reduction 
efforts have only been documented for B. subtilis. This is exemplified by the B. subtilis 
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cellulase and a subtilisin-like protease to similar levels as the parental 168 strain35. In 
contrast, another derivative of B. subtilis 168, namely strain MGB874 with a genome 
reduction of 20.7%, showed increased production of the secreted alkaline cellulase 
Egl-237 by about 2-fold36.  

A relatively recent systematic reduction of the B. subtilis 168 genome has resulted 
in the so far largest documented genome reduction of 42.3%29. The construction of this 
strain involved many consecutive deletion steps resulting in the delivery of a large 
collection of strains lacking different genomic regions. The PhD research described in 
this dissertation is built on investigations where different intermediate strains from this 
collection were characterised for their potential application in protein production. 
Major attention was focused on three genome-reduced strains in particular, which will 
be referred to in this thesis as midiBacillus-I, midiBacillus-II and miniBacillus. The genomes 
of these strains have been reduced by approximately 26%, 31% and 35%, respectively, 
compared to the parental strain26 (Figure 1.3).  

 
Figure 1.3 | Phylogeny of the genome-reduced B. subtilis strains used in the present PhD research. 
B. subtilis strain 168 is the parental strain from which the ∆6, midiBacillus-I, midiBacillus-II and miniBacillus 
strains were created. The respective genome reduction is indicated as a percentage of the genome of the 
parental strain 168. 
 

 

The first steps towards this massive genome reduction in B. subtilis included a 
systematic gene function analysis and the subsequent rational deletion of five 
prophages and prophage-like regions, as well as the large pks operon15,37. Plasmid-based 
chromosomal integration-excision systems were used to delete the latter regions, 
resulting in the so-called ∆6 strain37. Prophage-free strains have led to promising results 
for industrial applications, as reported for Corynebacterium glutamicum38. The 
subsequent markerless B. subtilis strains with step-wise reduced genomes were 
constructed with the help of a counter-selection system based on the mannose 
phosphoenolpyruvate-dependent phosphotransferase system39. For this purpose, 
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manP, which encodes a mannose transporter, and manA, whose product is an 
isomerase, were deleted from the ∆6 strain. The manP gene, a spectinomycin resistance 
gene and the flanking sequences of the respective regions to be deleted were then 
inserted in a shuttle vector. To corroborate the integration into the chromosome, clones 
were first selected based on spectinomycin resistance. To check the subsequent 
excision of the plasmid, cells were grown on mannose, since these cells that are 
manA- and manP-deficient will be resistant to mannose. Additionally, a vector containing 
the ccdB gene under the control of a rhamnose promoter from E. coli was used for the 
construction of this series of strains with reduced genomes26. The genomic regions 
deleted in this process correspond to additional prophages regions, and genes required 
for the production of the antibiotics sublancin, subtilosin A, bacilysin and bacilysocin. 
Other deleted genes are involved in motility, metabolism of secondary carbon sources, 
sigma factors for sporulation, proteases genes, and genes of unknown function. As 
pointed out above, some bacterial features that are required for survival and 
competitive success in nature are unnecessary under production conditions, as 
exemplified by flagella. Other processes, like sporulation, are unwanted for industrial 
strains, as spores facilitate more readily the release of genetically modified strains into 
the environment, or allow isolation of valuable production strains from commercialized 
products. Moreover, considering that protein synthesis is an expensive process, the 
deletion of unnecessary or redundant genes could decrease the respective energy 
demands and would allow the re-routing of resources towards products40.  

Staphylococcal antigens as model proteins 

As model proteins for production in the genome-reduced B. subtilis strains, the 
focus in the present PhD research was directed towards antigens from the human and 
livestock pathogen Staphylococcus aureus. This Gram-positive bacterium has acquired 
many different antimicrobial resistances and is estimated to account for 700 000 deaths 
per year, making it one of the top-10 threats to global health41. One of the strategies to 
combat antibiotic resistant pathogens is vaccination, and for this purpose adequate 
antigens are needed to trigger and boost the immune system42. However, currently 
there is no clinically approved vaccine available to prevent infections by this pathogen43. 
In principle, S. aureus displays and secretes a broad repertoire of proteins that could be 
used as antigens for vaccination. Four of these potential antigens were selected as 
reporter proteins for the here presented studies, namely: the chemotaxis inhibitory 
protein (CHIPS), the staphylococcal complement inhibitor (SCIN), the nuclease (Nuc) 
and the immunodominant staphylococcal antigen A (IsaA). While these four proteins 
served primarily to assess improvements in secretion by genome-reduced B. subtilis 
strains, they may also have future potential applications as targets in 
anti-staphylococcal immunotherapies or as diagnostic markers44–46.  
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Scope of this dissertation 

Dear reader of this thesis, 

When looking for strategies to improve secretory protein production, one could 
go from the optimization of culture and fermentation conditions, via the selection of 
optimal promoters, ribosomal-binding sites and signal peptides, or the editing of 
metabolic pathways, to genome engineering. However, the central question that was 
directly addressed in the present PhD research was whether the massive 
genome-reductions already achieved in the midiBacillus-I, midiBacillus-II and miniBacillus 
strains would allow improved protein production, and if so, which mechanisms would 
be hidden behind such improvements. Upon reading this dissertation, you will realize 
that it focuses mostly on the third step of the DBT cycle. This goes in hand with the three 
main objectives of this thesis, which were: 1. benchmarking genome-reduced B. subtilis 
strains as potential cell factories for the production of staphylococcal antigens; 2. 
identifying beneficial or non-favourable traits presented by B. subtilis strains with 
reduced genomes; and 3. defining the mechanisms underlying the observed effects on 
protein productivity.  

One of the main characters is presented in Chapter 2 of this thesis: the B. subtilis 
strain PG10, also known as miniBacillus. It is worthy to note that miniBacillus is the most 
genome-reduced Gram-positive bacterium so far used as a cell factory. It lacks 35% of 
the genome compared to its parental strain B. subtilis 168. Notwithstanding this massive 
genome reduction, miniBacillus outperformed its parental strain in the heterologous 
production and secretion of the four antigens IsaA, Nuc, CHIPS and SCIN from the 
human pathogen S. aureus. 

Our second main character, in the order of appearance in this thesis but not in 
importance, is the B. subtilis strain IIG-Bs27-47-24, referred to as midiBacillus-II. This 
strain belongs to the same phylogeny as miniBacillus. However, its genome was only 
reduced by 31% compared to the parental strain 168. For the studies described in 
Chapter 3, a novel mass-spectrometry approach was exploited for absolute protein 
quantification, firstly to define the membrane proteome of midiBacillus-II. Secondly, the 
approach was used to define changes in the membrane upon secretion of IsaA by 
midiBacillus-II. The resulting quantitative dataset offered an unprecedented view of the 
secretion stress responses displayed by midiBacillus-II. 

To disclose major cellular adaptations and to point out possible differences 
displayed by midiBacillus-II and its parental strain upon secretory protein production, 
the physiological changes in both strains were analysed through label-free protein 
quantification as described in Chapter 4. In addition to membrane proteins, also changes 
in the levels of cytosolic and extracellular protein were investigated for a 
comprehensive proteomic survey. The major changes are described in Chapter 4 with 
special focus on protein synthesis, stress responses and protein secretion. 
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Chapter 5 introduces the third main character in the present thesis, namely 
B. subtilis strain IIG27-39-1, the midiBacillus-I. The midiBacillus-I was also challenged to 
produce IsaA, but in a special setting. Here it is important to note that the 
characterization of Bacillus strains in a shake flask provides merely a ‘sneak preview’ of 
their potential for industrial application. Instead, cultivation in bioreactors offers the 
possibility to test the strain under controlled conditions that are more similar to the 
industrial settings47. midiBacillus-I cells were therefore grown in laboratory-scale 
bioreactors, where several physiological parameters were measured and compared to 
the parental strain 168. 

After reading about the characterization of the genome-reduced B. subtilis strains, 
especially miniBacillus, midiBacillus-I and midiBacillus-II, you will arrive to the last part of 
this thesis, Chapter 6. Here, I present the main conclusions that can be drawn from the 
documented studies, and provide directions for future investigations towards 
genome-engineered B. subtilis production strains.  

I hope you will enjoy reading this thesis, 

 

September 2020 
 

Rocío Aguilar Suárez 
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Abstract 

The availability of complete genome sequences and the definition of essential gene 
sets were fundamental in the start of the genome engineering era. In a recent study, 
redundant and non-essential genes were systematically deleted from the Gram-positive 
bacterium B. subtilis, an industrial production host of high-value secreted proteins. This 
culminated in strain PG10, which lacks about 35% of the genome, thus representing the 
most minimal Bacillus chassis currently available. Here, we show that this ‘miniBacillus’ 
strain has synthetic traits that are favourable for producing ‘difficult-to-produce 
proteins’. As exemplified with different staphylococcal antigens, miniBacillus 
overcomes several bottlenecks in protein production related to the secretion process 
and instability of the secreted product. These findings show for the first time that 
massive genome reduction can substantially improve secretory protein production by a 
bacterial expression host, and underpin the high potential of genome-engineered 
strains as future cell factories. 
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Introduction 

In 1997 during the 9th International Conference on Bacilli, the complete genome 
sequence of the widely appreciated bacterial cell factory B. subtilis 168 was 
announced48. This represented one of the early milestones in bacterial genomics, and it 
was the starting point for many subsequent systems and synthetic biological studies. 
These included a first systematic analysis of essential gene functions and the 
genome-wide elucidation of gene regulatory and metabolic networks15,49,50. 
Importantly, the genome sequence of a bacterium that is naturally competent for DNA 
uptake opened up unprecedented possibilities for synthetic biology. Accordingly, 
several subsequent studies explored to what extent the genome of B. subtilis can be 
engineered, for instance by the removal of prophages, AT-rich islands and otherwise 
dispensable genes37,51. 

From a biotechnological perspective, engineering the Bacillus genome is very 
attractive, as it allows the elimination of unwanted features like the production of 
surfactants and the redirection of cellular metabolism towards the production of 
proteins and vitamins which are major Bacillus products52. Nonetheless, most Bacillus 
genome engineering studies to date were more focused on understanding the 
complexity of a living cell from a fundamental point of view than on industrial 
applications of genome-reduced bacteria37,51,53. In fact, the possibility of redesigning 
Bacillus as a cell factory was so far only explored for the production of industrial 
enzymes and nucleosides such as guanosine and thymidine from bacilli54. As shown by 
Ogasawara and colleagues, reducing the B. subtilis genome by 20.7% (strain MGB874) 
allowed improved production of the secreted alkaline cellulase Egl237 by about 2-fold36. 
Yet, another B. subtilis strain (MG1M) with a 24% reduced genome secreted an alkaline 
cellulase and a subtilisin-like alkaline protease to comparable levels as the parental 168 
strain35. While these findings were encouraging, they did not yet represent radical 
improvements in terms of the overall productivity of B.  subtilis. 

In a recent study, Reuβ et al. presented the smallest engineered B. subtilis genomes 
known to date26. Starting from the previously constructed B. subtilis ∆6 strain, which 
lacks 332 prophage- and AT-rich island-encoded genes (i.e. 7.7% of the wild-type 
genome), the total number of genes was reduced to 2700 in strain PG10 and 2648 in 
strain PS38. This represented a genome reduction of 35% and 36%, respectively, 
compared to the wild-type genome, which includes 4253 genes. Importantly, compared 
to other genome-engineered B. subtilis strains, the PG10 and PS38 strains lacked the 
genes for eight major secreted Bacillus proteases, which were previously identified as 
major bottlenecks for heterologous protein production33,55–57. In addition, Reuβ et al. 
overcame the loss of genetic competence that was previously observed upon genome 
reduction by introducing a cassette for enhanced expression of the competence 
transcription factor ComK. While the ‘miniBacillus’ strains PG10 and PS38 were 
characterized in much detail with respect to overall physiological features, their 
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application potential had not been addressed. Thus, we asked the question whether 
these genome-reduced strains might be advantageous for the production of ‘difficult 
proteins’ that are highly susceptible to proteases and poorly secreted by the B. subtilis 
strains generally used in the laboratory or industry, including the prototype strain 168. 
In this respect, it is noteworthy that secretory protein production systems are 
preferable over cellular production systems, as the downstream processing of secreted 
proteins is generally easier and more cost-effective. Here we show that the genome-
reduced B. subtilis PG10 strain allows the production of secreted heterologous proteins 
that cannot be obtained with the 168 strain. Briefly, the beneficial changes in the PG10 
strain relate both to reduced proteolysis and enhanced translation. This represents an 
important step forward in the secretory production of difficult proteins. 

Results and discussion 

Susceptibility of model staphylococcal proteins to particular secreted 
proteases 

To test the application potential of miniBacillus strains for production of difficult 
proteins, we selected four heterologous secreted reporter proteins that we (i) could not 
produce in B. subtilis 168 or the previously developed protease mutant B. subtilis 
WB800, (ii) could produce and purify from another expression host, in this case 
Lactococcus lactis, and (iii) could detect either with a specific antibody or a tag44,45,58. 
These are four secreted proteins of S. aureus, namely the chemotaxis inhibitory protein 
(CHIPS), the staphylococcal complement inhibitor (SCIN), the immunodominant 
staphylococcal antigen A (IsaA), and the S. aureus nuclease (Nuc). In the present study, 
these proteins served primarily as read out for improved secretion, but they also have 
potential applications in anti-staphylococcal immunotherapies or as diagnostic 
markers44–46. In addition, we focused our study on the PG10 strain because it still 
contains the amyE gene that can serve as a facile chromosomal expression platform59. 

As a first approach to determine the overall feasibility of producing CHIPS, SCIN, 
IsaA and Nuc in B. subtilis, we produced these proteins in L. lactis as previously 
described, and then tested their stability in spent culture media of different B. subtilis 
mutant strains. In addition to B. subtilis 168, these strains included mutants lacking 
combinations of the nprB, aprE, epr, bpr, nprE, mpr, vpr, wprA, htrA and htrB protease 
genes as well as the genome-engineered ∆6 and PG10 strains. As shown in Figure 2.1, 
within two hours of incubation, the four S. aureus reporter proteins were degraded in 
spent media of B. subtilis, with the exception of media from strains that lack the wprA 
gene for the ‘wall protease A’ (including the miniBacillus PG10). Of note, all four reporter 
proteins remained stable for up to 24 h in spent growth media, as long as the respective 
cultured cells were WprA-deficient (not shown). WprA was thus far considered to be 
active at the membrane-cell wall interface of B. subtilis, and the present findings show 
for the first time that the secreted fraction of this enzyme has strong proteolytic activity 
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as well (Figure 2.1). Taken together, these observations show that degradation by 
extracellular proteases can be a major limiting factor in the production of CHIPS, SCIN, 
IsaA and Nuc in B. subtilis. 

 

 
 

 

Strain Relevant properties 
   BRB02 trpc2, ΔnprB, ΔaprE 

BRB03 trpc2, ΔnprB, ΔaprE, Δepr 
BRB04 trpc2, ΔnprB, ΔaprE, Δepr, Δbpr 
BRB05 trpc2, ΔnprB, ΔaprE, Δepr, Δbpr, ΔnprE 
BRB06 trpc2, ΔnprB, ΔaprE, Δepr, Δbpr, ΔnprE, Δmpr 
BRB07 trpc2, ΔnprB, ΔaprE, Δepr, Δbpr, ΔnprE, Δmpr, Δvpr 
BRB08 trpc2, ΔnprB, ΔaprE, Δepr, Δbpr, ΔnprE, Δmpr, Δvpr, ΔwprA 
BRB09 trpc2, ΔnprB, ΔaprE, Δepr, Δbpr, ΔnprE, Δmpr, Δvpr, ΔhtrA 
BRB10 trpc2, ΔnprB, ΔaprE, Δepr, Δbpr, ΔnprE, Δmpr, Δvpr, ΔhtrB 
BRB13 
BRB11 

trpc2, ΔnprB, ΔaprE, Δepr, Δbpr, ΔnprE, Δmpr, Δvpr, ΔhtrA, ΔhtrB 
trpc2, ΔnprB, ΔaprE, Δepr, Δbpr, ΔnprE, Δmpr, Δvpr, ΔwprA, ΔhtrA 

BRB12 trpc2, ΔnprB, ΔaprE, Δepr, Δbpr, ΔnprE, Δmpr, Δvpr, ΔwprA, ΔhtrB 
BRB14 trpc2, ΔnprB, ΔaprE, Δepr, Δbpr, ΔnprE, Δmpr, Δvpr, ΔwprA, ΔhtrA, ΔhtrB 

Figure 2.1 | Stability of staphylococcal proteins to particular secreted proteases. Culture supernatants 
from L. lactis overexpressing the staphylococcal proteins IsaA, CHIPS, Nuc or SCIN were mixed with spent 
culture media from B. subtilis 168, the protease mutants BRB02 to BRB14 or the genome-engineered strains 
∆6 or the miniBacillus PG10. Names of strains that lack the wprA gene are indicated in bold. Proteins were 
TCA-precipitated after 2 h of incubation at 37 °C, and their degradation was assessed by Western blotting. 
Immunodetection was performed with anti-his6 antibodies to detect CHIPS and Nuc, the human 
monoclonal antibody 6D4 against SCIN, or the human monoclonal antibody 1D9 against IsaA. 
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Secretion of staphylococcal proteins by B. subtilis PG10 

To express the staphylococcal reporter proteins CHIPS, SCIN, IsaA and Nuc in 
B. subtilis we used the ‘subtilin-regulated expression system’ (SURE)59. This inducible 
high-level expression system is based on sensing of the bacteriocin subtilin by the SpaRK 
two-component regulatory system which subsequently drives the transcription of the 
PspaS promoter. Therefore, the spaRK genes were inserted into the amyE gene of both 
the 168 and PG10 strains. To direct secretion of the staphylococcal reporters into the 
growth medium, we initially selected the N-terminal signal peptide of the α-amylase 
AmyQ (SPAmyQ) of Bacillus amyloliquefaciens60. While this signal peptide directed some 
secretion of SCIN in the 168 strain, it did not facilitate any secretion of CHIPS, IsaA, or 
Nuc. Yet, the CHIPS and IsaA proteins fused to this signal peptide were detectable in the 
cell fraction and the same applied to SCIN (Figure 2.2a and data not shown). In fact, 168 
cells producing the SPAmyQ-SCIN fusion accumulated this precursor in substantial 
amounts (Figure 2.2a). Since ineffective protein secretion may relate to the choice of 
signal peptide, the CHIPS, IsaA, and Nuc proteins were also fused to the signal peptide 
of the xylanase XynA (SPXynA) of B. subtilis61, which did allow some secretion of CHIPS 
and IsaA in the 168 strain (Figure 2.2a). However, in this case also the CHIPS and IsaA 
proteins accumulated in the cells, mostly in a precursor form (Figure 2.2a). Of note, no 
secretion of Nuc was detectable when fused to SPXynA (not shown). To pinpoint 
potential bottlenecks in the secretion of SCIN and IsaA by the 168 strain, the respective 
cells were fractionated, and the localization of these two staphylococcal proteins was 
assessed by Western blotting, using the native cytoplasmic protein TrxA and the 
membrane-associated lipoprotein EfeM as controls (Figure 2.2b). This showed that SCIN 
and IsaA accumulated in the membrane fraction, while these proteins were not 
detectable in the cytoplasmic fraction (Figure 2.2b) or in the cell wall (not shown). The 
accumulation of SCIN and IsaA in the membrane fraction is indicative of aberrant 
translocation by the Sec secretion machinery and ineffective processing of the signal 
peptide by signal peptidase. Further, the absence of these proteins from the cell wall 
and growth medium suggests that SCIN and IsaA either do not reach these destinations 
due to defective membrane translocation or that they are subject to degradation by 
proteases like WprA as soon as they appear at the membrane-cell wall interface. 

Next, we investigated the secretion of CHIPS, SCIN, IsaA and Nuc in the 
genome-reduced strain PG10. To this end, secretion of SCIN was directed by SPAmyQ, 
whereas secretion of CHIPS, IsaA and Nuc was driven by SPXynA. As shown in Figure 2c, 
effective secretion of all four staphylococcal proteins by the PG10 strain could be 
demonstrated, albeit that the cells did accumulate some precursor forms of CHIPS, SCIN 
and IsaA. Of note, all the Nuc produced by strain PG10 was secreted. On this basis, we 
conclude that the PG10 strain displays improved secretion and substantially reduced 
extracytoplasmic degradation of CHIPS, SCIN, IsaA and Nuc. The lowered degradation 
of the four staphylococcal proteins is in line with the absence of eight secreted Bacillus 
proteases from the PG10 strain, and the absence of CHIPS, SCIN, IsaA and Nuc 
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degradation in spent medium of this strain as shown in Figure 2.1. Having demonstrated 
production and secretion of staphylococcal proteins by PG10, we next examined the 
amount of IsaA protein secreted into the growth medium because, of all four 
staphylococcal proteins, IsaA was produced at the highest level. As shown by LDS-PAGE 
and a standard curve with bovine serum albumin, IsaA was secreted to a concentration 
of about 7 mg/L after 2 h of induction (data not shown). While this is a relatively low 
yield compared to the gram/liter yields of industrial enzymes obtained in industrial 
fermentations, it is still a considerable yield compared to the close-to-zero yield 
observed for the 168 strain. Nonetheless, this raised the question whether genome 
engineering had somehow affected the full potential of the PG10 strain for protein 
secretion compared to the parental 168 strain. This possibility was tested by expressing 
the α-amylase AmyQ in the PG10 strain. The level of AmyQ secretion by miniBacillus PG10 
was about 2-fold lower compared to the 168 strain (Figure 2.3). This may relate in part 
to the degradation by an as yet unidentified protease as evidenced by the presence of 
AmyQ degradation products in the growth medium of strain PG10.   

 
 

 
Figure 2.2 | Induced overproduction of staphylococcal proteins in B. subtilis 168 and miniBacillus PG10. The 
spaRK genes were introduced in the amyE locus of B. subtilis 168 and miniBacillus to allow subtilin-inducible 
expression of reporter proteins with the aid of the spaS promoter on plasmids pRAG3::chp (SPxynA), 
pRAG1::scn (SPamyQ), pRAG3::isaA (SPxynA) and pRAG3::nuc (SPxynA). Protein expression was induced with 
subtilin and culture samples were collected 2 h post induction. (a) The cellular (cells) and extracellular 
(medium) levels of the expressed staphylococcal proteins were assessed by Western blotting with an anti-
his6 antibody to detect CHIPS, the monoclonal antibody 6D4 against SCIN, or the monoclonal antibody 1D9 
against IsaA. (b) The subcellular localization of SCIN produced in B. subtilis 168 was assessed by 
fractionation. As a negative control, non-induced cells were used. TrxA and EfeM were used as markers for 
cytoplasmic and membrane-bound proteins, respectively. (c) CHIPS, SCIN, IsaA and Nuc were produced 
and secreted by the miniBacillus strain PG10. Precursor forms of CHIPS, SCIN, IsaA and Nuc and full-size 
TrxA and EfeM are marked with filled arrow heads; mature forms of CHIPS, SCIN, IsaA and Nuc are marked 
with open arrow heads. 
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Figure 2.3 | Overproduction of AmyQ in the miniBacillus strain PG10. To express the B. amyloliquefaciens 
α--amylase AmyQ, miniBacillus PG10 was transformed with plasmid pKTH10. (a) Production of AmyQ by 
B  subtilis strains 168 and miniBacillus PG10. Mature AmyQ retained in the cells or secreted into the growth 
medium was detected by Western blotting using specific antibodies. The filled arrow head indicates the 
position of mature AmyQ. Detectable dominant degradation products of AmyQ are marked with open arrow 
heads. (b) Amylase activity of AmyQ secreted by B. subtilis strains 168 and miniBacillus PG10 was visualized by 
spotting 20 µl aliquots of the growth medium fraction of the respective cultures on LB agar plates 
supplemented with 1% starch. Zones of starch degradation were detected after overnight incubation at 37 oC. 

Enhanced secretion of IsaA in B. subtilis PG10 

To assess whether the addition of subtilin has a detrimental effect on the PG10 
strain, we compared the growth curves of the 168 and PG10 strains carrying pRAG3::isaA 
when subtilin was added during the exponential growth phase (Figure 2.4). The 
Figure 2.4 shows that addition of subtilin, as was done in the experiments presented in 
Figure 2.2, slowed down the growth of both strains, but it certainly did not impair 
growth or lead to severe cell lysis.  

To investigate whether the improved performance of strain PG10 relates to 
changes in the balance between induced protein secretion and degradation, we 
performed a time course experiment where the production and secretion of IsaA in the 
PG10 and 168 strains was assayed as a function of the time of induction with subtilin. 
Indeed, the amount of IsaA detectable in the medium at 15 min post induction was 
higher in PG10 than in 168, which implies that IsaA translation was more effective in the 
PG10 strain. In addition, the time course experiment highlighted distinctive features of 
the 168 and PG10 strains in terms of IsaA secretion. In particular, induction of IsaA 
production in the 168 strain led to rapid accumulation of full-size IsaA in the cells until 
5 h post induction (Figure 2.5, upper panel), while at later time points (from 24 h 
onward) IsaA production was strongly reduced. The secreted full-size IsaA (marked *) 
was mostly detectable but at very low amounts in the growth medium of the 168 strain 
at 15 min post induction after which it started to disappear; concomitantly, IsaA forms 
with aberrant mobility started to appear in the medium.  
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Between 30 min and 4 h post induction of IsaA production, strain 168 mounted a 
high secretion stress response as was evidenced by relatively high levels of the secretion 
stress-responsive HtrA and HtrB proteins in the medium (Figure S2.1). Since it was 
previously shown that the secretion stress response in B. subtilis is elicited by misfolded 
secretory proteins at the membrane-cell wall interface62,63, our present findings for 
strain 168 are indicative of saturation of the secretion pathway with IsaA molecules at 
this sub-cellular location, ultimately leading to a block in secretion and production of 
IsaA. Compared to 168, the levels of IsaA detectable in the PG10 cells remained low, and 
the full-size IsaA form (*) as observed in strain 168 was not detectable at all in cells of 
the PG10 strain. Yet, this form was gradually secreted into the growth medium and 
clearly accumulated at late time points post induction (from 24 h). Of note, PG10 did 
secrete smaller-sized forms of IsaA at earlier time points, especially until 5 h post 
induction (Figure 2.5, middle panel). The latter forms may represent incompletely 
synthesized IsaA as the full-size mature IsaA was 100% stable when incubated in spent 
medium of the PG10 strain (Figure 2.1). Of note, the detected smaller-sized forms of IsaA  

 

    
Figure 2.4 | Growth of B. subtilis 168 and PG10 carrying pRAG3::isaA in the presence or absence of subtilin 
induction. Overnight cultures of (a) B. subtilis 168 and (b) miniBacillus PG10 carrying pRAG3::isaA were 
diluted 1:50 in 100 µl of fresh LB medium in a 96-well microtiter plate, and incubated with shaking at 37°C 
in a Biotek synergy 2 plate reader. OD600nm readings were recorded every 10 min. When the strains reached 
the mid-exponential phase, 1% subtilin was added to the cultures (indicated with arrows) to induce IsaA 
production. 
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are possibly not derived from IsaA degradation by HtrA and HtrB in the cells and 
growth medium, because the levels of these proteases were comparable in samples 
with high or low IsaA degradation levels (Figure S2.1). Moreover, at those time points 
where the 168 strain decreased the production of IsaA (i.e. 24 and 48 h post induction), 
the HtrA-and HtrB proteins were barely detectable. 

The appearance of the marker for cell lysis, TrxA, in the growth medium of the 168 
strain will depend on the combined effects of cell lysis and extracellular proteolysis by 
secreted proteases64. As evidenced by the TrxA levels, within the first 5 hours post 
induction, extracellular proteolysis was probably still low in the 168 strain, whereas 

 

Figure 2.5 | Secretion of IsaA by B. subtilis 168 or miniBacillusPG10. The production of IsaA by exponentially 
growing cells of B. subtilis 168 and PG10 containing the spaRK genes in amyE and carrying plasmid 
pRAG3::isaA was induced with 1% subtilin (t=0). Subsequently, samples were withdrawn at the indicated 
time points, and cells were separated from the growth medium by centrifugation. After correction for the 
respective culture OD600, cellular proteins and proteins secreted into the growth medium were separated 
by LDS-PAGE and analyzed by Western blotting with the IsaA-specific monoclonal antibody 1D9. The levels 
of the cytoplasmic protein TrxA in growth medium fractions were assessed by Western blotting with a 
specific polyclonal antibody and used as readout for cell lysis. The two IsaA-specific bands marked* have 
the same electrophoretic mobility. 
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some cells started to lyse. At later stages, extracellular proteolysis led to complete 
disappearance of secreted IsaA and, ultimately, also extracellular TrxA became 
degraded (Figure 2.5, lower panel). In contrast, extracellular proteolysis was largely 
suppressed in the PG10 strain as shown in Figure 1 and, hence, in this strain the 
extracellular appearance of TrxA was probably largely due to cell lysis. 

To assess a possible effect on protein production owing to differences in the copy 
number of plasmid pRAG3::isaA in the 168 and PG10 strains, a whole-genome sequencing 
analysis was performed. Based on the ratios of the average coverage of plasmid and 
chromosomal reads, it was inferred that pRAG3::isaA has relative copy numbers of ~107 
in the PG10 strain and ~80 in the 168 strain (Table S2.3). This difference is too small to 
account for the strong difference in IsaA productivity in the two strains.  

Since even in the PG10 strain some IsaA degradation was detectable, as was the 
case for AmyQ (Figure 2.3), we investigated whether this residual protease activity could 
be inhibited by adding protease inhibitors to the media of growing bacteria. Indeed, this 
was the case for IsaA produced by the PG10 strain, where IsaA degradation was 
substantially reduced for the first 5 h post-induction (Figure 2.6). On the other hand, the 
protease inhibitors were incapable of rescuing IsaA produced by the 168 strain. Still, 
especially at 24 h post-induction IsaA degradation did increase, while the levels of HtrA 
and HtrB remained the same (Figure S2.2). In fact, the latter is indicative of effective 
protease inhibition as it was previously shown that the secreted forms of HtrA and HtrB 
are sensitive for degradation by other secreted proteases of B. subtilis56,65,66. This raises 
the question, which residual proteases are still released into the growth medium of the 
PG10 strain. An intriguing option is that these are cytoplasmic proteases, because the 
degradation of IsaA secreted by strain PG10 after 24 hours post induction coincided with 
increased levels of cell lysis as visualized by increased extracellular levels of the 
cytoplasmic protein TrxA (Figure 2.5, bottom panel). Of note, in a previous study, we 
have shown that autolysis can be increased in protease mutant strains as the 
extracellular proteases downregulate the levels of autolysins like LytD64. 

While reduced extracellular proteolysis explains part of the improved extracellular 
production of staphylococcal antigens by strain PG10, it does neither explain the drastic 
differences in the observed precursor levels of CHIPS and IsaA in the cells, nor the 
accumulation of SCIN in the membrane (Figure 2.2). Instead, this would suggest that 
there may also be differences between the 168 and PG10 strains in the secretion 
efficiency of these proteins. Such differences could relate to the total amount of 
secreted proteins competing for the same pathway or to the overall rates of translation. 
In fact, the idea that the translation rates in strains 168 and PG10 differ would be 
consistent with the previous observation that cells of the PG10 strain produce about 25% 
less ribosomal proteins than the 168 strain26. To test whether the rates of translation in 
strains 168 and PG10 differ, we employed a synthetic module where GFP transcription is 
coupled to the expression of the bmrCD genes for a drug efflux pump of B. subtilis. In a 
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previous study, we have shown that the expression of bmrCD is regulated via 
transcriptional attenuation that is modulated by translation of the BmrB leader 
peptide67. When BmrB translation is slowed down by ribosome-targeted antibiotics, 
such as lincomycin, the expression of bmrCD is triggered. Therefore, we introduced the 
transcriptional bmrC-GFP fusion into the bmrBCD locus of strains 168 and PG10, and 
assessed the levels of GFP expression during growth in the presence or absence of 
lincomycin. Under both conditions, the expression of GFP in the PG10 strain remained 
much lower than in the 168 strain where the presence of lincomycin elicited strong 
induction of GFP transcriptional activity (Figure 2.7).  

 

Figure 2.6 | Secretion of IsaA by B. subtilis 168 or miniBacillus PG10 in the presence of protease inhibitors. 
Production of IsaA in B. subtilis 168 and miniBacillus was assessed as described for Figure 2.5, but in this 
case, the growth medium was supplemented with the Complete protease inhibitor without EDTA cocktail 
from Roche. Production of IsaA was induced with 1% subtilin (t=0) and samples were collected as a function 
of the time indicated. The cytoplasmic protein TrxA was used as a marker for cell lysis. The positions of 
TrxA and the precursor and mature forms of IsaA are indicated with arrow heads. 
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We also assessed the effects of sub-inhibitory concentrations of lincomycin for the 
168 and PG10 strains carrying the bmrC-GFP fusion. As previously shown for the 168 
strain, subinhibitory concentrations of lincomycin between 0.02 and 0.2 µg/ml still 
induced bmrC-GFP, but the level of induction decreased with the reduction of the 
lincomycin concentration67. In line with this previous observation, in the PG10 strain a 
very mild bmrC-GFP induction was observed in the presence of the subinhibitory 
lincomycin concentration of 0.2 µg/ml, but not for a lincomycin concentration of 
0.02 µg/ml (data not shown). 

These observations imply that, despite the lower levels of ribosomal proteins, the 
translational efficiency of BmrB is higher in strain PG10 than in the 168 strain, irrespective 
of the presence of lincomycin. Accordingly, it appears that translation is more effective 
in strain PG10 than in the 168 strain. It is tempting to speculate that the apparently 
enhanced translational activity in the miniBacillus PG10 relates to the substantially 
decreased number of translatable mRNAs as a consequence of the significant genome 
reduction in this strain. 

 

 

 

 

  

Figure 2.7 | Translational efficiency in B. subtilis 168 and miniBacillus PG10 based on lincomycin-inducible 
bmrCD expression. The expression of bmrCD gene transcription in B. subtilis 168 and PG10 was measured 
in real time using a bmrC::GFP fusion. (a) GFP transcriptional activity (TAU) in B. subtilis 168 bmrC-GFP and 
PG10 bmrC-GFP was assessed in the presence or absence of lincomycin. (b) GFP transcriptional activity in 
B. subtilis PG10 bmrC-GFP in the presence or absence of lincomycin. 
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Conclusion 

The present study provides proof-of-principle that genome engineering can open 
a window of unprecedented possibilities for the production of ‘difficult proteins’ in the 
bacterial cell factory B. subtilis. This was exemplified with the miniBacillus strain PG10 
producing four different staphylococcal antigens that cannot be produced with 
currently applied B. subtilis strains. Of note, the 168 and PG10 strains are far from 
isogenic due to the deletion of 35% of the genome in strain PG10. This makes it 
challenging to pinpoint the particular mutations and their relative contributions that 
resulted in improved protein production by the PG10 strain. Nonetheless, the present 
study underlines the benefits of genomic streamlining as an approach to potentiate and 
increase the valuable properties of Bacillus strains for protein production. Clearly, to 
reach the full potential of such miniBacillus strains they need to be further optimized, 
especially with respect to potential product degradation, reduced cell lysis and ease of 
use in large-scale fermentation. We are confident that this will deliver new-generation 
production strains for a wide spectrum of proteins including not only enzymes but also 
many dearly need biopharmaceutics.  

Materials and methods 

Strains and plasmids 

Bacterial strains and plasmids used in this study are listed in Table S2.1. L. lactis was 
grown in M17 medium (Oxoid Limited) containing 0.5% glucose (GM17) at 30 °C without 
shaking. Medium was supplemented with 5 μg mL-1 chloramphenicol, or 5 μg mL-1 
erythromycin as appropriate. B. subtilis was grown in Lysogenic broth (LB) (Becton 
Dickinson) at 37 °C with shaking. Where needed, medium was supplemented with 2 μg 
mL-1 erythromycin, or 20 μg mL-1 kanamycin. S. aureus N315 was grown at 37 °C as 
standing culture in tryptone soy broth (Oxoid Limited).  

Protein stability tests 

To assess the stability of CHIPS, SCIN, IsaA and Nuc, aliquots of L. lactis cultures 
producing these staphylococcal proteins were added to spent growth media of 
different B. subtilis strains. To produce the staphylococcal proteins, overnight cultures 
of L. lactis carrying pNG4210::scn, pNG4210::chp, pNG4210::isaA or pNG400::nuc were 
diluted 1:20 in GM17 medium with chloramphenicol. Upon reaching an optical density of 
600 nm (OD600) of ~0.5, the production of CHIPS, SCIN, IsaA or Nuc was induced with 
nisin by addition of the culture supernatant from an overnight culture of the 
nisin-producing L. lactis strain NZ9700 at a 1:1000 dilution. After 16 h induction, the 
cultures were centrifuged and growth medium fractions were harvested. 500 μl growth 
medium aliquots containing either CHIPS, SCIN, IsaA or Nuc were mixed with 500 μl 
spent growth medium of different protease-deficient B. subtilis strains. The latter spent 
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media were obtained by growing B. subtilis strains overnight in LB medium, dilution of 
the overnight cultures into fresh LB medium, and continued growth until 2 h after entry 
into the stationary phase. At this point in growth, cells were separated from the growth 
medium by centrifugation and the supernatant fractions were collected and applied to 
assess the stability of CHIPS, SCIN, IsaA or Nuc by incubation at 37 °C for 2 h or 24 h. The 
presence or absence of CHIPS, SCIN, IsaA or Nuc was visualized by LDS-PAGE and 
Western blotting with specific antibodies against SCIN, IsaA or a hexa-histidine tag.  

Construction of expression plasmids 

All plasmids in this study were constructed using conventional cloning techniques. 
The oligonucleotides listed in Table S2.2 were obtained from Eurogentec. Phusion-HF 
DNA polymerase, restriction endonucleases, and T4 DNA ligase were obtained from 
New England Biolabs. L. lactis MG1363 was transformed by electro-transformation and 
used as an intermediate cloning host for plasmid amplification and verification. 
Constructions were verified by Sanger sequencing (Eurofins Genomics) prior to 
introduction into B. subtilis through transformation of competent cells. The spaRK 
genes, integrated in the amyE gene of B. subtilis 168 (also referred to as pNZ8900), were 
transferred to strain PG10 by transformation of competent cells. To this end, the 
competence of strain PG10 was induced with mannitol at a final concentration of 0.25%. 
Subsequently, the PG10 strain carrying spaRK was transformed with plasmids for the 
expression of CHIPS, SCIN, IsaA or Nuc.  

To create the plasmid pRAG1 for subtilin-inducible expression of C-terminally 
his6-tagged staphylococcal proteins, the sequence for SPAmyQ was amplified from 
pKTH10 with primers SPamyQ_F and SPamyQ_R, thereby introducing a BspHI cleavage 
site 5’ to the SPAmyQ-coding sequence. A multiple cloning site was copied from plasmid 
pNG4210 using primers MCS4210_F and MCS4210_R, thereby adding the sequence 
encoding a C-terminal his6-tag as well as a 3’ HindIII cleavage site. Both PCR fragments 
were merged by overlap extension PCR with primers SPamyQ_F and MCS4210_R. The 
resulting PCR fragment was cut with BspHI and HindIII and ligated into the NocI and 
HindIII sites of the receiving plasmid pNZ8910. 

The plasmid pRAG1 was used as a backbone for the insertion of staphylococcal 
genes. The chp, scn and isaA, genes were amplified using primers pNG42ins_F and 
pNG42ins_R. The chp gene was amplified from pNG4210::chp, scn was amplified from 
pNG4210::scn and the isaA gene was amplified from pNG4210::isaA. The nuc gene was 
amplified from S. aureus N315 with primers NucN315_F and NucN315_R. The amplified 
PCR products and receiving plasmid pRAG1 were digested with BamHI and NotI, and 
T4-ligated. The resulting plasmids were verified by sequencing and named pRAG1::chp, 
pRAG1::scn, pRAG1::isaA and pRAG1::nuc. 

To construct pRAG3, the sequence encoding SPxynA was amplified from B. subtilis 
168 with the primers SPxynA_F and SPxynA_R, which introduced flanking 5’ EcoRV and 
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3’ BamHI restriction sites. The pRAG1 based plasmids carrying the chp, scn, isaA, or nuc 
genes were used as vector backbones, by amplification with primers woSP_F and 
woSP_R, thereby eliminating the sequences encoding SPAmyQ. The amplified PCR 
products were digested with BamHI and EcoRV and T4-ligated, resulting in the fusion of 
chp, scn, isaA or nuc with sequences encoding SPxynA. The plasmids thus obtained were 
named, pRAG3::chp, pRAG3::scn, pRAG3::isaA and pRAG3::nuc. The Part ID’s of the 
plasmids constructed in this study are available from the ACS Synthetic Biology registry 
as specified in Table S2.4. 

Lithium dodecyl sulfate-polyacrylamide gel electrophoresis (LDS-PAGE) and 
Western blotting 

Protein samples were prepared and separated by LDS-PAGE as described 
previously68. Before loading, samples were corrected for an OD600 of 2. For Western 
blotting analysis, proteins separated by LDS-PAGE were blotted onto a nitrocellulose 
membrane (Protran®). Subsequent immunodetection of bound proteins was 
performed with anti-his6 antibodies (Life Technologies), the human monoclonal 
antibody 6D4 against SCIN 45, or the human monoclonal antibody 1D9 against IsaA44. For 
visualization of antibody binding, the 6D4 and 1D9 antibodies were directly labeled with 
IRDye 800CW (LiCor Biosciences), whereas bound anti-his6 antibodies were visualized 
with secondary antibodies labeled with IRDye 800CW. Fluorescence was recorded at 
800 nm with an Odyssey Infrared Imaging System (LiCor Biosciences).  

Protein production, localization and quantification 

For production of staphylococcal proteins in B. subtilis strains, overnight cultures 
were diluted to a final OD600 of 0.15 and incubated until mid-exponential growth when 
protein expression was induced with 1:100 supernatant from B. subtilis ATCC6633, which 
contains subtilin. Cells were further incubated for 2 h, and samples were taken for 
LDS-PAGE and Western blotting. For the secretion of IsaA by B. subtilis 168 or PG10 in 
terms of time and protease activity, cells were grown in medium in the presence or 
absence of the Complete protease inhibitor cocktail without EDTA from Roche and 
samples were taken at different time points after induction with subtilin. 

Subcellular localization of the staphylococcal proteins in B. subtilis 168 was 
performed by fractionation experiments as described previously66. In short, cells from 
an overnight culture were harvested by centrifugation, resuspended in protoplast 
buffer (100 mM Tris-HCl, pH 8.2, 20 mM MgCl2, 20% sucrose, 1 mg/ml lysozyme, 0.01% 
DNase, and Complete protease inhibitors from Roche) and incubated for 30 min. The 
resulting protoplasts and liberated cell wall proteins were then separated by 
centrifugation. The protoplasts were resuspended in disruption buffer (50 mM Tris-HCl, 
pH 8.2, 2.5 mM EDTA) and disrupted with glass beads using a Precellys24 bead beater 
(Bertin Technologies, Montigny-le-Bretonneux, France). Cellular debris and unbroken 
protoplast were removed by low-speed centrifugation (10 min, 4,000 × g, 4 °C) and the 
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resulting supernatant fraction was subject to ultracentrifugation (30 min, 200,000 × g, 
4 ºC). The resulting supernatant fraction with cytosolic proteins was collected. The 
pelleted membranes were resuspended in solubilization butter (20 mM Tris, pH 8.0, 10% 
glycerol,50 mM NaCl, 0.03% DDM) and incubated overnight at 4 °C.  Subsequently, 
nonsolubilized and solubilized membrane proteins were separated by centrifugation 
(15 min, 100,000 × g, 4 °C). Lastly, the resulting supernatant fraction with solubilized 
membrane proteins was collected. The cytoplasmic protein TrxA and the lipoprotein 
EfeM were used as markers for the cytosolic and membrane fractions, respectively. 
Correct localization of EfeM, TrxA and the staphylococal proteins was corroborated by 
Western blotting with rabbit polyclonal antibodies against TrxA or EfeM.  

Quantification of staphylococcal proteins was done with a standard curve of 
bovine serum albumin. Protein samples were prepared for LDS-PAGE and proteins were 
stained with SimplyBlue SafeStain (Novex). Proteins were visualized with an Odyssey 
Infrared Imaging System (LiCor Biosciences), and the signal in each lane was quantified 
using the ImageJ gel analyzer. 

Growth curves 

Overnight cultures were diluted 1:50 in 100 µl of LB medium. Then cultures were 
incubated with shaking at 37 °C in a Biotek synergy 2 plate reader. When the cultures 
reached the mid-exponential phase, subtilin was added at a final concentration of 1%. 
OD600 readings were recorded every 10 min. 

Live cell array analyses 

Live cell array analyses were performed as described previously67,69. In short, 
overnight cultures were diluted 1:1000 in 100 µl culture supplemented with 2 µg/ml 
lincomycin or H2O in 96-well flat bottom microtiter plates (Greiner Bio-One). Then, 
cultures were grown at 37 °C in a Biotek synergy 2 plate reader, and OD600 and GFP 
fluorescence (excitation 485/20 nm, emission 528/20 nm) readings were taken every 10 
min for 24 h. Background fluorescence was subtracted from control strains not 
expressing GFP. Finally, arbitrary transcriptional activity units (TAU) were calculated 
with the equation: (GFPt −GFPt−1)/OD600t. In this equation, t represents a specific time 
point and t−1 the previous time point at which fluorescence was measured.  

 

 

 

 



Chapter 2                     

28 

Plasmid copy number determination 

Next generation sequencing was used to determine the copy number of plasmid 
pRAG3::isaA in B. subtilis 168 and PG10 as described previously70. Total DNA extraction 
for sequencing was performed from colonies using the Ultraclean Microbial DNA 
Isolation Kit (MO BIO Laboratories, Carlsbad, CA, US) according to the manufacturer’s 
protocol. DNA concentrations were determined using a Qubit® 2.0 fluorometer and the 
dsDNA HS and/or BR assay kit (Life technologies, Carlsbad, CA, US). DNA libraries were 
prepared using the Nextera XT DNA Library Preparation Kit (llumina, San Diego, CA, US). 
Sequence analysis was performed with an Illumina Miseq System generating paired-end 
reads of 300 bp.  De novo assembly of paired-end reads was performed using CLC 
Genomics Workbench v11.0.1 (QIAGEN, Hilden, Germany). To approximate plasmid copy 
numbers, the ratio of the average coverage of plasmid and genomic reads was 
calculated for each strain. 

Supporting Information 

Figure S2.1. Expression of HtrA and HtrB in B. subtilis strains 168 and PG10 producing 
IsaA. 

Figure S2.2. Expression of HtrA and HtrB in B. subtilis strains 168 and PG10 producing 
IsaA in the presence of protease inhibitors.  

Figure S2.3. Schematic representation of plasmids pRAG1, pRAG3 and the respective 
derivatives for expression of scn, nuc, chp, or isaA.  

Table S2.1. Plasmids and strains used in this study. 

Table S2.2. Primers used in this study. 

Table S2.3. Comparison of the relative copy number of plasmid pRAG3::isaA in B. subtilis 
168 and PG10.  

Table S2.4. Part ID’s of the plasmids constructed in this study as available from the ACS 
Synthetic Biology registry. 
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Abstract 

Bacillus subtilis has been extensively used as a microbial cell-factory for industrial 
enzymes due to its excellent capacities for protein secretion and large-scale 
fermentation. This bacterium is also an attractive host for biopharmaceutical 
production. However, the secretion potential of this organism is not fully utilized yet, 
mostly due to a limited understanding of critical rearrangements in the membrane 
proteome upon high-level protein secretion. Recently, it was shown that bottlenecks in 
heterologous protein secretion can be resolved by genome minimization. Here, we 
present for the first-time absolute membrane protein concentrations of a 
genome-reduced B. subtilis strain (midiBacillus-II) expressing the immunodominant S. 
aureus antigen A (IsaA). We quantitatively characterize the membrane proteome 
adaptation of midiBacillus-II during production stress on the level of molecules per cell 
for more than 400 membrane proteins, including determination of protein 
concentrations for ~61% of the predicted transporters. We demonstrate that ~30% of 
proteins with unknown functions display a significant increase in abundance, 
corroborating the crucial role of membrane proteins in vital biological processes. In 
addition, our results show an increase of proteins dedicated to translational processes 
in response to IsaA induction. For the first time reported, we provide accumulation rates 
of a heterologous protein, demonstrating that midiBacillus-II secretes 2.41 molecules of 
IsaA per minute. Despite the successful secretion of this protein, it was found that there 
is still some IsaA accumulation occurring in the cytosol and membrane fraction, leading 
to a severe secretion stress response, and a clear adjustment of the cell’s array of 
transporters. This quantitative dataset offers unprecedented insights into 
bioproduction stress responses in a synthetic microbial cell. 
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Introduction 

In 1974, Wacław Szybalski provided a contemporary interpretation of synthetic 
biology and prophesied that biology would eventually evolve from a descriptive 
discipline to a re(designing) one71. The almost half century of research ensuing these 
assertions demonstrated their accuracy. The knowledge on the inventory of biological 
functions that microbial cells are able to integrate into their physiological and metabolic 
circuits has substantially increased, thereby paving the way for synthetic biology12,13,72–

77. While four decades ago cell engineering mostly relied on random mutagenesis 
followed by screening processes78, the rapid development of high-throughput –omics 
approaches have altered this tendency. This led to the development of systems 
metabolic engineering, a discipline that integrates metabolic engineering with systems 
and synthetic biology, with the ultimate goal of delivering highly sophisticated microbial 
cell factories79–82. The proteome is an essential part of the endeavours to uncover the 
systematic properties of biological systems as proteins represent the central players in 
the complex metabolic and adaptational network83. While relative protein 
quantification is sufficient for a comparison of protein abundances between samples, 
this data does not meet the requirements for mathematical modelling in systems 
biology. Instead, in order to decipher physiological cell responses upon the onset of 
stress, absolute proteomic data is required. Accordingly, the past few years witnessed 
a general effort to produce suitable absolute protein data, mainly owed to the 
accomplishments of mass spectrometry (MS)-based proteomics84–88. However, some 
traits remain a challenge for this discipline. When it comes to absolute numbers of 
membrane proteins, few if any data is available, mainly due to the low abundance and 
high hydrophobicity of this subset of proteins. Nonetheless, knowledge on the absolute 
abundance of membrane proteins is essential, due to their involvement in essential 
biological processes. One of these essential mechanisms is protein secretion, a process 
that is nowadays heavily exploited in the biotechnology industry as it greatly facilitates 
the downstream processing of proteins. Importantly, secreted proteins can be 
produced in massive amounts to the extent that it leads to ‘bioproduction stress’. Thus, 
defining the changes in the membrane proteome that follow the overproduction of 
secreted proteins during bioproduction stress is of major relevance for the 
biotechnological sector89.  

B. subtilis has been extensively used as a microbial cell factory for industrial 
enzymes and biopharmaceuticals production90–92. This bacterium is also an attractive 
host for heterologous protein production due to its excellent fermentation and high 
product yield capacities89. Hence, a minimal strain of B. subtilis was engineered26 for 
heterologous production of ‘difficult proteins’ natively secreted by S. aureus, and we 
demonstrated that these proteins were successfully produced in the genome-reduced, 
but not in the wild-type strain93. Nonetheless, information on how the membrane 
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proteome abundances was altered upon the production of this heterologous protein 
remained unknown.  

Recently, a study was published describing a method which simultaneously 
combines the comprehensiveness of shotgun-MS and the accuracy of targeted-MS, 
allowing the calculation of absolute membrane protein abundances in a living 
organism94. In the study presented here, we provide absolute membrane protein 
concentrations of the genome-reduced B. subtilis strain midiBacillus-II expressing IsaA93. 
To engineer this strain 1401 genes were systematically deleted from the parental strain 
B. subtilis 168, which represents a genome-reduction of 30.95%26. Notably, midiBacillus-II 
lacks the genes for eight major secreted Bacillus proteases, which were previously 
identified as one of the main bottlenecks for heterologous protein production64,95.  

We quantitatively characterise the membrane proteome adaptation of 
midiBacillus-II during production stress on the level of molecules per cell for more than 
400 membrane proteins, which includes the determination of protein concentrations of 
~61% of the predicted transporters of this strain26. Furthermore, we determined protein 
allocation between main processes of the cell membrane during exponential growth, 
including protein translocation. This comprehensive dataset might be implemented in a 
mathematical model dedicated to fine-tune metabolic pathways, defining approaches 
to minimise stress and increase protein production. 

Materials & Methods 

Strain construction 

The bacterial strains and plasmids used in this study are listed in Table S4.1. The 
spaRK genes were chromosomally integrated in the amyE locus of midiBacillus-II by 
transformation of competent cells with plasmid pNZ8900. The ‘super-competence’ of 
Bacillus was induced with mannitol as described by Rahmer and colleagues96. 
Subsequently, midiBacillus-II carrying the spaRK genes was transformed with the 
plasmid pRAG3::isaA for the inducible expression of IsaA, as previously described93. 
Moreover, secretion of IsaA was directed into the growth medium by N-terminal fusion 
to the signal peptide of the xylanase XynA (SPXynA) of B. subtilis61. 

Subtilin production 

For subtilin production, B. subtilis ATCC 6633 was grown overnight in LB medium 
and samples were harvested by centrifugation (10,000 × g for 10 min at 4 °C). The 
free-cell supernatant containing subtilin was collected and subsequently incubated at 
80 °C for 10 min, prior to freezing at -20 °C. 
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Growth conditions and protein preparation 

For all proteomics analysis, bacteria were grown in LB medium. Exponentially 
growing cells (OD600 of 0.9) were induced with 1% subtilin (v/v), and samples were taken 
120 min after the onset of induction. Bacteria grown without subtilin were collected at 
the same time point and used as control. For every experiment, three independent 
biological replicates were analysed. 30 mL of bacterial cell culture was harvested by 
centrifugation (10,000 × g for 15 min at 4 °C), and cell pellets were washed three times 
with Tris EDTA (TE) buffer (20 mM Tris, 10 mM EDTA, pH 7.5). The corresponding 
supernatants were filtered and stored at -80 °C for further preparation of the 
extracellular protein fraction. Cells were mechanically disrupted using the FastPrep24 
instrument (MPBiomedicals). Cell debris was removed by centrifugation (20,000 × g for 
10 min at 4 °C), and the recovered supernatant was designated as whole cell extract. 
Protein concentration of these extracts was determined by a Bradford-based assay 97. 

Membrane enrichment 

An aliquot of the whole cell extract with a protein content of 5 mg was used as 
starting material for membrane preparation. This lysate was filled up to 1.5 mL TE buffer 
and subjected to ultracentrifugation (100,000 × g at 4 °C). The supernatant was 
designated as cytosolic fraction and the pellet was detached from the bottom by adding 
0.75 mL high salt buffer (10 mM EDTA, 1M NaCl, 20 mM Tris-HCl, pH 7.5) and incubation 
in an ultrasonic bath for 5 min at room temperature. This was followed by pipetting the 
suspension up and down until the pellet was homogenised. The pipette was then rinsed 
with 0.75 mL high salt buffer and the solution was incubated in a rotator at 8,000 rpm 
and 4 °C for 30 min, followed by ultracentrifugation under the same conditions as above. 
Pellet resuspension and ultracentrifugation were then performed with alkaline 
carbonate solution (10 mM EDTA, 100 mM Na2CO3, 100 mM NaCl, pH 11), and in a final 
step with tetraethylammonium bromide (TEAB; 50 mM). The pellet containing the final 
crude membrane extract was resuspended in 70 µL 6 M urea/2 M thiourea.  

Sample preparation for MS analysis 

For shotgun-based absolute quantification, 10 µg of crude membrane and cytosolic 
extract were used for protein digestion using the S-Trap protocol according to the 
manufacturer (ProtiFi). The cytosolic fraction was also used for quantification of the 
IsaA protein in this particular sub proteome. Universal protein standard (UPS2) proteins 
(Sigma-Aldrich-Merck) were added in a 1:4 ratio (2.5 µg). For Liquid 
chromatography-mass spectrometry (LC/MS) analysis, 4 µg of peptide mixture per 
biological replicate was desalted using C18 – Zip Tips (Merck Millipore). Peptide 
concentration was determined using the Pierce Quantitative Colorimetric Peptide Assay 
(Thermo Fisher Scientific). Preparation of whole cell and membrane extracts for 
targeted-MS followed the same digestion protocol as described above, except for the 
addition of UPS2 standards. Instead, samples were spiked with heavy peptides of the 
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anchor proteins used in this study – QcrA and YwbN – to a final amount of 5 pmol. A 
detailed list of used peptides and their optimized transitions is available in Table S3.2.  

Preparation of extracellular protein fraction for IsaA quantification 

Extracellular samples have been prepared according to Bonn et al.98. Briefly, the 
volume of culture supernatant correspondent to 10 µg, plus 2.5 µg of UPS2 standards 
were incubated with 12.5 µl of primed StrataClean beads (Agilent). Beads were 
subsequently precipitated by centrifugation, washed, resuspended in 1 mL TE buffer, 
dried and resolved in 20 µl reducing sodium dodecyl sulfate (SDS) sample buffer 
(125 mM Tris-HCl pH 6.8, 20% (v/v) glycerol, 4% (w/v) SDS, 3.75% (v/v) β-mercaptoethanol, 
0.04% (w/v) bromophenol blue). Samples were incubated at 98 °C for 10 min and 
subsequently the respective proteins were separated by SDS-polyacrylamide gel 
electrophoresis (SDS-PAGE). The electrophoretic run was performed at 150 V for 
approximately 15 min to ensure that the proteins were released from the strata beads. 
After fixation and staining, one piece of the gel corresponding to the extracellular 
protein extract was excised and tryptically digested98. Peptide concentration was 
determined using the Pierce Quantitative Colorimetric Peptide Assay (Thermo Fisher 
Scientific). For liquid chromatography coupled mass spectrometry (LC/MS) analysis, 1 µg 
of peptide mixture per biological replicate was desalted using C18–Zip Tips (Merck 
Millipore).  

Determination of cell size 

Bacterial cell size was determined at the harvesting point for both 
conditions-control and induction (1% subtilin (v/v)). For this purpose, midiBacillus-II cells 
were photographed with a size scale using a light microscope (Leica DM2500 LED) 
coupled to a digital camera (Leica DMC2900). Length and width of the cells was 
determined with the help of ImageJ software99 as described elsewhere85. In summary, 
180 midiBacillus-II cells were imaged for each condition allowing for calculation of cell 
size distribution and standard deviation. Surface area of cells was calculated assuming 
a cylinder and two hemispheres for the rod-shaped Bacillus cells. A table showing the 
average sizes of all measured midiBacillus-II cells per condition is available in the 
Table S3.3. 

SDS-PAGE and Western blotting for IsaA visualization 

Protein samples were separated by SDS-PAGE100. Before loading, whole cell and 
crude membrane extract samples were corrected for protein concentration in order to 
ensure equal sample loading for a quantitative signal interpretation. Proteins separated 
by SDS-PAGE were blotted onto a nitrocellulose membrane (GE Healthcare). 
Subsequent immunodetection of bound proteins was performed with the human 
monoclonal antibody 1D9 against IsaA44. For visualization of antibody binding, the 1D9 
antibodies were labelled with IRDye 800CW (LiCor Biosciences). Fluorescence was 
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recorded at 800 nm with an Odyssey Infrared Imaging System (LiCor Biosciences). Three 
independent biological replicates were analysed for each tested condition. 

Shotgun MS analysis 

Digested protein mixtures of cytosol (2 µg), membrane (2 μg) and extracellular 
(1 µg) fraction were separated on an Easy nLC 1200 coupled online to an Orbitrap Elite 
mass spectrometer (Thermo Fisher Scientific). In-house self-packed columns (i.d. 100 
μm, o.d. 360 μm, length 200 mm; packed with 3.0 μm Dr. Maisch Reprosil C18 
reversed-phase material (ReproSil-Pur 120 C18-AQ) were first loaded with 12 μL of buffer 
A (0.1% (v/v) acetic acid) at a maximum pressure of 400 bar and subsequently eluted. 
Elution of peptides took place with a nonlinear 166 min gradient from 1% to 99% buffer B 
(0.1% (v/v) acetic acid in 95% (v/v) acetonitrile) at a constant flow rate of 300 nl/min. 
Spectra for the eluting peptides were recorded in the Orbitrap at a resolution of R= 
60,000 with lockmass correction activated. After acquisition of the Full-MS spectra, up 
to 20 dependent scans (MS/MS) according to precursor intensity were performed in the 
linear ion trap after collision-induced dissociation (CID) fragmentation. 

Targeted MS analysis 

Purified synthetic peptides with heavy arginine and lysine were obtained from 
Thermo Fisher Scientific. For each protein four peptides were designed and three were 
used for quantification (Table S3.4). For selected reaction monitoring (SRM)-method 
development, all feasible transitions of QcrA and YwbN were monitored to keep four to 
six transitions per peptide with the highest peak areas. After selection, collision energies 
were optimised for each of these transitions and the final transition list was generated 
(Table S3.2). In order to check for the dynamic range of the AQUA peptides, known 
amounts of QcrA and YwbN (0.001–10 pmol on column) were used to generate a 
calibration curve. Linear regression and r2 were calculated. Based on the calibration 
curve, 5 pmol of each heavy labelled peptide was added to three biological replicates of 
the digested whole cell and membrane extract samples for each tested 
condition -control and 1% subtilin induction- enabling the calculation of absolute 
amounts of target peptides85. Digested protein mixtures (2 μg) were separated on an 
Easy nLC 1000 (Thermo Fisher Scientific) coupled to a triple quadrupole mass 
spectrometer (TSQ Vantage, Thermo Scientific) operated in nano-electrospray mode. 
Peptide separation was carried out using in-house self-packed columns (i.d. 100 μm, o.d. 
360 μm, length 200 mm; packed with 3.0 μm Dr. Maisch Reprosil C18 reversed-phase 
material (ReproSil-Pur 120 C18-AQ) by applying a nonlinear 81 min gradient from 1 to 99% 
buffer B (0.1% v/v acetic acid in acetonitrile) at a constant flow rate of 300 nl/min. For 
ionization 2400 V spray voltage and 240 °C capillary temperature were used. The 
selectivity for both Q1 and Q3 were set to 0.7 Da (FWHM). The collision gas pressure of 
Q2 was set at 1.2 mTorr. TSQ Vantage was operated in SRM mode. 
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LC/MS data analysis of shotgun MS and global absolute quantification of 
membrane proteins 

For shotgun proteomics three different proteome fractions were analysed: 
cytosol, membrane and extracellular. Nevertheless, cytosolic and extracellular fractions 
were only used to quantify absolute abundances of IsaA, whereas for the membrane 
fraction the entire dataset was analysed. Thus, as the employed method for absolute 
protein quantification was exclusively designed for the analysis of the hydrophobic 
fraction94, the absolute abundances presented here focus on the membrane proteins of 
B. subtilis. For data processing and protein identification, raw data were imported into 
MaxQuant (1.6.3.3)101 analysed with an Andromeda search engine102, and processed via 
the intensity-based absolute quantification (iBAQ) algorithm103. Database search was 
carried out against a reversed B. subtilis IIG-Bs27-47-24 database26 with manually added 
UPS2 protein sequences, IsaA, SpaR, and SpaK sequences and with common 
contaminants added by MaxQuant. The database search was performed with the 
following parameters: peptide tolerance: 4.5 ppm; min fragment ions matches per 
peptide: 1; match between runs was enabled with default settings; primary digest 
reagent: trypsin; missed cleavages: 2; fixed modification: carbamidomethyl C (+57.0215); 
and variable modifications: oxidation M (+15.9949), acetylation N, and K (+42.0106). 
Results were filtered for 1% false discovery rate (FDR) on spectrum, peptide and protein 
levels. All identification and quantitation data are summarised in the Supporting 
Information (Table S3.5). The mass spectrometry proteomics data have been deposited 
to the ProteomeXchange Consortium via the PRIDE104,105 partner repository with the 
dataset identifier PXD015496. Proteins were only considered for further analysis if 
quantified in three out of three biological replicates. 

A permutation-based FDR approach implemented in the Perseus platform was 
used to calculate significantly changed membrane protein abundances during 
overproduction106. The following parameters were used: number of randomisations: 
250; FDR: 0.05; S0: 0.1. 

LC/MS data analysis of targeted MS and absolute quantification of reference 
peptides 

For targeted MS analysis we analysed three independent biological replicates per 
tested condition for two different fractions: whole cell and membrane extract. Raw files 
were processed using Skyline 4.2 (MacCoss Lab Software107). A peptide ratio of native 
and heavy species was based on four to six transitions that were averaged. Based on 
the added amount of heavy peptides, the absolute quantity of native proteins could be 
calculated85.  
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Results  

Calculation of SRM-derived enrichment and correction factors 

A crucial point to determine absolute membrane protein abundances relies on 
accurate calculation of an enrichment factor, as the membrane-enriched protein 
fraction does not reflect the cell’s membrane proteome in its native state. Furthermore, 
it is indispensable to apply a correction factor to the shotgun-MS derived data, as the 
universal protein standard (UPS2) proteins do not necessarily replicate the unique 
physicochemical properties of membrane proteins94. Thus, in this study we used two 
anchor proteins, QcrA and YwbN (also known as EfeB), serving two different functions. 
The Rieske-iron subunit membrane protein QcrA was used to calculate both the 
enrichment and correction factors for absolute quantification of membrane proteins, 
whereas the secreted Dyp-type peroxidase YwbN served as control, demonstrating that 
the applied method provides reliable absolute abundance values exclusively for 
membrane proteins108,109. In order to check for the dynamic range of QcrA and YwbN, a 
calibration curve spanning 5 orders of magnitude was generated and a linear regression 
was calculated. Our results show that we are able to accurately quantify these proteins 
across the whole dynamic range with an r2 of 0.9948 and 0.9866 for QcrA and YwbN, 
respectively (Figure 3.1, A and B, respectively). 

To determine the enrichment factor between whole cell extract and enriched 
membrane protein sample, a ratio between the absolute molar amounts of the 
membrane protein QcrA in the membrane and the whole cell extracts was calculated 
resulting in values of 6.14 and 4.51 for control and 1% subtilin induction conditions, 
respectively (Figure 3.1c). Even though there is slightly lower enrichment for the induced 
fraction, the difference is not significant (p=0.63, paired t-test), and might simply be a 
reflection of biological variance. The same calculations were performed for YwbN by 
determining the ratio between membrane and whole cell extract molar amounts, 
resulting in values of 1.70 and 1.36 for control and 1% subtilin induction conditions, 
respectively (Figure 3.1c).This fitted our expectations, as the enrichment factor is 
considerably lower for not membrane-associated, YwbN. 

 In addition to the enrichment factor, a correction factor was determined by 
calculating the ratio between the absolute molar amounts of QcrA obtained by selected 
reaction monitoring (SRM) and shotgun-MS. We calculated a median ratio of 0.41 and 
0.42 for control and induction conditions, respectively (Figure 3.1d).This shows that 
UPS2-based absolute quantification provides a slight overestimation of total protein 
abundances, which is in accordance with the recently published study on global 
membrane protein quantification94. This overestimation may be due to different 
physicochemical properties between this human set of proteins and the bacterial 
membrane proteome. However, this overestimation is not affected by different 
physiological   conditions  as   the  correction   factor  is   similar  for   both  control  and  
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production stress conditions. Just like for QcrA, we also determined the correction 
factor for YwbN by calculating a ratio between absolute molar amounts of SRM and 
shotgun-derived data. This provided a median ratio of 0.02 and 0.06, for control and 
induced conditions, respectively (Figure 3.1d).This comprises an overestimation of one 
order of magnitude, again demonstrating that the employed method for absolute 
protein quantification is designed to meet the requirements of hydrophobic proteins, 
but not their soluble counterparts.  

Both the correction and enrichment factor of QcrA were used to calibrate the data 
derived from the shotgun approach as previously described94. 

 

 
Figure 3.1 | Results of absolute quantification by targeted MS. (a, b) Linear regression of the five-point 
calibration of QcrA and YwbN respectively. Slope, intercept and r2 are depicted. X axis shows the 
log10-transformed peptide concentration of the corresponding dilution and y axis shows the 
log10-transformed area under the curve (AUC) derived from SRM. (c) Digested whole cell and membrane 
extract were measured and QcrA and YwbN amounts calculated. Geometric forms depict enrichment 
factor for both anchor proteins and for both physiological conditions, with the respective error bars for 
three replicates; (d) Absolute molar amounts of shotgun and targeted approaches were used to calculate 
a correction factor derived from both these approaches. Bar plot depicts correction factor for both anchor 
proteins and for both tested physiological conditions.  
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Absolute quantification of membrane proteins 

From the biotechnological perspective, knowledge of protein cell density on cell 
surface is of the foremost importance, as it is crucial to optimise and enhance microbial 
cell factories. Hence, in this study we provide absolute membrane protein 
concentrations per surface area. Determination of protein copy numbers per cell 
surface area was possible after preparation of a cell count calibrated sample. In order 
to do so, the same disruption method as developed by Maaß and colleagues was 
employed, since it has proven to provide disruption efficiencies better than 99% for 
B. subtilis85. Moreover, the average size of midiBacillus-II cells for the two tested 
physiological conditions was determined using a light microscope. We observed that 
cells of this strain tend to form long filaments of non-separated cells, which seems to be 
in accordance with previous observations26. A table showing the average sizes of all 
measured midiBacillus-II cells per condition is available in the supplementary 
information (Table S3.3). Our measurements showed that cell sizes follow a normal 
distribution thus, allowing to confidently calculate the cell surface area (Figure 3.2).  

 

Absolute protein abundances of midiBacillus were calculated by linear regression 
of the log-transformed iBAQ intensities against known log-transformed absolute molar 
amounts of the spiked-in UPS2 standards103, (Figure S3.1). The absolute protein molar 
amounts of shotgun-MS derived quantification were subsequently calibrated by 

 

 

 
Figure 3.2  | Cell size distribution of the 180 measured midiBacillus-II cells for each tested condition and 
120 measured B. subtilis parental strain. The y axis shows how frequently a given size appears in the 
dataset (µm2) and the x axis represents the log value of the calculated surface area (µm2) of midiBacillus-II 
and parental strain B. subtilis. Blue curve represents the distribution of the parental strain grown in minimal 
media94, and yellow and red show the size distribution of midiBacillus-II during control and induced 
conditions, respectively.  
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applying both the correction and enrichment factor derived from the SRM approach as 
described above. In order to provide reliable data, only proteins quantified in three out 
of three biological replicates were considered for further analysis. In this study, we were 
able to quantify 448 membrane proteins, of which 22 proteins are exclusively quantified 
in one of the physiological conditions (Table 3.1 and Table S3.5). Absolute protein 
amounts per microgram of crude membrane extract, protein concentrations, copy 
numbers per cell surface area and molecules per cell for all membrane proteins 
quantified are available in the supplementary information (Table S3.5). From the 448 
membrane proteins, 187 contain less than three predicted transmembrane domains 
(TMD) and 239 have three or more predicted TMD, according to HMMTOP2.0110. From 
this quantified fraction we verified that 150 proteins significantly changed their 
abundance in response to IsaA induction (Table S3.6).   

 

 

Table 3.1 | Determined protein amounts (in molecules per surface area) of ON/OFF proteins in control and 
induction conditionsa.  

   Molecules/µm2 

Protein Function MW [kDa] Control  1% subtilin 

YfhA Acquisition of Iron 35.955 0.0010  

YufO Uptake of guanosine 56.299 0.0005  

YufQ Uptake of guanosine 33.738 0.0003  

YvsH Uptake of lysine 50.258 0.0015  

NarI Nitrate respiration 25.296 0.0049  

NarH Nitrate reductase (γ subunit) 55.472 0.0010  

NarG Nitrate reductase (α subunit) 139.1 0.0022  

NarK Nitrite extrusion 42.925 0.0110  

YxzE Unknown 6.8355 0.0127  

HutM Histidine uptake 51.624 0.0032  

YbfB Unknown 45.235 0.0003  

KapB Control of sporulation initiation 14.668  0.0007 

YlmA Unknown 29.699  0.0007 

YwoG Unknown 43.08  0.0008 

YcgR Unknown 32.49  0.0009 

Des Phospholipid desaturase 40.708  0.0013 

YkpB Unknown 33.572  0.0019 

YhaJ Unknown 19.64  0.0020 

YfmJ Unknown 36.662  0.0038 

YwqA Unknown 106.03  0.0041 

Pss Biosynthesis of phospholipids 19.613  0.0159 

LiaH Mitigation of membrane perturbations 25.698  0.0167 
a Absolute amounts for all quantified proteins can be found in supplementary Table S3.5 
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During exponential growth, concentrations of proteins span from 0.0004 
molecules/µm2 for the two-component sensor kinase KinA to about 2 molecules/µm2 for 
the ATP synthase AtpF. Due to unexpected results, we had a closer inspection of 
proteins presenting very low copy numbers and found that the vast majority are 
involved in the transport of very specific substrates (OpuCA, OpuCC), have unknown 
function (YcbM, YlmA), or are part of two-component sensor kinase complexes, usually 
related to sporulation (KapB, KinA, KinE) (Table S3.5). 

This study has also enabled the calculation of stoichiometries for the highly 
conserved Sec translocation system responsible for the secretion of IsaA (Table S3.7). 
This showed that accessory components SecDF and SpoIIIJ (MisCA) are present in about 
the same amounts as the main translocation channel component SecY in midiBacillus-II, 
which is in agreement with the previously published data for E. coli111. On the other hand, 
the SecE channel component was not detected and SecG was detected in four-fold 
lower amounts than SecY. The latter could be due to the fact that SecG of Gram-positive 
bacteria may be poorly retained in the channel and released into the medium112. Even 
though the results from this study are not entirely in accordance with the ratios 
reported for E. coli, it should be mentioned that they agree with the ratios reported by 
recently published data exclusively dedicated to the determination of absolute 
membrane protein abundances in B. subtilis94. 

Heterologous production of IsaA. 

The aim of this study was to understand the changes happening in the membrane 
proteome in response to the secretion of a heterologous protein. Thus, to induce 
production of IsaA, 1% subtilin was added to exponentially growing cells and the effect 
of induction was assessed 2 h after the onset of stress (Figure 3.3a). We have 
determined absolute abundances of IsaA in three different fractions of the cell: cytosol, 
membrane and extracellular, by converting iBAQ intensities in relation to those of the 
UPS2 standards. Even though the method applied in this study is tailored for 
quantification of hydrophobic proteins, the UPS2 strategy has already proven to be 
accurate for cytosolic proteins103. For accurate determination of IsaA in the extracellular 
fraction, UPS2 were added prior to StrataClean bead binding in order to ensure 
correction for putative sample loss during the experimental workflow. 

For the cytosolic fraction, we verified that midiBacillus-II accumulated around 30 
molecules of IsaA per cell during overproduction conditions. This amount increased for 
more than double in the membrane fraction with 72 molecules of IsaA per cell 
(Figure 3.3b). Finally, for the extracellular fraction, we quantified 6.61E+13 molecules/mL 
(~3 mg IsaA/mL or ~12 molecules of IsaA/cell) for the induced and 6.33E+11 molecules/mL 
(0.3 mg IsaA/mL or 0.21 molecules of IsaA/cell) in the control samples (Figure 3.3c). 
Additionally, we calculated the secretion rate for IsaA, and determined that the Sec 
machinery secretes, on average, 2.41 molecules of IsaA per minute upon induction. 
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Under control conditions, the Sec translocon secretes only 0.05 molecules of IsaA per 
minute, demonstrating the successful induction of IsaA translocation in midiBacillus-II.  

 

 

Figure 3.3 | IsaA production by midiBacillus-II. (a) Growth curves for the three biological replicates until 
harvesting point. Asterisks indicate moment of induction. Filled lines represent the strains grown under 
control condition and discontinued lines represent the strains in which 1% subtilin was added. Each 
geometric shape represents a biological replicate (Circle-replicate 1, triangle-replicate 2, 
square-replicate 3). (b) Bar plot depicting number of molecules/ cell of IsaA for cytosolic and membrane 
fraction (filled bar represents induced condition and striped plot represents control condition). No IsaA 
was quantified during control conditions. Standard deviation between biological replicates is depicted per 
each condition. (c) Bar plot depicting molecules of IsaA/mL for extracellular fraction (filled bar represents 
induced condition whereas striped bar represents control condition). Almost no IsaA was found for control 
conditions. Standard deviation between biological replicates is depicted per each condition. 
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Comparing the results of secreted IsaA to other examples of protein products that 
are successfully produced in B. subtilis, we verified that midiBacillus-II is capable of 
secreting well within the margins of biotechnological products92. In this experiment we 
produced 3 mg/L of IsaA to the cultivation medium, which is three times more than what 
is industrially produced for IFN-alpha 2, which is in the range of 0.5-1 mg/L113.  

General membrane proteome adaptation to heterologous protein production 

The membrane proteome is crucial for cellular homeostasis and life in general. This 
is shown by the wide range of vital processes played by membrane proteins, such as 
energy transduction, phospholipid biosynthesis, cell wall biogenesis, cell division, and 
protein translocation90. Naturally, the overproduction of heterologous proteins will 
disrupt the membrane proteome balance, as these proteins will have to endure 
abnormal levels of secretion.  

Our data shows a significant increase in the total number of membrane protein 
molecules/cell during induced secretion of IsaA in comparison to control conditions 
(p=0.0004, paired t-test). To validate if the number of molecules/cells dedicated to 
translational functions increased during induction, we analysed the cytosolic fraction 
and found that~4% more molecules are dedicated to this particular cell function. We 
were able to accurately quantify ~50% of proteins predicted to exhibit translational 
functions and, of these, ~23% significantly increase their abundance (data not shown). 
This supports the observation that the translational machinery is boosted upon IsaA 
induction, resulting in an increase in the total number of molecules/cells. Hence, in order 
to be able to compare the changes happening within the membrane fraction between 
production and control conditions, the number of molecules/surface area (µm2) was 
normalized by the total amount of molecules/µm2 of the corresponding replicate.  

Our results show that the most abundant group of membrane proteins do not have 
a characterized function, with ~10% of the quantified protein molecules being assigned 
to this functional category, with a clear increase in the induced physiological state 
(Figure 3.4 and Figure S3.2). This is presented with more detail in Table 3.1, where most 
ON proteins –only expressed after induction– have an unknown function. Additionally, 
we found that ~ 30% of the proteins with an unknown function show a significant 
increase in abundance (Figure 3.5), which comprises an overall increase of ~1% in the 
number of molecules/µm2 (Figure 3.4).  

Our results show a general increase of ~1% in the number of molecules/µm2 involved 
in cell wall synthesis (Figure 3.4 and Figure S3.2). Particularly, our data shows a specific 
increase in the abundance of penicillin binding proteins (PBPs) (Table S3.6). For 
instance, we found that PonA, a class A penicillin-binding protein 1A/1B, contributing to 
cell elongation and division, significantly increases in abundance during secretion stress 
(2.2-fold change, 0.1 molecules/µm2 during induction conditions) (Table S3.6). This 
underlines   the   essential   role   of   PonA   in  maintaining   cell  wall  homeostasis   and  
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peptidoglycan (PG) integrity during environmental insults, such as abnormal 
secretion rates. Moreover, our data shows that PbpD, also belonging to the PBPs class 
A functional family, acting as glucosyltransferase/ transpeptidase, significantly increases 
during IsaA induction (2.01-fold change, 0.1 molecules/µm2 during induction conditions) 
(Table S3.6). A previously published study showed that the molecular chaperone PrsA is 
required for the stability of several PBPs, including PBP4, as the proteome analysis 
suggested that this protein was one of the main PrsA-dependent proteins in the 
membrane115. Therefore, it might be possible that the increase in abundance of PbpD is 
due to the increased chaperone activity of PrsA, or it might be a response to 
exacerbated protein secretion, leading to a natural need of the cell to maintain PG 
homeostasis. Besides the general response of the proteins involved in PG homeostasis, 
there is also a significant increase in abundance of proteins responsible for lipoteichoic 
acid (LTA) synthesis (Table S3.6). LTA is a polymer linked to the membrane by a lipid 
anchor and it was shown to play a crucial role in bacterial growth and physiology, cation 

 

Figure 3.4  | Assignment of membrane protein copy number per cell surface to a specific cellular function. 
Data was assigned to a specific function according to SubtiWiki114 gene categorization. Data is clustered in 
one single hierarchical level. Depicted on the graph are the eight most relevant functions for the 
interpretation of this study. Different functions are depicted in different colours. Y axis represents the 
number of protein molecules (artificial units) dedicated to a specific cell functions, whereas the x axis 
shows the two tested conditions, control and 1% subtilin induction. 
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homeostasis and cell division116. Our results show a significant increase in three of 
paralogues of the S. aureus LTA synthase described in B. subtilis. LtaS (2.52-fold change, 
0.04 molecules/µm2), YfnI (4.81-fold change, 0.06 molecules/µm2) and YvgJ (4.17-fold 
change, 0.004 molecules/µm2) (Table S3.6). 

Besides the amount of crosslinking of the thick PG layer of the cell wall, which 
determines the size of the holes in the PG network, charge density may also play a 
significant role in the efficiency of secretion. The charge of the cell wall is mediated by 
the degree of D-alanyl esterification of wall teichoic acid (WTA) and LTA, encoded by the 
dlt operon117. Our data shows a significant increase in abundance of DltB (2.48-fold 
change, 0.03 molecules/µm2 during induction), a protein described to be under the 
regulation of cell surface stress sigma factor σM118 (Table S3.6). The same result has also 
been reported by Hyyryläinen and colleagues, when investigating the response of 
B.  subtilis to secretion stress119. This group has also reported a decreased level of 
proteolysis during production. This result is in accordance with the observations of our 
study, as we verify a decrease of ~0.6% in the number of molecules/µm2 dedicated to 
this cell function. It is expected that this decrease will most likely affect the rate of 
turnover of the cell wall119.  

Another trend evidenced by the results of this study is the increase of ~0.8% in the 
number of protein molecules/µm2 dedicated to the utilization of specific carbon sources 
upon IsaA induction. This might be a result of the ‘metabolic burden’ resultant of 
heterologous protein production (Figure 3.4 and Figure S3.2). Naturally, the 
introduction of foreign DNA in the host organism leads to changes in the core 
metabolism, as a certain amount of cellular energy is required to maintain the newly 
introduced DNA120. Moreover, the higher the rate of production, the greater is the 
amount of energy required to maintain this production within the host cell. This might 
also result in a rearrangement of the metabolic needs, hence forcing the host organism 
to seek for alternative sources of carbon and supress the ones that are detrimental 
during secretion. 

The results of this study also show that there is a significant decrease in the number 
of molecules dedicated to cell respiration during induction conditions (Figure 3.4 and 
Figure S3.2). We observe that proteins constituting the aerobic respiratory chain of 
B. subtilis significantly decrease their abundance, whilst proteins belonging to the 
nitrate reductase supercomplex are absent in secretion stress condition. For instance, 
during induction, the cell contains 0.07 molecules/µm2 of QcrA (-2.97-fold change, 0.07 
molecules/µm2 upon induction), which is in the same range as the cytochrome-c oxidase 
cluster –CtaC (-4.07-fold change, 0.05 molecules/µm2 upon induction), CtaD (-3.52-fold 
change, 0.03 molecules/µm2 upon induction), CtaE (-3.07-fold change, 0.05 
molecules/µm2 upon induction) and CtaF (-3.24-fold change, 0.02 molecules/µm2 upon 
induction) (Table 3.2).  
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Table 3.2 | Regulation and function of quantified proteins involved in respirationa. 
 

Protein Function Regulation -Log(P-value) Difference 

CccA Cytochrome c550 ↓ 1.29 -0.25 

CccB Cytochrome c551 = 0.38 -0.07 

CtaC Cytochrome-c oxidase (subunit II) ↓ 4.07 -0.76 

CtaD Cytochrome-c oxidase (subunit I) ↓ 3.52 -0.77 

CtaE Cytochrome-c oxidase (subunit III) ↓ 3.07 -0.65 

CtaF Cytochrome-c oxidase (subunit IV) ↓ 3.24 -0.84 

CtaG Formation of functional cytochrome C-oxidase 
(caa3) 

↓ 3.04 -0.71 

CydA Cytochrome bd ubiquinol oxidase (subunit I) ↓ 3.28 -0.87 

CydB Cytochrome bd ubiquinol oxidase (subunit II) ↓ 3.52 -0.82 

CydC ABC transporter required for expression of 
cytochrome bd 

↓ 3.81 -0.97 

CydD ABC transporter required for expression of 
cytochrome bd 

↓ 3.18 -0.71 

NarG Nitrate reductase (α subunit) OFF 
  

NarH Nitrate reductase (β subunit) OFF 
  

NarI Nitrate reductase (γ subunit) OFF 
  

NarK Nitrite extrusion protein OFF 
  

Ndh NADH dehydrogenase ↑ 2.31 0.31 

QcrA Rieske factor, menaquinol:cytochrome c 
oxidoreductase (iron-sulfur subunit) 

↓ 2.97 -0.49 

QcrB Menaquinol:cytochrome c oxidoreductase 
(cytochrome b subunit) 

↓ 2.23 -0.27 

QcrC Menaquinol:cytochrome c oxidoreductase 
(cytochrome b/c subunit) 

↓ 2.72 -0.29 

QoxA Cytochrome aa3 quinol oxidase (subunit II) = 0.62 -0.05 

QoxB Cytochrome aa3 quinol oxidase (subunit I) = 0.29 -0.05 

QoxD Cytochrome aa3 quinol oxidase (subunit IV) = 0.57 0.17 

QoxD Cytochrome aa3 quinol oxidase (subunit III) = 0.04 0.03 

ResA Cytochrome c biogenesis ↓ 3.42 -0.26 

ResB Cytochrome c biogenesis ↓ 2.90 -0.25 

ResC Cytochrome c biogenesis ↓ 1.83 -0.25 

Sco Maturation of cytochrome c oxidase caa3 ↓ 2.77 -0.37 

YojN Unknown ↑ 3.39 0.39 

a Absolute amounts for all quantified proteins and regulation of significantly changed abundances can be 
found in supplementary Table S3.5 and Table S3.6, respectively. 
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The response of midiBacillus-II transporter machinery to production stress 

Protein translocation is an essential mechanism that establishes the movement of 
proteins onto the surface or into the extracellular milieu, thereby ensuring cell survival. 
The majority of bacterial proteins directed to cross the cell membrane are exported via 
the highly conserved Sec-dependent secretion pathway121. Upon induction of IsaA 
translocation via the Sec system, we found that the number of molecules per surface 
area dedicated to protein secretion increased by approximately 1% (Figure 3.4 and 
Figure S3.2), a somehow anticipated physiological response. 

Protein secretion via the Sec pathway can be separated in three main stages: 
targeting, translocation, and folding and release121. This is a finely tuned process in which 
several constituents are involved. The translocation machinery consists of Sec A (motor 
protein), a heterotrimetric SecYEG complex (pore), SecDF (chimeric protein)122–124, YrbF 
(homologue of E. coli YajC)125, and SpoIIIJ/YqjG (homologue of E. coli YidC)126. SecA is 
localized in the cytosolic fraction, thereby not being considered for this study. As for the 
rest of the Sec translocation complex, our data shows that the number of molecules 
that constitute each individual part of the complex do not significantly increase their 
abundance (0.19, 0.46, 0.71, 3.30, 0.76 molecules/µm2 for SecG, SecY, SecDF, YrbF and 
SpoIIJ, respectively) (Figure 3.5– Sec secretion system). Hence, even though induction 
of IsaA production accounts for an increase of 1% in the number of molecules dedicated 
to protein secretion via the Sec machinery (Table S3.5), it does not lead to a significant 
increase in any particular component of the Sec translocation machinery. 

Moreover, our results show an increase in abundance of the quality control 
protease HtrB (2.13-fold change, 0.01 molecules/µm2) (Figure 3.5 and Table S3.6), which 
is not considered to be significant as the HtrB has a standard deviation above 31% upon 
induction. The quality control proteases HtrA (not quantified in this study) and HtrB 
have the potential to assist in the folding or, when folding is not possible, degradation 
of misfolded proteins. They thereby ensure cell survival, as accumulation of misfolded 
protein in the cell envelope is lethal. Hence, our results provide evidence that IsaA 
induction leads the cells to activate the quality control machinery, hinting that these 
might be trying to cope with severe secretion stress. Nonetheless, we would like to 
remain that HtrB has a higher standard deviation and therefore we are careful when 
making biological assumptions. 

Another evidence supporting this observation is given by the accumulation of IsaA 
in the membrane fraction (Figure 3.3b and Figure 3.5-IsaA), which would naturally 
trigger a secretion stress response in induced cells. In addition, a study performed by 
Hyyryläinen and colleagues showed that severe secretion stress leads to the significant 
induction of, not only htrA and htrB, but also liaIHG119. Our results also show that LiaH is 
one of the ON proteins during IsaA induction (Table 3.1), corroborating the role of this 
protein in managing severe secretion stress. 
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The abundance patterns of the transporters encoded in midiBacillus-II suggest that 
cells cope with the effects of secretion/folding stress caused by IsaA induction by 
compensatory up- or down-regulation of genes. For instance, our results show that a 
big part of the proteins annotated as ABC transporters are either OFF during IsaA 
induction, or they significantly decrease their abundance (Figure 3.5– ABC transporters), 
which corresponds to an overall decrease of ~0.6% in the number of molecules 
dedicated to this cell function (Figure 3.4).  

 

 

Figure 3.5 | Illustration of all quantified transporters of midiBacillus-II and their respective changes during 
production stress. Transporters are separated in different categories according to SubtiWiki114 gene 
categorization. This figure also includes a schematic representation of the principal secretion system of 
B. subtilis, the Sec pathway. Colour code is depicted below the figure and it illustrates the changes of the 
transporter relatively to control conditions. 
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Discussion 

Minimal strains have emerged as one of the most attractive hosts for heterologous 
protein production as these can be tailored to harbour and produce virtually any protein 
of interest. However, in order to take advantage of the full capacity of such strains, it is 
essential to understand how protein abundances are modulated upon secretion. This 
applies especially to membrane proteins, as they constitute the major players in 
mediating the transport of secretory proteins. In this work, for the first time reported, 
we provide absolute membrane protein concentrations of a minimal strain of B. subtilis 
expressing the S. aureus major antigen – IsaA.  

In this study we were able to accurately quantify almost half of the predicted 
membrane proteome of midiBacillus-II, which comprises a higher coverage than 
previous studies targeting the membrane proteome of the parental strain 168127,128. This 
is most likely due to the usage of faster and more sensitive mass spectrometers, more 
specific protocols for membrane proteome analysis, and the fact that midiBacillus-II is 
expressing a higher percentage of its membrane proteome as it was designed to not 
harbour ‘unneeded’ genes26.  

Our data has shown that some membrane proteins are present in very low copy 
numbers (< 1 molecules/µm2), suggesting that these proteins might be present in only a 
small subpopulation of the cells and are only expressed under very specific physiological 
conditions. This behaviour has already been reported in literature as a way for the 
bacterial community to optimize its resources by differentiating into distinct cell types, 
having numerous metabolic processes activated at the same time, but not in all the 
same cells129. This is a phenomenon described as bistability130. For instance, during the 
exponential growth phase, only a fraction of the cells was shown to express sigD, the 
gene for the sigma factor necessary for flagellar production, which results in 
heterogeneity in motility131. Also, when comparing our results with previously published 
data on global absolute protein quantification, we observed that there were striking 
differences between global protein concentrations85–87,94. Nevertheless, it should be 
noticed that this is the first global quantification study performed on a genome-reduced 
strain, as opposed to previous studies in which the parental wild-type strain of B. subtilis 
was used, making comparisons difficult. In addition, midiBacillus-II has a 20 times larger 
surface area than its parental strain (40.9 µm2 and 1.8 µm2, respectively)94 (Table S3.3). 
This might be a consequence of using a rich medium as opposed to a chemically defined 
one, or a deregulation in cell growth as a consequence of genome reduction26. For 
instance, when comparing the number of molecules/µm2 of the ATP synthase AtpF with 
the recently published study for absolute membrane protein quantification, we observe 
that wild-type B. subtilis produces ~168 molecules/µm2, whereas midiBacillus-II produces 
1.6 molecules/µm2. This means that, in total, wild-type and midiBacillus-II produce 302 
and 65 molecules/cell of AtpF, respectively. Hence, it seems that the number of 
molecules per surface area is not proportional to cell size, as midiBacillus-II maintains a 
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relatively stable level of protein copy numbers. In a direct proportionality case, a strain 
with a 40.9 µm2 area would have instead 7.4 molecules/µm2 of AtpF. 

Besides calculating absolute membrane protein molecules per cell surface area, 
our method also enabled to calculate accumulation rates of IsaA in the growth medium. 
Even though the Sec secretion apparatus of midiBacillus-II is successfully secreting 2.41 
molecules of IsaA/minute, there is still a considerable amount of IsaA accumulating in 
the membrane fraction – 72 molecules/cell (Figure 3.3b). This accumulation of IsaA could 
be a hint of aberrant translocation by the Sec secretion machinery and/or unsuccessful 
processing of the signal peptide by signal peptidase132. Moreover, it has been reported 
that precursors of IsaA tend to accumulate in the cell in a similar strain to the one used 
in this study93. Hence, one could expect that production of IsaA would improve by 
modulating the signal peptide to obtain an efficient signal peptidase cleavage site, as 
previously reported133,134. Furthermore, an increased expression of signal peptidases 
could also enhance the capacity of the secretion machinery135. 

In our experiment we have used 1% subtilin as it is the same concentration 
employed in the study that inspired our research. Nonetheless, we suggest that 
different concentrations of this inducer are worth exploring, as IsaA secretion could be 
improved by adjusting subtilin concentration. 

Our results show reduced abundance levels of numerous proteins during IsaA 
production, which can be interpreted as an attempt of the cell to cope with the harmful 
effects of secretion stress. This is the case for proteins involved in respiration. 
Membrane-bound respiratory complexes constitute a major part of the membrane 
proteome. Thus, their regulation and biogenesis may impose a burden on the 
membrane, especially when stress is already in place. In fact, a study performed in E. coli 
has examined the connection between Cpx, the counterpart of the B. subtilis CssRS 
two-component regulatory system, with respiratory complexes63. Results of this study 
have shown that the Cpx response directly represses the transcription of these 
respiratory complexes conferring adaptation to stresses that compromise membrane 
homeostasis136. This is demostrated by the present study, as our results also show that 
IsaA (72 molecules/cell) is being accumulated in the membrane fraction of midiBacillus-II 
(Figure 3.3b). This will most likely alter the membrane equilibrium leading to decreased 
abundances of respiratory complexes. 

Another result verifying that midiBacillus-II is being subject to secretion stress is 
given by the significant increase of DltB, a protein involved in maintaining cell wall 
homeostasis by D-alanylation of teichoic acids. Nonetheless, there is evidence 
supporting the idea that inactivation of dltB and dltD (not quantified in our data) leads 
to increased secretion of specific proteins137. It has been inferred that the absence of 
D-alanylation leads to a localized increase in cation concentration at the membrane-wall 
interface138, a beneficial condition for protein folding. Hence, this would be a very 
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interesting feature to explore in strains engineered for secretion of heterologous 
proteins, such as the one used in this study. 

In addition, modulation of disulfide bond formation might be an additional strategy 
for higher yields in heterologous protein production, as this reaction is one the most 
important processes for the activity and stability of many exported proteins. However, 
little is known about disulfide bond formation in Gram-positive bacteria139, which turns 
optimization of this parameter into a quite cumbersome task for B. subtilis. However, a 
previously published study has suggested that absence of the thiol-oxidoreductases 
BdbB or BdbC proteins resulted in significantly lower level of secretion of the two 
disulfide bonds containing alkaline phosphatase (PhoA) of E. coli, suggesting a role of 
these proteins in promoting extra-cytoplasmic protein folding140. 

Apparently, induced cells are dealing with severe secretion stress by rearranging 
their array of transporters in order to maintain a viable cell structure, one that permits 
a viable growth and survival. Moreover, one should bear in mind that midiBacillus-II cells 
already show some growth deficiencies and present a bigger surface area. Hence, one 
might speculate that these phenotypes resultant of vast genome reduction might 
hamper the correct placement of integral membrane proteins in the cell surface, as the 
spatial orientation might be somehow disrupted. All these features should be 
considered when engineering microbial cell factories. Even though midiBacillus-II is 
already quite efficient in secreting IsaA to the growth medium93, the results from our 
study show that there is still some room for improvement, as there is still some 
heterologous protein being accumulated in the cell membrane, causing the secretion 
stress response machinery to be induced. 

Conclusion 

A minimal bacterial strain is highly attractive for the biotechnological sector, as all 
its remaining biological functions will be uniquely dedicated to the maintenance and 
production of high yields of heterologous proteins. However, what is the impact on the 
cell? How does the membrane proteome adapt upon overproduction of a ‘strange’ 
protein?  

In this study, we answer this question by applying a highly accurate method for 
absolute membrane protein quantification at the level of molecules/µm2. We were able 
to detect the physiological changes ensuing heterologous protein production, offering 
a clear visualization of alterations in protein patterns upon the onset of induction. Our 
results show that, even though IsaA production is being successfully induced, part of 
this protein is being accumulated in the membrane fraction, leading to a severe 
secretion stress response, and a reprogramming of the cell’s translocation machinery. 
Due to the exactness, the data described in this study can be implemented in predictive 
mathematical models aiming to understand the consequences of secretion stress and 
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define the processes to be modulated. This data will be of the foremost importance to 
develop new-generation secretion systems for the biotechnological industry. 
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Abstract 

Genome engineering offers the possibility to create completely novel cell factories 
with enhanced properties for biotechnological application. In recent years, the 
possibilities for genome engineering have been extensively explored in the 
Gram-positive bacterial cell factory Bacillus subtilis, where up to 42% of the genome, 
encoding dispensable functions has been removed. Such studies have shown that some 
strains with minimized genomes gained beneficial features, for instance in protein 
production. However, strains with the most minimal genomes also showed particular 
growth defects. This has focused our attention on strains with less extensive genome 
deletions that show close-to-wild-type growth properties, while retaining the acquired 
beneficial traits in secretory protein production of strains lacking larger genomic 
segments. A strain of the latter category is B. subtilis IIG-Bs27-47-24, here referred to as 
midiBacillus-II, which lacks 30.95% of the parental genome. To date, it was unknown how 
the altered genomic configuration of midiBacillus-II impacts on cell physiology at large, 
and protein secretion in particular. Therefore, the present study was aimed at bridging 
this knowledge gap through an in-depth proteomics analysis with special focus on 
protein secretion stress responses. Interestingly, the results show that the secretion 
stress response of midiBacillus-II as elicited by high-level expression of a staphylococcal 
antigen is completely different from the secretion stress responses that occur in the 
parental strain 168. This implies that high-level protein secretion has different 
consequences for wild-type and genome-engineered Bacillus strains, dictated by the 
altered gen omic and proteomic configurations. 
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Introduction 

The availability of next generation sequencing technologies together with the 
advances in genetic engineering and synthetic biology, have allowed the construction 
of genome-reduced microorganisms25,141. Initially, genome reduction was performed to 
determine the minimal set of genes required for cell growth and viability in rich media, 
and to elucidate the functions of the identified essential genes15,26. Besides answering 
these fundamental questions, genome reduction has also offered the possibility to 
create novel strains to be used as cell factories16,32.  

Bacteria of the genus Bacillus have been used extensively in industrial 
biotechnology as cell factories for protein production, which relates to their high 
secretion capacities and the fact that they are non-pathogenic to humans, animals and 
plants142. 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 
organism for studies on Gram-positive bacteria in general. Accordingly, B. subtilis 168 
was one of the first organisms with a completely sequenced genome48. Subsequently, 
this bacterium became the starting point for extensive genome-wide studies on gene 
function, involving the individual deletion of all non-essential genes15. Based on the 
gathered knowledge, and taking advantage of the excellent genetic amenability of 
B. subtilis, extensive genome minimization studies were undertaken. This culminated in 
the engineering of B. subtilis strains that have the largest genome reductions thus far 
described for any living species26,29. One of these massively genome-minimized strains 
is the so-called MiniBacillus, which lacks ~35% of the genome of its parental strain 168.  

An intriguing question was whether any of the genome-minimized B. subtilis 
strains, such as miniBacillus, could be applied as a cell factory. Indeed, it was shown that 
the miniBacillus displayed an enhanced capability to produce difficult-to-produce 
proteins, as was exemplified by the improved secretion of several staphylococcal 
antigens that could not be secreted by the parental strain B. subtilis 168. This could in 
part be related to an enhanced capacity for translation of miniBacillus but, overall, the 
reasons underlying the observed improvements in protein secretion remained 
unclear93. Importantly, miniBacillus also displayed some negative traits in the sense that 
its growth on rich media 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 
construction of the genome-minimized B. subtilis strains, certain beneficial traits of the 
parental strain had been lost, while new beneficial properties were gained. Consistent 
with this view, we recently described the super-secreting midiBacillus-II strain (originally 
denoted IIG-Bs24-47-24), which still shows close-to-parental growth properties143. 

The present study was aimed at investigating in which molecular aspects the 
midiBacillus-II strain differs from the parental strain 168, apart from the fact that it lacks 
30.95% of the genome representing 1401 genes. Among these deleted genes were those 
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that were previously designated as dispensable and unwanted, especially prophage 
regions, the genes for eight major extracellular proteases, and genes involved in 
sporulation and biofilm formation53. An additional objective of the present study was to 
chart the cellular responses to induced high-level production of a heterologous protein 
in midiBacillus-II and to compare them with the responses of the parental strain 168. To 
achieve these objectives, we applied a comparative proteomics approach where the 
total protein complement of both strains was compared prior and during induced 
production of the immunodominant staphylococcal antigen A (IsaA) from 
Staphylococcus aureus. Further, we separately analysed the protein content of the 
cytosolic and membrane compartments of the respective cells, as well as their 
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-II that have led to its improved performance in protein 
production and secretion. In brief, the present investigations uncover major 
rearrangements in the responses of midiBacillus-II 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-II displays elevated levels 
of various Sec secretion machinery components. Together, the observed alterations 
provide novel explanations for the enhanced performance of midiBacillus-II in protein 
secretion.  

Results 

Protein abundance 

Comparative label-free protein quantification was performed to investigate the 
physiological adaptation of midiBacillus-II and its parental strain 168 as cell factories for 
the production of IsaA. Both strains carrying the plasmid pRAG3::isaA for 
subtilin-inducible expression of IsaA were grown until the exponential growth phase 
and then induced with subtilin for IsaA production. After two hours of induction, protein 
synthesis and abundance were measured and compared to the controls, which were 
treated in the same mode, but not induced. The subsequently applied liquid 
chromatography (LC) mass spectrometry (MS)-based analyses yielded 1276 and 1390 
uniquely identified proteins for the control and induced conditions, respectively, 
considering all protein fractions of the parental strain. For midiBacillus-II, 1297 and 1189 
different proteins were identified under the same conditions, respectively. Proteins only 
qualified for quantification if they were present in two of three replicates and localized 
in the predicted cell fraction. Considering that the 168 and midiBacillus-II 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 
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biological replicates was evaluated by principal component analysis (PCA). This showed 
that, both for the 168 and midiBacillus-II strains, the individual replicates of the induced 
condition clustered together and were separated from the respective non-induced 
replicates (Figure 4.1). 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 in each 
strain (Figure 4.2, Figure S4.1). Proteins that were detected only in the induced cells 
were designated as ‘ON’, and if they were present exclusively in the control, they were 
designated as ‘OFF’. As shown with the Benjamini-Hochberg FDR method, the amounts 
or synthesis of 136 and 626 proteins, were significantly altered upon induction of IsaA 
production in the parental strain and midiBacillus-II, respectively (Figure 4.2, Table S4.2).  

 

Figure 4.1 | Principal component analysis of the LFQ protein intensities in the 168 and midiBacillus-II 
strains. PCA of the LFQ protein intensities determined for the control and induced conditions in (a) the 
parental strain 168 and (b) midiBacillus-II. Confidence ellipses are indicated.   

 

Figure 4.2 | Numbers of proteins that are either unique or shared between conditions. Numbers of 
significantly upregulated (↑) and downregulated (↓) proteins per condition are presented at the heart of 
the Venn diagram. Proteins detected only in the non-induced condition are indicated as OFF, and proteins 
detected exclsively in the induced condition are labelled as ON.  

-60

-30

0

30

60

-40 0 40 80

PC1 (43.8%)

PC
2 

(2
1.

3%
)

Parental strain
Control
Induced

a

-40

-20

0

20

40

-50 -25 0 25

PC1 (53.4%)
PC

2 
(1

5.
2%

)

b
midiBacillus-II

Control
Induced

Control
(1049)

Control
(1003)

Induced
(1048)

Induced
(923)

869
(254 ↓ , 184 ↑)

982
(3 ↓ , 0 ↑)

67
OFF

66
ON

134
OFF

54
ON

a b

Parental strain 168 midiBacillus



Chapter 4 

62 

Proteomic patterns in the parental strain and midiBacillus-II 

To identify the processes in which the quantified proteins of the 168 and 
midiBacillus-II strains were involved, functional categories were assigned to the 
respective proteins according to the SubtiWiki database144 (Table S4.3). 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 (Figure 4.3). Details of further 
subdivision of the functional categories up to the level of protein names are provided in 
Figure S4.2. 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-II are also indicated in the 
treemaps (Figure S4.2). In general, the difference in the expression of proteins between 
conditions is broader in midiBacillus-II compared to the parental strain, where most of 
the values oscillated from – 0.5 to 0.5 (Figure S4.3). Differences in the protein patterns 
of both strains are especially evident for universally conserved proteins, proteins 
involved in protein synthesis and modification, proteins that are encoded by essential 
genes, and proteins involved in biosynthesis and acquisition of nucleotides (Figure 4.3, 
Figure S4.2). In fact, most of the proteins in these categories were upregulated in the 
midiBacillus-II upon induced production of IsaA (Table S4.3). 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 increase in 
abundance was observed in particular for proteins that are associated with mobile 
genetic elements (Figure S4.3). The functional protein categories including higher 
numbers of downregulated and OFF proteins in midiBacillus-II were membrane proteins, 
proteins coping with stress and amino acid nitrogen metabolism. In the parental strain 
168, down-regulated and OFF proteins were membrane proteins, and proteins involved 
in the regulation of gene expression. Altogether, both strains shared a core of 702 
proteins that were quantified in both conditions (Figure S4.1), of which 24.5% is involved 
in protein synthesis and modification (Table S4.4).  
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Translation capacity 

The response of midiBacillus-II to induction of IsaA production is characterised by 
an increment in proteins that are involved in protein synthesis and modification and as 
underpinned by the highest number of significantly upregulated and ON proteins 
(Figure 4.4). This finding is in line with our previous study focused on the absolute 
changes in the membrane proteome upon IsaA induction143. Importantly, the present 
data highlight a key difference between midiBacillus-II and the parental strain, namely 
the fact that the translation machinery is boosted only in midiBacillus-II. Specifically, 90% 
of the ribosomal proteins were significantly upregulated in midiBacillus-II, while 98% of 
these proteins did not show a change in the parental strain. Since we quantified in 
midiBacillus-II more proteins with translation functions than in the parental strain, i.e. 
150 vs 133 proteins respectively (Table S4.3), we decided to evaluate the translation 
rates in both strains. To this end, we used a synthetic module where GFP transcription 
is coupled to expression of the bmrCD genes of B. subtilis, which encode an inducible 
drug efflux pump. Expression of bmrCD is regulated via transcriptional attenuation, 
involving modulation through   the translation of the leader peptide BmrB67.  

Importantly, slowed-down translation of BmrB by ribosome-targeted antibiotics, 
such as clindamycin, will trigger increased expression of bmrCD. Therefore, the 
bmrC-GFP fusion was integrated into the bmrBCD locus of midiBacillus-II and the parental 
strain 168. Subsequently, we assessed the levels of GFP expression during growth in the 
presence of clindamycin in the parental strain and midiBacillus-II. Consistent with the 
proteomics data, the expression of GFP in midiBacillus-II remained far below the 
parental strain carrying the bmrC-GFP module (Figure 4.5). This implies an enhanced 
efficiency of BmrB translation in midiBacillus-II compared to the parental strain. 
Interestingly, bmrC-GFP expression in midiBacillus-II was comparable to the previously 
assessed bmrC-GFP expression in miniBacillus (PG10). However, it remained significantly 
lower than the bmrC-GFP expression measured in strain IIG-Bs27-24, which is positioned 
upstream in the phylogeny of midiBacillus-II (Figure 4.5). This implies that midiBacillus-II 
displays essentially the same optimal translational capabilities as the previously 
described miniBacillus. 
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Figure 4.3 | Voronoi treemaps of the quantified proteins in the parental strain 168 and midiBacillus-II 
clustered per functional category according to the SubtiWiki database. (a) Functional classification of all 
quantified proteins according to the second level of the functional categories defined in SubtiWiki. (b) 
Treemap for quantified proteins of the parental strain showing the level of induction or downregulation in 
colour code (Continue). 
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Figure 4.3 (Continued) (c) Designation in colour code of quantified proteins for which the genes are absent 
or present in midiBacillus-II and (d) Treemap for quantified proteins for quantified proteins of midiBacillus-
II showing the level of induction or downregulation in colour code. Of note, in panel b and d, the most 
intense colour codes mark ON or OFF proteins. Non-identified proteins or proteins encoded by deleted 
genes are indicated in grey. 
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Figure 4.4 | 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. 

 

Figure 4.5 | Translational efficiency in the parental strain 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 strain93. Of note, GFP transcriptional activity (TAU) in the four 
indicated strains was assessed in the presence of 0.2 µg /mL of clindamycin. 
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Secretion via the Sec pathway 

IsaA was significantly upregulated in the extracellular fraction of midiBacillus-II 
(-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 S4.3). 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-II strains by Western blotting (Figure 4.6). In addition, the presence of IsaA 
in the cell fractions was also assessed by Western blotting. Indeed, full-size IsaA was 
detectable in the induced cells of both strains. Judged by a slightly lower mobility on 
LDS-PAGE it seems that IsaA accumulated in a precursor form in cells of the parental 
strain, whereas IsaA in cells of midiBacillus-II was probably present in a processed 
mature form (Figure 4.6). Importantly, mature IsaA was abundantly secreted by 
midiBacillus-II, whereas predominantly degradation fragments of IsaA were detected in 
the extracellular fraction of strain 168 (Figure 4.6). The detection of enhanced amounts 
of intact IsaA secreted by midiBacillus-II can be attributed to reduced protease activity, 
since this strain lacks eight major secreted proteases. 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 on the quantity of secretion machinery 
components in midiBacillus-II compared to the 168 strain. Of note, this information 
cannot be inferred from the proteomics data due to the massive differences between 
both strains. However, comparing the proteome data for the induced and non-induced 
conditions per strain showed that induction per se did not impact on the levels of the 
majority of secretion machinery components (Table 4.1). Based on the proteomic 
analysis, only Rnc, a RNase III with different regulatory functions in protein synthesis, 
modification and secretion, showed significant upregulation in midiBacillus-II upon IsaA 
induction (Table 4.1). However, to compare the levels of secretion machinery 
components in midiBacillus-II and the parental strain 168, we performed a Western 
blotting analysis, where equal OD600 equivalents for the respective induced cultures 
were used for gel loading  (Figure 4.7). This showed that, indeed, substantial changes in 
the relative amounts of Sec secretion machinery components had occurred in 
midiBacillus-II. In particular, elevated levels of the signal recognition particle 
components Ffh and FtsY, the signal peptidase SipS, and the post-translocational 
protein folding catalyst PrsA were detected in midiBacillus-II. In particular, the enhanced 
level of SipS would be sufficient to explain the observed improvement in the maturation 
and secretion of IsaA as shown in Figure 4.6. However, also the enhanced levels of the 
SRP proteins and PrsA could contribute to improved IsaA secretion (Figure 4.7). 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.  
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Another possible reason why IsaA secretion is enhanced midiBacillus-II could be 
that this strain secretes fewer proteins via the Sec pathway, thereby lowering the 
possible competition for translocation sites. We therefore inspected the extracellular 
proteome data of the midiBacillus-II and 168 strains for proteins that are secreted with 
the help of Sec-type signal peptides using the GP4 algorithm145. Overall, the number of 
secreted proteins upon IsaA induction was 3-fold higher in the parental strain 168 than 
in midiBacillus-II (Figure S4.4), and the numbers of extracellular proteins with Sec-type 
signal peptides was also 3-fold higher in the parental strain (Table S4.6). Furthermore, 
based on the proteome data, we approximated the proportion of the amounts of 

 

Figure 4.6 | Induced overproduction of the staphylococcal antigen IsaA in the parental strain 168 and 
midiBacillus-II. To allow induction of isaA expression from plasmid pRAG3::isaA with subtilin, the spaRK 
genes were introduced in the amyE locus of the midiBacillus-II and 168 strains. Culture samples were 
collected two hours post induction with subtilin. At the same time, samples were withdrawn from parallel 
non-induced cultures. Cells were separated from the growth medium by centrifugation, and proteins in the 
respective fractions were analysed by LDS-PAGE and Western blotting with an IsaA-specific monoclonal 
antibody. The cytoplasmic marker 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 arrow heads. 
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proteins secreted via the Sec pathway. The relative abundance of the proteins secreted 
via Sec in the extracellular fraction upon IsaA induction was lower in midiBacillus-II 
(72.4%, SD±0.7) compared to the parental 168 strain (78.9%, SD±0.7) (Table S4.6). 
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-II where, respectively, only two of such proteins were identified in the 
membrane and its presence was not detected in the extracellular fraction (Table S4.7). 
Altogether, these findings show that in midiBacillus-II fewer proteins with Sec-type 
signal peptides compete for the available Sec translocons, which appear to be present 
in more copies per cell. Nonetheless, the native XynA protein was no longer detected 
upon IsaA induction, which suggests that IsaA might still be competing with XynA for 
the Sec pathway, due to the substitution of the native signal peptide of IsaA by the 
signal peptide of XynA. 

 

Table 4.1 | Regulation of quantified proteins involved in the general protein secretion (Sec) pathway 
and the response to protein secretion stress. 
 

 168 midiBacillus-II 

Protein -log(P-value) Difference Regulation -log(P-value) 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 = 

FlhA* 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 ↑ 
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 = 

(NA) Not applied. The protein was not quantified in any condition or only in one condition where the 
regulation is marked as ON or OFF. (*) Protein-encoding gene was deleted in midiBacillus-II. (=) Difference 
in the protein abundance was not significant. (↓) Protein was significantly downregulated. (↑) Protein was 
significantly upregulated. 
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Figure 4.7  | Sec pathway elements in B. subtilis 168 and midiBacillus-II. The expression of IsaA by B. subtilis 
168 and midiBacillus-II was induced with subtilin and culture samples were collected two hours post 
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. Samples from three biological replicate 
cultures of each strain were loaded on the gels.  

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 chaperone activity146. 
While HtrA was not detected by the proteome analyses, the HtrB protein was detected 
upon induced IsaA expression in the parental strain 168 (Table 4.1). Since this suggested 
the absence of a secretion stress response in midiBacillus-II, 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 (Figure 4.8). Here it should be noted that the full-size 
induced HtrB was only detected in the extracellular fraction. In contrast, no enhanced 
expression of HtrA or HtrB was detectable in midiBacillus-II upon IsaA induction. 
However, the expression levels of HtrA and HtrB were found to be highly upregulated 
already in the non-induced midiBacillus-II. In this case, the level of HtrA was comparable 
to that of the secretion stress-induced HtrA level in the 168 strain, whereas the 
extracellular HtrB level was massively increased compared to the 168 strain (Figure 4.8). 
This could mean that midiBacillus-II is already secretion-stressed itself due to the 
aberrant production of a secreted protein. However, a simpler explanation can be found 
in the enhanced level of the sensor component CssS in midiBacillus-II  (Figure 4.7), which 
might lead to a deregulated response where the non-induced cells are already more 
perceptive of minor perturbations that trigger the CssRS two-component system.  
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Figure 4.8 | HtrA and HtrB levels in the parental strain 168 and midiBacillus-II. The expression of IsaA was 
induced with subtilin and culture samples were collected two hours post induction. In parallel, samples 
were collected from non-induced 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. 

A redefined secretion stress response in midiBacillus-II 

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-II (Figure 4.3, Figure 4.4). 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-II, we analysed 
the respective changes based on regulons. To this end, all quantified proteins were 
assigned to regulons according to the SubtiWiki database144 (Table S4.5), and Voronoi 
treemaps were created based on this regulon stratification as shown in  Figure 4.9. 
Additional treemaps displaying the particular modes of regulation of the different 
protein are provided in Figure S4.5. This analysis highlights two overarching responses 
of midiBacillus-II to IsaA induction in terms of protein up or down-regulation. Firstly, the 
abundance of proteins regulated by the stringent response was highly upregulated. In 
fact, the majority of quantified proteins of midiBacillus-II belonging to this regulon were 
more abundant in the induced condition (Figure 4.9). Clearly, this response was not 
observed in the parental strain 168. The same was true for proteins belonging to the Pyr 
and PurR regulons for pyrimidine and purine biosynthesis, which were upregulated 
upon IsaA induction in midiBacillus-II (Figure S4.2). Lastly, proteins belonging to the 
SigW regulon were more abundant upon IsaA induction in midiBacillus-II, suggesting 
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that the bacteria perceived some cell envelope perturbations. On the other hand, IsaA 
induction in midiBacillus-II resulted in a strong downregulation of proteins belonging to 
the SpX, CymR, SigB, T-box, S-box, and TnrA regulons (Figure 4.9), inferring that the 
bacteria perceived IsaA production as a relatively ‘relaxing’ activity. On the contrary, 
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-II was completely redefined by this strain’s reconfigured 
genome. 

 

Figure 4.9 | Voronoi treemaps showing the quantified proteins in the parental strain 168 and 
midiBacillus-II grouped per regulon. Proteins of B. subtilis 168 and midiBacillus-II with altered abundance 
upon IsaA induction were grouped per regulon. non-induced conditions is presented in colour code.  
(Continue).  
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Figure 4.9 (Continued) ON and OFF proteins, respectively present or absent only in the induced conditions, 
are represented with the most intense colours. Non-identified proteins or proteins encoded by deleted 
genes are indicated in grey.  
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Discussion 

A protein synthesis boost in midiBacillus-II 

The aim of this study was to elucidate the main physiological adaptations in the 
genome-reduced midiBacillus-II strain that have led to its enhanced capability to secrete 
difficult-to-produce proteins, such as the staphylococcal protein IsaA. To this end, we 
applied label-free MS-based proteomics to analyse the responses of both the parental 
strain 168 and midiBacillus-II upon IsaA induction. This label-free proteomics approach 
allowed the identification of ~33% and ~45% of the maximum theoretical proteome of 
the parental strain and midiBacillus-II, respectively, based on the respective gene 
content.  Furthermore, even though the total numbers of quantified proteins were 
comparable for both strains (Table S4.2) and their core proteomes were similar 
(Figure S4.1), substantial differences in the respective proteomic signatures were 
identified that revealed important physiological alterations and a different adaptative 
behaviour.  

One of the most striking features of midiBacillus-II concerned the high upregulation 
of proteins involved in protein synthesis and modification upon induced IsaA production 
(Figure 4.4). This finding is particularly remarkable if one considers that protein 
synthesis is one of the most ‘expensive’ processes in the cell, consuming up to 40% of 
the cellular energy resources147. In fact, proteins involved in translation and proteins that 
make up the ribosome do already represent the major bacterial proteome mass29,148. 
This upregulation of proteins with protein synthesis functions will, on the one hand, 
represent an energetic burden for the midiBacillus-II. On the other hand, it is probably 
one of the features of midiBacillus-II 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 neither limited 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. Importantly, the enhanced capacity for protein synthesis of midiBacillus-II is 
not only reflected in its hardware for protein synthesis, but also in the enhanced general 
translation rate as detected with the 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 induction of bmrC-GFP was detectable in 
the parental strain 168, but also in the intermediate strain IIG-Bs27-24. The latter implies 
that the improved translational capabilities of the midiBacillus-II and miniBacillus strains 
were acquired somewhere along the 43 consecutive genome reduction steps from 
strain IIG-Bs27-24 to the delivery of midiBacillus-II. Notably, it is conceivable that the 
increased synthesis of proteins involved in translation upon induced IsaA synthesis by 
midiBacillus-II could be compensated by the observed reduction in syntesis and 
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abundance of other proteins (Figure 4.2)149. This would imply a substantial rerouting of 
the cellular resources towards the translational machinery and IsaA production. 

A protein secretion ‘highway’ in midiBacillus-II  

Aside from an enhanced capacity for translation, we observed that midiBacillus-II 
contains several Sec secretion machinery components at elevated levels compared to 
the 168 strain (Figure 4.7). 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-II. However, the increased levels of other 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 post-translocational 
folding of various heterologous secretory proteins150. In contrast, this 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 secretion, at least in the 168 strain151. 

The increased levels of different secretion machinery components compared to 
B. subtilis 168 seem to be a constitutive feature of midiBacillus-II, because this increase 
was observed both upon IsaA induction and in the non-induced condition. The only 
secretion machinery-related protein that was upregulated was Rnc (Table 4.1). Rnc is a 
ribonuclease III, which functions in the processing and degradation of RNA molecules. 
Its homologue in S. aureus was shown to regulate the expression of extracellular 
proteins by affecting the level of RNAIII152, 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-II. Thus, we do not 
know the reason why several secretion machinery components are present at elevated 
levels in midiBacillus-II. One possibility, is that this relates, at least in part, to the absence 
of the eight main extracellular proteases, whose genes were deleted26. However, while 
this could explain the increased levels of SipS and PrsA, which are subject to degradation 
by the wall protease A (WprA), it is a less likely explanation for the higher levels of Ffh, 
FtsY and SecA.  

Lastly, while the Sec pathway of midiBacillus-II seems to be enhanced, there are 
apparently 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 further 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-II revealed that substantial amounts 
of IsaA accumulate in the membrane of this strain. This suggests that, despite the 
elevated levels of Sec secretion machinery components in midiBacillus-II, this strain’s Sec 
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pathway is still not optimally equipped for protein translocation and/or precursor 
processing by signal peptidase93,132. This opens up to possibility to enhance the 
production of IsaA by increased expression of Sec components or signal peptidases135. 

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 envelope65. In addition, certain 
heterologous secretory proteins also trigger a LiaRS-dependent secretion stress 
response, probably due to membrane perturbations. Unexpectedly, HtrA and HtrB were 
detectable in midiBacillus-II at elevated levels already in the non-induced condition, and 
the induction of IsaA did not lead to a further increase. Likewise, midiBacillus-II 
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 cssR and cssS genes are located in an auto-inducible 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 in the non-induced condition has not been observed before in 
B. subtilis, and it is thus one of the characteristic features of midiBacillus-II. This could, in 
fact, be another feature that aids in the efficient secretion of proteins by midiBacillus-II, 
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 production does cause some membrane perturbation in 
midiBacillus-II. On the contrary, LiaH was not detected in the 168 strain upon IsaA 
induction. Together, these observations show that responses to secretion stress in 
midiBacillus-II differ from the canonical secretion responses.  

Interestingly, the present proteomics data suggest that induced IsaA expression 
has a relaxing rather than a stressful effect on midiBacillus-II. For one side, proteins 
negatively regulated by the stringent response were upregulated in midiBacillus-II upon 
IsaA induction. Clearly, this response was not observed in the parental strain 168. 
Normally, the stringent 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 reproduction153. Thus, also proteins belonging to the Pyr and 
PurR regulons, which are involved in pyrimidine and purine biosynthesis, respectively, 
are repressed by the stringent response153. Nonetheles, the proteins belonging to both 
regulons were found to be upregulated upon IsaA induction in midiBacillus-II 
(Figure S4.2). Particularly PurR, the negative regulator of the PurR regulon was 
significantly upregulated in midiBacillus-II, but this upregulation did not influence the 
elevated expression of proteins 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, 
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it could also mean that the cells used the produced nucleotides at a higher rate. In 
contrast, the observed upregulation 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-II showed downregulation of the SigB, Spx 
and PerR regulons upon IsaA induction, suggesting that the onset of IsaA is even 
beneficial to the cells. An opposite effect of IsaA induction was observed in the parental 
strain 168, where several SigB- and Spx-regulated proteins trended to be present at 
increased levels upon IsaA induction. In general, expression of the SigB regulon protects 
the cell against potencially lethal stresses, including but not limited to oxidative stress. 
Upregulation of the Spx regulon is associated with oxidative and cell envelope 
stresses154, whereas the PerR regulon responds to peroxide stress. A previous study 
indicated upregulation of PerR-controled genes in Bacillus subtilis strain upon elevated 
levels of reactive oxygen species155, which is the opposite of what we observed upon 
IsaA induction in midiBacillus-II. Importantly, a connection between secretion stress and 
the Spx regulon was uncovered by Helmann and co-workers156, who showed that the 
stabilization of Spx requires the YirB anti-adaptor 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 upregulation of Spx-controlled proteins, 
whereas we observed the contrary in midiBacillus-II. Here it should be mentioned that 
the yirB and yuxN genes involved in this pathway for Spx regulation are still present in 
midiBacillus-II, but that the respective proteins were neither detected in this strain nor 
the 168 strain.  

Altogether, the present study shows how genome minimization has resulted in a 
rewired secretion stress response in the midiBacillus-II, a strain with an enhanced 
capacity for protein synthesis and secretion. In particular, the dissection of this strain’s 
proteome upon induced expression of the secretory IsaA protein, and the parallel 
analysis of the 168 strain under the same conditions, provides plausible explanations for 
the improved capacity for protein secretion of midiBacillus-II. Clearly, the results also 
provide leads for further enhancement of midiBacillus-II’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-II will become 
useful assets in the production of high-value proteins, be it for pharmaceutical or 
biotechnological applications.  
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Materials and methods 

Bacterial strains, plasmids and culture conditions 

Bacterial strains and plasmids used in this study are listed in Table S4.1. 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 μg mL-1 erythromycin and 20 μg 
mL-1 kanamycin when required. Both B. subtilis 168 and midiBacillus-II 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 described59,93. 

For production of IsaA, the B. subtilis strains 168 and midiBacillus-II carrying 
pRAG3::isaA were growth in LB medium supplemented with antibiotics for 18 h and, 
subsequently, diluted in 100 mL of fresh LB medium without antibiotics to an OD600 of 
0.15. Culturing was continued until an OD600 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% (v/v) subtilin-containing culture supernatant of B. subtilis ATCC663359. 
After continued culturing for 2 h, samples were collected for LDS-PAGE, 
Immuno-blotting and proteomic analysis. Non-induced control cultures were treated in 
the same way. All induced and non-induced cultures were performed in triplicate. 

Preparation of extracellular and cell fractions 

For the proteomic analysis, the extracellular and cell fractions were separated by 
centrifugation at 8,500 × 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 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 medium fraction were enriched by primed affinity bead 
Purification with StrataClean beads (Agilent) and subsequently eluted from the beads 
by LDS-PAGE98. Protein bands were excised from the gel, washed and digested with 
trypsin solution (Promega). Subsequent peptide elution was carried out by 
ultrasonication. Peptides were quantified using the Pierce Quantitative Colorimetric 
Peptide Assay (Thermo Fisher Scientific) and desalted with ZipTip C18 tips (Millipore). 

Preparation of membrane and cytoplasmatic protein fractions 

Cells were disrupted in a FastPrep24 instrument (MPBiomedicals) (3 × 30 s at 
6.5 m s−1) with 5 min cooling between each cycle. Cellular debris and beads were 
removed by centrifugation (20,000 × g for 5 min at 4 °C). The resulting supernatant was 
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designated as 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 ultra-centrifugation 
(170,000 × 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 previously94. Shortly, the pellet was 
treated with 750 µl of high-salt buffer (10 mM EDTA, 1 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 additional 750 µl of high-salt buffer. The 
resulting suspension was mixed at 8000 × g for 30 min at 4 °C in a rotator prior to 
ultracentrifugation (170,000 × 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 Na2CO3, 100 mM NaCl) and 
tetraethylammonium bromide (50 mM TEAB).  

The pellets containing the crude cell membrane extract were dried and 
resuspended in 25 µl of urea solution (6 M urea, 2 M thiourea). The pipette tip was rinsed 
with 25 µl urea solution and samples were sonicated for 5 min prior protein 
quantification by Bradford assay. 20 µg of crude membrane extract were used for 
protein digestion using S-trap columns (Protifi) according to the manufacturer’s 
instructions. Peptides were resuspended in 0.1% of acetic acid, quantified with the Pierce 
quantitative colorimetric peptide assay (Thermo Fisher Scientific) and desalted with 
C18-ZipTips (Merck-Millipore). 

The previously obtained supernatant containing the cytoplasmic membrane 
fraction was thawed, and proteins were quantified by Bradford assay. The same 
protocol as for the membrane fraction was followed 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™ II LC system (Thermo Fisher) and measured in an LTQ Orbitrap mass 
spectrometer (Thermo Fisher). Purified peptides (1 µg for the extracellular fraction and 
5 µg for cytoplasmic and membrane fractions) were loaded onto in-house self-packed 
columns (i.d. 100 μm, o.d. 360 μm, length 200 mm; packed with 3.0 μm Dr. Maisch 
Reprosil C18 reversed-phase material (ReproSil-Pur 120 C18-AQ) by the LC system with 
10 µL of buffer A (0.1% (v/v) 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% (v/v) acetic acid in acetonitrile) with a constant flow rate of 
300 nL/min and injected online into the mass spectrometer. MS and MS/MS data were 
acquired with an LTQ Orbitrap XL (Thermo Fisher). After a survey scan at a resolution of 
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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 was imported into MaxQuant (1.6.3.3)101 incorporated with an 
Andromeda search engine102. Database search was carried out against reversed 
B. subtilis 168 or IIG-Bs27-47-24 strain databases, with manually added IsaA, SpaR, and 
SpaK sequences, and with common contaminants added by MaxQuant. The parameters 
used for the database search were: peptide tolerance: 4.5 ppm, min fragment ions 
matchs 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. All the mass spectrometry proteomics data have been 
deposited to the ProteomeXchange Consortium 
(http://proteomecentral.proteomexchange.org) via the PRIDE partner repository104 
with the dataset identifier PXD021841, username: reviewer_pxd021841@ebi.ac.uk and 
password: pfz1rA6d.  

Data was processed with the Perseus software for further analysis106. Proteins 
were filtered in each subproteome fractions according to the predictions by PSORTb 
v.3.0.2 and the UniProt database157,158. Proteins were only considered for further analysis 
if they had a minimum of two unique peptides 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 intensities (LFQ) from MaxQuant159. Mean values 
were calculated based on the biological replicates and relative protein abundance was 
represented as log2-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 following 
parameters: number of randomizations: 250, FDR: 0.05 and S0: 0.1. Principal component 
Analysis (PCA) was done with the web tool Clustvis160 and was used to evaluate 
reproducibility based on experimental replicates using the normalized LFQ values. Venn 
Diagrams were drawn with the InteractiVenn software tool161. 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 database144. In order to compare the relative amount of 
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secreted extracellular proteins via the Sec pathway upon IsaA induction, we first used 
the GP4 - Gram Positive Protein Prediction Pipeline145 to predict the proteins that were 
secreted via this pathway. Then the intensity of the quantified proteins secreted via the 
Sec pathway was summed and divided 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-II and IIG-Bs27-24 strains was introduced into these strains by 
transformation with the plasmid pRMC-5'bmrC-gfp. Since the genome-reduced strains 
carry the mannitol-inducible comKS cassette, transformation was performed by addition 
of 5% mannitol as described before96. The PG10 strain carrying the bmrC-GFP module was 
constructed in the context of a previous study93. Relative transcriptional activity was 
determined by live cell array analyses as described previously67,69. Briefly, overnight 
cultures were diluted 1:1000 in 100 µl culture supplemented with 0.2 µg/ml clindamycin 
or H2O 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 OD600 and 
GFP fluorescence (excitation 485/20 nm, emission 528/20 nm) were recorded every 
10 min for 12 h. Background GFP fluorescence was determined 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: (GFPt −GFPt−1)/OD600t, where t represents 
a specific time point and t−1 the previous time point at which the measurements were 
recorded.  

Immuno-blotting 

Protein samples were prepared as described previously and separated by Lithium 
Dodecyl Sulfate Polyacrylamide Gel Electrophoresis68. Before loading, samples were 
corrected to an OD600 of 2.0. Separated proteins were blotted onto a nitrocellulose 
membrane (Protran®). Subsequent immunodetection of bound proteins was 
performed with polyclonal α-SipS, α-FtsY, α-Ffh, α-TrxA, α-CssS, α-SecA, α-HtrB, α-HtrA 
and α-PrsA antibodies raised in rabbits. Antibody binding was visualized using secondary 
antibodies labelled with IRDye800CW. The presence of IsaA was monitored with the 
human IsaA-specific antibody 1D9 that had been directly labelled with IRDye 800CW44. 
Fluorescence was recorded at 800 nm with an Odyssey Infrared Imaging System (LiCor 
Biosciences). 
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Abstract 

Genome engineering has emerged as a useful approach to design new bacterial 
strains with different properties that make them more suitable as cell factories for 
biotechnological applications. Bacilli have been used extensively in industry for the 
production of proteins with commercial value. In particular, Bacillus subtilis has been the 
subject of extensive genome engineering efforts to improve its performance through 
the removal of large genomic regions, which are dispensable or even counterproductive 
in industrial settings. Here we present the genome-reduced B. subtilis strain 
IIG-Bs27-39-1, from now on termed midiBacillus-I, which was obtained through the 
systematic deletion of mobile genetic elements, genes for the major extracellular 
proteases and genes involved in sporulation, flagella formation and antibiotic 
production. As a result, the genome of midiBacillus-I was reduced by 26.1% compared to 
the parental strain 168. Since the behaviour of genome-minimized B. subtilis strains 
during fermentation was not yet known, we compared the growth and metabolic 
features of the midiBacillus-I and 168 strains in bioreactors. Importantly, the employed 
strains produced the secreted staphylococcal antigen IsaA to mimic a bioproduction 
scenario. The results point out relevant differences between midiBacillus-I and 168 in 
terms of IsaA production, by-product formation, and internal pools of amino acids. 
Interestingly, midiBacillus-I and the parental 168 strain revealed comparable energetic 
parameters, whereas midiBacillus-I was evidently superior with respect to protein 
production, the specific growth rates, and biomass yields. We conclude that the 
genome-reduced midiBacillus-I strain represents a useful chassis for future 
biotechnological application.  
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Introduction 

Microorganisms have been used since ancient times for the production of valuable 
goods such as wine, cheese and bread. Today, bacterial cell factories are still in the 
limelight of biotechnological applications, but with a largely extended spectrum of 
products including enzymes, amino acids, organic acids, steroids, vitamins and 
antibiotics142,162. Also in years to come, the exploitation of living cells to synthesize such 
commodities, is expected to expand even further in order to meet the ever growing 
societal demands for more sustainable and environmentally friendly processes to 
replace polluting chemical processes, to tap new natural resources, or to deliver novel 
medicines163,164.  

Cells used in industrial biotechnology have been randomly mutagenized and 
modified genetically with the aim to improve their production capabilities. Nowadays, 
new strains with engineered traits can be created through synthetic biological 
approaches, including the refactoring of complete genomes93,141. One of the entertained 
approaches involves genome minimization, which is highly feasible for bacteria. For 
instance, bacteria that have been subject to extensive genome reduction include 
Pseudomonas putida, Corynebacterium glutamicum, Escherichia coli and Bacillus 
subtilis14,29,165. Nonetheless, only a few genome-reduced derivative strains have been 
tested for production of value-added compounds93,165,166. 

B. subtilis is an attractive host for protein production due to its high secretion 
capacity, allowing yields of more than 25 g L-1 secreted protein, and the ‘Generally 
Recognised As Safe’ status, given to many of its products by the Food and Drug safety 
Authority of the USA. B. subtilis, as a natural inhabitant of the soil, has an extensive gene 
repertoire that allows its adaptation to extreme environmental conditions167. However, 
the high genetic versatility of B. subtilis may not be necessary in industrial settings, 
where the culture conditions are highly controlled. Moreover, the expression of genes 
that are not essential during industrial fermentation could potentially represent a waste 
of energy and cellular resources that should preferably be redirected towards product 
formation. For instance, the synthesis of flagella and fimbriae requires carbon and 
energy resources, but these cellular appendices are not needed in a bioreactor. 
Furthermore, B. subtilis may not perform optimally even under ideal conditions since 
part of its resources are used to maintain an ‘alert’ state to prepare the cells for possible 
sudden changes in the environmental conditions168,169. Thus, the removal of non-
essential genes and gene clusters could lead to more efficient cell factories170. 
Moreover, genome reduction could contribute to decrease the complexity of the cells 
and reduce heterogeneity in the bacterial population, especially through the removal of 
mobile genetic elements38,141. Hence, genome reduction has emerged as a useful tool, 
not only to elucidate the function of genetic elements, but also to design completely 
new strains for biotechnological applications32,35,171.  
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Genome-reduced derivatives of B. subtilis strain 168, including miniBacillus and 
midiBacillus-II, were recently shown to have beneficial traits for protein production, but 
they lost the ability to grow in particular minimal media93,143. The latter deficiency 
precluded studies on the metabolic features of such genome-reduced strains. Since we 
considered it important to understand the metabolic adaptations of such strains for 
further strain engineering, the present study was aimed at identifying a strain from the 
genome engineering phylogeny that combines beneficial traits in terms of protein 
production with growth on minimal media. In brief, this search led to the identification 
of B. subtilis strain IIG-Bs27-39-1, from now on termed midiBacillus-I, which lacks 26.1% of 
the genome compared to the 168 strain. Genes that are absent from midiBacillus-I 
include those that are involved in extracellular proteolysis, chemotaxis, mobility, 
antibiotic production, biofilm formation and sporulation. Next, we explored the growth 
of midiBacillus-I in bioreactors and assessed its ability to produce a heterologous 
secretory model protein, the immunodominant staphylococcal antigen IsaA. 
Importantly, the performance of midiBacillus-I was benchmarked against the parental 
strain 168. This showed the superiority of midiBacillus-I with respect to the specific 
growth rate, biomass yield coefficient and protein production. 

Material and Methods 

Strains and plasmids 

Strains and plasmids used in this study are listed in Table S5.1. E. coli JM109 was 
employed as a cloning host to obtain derivatives of plasmid pJOE6743.1 needed to 
generate midiBacillus-I. B. subtilis strain ATCC 6633 was used to produce subtilin, which 
was used to induce the expression of IsaA.  

Molecular biology techniques 

Molecular cloning was carried out according to standard protocols. E. coli JM109 
was transformed by a one-step method based on the use of a single transformation and 
storage solution172. B. subtilis strains were transformed according to the Spizizen 
protocol during the initial stages of genome reduction173. Since the transformation 
efficiency was diminished upon the successive deletion of several gene clusters, a 
mannitol-inducible comKS cassette was introduced during construction of the B. subtilis 
IIG-Bs27-39-1 strain96. Competence of strains containing the comKS cassette was induced 
by the addition of 0.5% mannitol as described before96. Plasmid pBSMul-nuc-11 was 
constructed by conventional cloning techniques as described in the 
Supplementary data 5.1. 

Construction of midiBacillus-I 

The presently applied midiBacillus-I strain represents an intermediate step in the 
previous B. subtilis 168 genome reduction effort that led, via the B. subtilis strain IIG-Bs20 
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( lacking 13.5% of the genome39) to the miniBacillus strain26. To develop midiBacillus-I 
from strain IIG-Bs20 a markerless gene deletion system was used that is based on the 
mannose phosphoenolpyruvate-dependent phosphotransferase system39. In short, the 
upstream and downstream regions (approximately 0.7 Kb), flanking the target region 
that was to be deleted, were joined and inserted into the pJOE6743.1 plasmid, which 
carries a spectinomycin resistance marker and the PmanP-manP cassette. Spectinomycin 
resistant B. subtilis transformants were selected on LB agar plates with 100 µg mL-1 
spectinomycin and, subsequently, a counter-selection was performed by growing the 
transformants in LB medium with 0.5% mannose. Lastly, colonies were selected on LB 
agar plates with 0.5% mannose39. The midiBacillus-I strain thus obtained has a genome 
of 3.11 Mb, lacking 26.1% of the genome of the 168 strain. A detailed overview of the 
deleted regions in midiBacillus-I is provided in Table S5.2. The spaR and spaK genes were 
introduced in the amyE locus of midiBacillus-I and other genome-reduced strains with 
the integrative plasmid pNZ8900, which was necessary for subtilin-inducible expression 
of IsaA from plasmid pRAG3::isaA.  

Genome sequencing 

Next generation sequencing was used to determine the genome sequence of 
midiBacillus-I carrying the spaRK genes in the amyE locus and plasmid pRAG3::isaA. DNA 
extraction, quantification and sequence analysis was performed as described before, 
but de novo assembly of paired-end reads was performed using CLC Genomics 
Workbench v20 (QIAGEN, Hilden, Germany)93.  

Protein stability test 

To assess the stability of staphylococcal proteins in spent growth media of 
different genome-reduced B. subtilis strains, we used the chemotaxis inhibitory protein 
CHIPS, the immunodominant protein IsaA, the thermonuclease Nuc, and the 
staphylococcal complement inhibitor SCIN as previously described93. Briefly, the four 
staphylococcal proteins were expressed in L. lactis from the nisin-inducible plasmids 
pNG4210::chp, pNG4210::isaA, pNG400::nuc or pNG4210::scn. After 16 h of induced 
production, cell-free culture supernatants containing either CHIPS, IsaA, Nuc or SCIN 
were obtained by centrifugation. Aliquots of these supernatants were mixed with spent 
cell-free culture supernatants of different genome-reduced B. subtilis strains, which had 
been grown overnight. After incubation for two hours at 37 °C, proteins were 
precipitated with Trichloroacetic acid (TCA) to assess the stability of the staphylococcal 
protein by LDS-PAGE and Western blotting with specific antibodies against IsaA, SCIN, 
Nuc or the C-terminal his-6 tag on CHIPS.  

Media composition  

For transformation and initial precultures, Bacillus strains were grown in Lysogeny 
Broth (LB) containing 10 g L-1 tryptone, 5 g L-1 yeast extract and 10 g L-1 NaCl. For stable 
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plasmid maintenance, the LB medium was supplemented with erythromycin 2 µg/mL, 
kanamycin 20 µg/mL or spectinomycin 100 µg/mL if appropriate. LB plates contained 
15 g L-1 agar. All cultivations were conducted at 37°C with vigorous shaking. 

The M9 minimal medium used for secondary pre-cultures and main cultures in 
bioreactors contained per litre of nanopure water: 1 g NH4Cl, 0.5 g NaCl, 8.5 g 
Na2HPO4·H2O, and 3.0 g KH2PO4. The pH was adjusted to 7.0 using 4 M NaOH. The 
following components were sterilized separately and then added (per litre of final 
medium)174: 246 mg MgSO4, 14.7 mg CaCl2·2H2O, 0.013.5 mg FeCl3·6H2O, 30 mg 
3,4-dihydroxybenzoic acid, 1 mg MnCl2·4H2O, 1.7 mg ZnCl2, 0.43 mg CuCl2·2H2O, 0.60 mg 
CoCl2·6H2O and 0.60 mg Na2MoO4·2H2O. Glucose was used as the only carbon source at 
a final concentration of 5 g L-1 for the pre-cultures. When growing cells in M9 minimal 
medium, no antibiotics were added. The MBU, Spizizen’s (SMM) and Bacillus pumilus 
(PMM) minimal media were prepared as described before173,175.  When required, subtilin 
was prepared in the same minimal medium as the cultures to be induced59. 

Cultivation in shake flasks and bioreactors 

B. subtilis cells from a cryo-stock were grown overnight on LB agar plates 
supplemented with kanamycin and erythromycin. For the first pre-culture, single 
colonies were picked and used to inoculate 10 mL LB medium in 100-mL baffled shake 
flasks. Cultures were incubated on a rotary shaker at 37° and 230 rpm (Multifors, Infors 
AG, Switzerland). Exponentially growing cultures with an optical density at 600 nm 
(OD600) between 0.5-1.5 were diluted 1:5000 in 50 mL of M9 minimal medium in 500 mL 
baffled shake flasks to start a second pre-culture. These cultures were grown to 
exponential phase, and cells were harvested by centrifugation (5 min, 10,000 × g). The 
pelleted cells were washed with fresh M9 medium without glucose, resuspended in the 
same medium, and used to inoculate 300 mL M9 medium without glucose in 1-L 
bioreactors to an OD600 of 0.1 (dasGIP, Jülich, Germany). The bioreactors were operated 
at 37°C, pH 7.1, an aeration rate of 9 L h-1, and a stirring speed of 1,000 rpm. Foam 
formation during production was suppressed with filter-sterilized antifoam. When the 
cultures reached an OD600 of 1.0, the production of IsaA was induced with 1% subtilin, 
which was prepared in advance as described previously, but by growing B. subtilis 
ATCC6633 in M9 minimal medium59. Aliquots were taken from the bioreactors at 
different time points for further analysis (Figure 5.1). All bioreactor experiments 
involved two biological replicates. 

Dry cell weight (DCW) 

Cell concentration was measured as OD600. To determinate dry cell weight (DCW), 
aliquots of culture broth from the bioreactors were filtered using vacuum filtration on 
dried and pre-weighted membrane filters (0.2 µm pore size, RC membrane filters, 
Sartorius, Göttingen, Germany). Then, cells were washed on the filter with 10 mL of 
isotonic NaCl solution and consecutively with deionized water. The filters were dried at 
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80 °C until constant weight. OD600 and DCW correlated with a coefficient factor of 
1 OD600= 0.4155 gDCW L-1 (Figure S5.1).  

Intracellular amino acids 

To measure intracellular amino acids, samples were collected and processed as 
described previously176. In short, 2-10 mL of cell suspension were harvested via vacuum 
filtration in cellulose-nitrate filters (0.2 µm pore size, 47 mm, Sartorius, Göttingen, 
Germany). The cells were washed immediately on the filter with 0.85 % NaCl solution. 
Filters carrying the cells were incubated for 10 min at 100 °C with the internal standard 
α-aminobutyrate. Subsequently, the samples were cooled down on ice, and recovered 
from the filter for quantification by high-performance liquid chromatography (HPLC; 
Agilent 1200, Waldbronn, Germany) using a reverse phase column (Gemini 5 µm, 
150 × 4.6 µm, Phenomenex, Aschaffenburg, Germany)177. 

Quantification of glucose and organic acids 

To quantify glucose and organic acids, 2 ml of culture were taken from the 
bioreactors and cell-free supernatants were obtained by centrifugation. The glucose 
concentration was quantified with a Glucose Analyzer (YSI Life Sciences, Yellow Springs, 
USA). Meanwhile pyruvate, acetate, succinate, lactate, formate, acetoin, 2-3 butanediol, 
iso-butyrate, ethanol and isovalerate were measured by HPLC equipped with UV 
(210 nm) and refractive index detectors (Hitachi, Tokyo, Japan). To this end, isocratic 
elution with 12 mM H2SO4 was performed using an Aminex HPX-87H column (Bio-Rad, 
Hercules, USA) at 45 °C and a flow rate of 0.5 mL min-1. 

Adenylate energy charge (AEC) 

For determination of the AEC, aliquots of 5-25 mL of cell culture were cooled down 
immediately with liquid nitrogen to arrest metabolism178 before applying the fast 
filtration method179. To this end, cells collected on a filter (pore size 0.45 µm, 47 mm, 
S-Pak® filters, Millipore, Schwalbach, Germany) were washed twice with 0.85% NaCl, 
and the filter with the cells was placed immediately in ice-cold 60% ethanol for metabolic 
extraction. Tubes with the samples were submerged in liquid nitrogen for metabolic 
quenching. Samples were stored at -80 °C until further processing. For processing of the 
stored samples, they were thawed on ice, vortexed, shaken and centrifuged (5 min at 
4 °C and 15, 500 × g), and the supernatant fraction was collected. The extraction step 
and subsequent centrifugation were repeated, but with cold double-distilled water. 
Supernatants from the two extraction steps were combined and restocked with 
double-distilled water to a final organic solution concentration of 10% and stored 
at -80 °C prior to lyophilization. The lyophilized samples were resuspended in 500 µl of 
resuspension buffer of the ATP Colorimetric/Fluorometric Assay Kit (Sigma-Aldrich), 
deproteinized using vivaspin500 columns (10 kDa), and eluted by centrifugation (30 min 
at 4 °C and 15,500 × g). The deproteinized samples thus obtained were used for the 
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determination of ATP, ADP and AMP using the ATP Colorimetric/Fluorometric Assay Kit 
(Sigma-Aldrich). 

Determination of Nuc activity 

To assess the functionality of heterologous proteins produced by midiBacillus-I, the 
staphylococcal thermonuclease Nuc was applied as a model protein. To this end, the 
plasmid pBSMul-nuc-11 was used to transform midiBacillus-I, which results in constitutive 
Nuc expression. Upon overnight cultivation in LB, the midiBacillus-I cells carrying 
pBSMul-nuc-11 were diluted 1:50 in fresh LB and further incubated for eight hours. At this 
point, cells were harvested by centrifugation to obtain cell-free culture supernatants 
containing Nuc. MidiBacillus-I without the pBSMul-nuc-11 plasmid was treated in the 
same way as a control. To determine the nuclease activity, 10 µL of chromosomal DNA 
from L. lactis PA1001 were mixed either with 10 µL of spent culture media, or with 200 
ng of recombinant DNase I (QIAGEN) as a positive control for nuclease activity. 
Untreated chromosomal DNA was used as negative control. Samples were incubated 
for one hour at room temperature and enzyme activity was stopped by the addition of 
DNA-loading buffer. Samples were loaded on a 1% agarose gel to visualize degradation 
of the chromosomal DNA by Nuc68.  
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Results 

Selection of the genome-reduced midiBacillus-I for protein production. 

To identify a strain from the B. subtilis 168 genome minimization phylogeny that 
combines maximal heterologous protein stability with proficient growth on minimal 
media, we performed a previously developed screening assay for protein stability93. This 
involved the production of a panel of reporter proteins from S. aureus in L. lactis, and 
their subsequent exposure to spent growth media of genome minimized strains. This 
revealed a marked reduction of reporter protein degradation in the spent medium of 
strain IIG-Bs27-24, whereas the reporter proteins were extensively degraded in spent 
medium of strain IIG-Bs20, which is positioned ‘upstream’ in the phylogeny of 
genome-minimized strains (Figure 5.2). Notably, from strain IIG-Bs27-31 onwards, all 
genome-minimized strains lack the genes for the eight major extracellular proteases of 
B. subtilis, which is a property that we wanted to maintain. Therefore, we inspected 

 

Figure 5.1 | Overview of the experimental workflow to analyse samples collected from the bioreactors. 
Single colonies from the parental strain 168 or midiBacillus-I carrying the plasmid pRAG3::isaA were used 
to inoculate initial pre-cultures in LB medium, which was followed by two pre-culture steps in M9 minimal 
medium. Cells from the last pre-culture were used to inoculate 1-L bioreactors to an initial OD600 of 0.1 in 
300 mL of M9 minimal medium. Production of the staphylococcal protein IsaA was induced with 1% 
subtilin when the cultures reached an OD600 of ~1. Aliquots were collected from the bioreactors at 
different time points for further analyses. The workflow summarizes the main steps in sample processing 
and analysis. 
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strains downstream of strain IIG-Bs27-31 for growth on different media using shake 
flasks. This showed that genome-reduced strains up until strain IIGBs27-47 were able to 
grow in the MBU and PMM media (data not shown). From the genome-reduced strains 
downstream of strain IIG-Bs27-31, we selected strain IIG-Bs27-39 for further analysis, 
because it lacks various genes involved in sporulation and spore germination, and 
because it grows well in the M9 minimal medium that is appropriate for metabolic 
analyses. In what follows, the IIG-Bs27-39-1 strain will be referred to as midiBacillus-I. The 
midiBacillus-I lacks ~21.6% of the genome of the parental strain 168, and the deleted 
genomic regions are shown in Table S5.2. 

 

Figure 5.2 | Stability of staphylococcal proteins in spent media of B. subtilis genome-reduced strains. 
Culture supernatants from L. lactis overexpressing the staphylococcal proteins CHIPS, IsaA, Nuc or SCIN 
were mixed with cell-free culture supernatants of genome-engineered B. subtilis strains grown in LB. 
Proteins were incubated for two hours at 37 °C and then TCA-precipitated to assess their degradation by 
Western blotting. The CHIPS and Nuc proteins were detected with anti-his6 antibodies, SCIN was detected 
with the human monoclonal antibody 6D4, and IsaA with the human monoclonal antibody 1D9. 
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Enhanced secretion of IsaA in M9 medium by midiBacillus-I 

To verify effective production of the immunodominant staphylococcal antigen 
IsaA of S. aureus by midiBacillus-I, we made use of the previously developed 
subtilin-inducible SURE expression system59. To this end, the spaRK genes were inserted 
in the amyE locus and the plasmid pRAG3::isaA was introduced in midiBacillus-I. In the 
resulting strain, the SpaK histidine kinase will sense the presence of subtilin added to 
the growth medium, resulting in phosphorylation of the SpaR response regulator which, 
in turn, will lead to induced expression of the isaA gene from the spaS promoter on 
pRAG3::isaA93. The complete constructed genome of the midiBacillus-I strain, carrying 
the spaRK genes and the plasmid pRAG3::isaA, was sequenced and the resulting contigs 
of the de novo assembly are available in Supplementary data S5.2. 

The first step towards the characterisation of midiBacillus-I as a potential cell 
factory for production of the IsaA reporter protein, was the selection of an appropriate 
minimal medium for its cultivation in bioreactors. Therefore, we evaluated IsaA 
production in shake-flask cultures with the M9, SMM or PMM minimal media. Cells were 
grown to exponential phase and, at this point, IsaA production was induced with 1% 
subtilin. The cultures were further incubated for five hours and, subsequently, IsaA 
production and secretion were assessed by Western blotting. The results pointed out 
differences in the production of IsaA by midiBacillus-I depending on the growth medium 
(Figure 5.3). The amount of IsaA produced and accumulated in the cell fraction was 
higher when the bacteria were grown in SMM or PMM. However, when midiBacillus-I 
was cultivated in M9, IsaA was secreted at much higher levels than upon cultivation in 
SMM or PMM. Therefore, M9 medium was selected for the cultivation of midiBacillus-I 
in bioreactors. To note, we also detected IsaA expression in the non-induced cells 
indicating a less strict repression of the inducible spaS promoter in midiBacillus-I than 
was previously observed for the midiBacillus-II strain. 

Production characteristics of the genome-engineered midiBacillus-I 

 To evaluate the performance of midiBacillus-I in a bioreactor, midiBacillus-I and 
the parental strain 168, both carrying the spaRK genes and plasmid pRAG3::isaA, were 
cultivated in 1-liter dasGIP bioreactors under defined conditions with glucose as the only 
carbon source. We hypothesized that there might be differences in the performance of 
both strains due to the genome reduction in midiBacillus-I. Indeed, during the 
cultivation, midiBacillus-I showed a higher biomass yield coefficient (YX/S) compared to 
the parental strain (Table 5.1). Similarly, the maximum specific growth rate (μmax) 
measured for midiBacillus-I was higher than that of the parental strain. Although 
midiBacillus-I produced more biomass than the 168 strain, it lost more carbon through 
the formation of acetate and CO2 (Figure S5.2). Instead, the 168 strain showed a higher 
yield of pyruvate. 
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At different time points after subtilin-induction, we collected samples from the 
bioreactor to analyse the secretion of IsaA by Western blotting. IsaA was detected in 
the growth medium of the parental strain, but only in the form of degradation products 
with a lower molecular weight than that of the full-size IsaA (Figure 5.4). On the other 
hand, the genome-reduced midiBacillus-I strain secreted full-size mature IsaA into the 
growth medium, which was detected both in the form of monomers and oligomers. 
Nonetheless, degradation fragments of IsaA were also detected (Figure 5.4). The 
improved accumulation of full-size IsaA in the medium of the midiBacillus-I strain can be 
attributed to the successive deletion of protease genes during the construction of this 
strain (Table S5.2). However, it is noteworthy that the growth medium of midiBacillus-I 
still displayed an IsaA-degrading activity of unknown origin. Another important finding 
is that midiBacillus-I appears more resistant to cell lysis, as shown by relatively low levels 
of the cytoplasmic marker protein thioredoxin A (TrxA) as compared to the 168 strain 
(Figure 5.4)  

 

 

 

 

Figure 5.3 | IsaA production and secretion by midiBacillus-I cultivated in different minimal media. 
MidiBacillus-I cells carrying pRAG3::isaA were grown in M9, SMM or PMM minimal media and induced with 
1% subtilin during the exponential growth phase. Culture samples were collected after five hours of 
incubation post induction and corrected for an OD600 of 2.0 before protein separation by LDS-PAGE. The 
production and secretion of IsaA were visualized by Western blotting with an IsaA-specific monoclonal 
antibody. 
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Table 5.1 | Physiological parameters in bioreactor cultures of midiBacillus-I and the parental strain 168. 
MidiBacillus-I and the parental strain 168 carrying pRAG3::isaA were grown in batch cultures in M9 minimal 
medium with 5 g L-1 glucose as sole carbon source. Subtilin was added to induce IsaA production.  
 

Parameter Strain MEAN SD* Units 

YX/S 
Parental strain 44.66 1.65 

g/mol 
MidiBacillus-I 74.48 1.04 

µmax 
Parental strain 0.43 0.01 

1/h 
MidiBacillus-I 0.52 0.01 

qS 
Parental strain 9.70 0.42 

mmol/g/h 
MidiBacillus-I 7.02 0.15 

Yacetate/S 
Parental strain 306.20 19.13 

mmol/mol 
MidiBacillus-I 561.99 79.43 

qacetate 
Parental strain 2.97 0.23 

mmol/g/h 
MidiBacillus-I 3.95 0.56 

Ypyruvate/S 
Parental strain 14.17 1.18 

mmol/mol 
MidiBacillus-I 6.68 0.22 

qpyruvate 
Parental strain 0.14 0.02 

mmol/g/h 
MidiBacillus-I 0.05 0.01 

* Results represent the mean value of the parameter and the standard deviation for measurements in two 
independent biological replicate experiments. 
 

 

Figure 5.4  | Secretion of the model protein 
IsaA by midiBacillus-I and the parental 
strain 168 in bioreactor batch cultures. 
Medium samples of midiBacillus-I and the 
168 strain, both carrying the spaRK genes 
and pRAG3::isaA, were collected at 
different time points after subtilin-induced 
IsaA production.  Samples were corrected 
to an OD600 of 2.0 before LDS-PAGE and 
Western blotting with the IsaA-specific 
human monoclonal antibody 1D9. 
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Amino acid pools, overflow metabolism and energetic levels 

To exclude possible limitations related to the abundance of amino acids, we 
 measured the internal amino acid pools in midiBacillus-I and the 168 strain after 
induction of IsaA production. First, we compared the amino acids pools during the 
exponential growth phase of both strains. Here, we observed a higher abundance of 
serine, glycine, valine and leucine in midiBacillus-I, while the aspartate and alanine 
abundance were lower than in the parental strain (Figure 5.5). Interestingly, we 
observed that the amount of alanine increased by one-fold during the production phase, 
despite the fact that alanine is the most abundant amino acid of IsaA, followed by serine 
and glycine. Moreover, we also observed a recovery in the amino acid pools of thirteen 
of the nineteen quantified amino acids during the production phase in midiBacillus-I.  

 

Figure 5.5 | Intracellular pools of amino acids during batch cultivation in bioreactors. Cell cultures were 
harvested via vacuum filtration. Amino acids were extracted from the cells and quantified via HPLC. (a) 
Amino acid pools in exponentially growing midiBacillus-I and the parental strain 168. (b) Comparison of 
amino acid pools in midiBacillus-I during exponential growth, upon C-depletion and in the production 
phase. The data represent the mean values and standard deviation of two biological replicates. 
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A relevant feature in industrial settings is the efficient utilization of the carbon 
sources for product formation. A culture with excess of the carbon source can result in 
a higher rate of carbon consumption, but it also creates an imbalance between anabolic 
and catabolic reactions. In this state, cells direct their resources towards overflow 
metabolism, which leads to a less efficient use of carbon and energy resources180.  
Therefore, we investigated the levels of key secreted overflow metabolites and 
by-products such as ethanol, acetate, acetoin, succinate, formate, isobutyrate, 
isovalerate, 2,3-butanediol and lactate in the parental strain 168 and midiBacillus-I. Major 
differences were observed for the production of isobutyrate, isovalerate and 
2,3-butanediol after ~18 h of induction, where the parental strain excreted higher 
amounts compared to midiBacillus-I (Figure 5.6). Instead, the higher growth rate and 
biomass formation by midiBacillus-I correlated with higher production of acetoin and 
acetate (Figure 5.6, Table 5.1). 

To evaluate how the genome reduction of midiBacillus-I affected the cellular 
energy levels, we measured the AMP, ADP and ATP content of the cells. Particularly, the 
ATP/ADP ratio and the adenylate energy charge (AEC) are used to estimate the energy 
capacity of the strains. We hypothesized that the deletion of non-essential genes could 
reduce the waste of energy resources in midiBacillus-I, but this strain’s ATP yield, 
ATP/ADP levels and AEC were comparable to those of the parental strain (Figure 5.7a). 
Thus, the deletion of non-essential genes did not result in higher energy levels. In fact, 

 

Figure 5.6 | Secretion of organic acids and by-products during a batch cultivation in bioreactors. The 
concentration of the compounds in the medium fraction was measured at different time points after the 
induction of IsaA production. The concentrations measured for the parental strain are indicated in the 
upper part of the plot, and the concentrations measured for midiBacillus-I in the lower part. The data 
represent the mean values and standard deviation in the measurements for two biological replicates. 
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midiBacillus-I maintained the same energy level as the parental strain, despite the 
redirection of resources towards overflow metabolism. A relatively small (~25%) 
decrease in the ATP yield was, however, observed during the production phase 
(Figure 5.7b), which could be related to the observed overflow metabolism (Figure 5.6, 
Table 5.1). 

 

Protein functionality 

To assess whether midiBacillus-I was able to secrete heterologous 
difficult-to-produce proteins in an active state, we selected the staphylococcal 
thermonuclease Nuc as a model protein. The plasmid pBSMul-nuc-11 encoding Nuc was 
used to transform midiBacillus-I. After 8 h cultivation, cell-free culture supernatants 
were collected to determine the nuclease activity of Nuc on chromosomal DNA from 
L. lactis. The results show that the Nuc protein secreted by midiBacillus-I was processed 
and actively degraded the chromosomal DNA (Figure 5.8). 

 

 
 

Figure 5.7 | Energy charge of the parental strain 168 and midiBacillus-I cells during batch cultivation in 
bioreactors. The ATP yields, ATP/ADP levels and adenylate energy charge were measured for (a) the 
parental strain and midiBacillus-I during exponential growth, and (b) for midiBacillus-I at different culture 
conditions. The data represent the mean values and standard deviation in the measurements for two 
biological replicates. 
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Figure 5.8 | Detection of nuclease activity of the thermonuclease Nuc secreted by midiBacillus-I. (a) Cells 
of midiBacillus-I carrying pBSMul-nuc-11 were grown overnight and diluted 1:50 in LB medium. After eight 
hours of incubation, samples were collected for Western blotting and activity analysis. Nuc present in the 
cell fraction or secreted into the growth medium was detected by Western blotting with specific murine 
antibodies. (b) To determine the enzymatic activity of Nuc secreted by midiBacillus-I, chromosomal DNA 
from L. lactis PA1001 was mixed with spent culture media from midiBacillus-I with or without the 
pBSMul-nuc-11 plasmid. As a positive control for nuclease activity, the chromosomal DNA was mixed with 
DNAse I. In the   negative control the DNA remained untreated. All samples were incubated for 1 h at room 
temperature and, subsequently, loaded on a 1% agarose gel to visualize the presence or absence of 
chromosomal DNA.  

 

Discussion 

Here we present the engineered midiBacillus-I strain, lacking 21.6% of the B. subtilis 
168 genome, as a potential cell factory for heterologous secretory protein production. 
While previous studies have showcased particular advantages of the use of 
genome-reduced strains in the production of staphylococcal proteins93,143, this study 
was focused on exploring the behaviour of midiBacillus-I during fermentation in 
bioreactors. To pinpoint potential bottlenecks in the secretion of a difficult-to-produce 
protein, the midiBacillus-I strain was equipped with the genes for subtilin-inducible 
expression of the IsaA protein from S. aureus. In addition, we verified the capability of 
midiBacillus-I to produce such proteins with the thermonuclease Nuc from S. aureus. The 
results show that midiBacillus-I has improved features in terms of fermentation 
behaviour and protein production compared to its parental strain 168. 
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For several reasons, midiBacillus-I was selected from a set of genome-reduced 
B. subtilis strains. In the first place, because it lacks the major extracellular protease 
genes aprE, bpr, epr, mrp, npr, nprE, vpr and wrpA. The low level of extracellular 
protease production was underpinned by the adequate stability of the staphylococcal 
proteins CHIPS, IsaA, Nuc and SCIN in the spent growth medium of midiBacillus-I. In this 
respect, it is noteworthy that we have previously shown that deletion of the wprA gene 
along with other protease genes was elementary for the production and secretion of 
IsaA in genome-minimized B. subtilis93. Secondly, midiBacillus-I lacks several sporulation 
and spore germination genes, which makes it attractive not only in terms of biological 
containment, but also because it will not direct cellular resources to these processes. 
Last but not least, midiBacillus-I was selected for the present study because of its ability 
to grow well in minimal media, which was essential to assess various physiological 
parameters. Intriguingly, the choice of minimal medium was relevant for the efficiency 
of IsaA secretion, as shown by induced IsaA production in midiBacillus-I grown in M9, 
PMM or SMM. While IsaA accumulated in cells grown on PMM or SMM, it was effectively 
secreted by cells grown in M9. How the medium composition impacts on IsaA secretion 
is presently not clear, but the main difference is the use of citrate in PMM and SMM, 
whereas citrate is absent from M9. Citrate can be used directly in the tricarboxylic acid 
cycle so, in principle, the less efficient secretion of IsaA should not relate to a lack of 
energy. Thus, it seems most likely that citrate impacts on the expression of one or more 
secretion machinery components, or that citrate complexes metal ions needed in the 
posttranslocational folding of proteins181. These ideas should be addressed in future 
studies. 

When the performance of midiBacillus-I and the parental strain was compared in 
the bioreactor, midiBacillus-I showed a higher specific growth rate. Importantly, the 
specific growth rate of the parental strain as measured in our study was in line with 
other reports182. The improved growth characteristics make midiBacillus-I preferable 
over other genome-minimized Bacillus, like the BSK814G2 strain54, and the parental 
strain. One reason why midiBacillus-I performs better than the 168 strain with respect to 
growth and biomass yield, could be the removal of prophages and other lytic elements. 
This was previously  shown to increase the biomass yield183. Nonetheless, some lysis of 
midiBacillus-I was still detectable, judging by the extracellular detection of the 
cytoplasmic marker protein TrxA, but it was clearly reduced compared to the 168 strain 
grown under the same conditions. Of note, the residual lysis may actually explain why 
some degradation of IsaA was observed in the growth medium of midiBacillus-I, as the 
lysis of some cells would also release cytoplasmic proteases93. In any case, the increased 
growth rate and biomass yields of midiBacillus-I appear to be an interesting 
characteristic for large-scale fed-batch fermentation at high cell densities. An enhanced 
growth was also reported for genome-reduced derivatives of Pseudomas putida184, 
which suggests that genome-minimization may be a more generally applicable 
approach to enhance the biomass of production organisms.  
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Analysis of the amino acid pools in midiBacillus-I did not reveal particular limitations 
compared to the parental strain. In fact, nine amino acids were more abundant in 
midiBacillus-I during the growth phase and the only significantly more abundant amino 
acid in the parental strain was alanine. The amino acid pools of midiBacillus-I even 
increased in the production phase. At present, we cannot say whether this effect is due 
to enhanced amino acid synthesis or intracellular protein turnover as has been 
previously reported185. Even though alanine was the second most abundant amino acid 
in both strains in our present study, the measured values were lower compared to other 
previous reports. This could be related to differences in the glucose concentration used 
in our and other studies, or the consumption of alanine during the filtration step176. 
Whether this points towards a possible limitation of alanine remains to be assessed, but 
it seems unlikely because alanine is still present in excess over all other amino acids 
except glutamate. An interesting possibility that remains to be explored in midiBacillus-I 
is the deletion of the rocDEF-rocR genes, which would set a limit to arginine catabolism. 
This was previously shown to enhance cell yields and boost protein production through 
an altered glutamate metabolism36. Alternatively, the deletion of rocG in combination 
with modification in the cultivation conditions has been showed to improve protein 
production in genome-reduced Bacillus186. This effect is probably related to an increase 
in the conversion of 2-oxoglutarate to glutamate186. Also here it should be noted that 
the measured glutamate pools in midiBacillus-I and the 168 strains were slightly lower 
than previously reported176.  

The higher levels of overflow metabolites, such as acetate and acetoin, by 
midiBacillus-I represent a spill of carbon that is not incorporated in the desired protein 
product. The yield of acetate excreted by midiBacillus-I was almost one-fold higher 
compared to the acetate secreted by the parental strain. One possibility to prevent the 
deviation of carbon towards overflow metabolism could be to reduce the growth rate. 
Furthermore, midiBacillus-I could perhaps be engineering to use the produced overflow 
metabolites as carbon sources, especially in fermentation processes where rich carbon 
sources are used. For instance, this could be achieved by integration of the malate 
synthase gene aceA and the isocitrate lyase gene aceB from B. licheniformis in the 
midiBacillus-I genome187. This could lead to improved formation of biomass, as reported 
for E. coli strain MGF-01, which accumulated reduced levels of acetate31. On the other 
hand, the parental strain excreted higher levels of pyruvate than midiBacillus-I, which 
also represents a loss of carbon. However, the excreted pyruvate could later be taken 
up again and used in the Krebs cycle for the regeneration of NAD(P)+. A metabolic flux 
analysis, possibly combined with a transcriptome analyse, could be helpful to elucidate 
the reasons why midiBacillus-I excretes overflow metabolites, whereas the parental 
strain 168 excretes pyruvate.  

The elimination of non-essential genes in midiBacillus-I had no major effects on the 
cellular energy levels, as indicated by the ATP yields and the adenylate energy charge, 
which were comparable to those measured for the parental strain. However, we did 
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observe a ~25% decrease in the ATP yield during the production phase in midiBacillus-I. 
This could be related to a previous observation made with the related midiBacillus-II 
strain, which showed a strong increase in the levels of proteins related to translation 
and protein synthesis when IsaA expression was induced (Chapter 4). Most likely, this is 
also the case in midiBacillus-I since, judged by the comparable properties of the 
midiBacillus-I and II strains in IsaA production, the translational capacity of both strains 
is probably very similar. If so, it seems plausible that midiBacillus-I consumes more ATP 
in the production phase for synthesis of proteins involved in translation and protein 
synthesis, which are energetically very expensive processes188,189. In addition, the 
enhanced synthesis of proteins could lead to additional ATP consumption by major 
chaperones, like DnaK and GroEL/ES, which guide the correct folding of newly 
synthesized proteins and require large quantities of ATP190. Of note, although the ATP 
yields and energy charge of midiBacillus-I and the parental strain 168 are very similar, this 
does not necessarily mean that both strains produce and consume ATP at the same 
rates. For instance, the loss of resources by overflow metabolism in midiBacillus-I could 
imply that this strain produces more ATP than the parental strain, but also consumes 
more ATP. In this respect, a relevant parameter that remains to be determined for 
midiBacillus-I concerns the intracellular balance of NADPH, which is required for anabolic 
processes, including protein synthesis. 

Lastly, our study shows that midiBacillus-I is capable of producing and secreting 
fully functional heterologous proteins, as exemplified with the thermonuclease Nuc 
from S. aureus. This strengthens our conviction that midiBacillus-I forms an attractive 
chassis for further development of metabolically efficient and highly productive cell 
factories that can deliver high-quality secreted proteins for industrial and biomedical 
applications. However, already now, the midiBacillus-I outperforms its parent in many 
ways, right from the metabolic level up until the formation of proteinaceous products.  
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Summary  

Genome reduction, Bacillus subtilis and protein production are the terms that knit 
together this dissertation. The first steps that opened the path towards genome 
reduction were founded by the availability of complete genome sequences and the 
identification of essential genes through single mutations15,191. Later, gene deletions 
started to be performed in a cumulative manner in order to elucidate the minimal set of 
genes required to sustain a living bacterial cell. At about the same time, natural 
minimized genomes were identified as ideal candidates for synthetic synthesis as 
exemplified by the genome of Mycoplasma mycoides13. Nonetheless, the construction of 
the first synthetic microorganism, Mycoplasma mycoides JCVI-syn1.0, required 15 years 
of work and an investment of forty million dollar just a decade ago192. In fact, the 
complete genome sequence of B. subtilis 168 was finally available in 1997, but only after 
more than seven years of intensive collaboration among researchers from Europa, 
Japan and USA48. Today, thanks to major advances in genome sequencing technology 
and molecular biology, the investments in terms of time and monetary resources that 
are required for engineering the genomes of bacterial strains have been reduced 
significantly.  

Minimized cells are increasingly regarded as attractive chassis for biotechnological 
applications, since the genome-reduced strains can develop characteristics that differ 
completely from those of their parental strains. In this way, genome reduction has 
opened unexplored tracks towards the design of new cell factories. This may be 
considered as a risky approach, but it offers the possibility of quantum leaps forward in 
comparison to the more traditional improvement of cell factories through the step-wise 
modification of individual genes or specific pathways, as well as the optimization of the 
cultivation conditions. Today, genomes of different bacterial species have been 
reduced, but only a few of the resulting strains have been tested for production of 
valuable compounds93,165,193. From the bacteria currently employed as cell factories, 
B. subtilis has attracted particular interest as an industrial production host of high-value 
secreted proteins. Moreover, the largest genome reduction reported to date was 
achieved in B. subtilis29, and the research described in this dissertation builds on strains 
from this phylogeny. For the construction of these ‘minimal’ B. subtilis strains, non-
essential and redundant genes were systematically deleted, which culminated in the 
creation of a miniBacillus PG1026. As described in Chapter 1, the Design-Build-Test cycle 
employed in the construction and refinement of microorganisms, requires the testing 
of the resulting strains for further improvements. In this regard, the main question 
addressed during the research documented in this dissertation was whether the 
massively genome-reduced strains miniBacillus, midiBacillus-I and midiBacillus-II would 
allow enhanced protein production compared to the parental strain 168 and, if so, which 
modifications would be responsible for such improvements.  
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First, the focus was directed towards the properties of the most minimal Bacillus 
chassis available, the miniBacillus strain. The experiments described in Chapter 2 show 
that a massive genome reduction of 35% did not at all impair the secretion of heterologous 
proteins. On the contrary, it turned out that the miniBacillus had gained several beneficial 
traits compared to its parent. To note, further genome reduction in B. subtilis 168 is 
currently in progress, and a total reduction of 42% has been achieved so far29. However, 
the removal of additional genetic elements from B. subtilis will be an increasingly 
complex task, not only because it will involve the successive removal of many small 
regions in-between essential genes, but also because combined mutations may affect 
the bacterial fitness and growth. The rational choice of gene targets to be deleted 
remains a bottleneck in the design of minimized genomes. The main challenge here is 
the avoidance of synthetically detrimental mutations that may appear beneficial, but 
effectively make the cell less robust194.  

When miniBacillus was challenged for its potential as a cell factory, it revealed its 
ability to efficiently secrete difficult-to-produce proteins as described in Chapter 2. 
Specifically, miniBacillus displayed improved secretion and stability of four antigens 
from Staphyloccus aureus that were used as reporter proteins93. These proteins were 
the chemotaxis inhibitory protein (CHIPS), the staphylococcal complement inhibitor 
(SCIN), the immunodominant staphylococcal antigen A (IsaA), and the thermonuclease 
(Nuc). The secretion of these antigens into the growth medium by miniBacillus 
represents a valuable characteristic for downstream processing of valuable products, 
especially in the industrial setting. Importantly, these four staphylococcal antigens 
could not be produced or secreted in other non-genome-reduced B. subtilis strains, 
including multiple protease-deficient strains. In this respect it is noteworthy that the 
deletion of genes for the major extracellular proteases of B. subtilis is beneficial for the 
stability of the secreted staphylococcal proteins, but that this is not the only factor 
contributing to their enhanced secretion by miniBacillus. In particular, miniBacillus 
showed an enhanced translational efficiency compared to the parental strain. 
Altogether, the results described in Chapter 2 highlight the new paths opened by 
massive genome reduction to create minimized cell factories with substantially 
enhanced properties for protein production compared to the parental strain 168. 
Following the demonstration of the benefits of using miniBacillus for the production of 
secretory proteins, it was shown that this strain can also be employed for the 
production of lantibiotics195.  

Another interesting genome-reduced strain, which belongs to the same phylogeny 
of the miniBacillus, is midiBacillus-II. The midiBacillus-II is a landmark strain from which 
the extreme genome-reduced miniBacillus and PS38 strains were derived26. Important 
to note, midiBacillus-II was also selected for further studies, because it displayed 
similarly enhanced secretion properties as miniBacillus and, importantly, it displayed 
better growth characteristics. Since the membrane is a pivotal cellular compartment for 
the uptake of nutrients and the secretion of proteins, the research described in 
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Chapter 3 was focused on a quantitative analysis of the membrane proteome of 
midiBacillus-II. Interestingly, by measuring the absolute membrane protein 
concentrations in midiBacillus-II, it was determined that the induced expression of IsaA 
led to increased levels of ~30% of all proteins with so far unknown function. This 
observation indicates biologically relevant functions of genetic elements of unknown 
function for the minimal cell, and that the respective genes may not necessarily be 
irrelevant. The information presented in Chapter 3 shows that, upon induction of IsaA 
production, the IsaA protein also accumulated in the cytosol and in the membrane. The 
accumulation of IsaA elicited a stress response in the membrane and, interestingly, 
resulted in a modification in the organization of various transporters143. These insights 
obtained from the in-depth quantitative analysis of the membrane fraction were an 
incentive to investigate the changes occurring in midiBacillus-II at a global cellular level. 
The research presented in Chapter 4 was, thus, aimed at elucidating the main 
physiological adaptations in midiBacillus-II that contributed to the improved capability 
to secrete heterologous proteins. To this end, a comprehensive label-free proteomics 
analysis was performed on midiBacillus-II and, in parallel, the 168 strain. The subsequent 
comparison of the data revealed a rewired secretion stress response in midiBacillus-II. 
For instance, midiBacillus-II displayed a high upregulation of proteins involved in protein 
synthesis and modification upon induction of IsaA production. Remarkably, compared 
to the 168 strain, midiBacillus-II presented an intrinsically higher abundance of 
components of the Sec secretion pathway, including the Ffh, FtsY, SecA, SipS and PrsA 
proteins. Also, like miniBacillus, midiBacillus-II showed a higher translational efficiency. 
Altogether, the comparative analyses showed that midiBacillus-II is rather ‘relaxed’ 
when challenged to secrete IsaA at high levels. Interestingly, this feature turned out 
beneficial also for the overproduction of a membrane protein, TatAy, that could not be 
produced in the 168 strain196. When comparing the features of miniBacillus and 
midiBacillus-II, it can be concluded that midiBacillus-II displays better growth 
characteristics, but that miniBacillus is superior in terms of IsaA secretion in rich 
media93,143. Thus, it seems that certain gene deletions that led from midiBacillus-II to 
miniBacillus, resulted in improved protein productivity, but this happened at the 
expense of growth performance. 

The study described in Chapter 5, was focused on assessing the performance of 
midiBacillus-I as a cell factory during fermentation in bioreactors.  The midiBacillus-I 
strain was selected from other genome-reduced derivatives belonging to the same 
phylogeny as midiBacillus-II and miniBacillus. Accordingly, it displays enhanced 
heterologous protein production and stability, but on top of this it is capable of growth 
in minimal medium. Moreover, midiBacillus-I lacks the genes for the eight major 
extracellular proteases and various genes involved in sporulation and spore 
germination, which is of relevance for industrial applications52. During fermentation, 
midiBacillus-I showed an enhanced specific growth rate, a higher biomass yield 
coefficient, and improved production and secretion of the reporter protein IsaA 
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compared to the parental strain 168. Moreover, midiBacillus-I was shown to secrete 
functional proteins, as exemplified with the staphylococcal protein Nuc. However, the 
results also revealed an increased excretion of acetate by midiBacillus-I, which likely 
results from overflow metabolism. Since this implies a wasteful loss of carbon, it will be 
important to pinpoint in follow-up studies whether this can somehow be avoided.  

The miniBacillus, midiBacillus-I and midiBacillus-II strains lack the main prophage 
regions and prophage-like elements of B. subtilis 168, a property that can contribute to 
enhanced genetic stability197. Particularly, the removal of mobile genetic elements is 
associated with an increase in plasmid stability38,141, because mobile elements can 
counteract the expression of foreign genetic elements. Furthermore, removal of 
prophage regions has been shown to increase bacterial fitness and enhanced 
productivity198,199. Relevant to note, in B. subtilis the deletion of prophages did not 
directly contribute to the improvements in protein secretion, as evidenced through the 
secretion of the reporter protein Nuc by different genome-reduced strains, which lack 
several mobile elements (Figure 6.1a). Overall, it is still a challenge to point out the 
specific contributions of the different deleted genomic regions to the enhanced traits 
of the miniBacillus, midiBacillus-I and midiBacillus-II strains. However, considering the 
notion that the metabolic costs for DNA replication are relatively low200, the main energy 
savings were most likely achieved through the elimination of relatively expensive non-
essential protein biosynthetic processes or activities, for instance flagellar motility201. As 
shown in Chapters 2-5, the presently selected genome-reduced strains were all capable 
of secreting the IsaA reporter. When grown in the rich Lysogeny Broth (LB), miniBacillus 
produced slightly higher levels of IsaA than the midiBacillus-I and midiBacillus-II strains 
(Figure 6.1b). Nevertheless, despite the similar behaviour of the three strains in LB, only 
the midiBacillus-I was able to grow well in minimal media. It shows that the miniBacillus, 
midiBacillus-I and midiBacillus-II strains have different properties and that it will of 
interest to find an optimal balance in the lost and gained features of these strains.  
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Future work 

Microbial cell factories play a pivotal role in biotechnology to satisfy the currently 
high demand for pharmaceutical proteins and the societal changes towards more 
sustainable production processes163,164. In this regard, B. subtilis is a suitable host for the 
production of pharmaceutically relevant proteins113,202–204, and genome-reduction offers 
the opportunity to expand the current repertoire of proteins produced by B. subtilis.  

The beneficial characteristics acquired by genome-reduced B. subtilis strains for 
protein production as described in this thesis could be further optimized. Here it is 
important to keep in mind that the massive genome-reduction performed in the 
presently described strains rendered them far from isogenic with their parental strain 
168. Genome reduction offers the potential to create chassis with different 

 
 
Figure 6.1 | Production and secretion of Nuc, CHIPS or IsaA by genome-reduced B. subtilis strains. (a) Cells 
of different genome-reduced B. subtilis strains carrying plasmid pBSMul-nuc-11 were grown overnight and 
diluted 1:50 in LB medium. After six hours of incubation, samples were collected and corrected for OD600. 
Subsequently, cells were separated from the growth medium and proteins in the two fractions were 
separated by LDS-PAGE. The presence of Nuc was detected by Western blotting with specific murine 
antibodies. The strains IIG-Bs9 and IIG-Bs10 lack eight prophages and prophage-like regions, while an 
additional prophage like regions was deleted from the IIG-Bs12 strain onwards. Of note, improved secretion 
of staphylococcal proteins was not observed in this particular strain (data not shown). (b) MiniBacillus, 
midiBacillus-I and midiBacillus-II carrying de spaRK genes and plasmid pRAG3::isaA were growth in LB and 
IsaA production was induced with 1% subtilin during the exponential growth phase. Culture samples were 
collected after two hours of induction. The proteins in 1 ml of cell-free supernatant were precipitated with 
trichloroacetic acid and, subsequently, separated by LDS-PAGE. The presence of IsaA was visualized by 
Western blotting with an IsaA-specific monoclonal antibody. The experiment described in the panel b was 
performed by Jolanda Neef. 
 

IIG
-B

s9

IIG
-B

s9

IIG
- B

s1
0

IIG
- B

s1
0

IIG
-B

s2
7-

24

IIG
-B

s2
7-

24

m
id

iB
ac

ill
us

-II

m
in

iB
ac

ill
us

m
in

iB
ac

ill
us

PS
38

25

Cells

Medium

20

20

25

Si
ze

 (K
D

a)

Nuc

Nuc

37

50

25

20

15

Si
ze

 (K
Da

)

a

IsaA

b



Summary and future work 

  113 

characteristics, but at the same time, it creates a challenge to define the particular 
contribution of each gene deletion with regard to the observed improvements in 
protein production and secretion. First, as described in Chapter 2, the most 
genome-reduced B. subtilis strain effectively secretes four difficult-to-produce reporter 
proteins. However, it can still be enhanced to further limit the degradation of valuable 
products, as was observed during the secretion of IsaA at late stages of cultivation. It 
would be of interest to determine which proteases are responsible for such 
degradation, and to evaluate whether their deletion would compromise the fitness of 
the cell. Another point to be considered concerns the growth properties of miniBacillus 
and midiBacillus-II. It is conceivable that the restoration of particular non-essential genes 
in midiBacillus-II or the most genome-reduced cells could provide better growth 
characteristics205. For instance, the N-acetylglutamate synthase gene, which is essential 
for for E. coli and B. subtilis to grow in minimal medium206, could be restored in 
miniBacillus. Even though all the genes required for auxotrophic growth in minimal 
media are present in the midiBacillus-II strain, including relevant pathways for the 
synthesis of vitamins, such as biotin, this strain is no longer capable of growth in minimal 
media. Thus, despite the current advances in genome engineering and our deep 
understanding of bacterial metabolism, it is still not possible to reliably predict the 
outcomes of large-scale cumulative deletions. Therefore, efforts to thoroughly test the 
genome-minimized cells are imperative for further improvements of the chassis design. 
Importantly, the newly developed cell factories should be tested not only in shake 
flasks, but also in bioreactors. This will be necessary to proceed from laboratory studies 
of protein production to real commercial applications.  

A perfect minimal cell factory would have genes exclusively dedicated to cell 
maintenance and protein production, complemented by a limited gene set for 
conserving the viability and fitness of the cell. To achieve this, the next prerequisite is 
the development of high-throughput methods that allow the fast assessment of gene 
essentiality, not only by single mutations but also by multiple simultaneous deletions. 
This would allow selection of the key elements needed to create the ideal cell factory. 
To note, changes in the nucleotide architecture upon gene deletion should also be 
considered when evaluating the effects of cumulative deletions207. This said, there is still 
a long way to go, even in the most-studied Gram-positive microorganism, B. subtilis. 
Even midiBacillus-I and II, or miniBacillus, still contain many genetic elements, whose 
functions have not yet been uncovered. The biological relevance of proteins of unknow 
function was pointed out in the studies described in Chapter 3, since the induced IsaA 
production resulted in significantly increased levels of ~30% of the residual set of 
proteins with unknown functions. An accurate prediction of the concerted responses of 
a genome-engineered cell will depend critically on our understanding of gene functions 
and, in addition, the complexity of regulatory RNA genes and their interactions. 

The precise data obtained by absolute protein quantification, as described in 
Chapter 3, can be used in the construction of mathematical models to predict cellular 
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behaviour. Absolute protein quantification together with the decrease in complexity as 
a result of genome reduction could facilitate the metabolic network reconstruction 
needed for modelling. The proteomics analysis described in Chapter 4, and the 
evaluation of the performance of midiBacillus-I in bioreactors described in Chapter 5, 
have provided an overview of the physiological adaptations in the genome-reduced 
strains. However, a metabolome and flux analysis need still to be performed in order to 
understand even better the exact mechanisms behind the improvement in IsaA 
production and secretion as compared to the parental strain. Furthermore, a flux 
balance analysis will be required for in silico modelling208, which would also be 
interesting to predict the capacity for protein production by genome-reduced derivative 
strains. 

Minimized cells can be further enhanced by adaptive laboratory evolution, which 
resulted in an increased growth rate of the prophage-free Corynebacterium glutamicum 
ATCC 13032 after 100 generations209. Similarly, this approach allowed an optimization of 
cellular fitness by rewiring the metabolism of E. coli210. Thus, serial transfers of minimized 
Bacillus strains could drive their evolution towards an increased cellular fitness by 
adaptation to the new boundaries of the system. Additionally, serial transfers were 
reported to reduce the mutation rate211. Besides this, the production of heterologous 
proteins can also be fine-tuned by particular metabolic modifications, improved vector 
design, and optimised culture conditions, so that any remaining deficiencies of the 
genome-minimized strains can be overcome. 

Finally, the four Staphylococcus aureus antigens that were selected as reporter 
proteins for protein production and secretion by the investigated genome-reduced 
Bacillus strains could be evaluated for their ability to trigger and boost appropriate 
responses by the mammalian and eventually human immune system42. If these antigens 
appear suitable for this purpose, they could be tested as candidate antigens for 
vaccination. IsaA is particularly relevant in this respect, as monoclonal antibodies 
against this protein were shown to protect against death due to S. aureus bacteremia in 
murine infection models44,212,213. 

To conclude, the results described in this dissertation showcase the positive traits 
for protein production acquired by miniBacillus, midiBacillus-I and midiBacillus-II after 
massive genome reduction. These strains highlight the great potential of 
genome-engineered B. subtilis strain as future chassis for the enhanced production of 
secretory proteins. It is therefore anticipated that genome-reduced bacilli will be 
routinely used as cell factories for industrial applications to satisfy the ever-increasing 
demands for high quality enzymes and pharmaceutical proteins. 
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Nederlandse samenvatting 

Genoomreductie, Bacillus subtilis en eiwitproductie zijn de termen die in dit 
proefschrift nauw met elkaar verweven zijn. De eerste stappen op weg naar 
genoomreductie in levende organismen werden gezet na het beschikbaar komen van 
complete genoomsequenties en de identificatie van essentiële genen door middel van 
specifieke mutaties15,191. Vervolgens werden gen-deleties gecombineerd om de minimale 
set van genen te identificeren die nodig zijn voor het voortbestaan van een levende cel. 
Ongeveer gelijktijdig met de pogingen om minimale cellen in het laboratorium te 
creëren werden door de natuur geminimaliseerde genomen geïdentificeerd als ideaal 
vertrekpunt voor de chemische genoomsynthese. Dit laatste concept is prachtig 
geïllustreerd aan de hand van het genoom van de bacterie Mycoplasma mycoides13. 
Niettemin vereiste de constructie van het eerste volledig synthetische micro-organisme, 
Mycoplasma mycoides JCVI-syn1.0, vijftien jaar onderzoek en een investering van veertig 
miljoen dollar192. De volledige genoomsequentie van de bodembacterie Bacillus subtilis 
168 kwam al in 1997 beschikbaar, maar pas na meer dan zeven jaar intensieve 
samenwerking tussen teams van onderzoekers uit Europa, Japan en de USA48. Het 
aanbrengen van substantiële deleties in het genoom van B. subtilis was daarentegen al 
in 2003 een feit en culmineerde in 2018 in de tot dusver grootste gepubliceerde 
genoomreductie29. Dankzij de enorme vooruitgang die geboekt is in de ontwikkeling van 
technieken voor genoomsequencing en de moleculaire biologie zijn de investeringen in 
tijd en financiële middelen, die nodig zijn om de genomen van bacteriestammen naar 
wens te modificeren, vandaag de dag aanzienlijk gereduceerd. 

Bacteriën met geminimaliseerde genomen worden steeds meer gezien als 
aantrekkelijke vehikels voor biotechnologische toepassingen, met name omdat 
dergelijke varianten eigenschappen hebben die volledig verschillen van de 
eigenschappen van de oorspronkelijke bacterie. Op deze manier heeft genoomreductie 
nieuwe mogelijkheden geopend voor het ontwerpen van bacteriële ‘cel-fabriekjes’. Dit 
kan als een gewaagde benadering worden beschouwd, maar genoomreductie biedt wel 
de mogelijkheid om een mega-sprong voorwaarts te maken in vergelijking met de 
traditionele stapsgewijze verbetering van bacteriële cellen als fabriek, waarbij 
individuele genen, metabole routes of kweekomstandigheden geoptimaliseerd 
worden. Inmiddels zijn de genomen van verschillende bacteriesoorten gereduceerd, 
maar slechts enkele van de hiermee verkregen stammen zijn getest op productie van 
waardevolle verbindingen93,165,193. Onder de bacteriën die momenteel als cellulaire 
fabriekjes worden gebruikt, speelt B. subtilis een centrale rol in de industriële productie 
van hoogwaardige eiwitten die in het kweekmedium uitgescheiden worden. Het 
onderzoek beschreven in dit proefschrift bouwt voort op deze toepassing van B. subtilis 
en maakte dankbaar gebruik van stammen die verkregen zijn bij het tot stand brengen 
van de tot dusver grootste genoomreductie29. Om deze ‘minimale’ B. subtilis-stammen 
te creëren werden overtollige genen systematisch uit het bacteriële chromosoom 
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verwijderd. Uiteindelijk resulteerde dit in de zogenaamde miniBacillus PG10 die 35% van 
het B. subtilis genoom mist26. Conform de principes van de zogenaamde Ontwerp-Bouw-
Test-cyclus beschreven in Hoofdstuk 1, vereist de ontwikkeling van bacteriestammen 
voor biotechnologische toepassingen een zorgvuldige toetsing van hun toepasbaarheid 
en een aansluitende optimalisatie. Met dit doel voor ogen werd in het beschreven 
onderzoek de vraag gesteld of de miniBacillus geschikt zou zijn voor de productie van 
waardevolle eiwitten en, zo ja, of miniBacillus hiertoe de meest geschikte variant is. De 
eiwitproductiecapaciteit van miniBacillus werd daarom vergeleken met die van andere 
stammen met een iets minder drastisch geminimaliseerd genoom, te weten de 
midiBacillus-I en midiBacillus-II. 

De experimenten beschreven in Hoofdstuk 2 waren gericht op de 
miniBacillus-stam. De resultaten lieten zien, dat zelfs een enorme genoomreductie van 
35% de secretie van soortvreemde eiwitten niet nadelig beïnvloedde. Integendeel, het 
bleek dat de miniBacillus verschillende gunstige eigenschappen had verkregen in 
vergelijking met de oorspronkelijke uitgangsstam. Dit suggereert dat verbeteringen 
door verdere genoomreductie wellicht mogelijk zijn. Het verwijderen van aanvullende 
genetische elementen uit B. subtilis zal echter een steeds complexere taak worden, niet 
alleen omdat het de opeenvolgende verwijdering van veel kleine regio's tussen 
essentiële genen vereist, maar ook omdat additionele mutaties de bacteriële groei en 
fitness negatief kunnen beïnvloeden. In dit opzicht wordt het ook steeds moeilijker om 
te voorspellen welke genen nog verwijderd kunnen worden zonder dat nadelige 
mutaties aangebracht worden die de bacteriële cel minder robuust maken194. 

Zoals beschreven in Hoofdstuk 2 bleek miniBacillus goed in staat om moeilijk te 
produceren eiwitten efficiënt uit te scheiden, waaronder vier antigenen van de 
belangrijke ziekteverwekker Staphylococcus aureus die moeilijk in andere bacteriën, 
waaronder de standaard B. subtilis-stam 168, te produceren zijn. Dit betrof het 
chemotaxis-remmende eiwit CHIPS, de complement-remmer SCIN, het 
immuno-dominante stafylokokken antigeen A (IsaA) en de thermonuclease Nuc. De 
verworven eigenschap om moeilijk produceerbare eiwitten te kunnen uitscheiden is van 
grote waarde en berust in belangrijke mate op de deletie van genen voor extracellulaire 
proteolytische enzymen van B. subtilis. Hierdoor blijven de stafylokokken-eiwitten 
langer stabiel in het kweekmedium van de miniBacillus93. Dit is echter niet de enige 
factor die bijdraagt aan de verbeterde productie van uitgescheiden eiwitten door de 
miniBacillus. De miniBacillus vertoonde namelijk bovendien nog een veel efficiëntere 
eiwitsynthese dan de standaard B. subtilis-stam 168. Al met al benadrukken de 
resultaten beschreven in Hoofdstuk 2 de vele nieuwe mogelijkheden die 
genoomreductie biedt om bacteriële cel-fabriekjes te creëren met aanzienlijk 
verbeterde eigenschappen voor eiwitproductie. Dit idee wordt nog eens onderstreept 
door een recente publicatie, waarin het gebruik van de miniBacillus voor productie van 
antimicrobiële peptides, de zogenaamde lantibiotica, beschreven is195. 
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Een andere interessante stam met een gereduceerd genoom, die tot de 
miniBacillus-familie behoort, is midiBacillus-II26. De midiBacillus-II werd geselecteerd voor 
nader onderzoek, omdat deze stam dezelfde verbeterde eigenschappen vertoont met 
betrekking tot eiwitproductie als de miniBacillus, maar daarnaast nog beter groeit. 
Aangezien de cytoplasmamembraan een cruciaal cellulair compartiment is voor de 
opname van voedingsstoffen en de uitscheiding van eiwitten, werd het onderzoek 
beschreven in Hoofdstuk 3 gericht op een kwantitatieve analyse van alle 
membraaneiwitten van de midiBacillus-II. Hierbij werd heel verrassend vastgesteld dat 
de geïnduceerde expressie van het IsaA-eiwit leidde tot verhoogde niveaus van een 
grote groep eiwitten met tot nu toe onbekende functies. Dit suggereert dat deze 
eiwitten een belangrijkere rol hebben gekregen als gevolg van de genoomminimalisatie. 
De resultaten gepresenteerd in Hoofdstuk 3 laten overigens ook zien dat, na inductie 
van de IsaA-productie, het IsaA-eiwit zich ophoopt in het cytoplasma en in de 
cytoplasmamembraan. Deze ophoping van IsaA leidt klaarblijkelijk tot een bacteriële 
stressreactie met consequenties voor de eiwitsamenstelling in de 
cytoplasmamembraan143. Deze inzichten vormden een belangrijke stimulans om de 
veranderingen die optreden in midiBacillus-II ook op een globaal cellulair niveau te 
onderzoeken. Het onderzoek dat in Hoofdstuk 4 wordt beschreven, was daarom gericht 
op het ophelderen van de belangrijkste fysiologische aanpassingen in midiBacillus-II die 
hebben bijgedragen aan het verbeterde vermogen om heterologe eiwitten uit te 
scheiden. Daartoe werd een uitgebreide proteoom-analyse uitgevoerd, waarbij de 
midiBacillus-II direct vergeleken werd met de standaard B. subtilis-stam 168. Vergelijking 
van de verkregen resultaten liet een sterk veranderde stress-reactie ten gevolve van 
IsaA-productie in de midiBacillus-II zien. Zo vertoonde midiBacillus-II een sterk 
verhoogde expressie van eiwitten die betrokken zijn bij eiwitsynthese en -modificatie na 
inductie van IsaA-productie. Een andere opmerkelijke bevinding was dat midiBacillus-II, 
vergeleken met de 168-stam, sterk verhoogde niveaus van verschillende componenten 
van de Sec-route voor eiwitsecretie vertoonde, waaronder de Ffh-, FtsY-, SecA-, SipS- en 
PrsA-eiwitten. Evenals miniBacillus vertoonde midiBacillus-II een verhoogde translatie-
efficiëntie. Tezamen lieten de resultaten van deze vergelijkende analyses zien dat de 
midiBacillus-II nogal ‘ontspannen’ reageert op de geïnduceerde IsaA-productie en 
uitscheiding in hoge hoeveelheden. Interessant genoeg bleken de nieuwe 
eigenschappen van de midiBacillus-II ook gunstig te zijn voor de overproductie van een 
membraaneiwit, TatAy, dat niet kon worden geproduceerd in de standaard 168-stam196. 
Uit een vergelijking van de eigenschappen van miniBacillus en midiBacillus-II kan verder 
geconcludeerd worden dat midiBacillus-II een betere groei vertoont onder de 
onderzochte condities, maar dat de miniBacillus superieur is met betrekking tot de 
secretie van IsaA wanneer deze geminimaliseerde bacteriën in rijke media gekweekt 
worden93,143. Het lijkt er daarom sterk op dat bepaalde gen-deleties, die 
geïmplementeerd werden bij de constructie van miniBacillus uit midiBacillus-II, 
resulteerden in een verbeterde eiwitproductie ten koste van het bacteriële vermogen 
om te groeien. 
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De studie beschreven in Hoofdstuk 5 was gericht op het onderzoeken van de 
prestaties van midiBacillus-I als mogelijke cellulaire fabriek. Hiertoe werd het gedrag van 
de bacterie bestudeerd tijdens de fermentatie in bioreactoren. De midiBacillus-I-stam 
werd geselecteerd uit andere stammen met een gereduceerd genoom die tot dezelfde 
familie behoren als midiBacillus-II en miniBacillus. Dienovereenkomstig vertoont 
midiBacillus-I een verbeterd vermogen om heterologe eiwitten te produceren, maar 
bovendien is deze bacterie in staat om te groeien in minimale media. Net als miniBacillus 
en midiBacillus-II mist de midiBacillus-I de genen voor de acht belangrijkste 
extracellulaire proteasen en verschillende genen die betrokken zijn bij sporulatie en de 
ontkieming van sporen, wat van belang is voor industriële toepassingen52. Tijdens de 
fermentatie vertoonde midiBacillus-I een verhoogde specifieke groeisnelheid, een 
hogere opbrengstcoëfficiënt voor biomassa en verbeterde productie en secretie van 
het reportereiwit IsaA in vergelijking met de uitgangsstam 168. Bovendien werd 
aangetoond dat midiBacillus-I functionele biologisch-actieve eiwitten kan uitscheiden, 
zoals aangetoond werd voor het stafylokokken-eiwit Nuc. De resultaten lieten echter 
ook een verhoogde secretie van acetaat door de midiBacillus-I zien, wat waarschijnlijk 
het gevolg is van zogenaamd overflow-metabolisme. Aangezien dit een verlies van 
koolstof inhoudt, zal het belangrijk zijn om in vervolgstudies vast te stellen of de 
uitscheiding van acetaat op de een of andere manier kan worden vermeden. 

De miniBacillus, midiBacillus-I en midiBacillus-II stammen missen de belangrijkste 
profagen en profaag-achtige sequenties van B. subtilis 168, een eigenschap die kan 
bijdragen aan verbeterde genetische stabiliteit197. In het algemeen gaat het verwijderen 
van mobiele genetische elementen, zoals profagen, gepaard met een toename van de 
plasmidestabiliteit38,141, omdat dergelijke mobiele elementen de expressie van andere 
genetische elementen kunnen tegengaan. Bovendien is in eerder onderzoek 
aangetoond dat het verwijderen van profagen de bacteriële robuustheid en 
productiviteit verhoogt198,199. In dit opzicht is het relevant om op te merken dat in B. 
subtilis de verwijdering van profagen niet direct bijdroeg aan een verbeterde 
eiwitsecretie, zoals blijkt uit de secretie van het reportereiwitten Nuc door verschillende 
genoom-gereduceerde stammen, die allemaal meerdere profagen missen (Figuur 6.2a). 
Het is op dit moment helaas moeilijk om precies aan te geven wat de specifieke 
bijdragen aan verbeterde eiwitsecretie zijn ten gevolge van de verwijdering van 
afzonderlijke gebieden uit de genomen van de miniBacillus, midiBacillus-I en midiBacillus-
II. Aangezien de metabole kosten voor DNA-replicatie relatief laag zijn200, werden de 
belangrijkste energiebesparingen hoogstwaarschijnlijk bereikt door de eliminatie van 
relatief dure niet-essentiële biosynthetische processen of de synthese van eiwitten die 
bijvoorbeeld nodig zijn voor de aanmaak en functie van flagellen201. Zoals de 
Hoofdstukken 2-5 van dit proefschrift laten zien waren de verschillende onderzochte 
genoom-gereduceerde stammen allemaal goed in staat om de IsaA-reporter uit te 
scheiden. Bij kweken in het rijke medium ‘Lysogeny Broth’ (LB) produceerde miniBacillus 
iets hogere hoeveelheden van IsaA dan de midiBacillus-I en midiBacillus-II stammen 
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(Figuur 6.2b). Ondanks de vergelijkbare eigenschappen van deze drie bacteriën met een 
geminimaliseerd genoom in LB, kon alleen de midiBacillus-I goed groeien in minimale 
media. Dit laat duidelijk zien dat de miniBacillus, midiBacillus-I en midiBacillus-II bacteriën 
verschillende eigenschappen hebben en dat het van belang zal zijn om een optimaal 
evenwicht te vinden tussen de verloren en gewonnen eigenschappen van deze  
stammen. 

 

 

 

Figuur 6.2 | Productie en secretie van Nuc, CHIPS of IsaA door genoom-gereduceerde B. subtilis-stammen. 
(a) Cellen van verschillende genoom-gereduceerde B. subtilis-stammen met het plasmide pBSMul-nuc-11 
werden overnacht gekweekt en 1:50 verdund in LB-medium. Na zes uur incubatie werden monsters 
verzameld en gecorrigeerd voor OD600. Vervolgens werden de cellen door centrifugatie gescheiden van het 
groeimedium. Aansluitend werden de eiwitten in de twee fracties geanalyseerd door middel van LDS-PAGE 
en Western blotting. De aanwezigheid van Nuc werd aangetoond met behulp van specifieke 
muizenantilichamen.  NB. De stammen IIG-Bs9 en IIG-Bs10 missen acht profagen en profaag-achtige 
sequenties, en vanaf stam IIG-Bs12 ontbreekt nog één extra profaag-achtige sequentie. In de 
laatstgenoemde stam werd echter nog geen goede Nuc secretie waargenomen (niet getoonde gegevens).  
(b) IsaA-productie in miniBacillus, midiBacillus-I en midiBacillus-II met de spaRK-genen en plasmide 
pRAG3::isaA werd tijdens de exponentiële groeifase in LB geïnduceerd met 1% subtiline. Monsters werden 
verzameld na twee uur inductie. De eiwitten in 1 ml celvrij groeimedium werden geprecipiteerd met 
trichloorazijnzuur en vervolgens gescheiden door middel van LDS-PAGE. De aanwezigheid van IsaA werd 
zichtbaar gemaakt met een Western blot en een IsaA-specifiek monoklonaal antilichaam. Het experiment 
beschreven in panel b is uitgevoerd door Jolanda Neef. 
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Toekomstperspectieven 

Microbiële cel-fabrieken spelen een cruciale rol in de biotechnologie om te voldoen 
aan de steeds groter wordende vraag naar farmaceutische eiwitten en de noodzaak om 
industriële productieprocessen duurzamer te maken163,164. In dit opzicht is B. subtilis een 
interessante gastheer voor de productie van farmaceutisch-relevante eiwitten113,202–204, 
en genoomreductie biedt de mogelijkheid om het huidige repertoire van eiwitten die 
met behulp van B. subtilis geproduceerd kunnen worden uit te breiden. 

De gunstige eigenschappen van genoom-gereduceerde B. subtilis-stammen voor 
de productie van eiwitten, beschreven in dit proefschrift, kunnen nog verder worden 
geoptimaliseerd. Hierbij dient men in gedachten te houden dat deze stammen door de 
enorme genoomreductie erg verschillen van de uitgangsstam 168. Genoomreductie 
biedt de mogelijkheid om een stam-chassis te creëren met verschillende kenmerken. 
Deze aanpak vormt echter een enorme uitdaging voor het definiëren van de specifieke 
bijdrage van elke gen-deletie aan de waargenomen verbeteringen in eiwitproductie en 
secretie. Ten eerste, zoals beschreven in Hoofdstuk 2, scheidt de B. subtilis-stam met de 
grootste genoomreductie heel effectief vier verschillende reporter-eiwitten uit die 
moeilijk te produceren zijn. Dit kan echter nog worden verbeterd door de afbraak van 
waardevolle eiwitproducten in de late stadia van de groei verder te beperken. Het zou 
in dit opzicht van belang zijn om te bepalen welke proteasen verantwoordelijk zijn voor 
de waargenomen eiwitafbraak en om te evalueren of een verwijdering van de 
respectievelijke genen de fitheid van de cel in gevaar brengt. Een ander aandachtspunt 
betreft de groei-eigenschappen van miniBacillus en midiBacillus-II. Het is denkbaar dat 
het herstel van bepaalde niet-essentiële genen in de midiBacillus-II of de miniBacillus 
betere groei-eigenschappen kan opleveren205. Het N-acetylglutamaatsynthase-gen, dat 
essentieel is voor de bacteriën Escherichia coli en B. subtilis om te kunnen groeien in 
minimale media206 zou bijvoorbeeld kunnen worden teruggebracht in de miniBacillus. 
Hoewel alle genen die nodig zijn voor auxotrofe groei in minimale media aanwezig zijn 
in de midiBacillus-II-stam, inclusief relevante routes voor de synthese van vitamines, 
zoals biotine, is deze stam niet langer in staat tot groei in minimale media. Ondanks de 
progressie in technieken voor genoom-modificatie en ons diepgaande begrip van het 
bacteriële metabolisme moet toch geconcludeerd worden dat het nog steeds niet 
mogelijk is om de consequenties van grootschalige cumulatieve deleties betrouwbaar 
te voorspellen. Daarom zijn verdere inspanningen nodig om de bacteriën met 
geminimaliseerde genomen uitgebreid te onderzoeken om verdere verbeteringen van 
het chassis-ontwerp te bereiken. Hierbij is het belangrijk om de nieuw ontwikkelde 
cellulaire fabriekjes niet alleen in kleinschalige laboratorium-experimenten te testen, 
maar ook in grote bioreactoren zoals die in de industrie gebruikt worden. Dit zal nodig 
zijn om de grote stap te maken van laboratoriumonderzoek naar industriële 
eiwitproductie voor commerciële toepassingen. 
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Een perfecte minimale cel als fabriek zou in principe alleen de genen moeten 
hebben die noodzakelijk zijn voor celonderhoud en eiwitproductie, aangevuld met een 
beperkte genen-set voor het behoud van levensvatbaarheid en cel-reproductie. Om dit 
ambitieuze doel te bereiken is het noodzakelijk om high-throughput-methodes te 
ontwikkelen die het mogelijk maken om snel te kunnen beoordelen of genen essentieel 
zijn, met name bij de gelijktijdige deletie van meerdere genen. Dit zou een snelle selectie 
mogelijk maken van de belangrijkste elementen die nodig zijn om de ideale cel als 
fabriek te creëren. Veranderingen van de uiteindelijke genoom-architectuur als gevolg 
van gen-deleties moet daarnaast ook in overweging worden genomen bij het evalueren 
van de effecten van cumulatieve deleties207. Dit gezegd hebbende is er nog een lange 
weg te gaan, zelfs in een diepgaand bestudeerd organisme als B. subtilis. Niet alleen de 
midiBacillus-I en -II, maar ook de miniBacillus bevatten nog veel genetische elementen, 
waarvan de functies nog niet zijn ontdekt. De biologische relevantie van eiwitten met 
een onbekende functie werd duidelijk zichtbaar gemaakt in de studies beschreven in 
Hoofdstuk 3, aangezien de geïnduceerde IsaA-productie resulteerde in significant 
verhoogde niveaus van niet minder dan ~30% van de resterende set aan eiwitten met 
onbekende functies. Een nauwkeurige voorspelling van de gecoördineerde reacties van 
een bacterie met een geminimaliseerd genoom onder productie-condities zal in hoge 
mate afhankelijk zijn van ons begrip van de verschillende gen-functies. Dit geldt tevens 
voor het complexe netwerk van gen-regulatoren, waarin zowel eiwitten als regulerende 
RNA-molekulen een belangrijke rol spelen. 

De exacte gegevens die zijn verkregen door het bepalen van de absolute 
eiwithoeveelheden in een bacteriële cel, zoals beschreven in Hoofdstuk 3, kunnen 
worden gebruikt voor de constructie van wiskundige modellen om cellulair gedrag te 
voorspellen. Absolute eiwit-kwantificatie samen met de minimalisatie van de cellulaire 
complexiteit door genoomreductie zou de reconstructie van metabole netwerken die 
nodig is voor modellering van cellulaire processen aanzienlijk kunnen vereenvoudigen. 
De proteoomanalyse beschreven in Hoofdstuk 4 en de evaluatie van de prestatie van 
midiBacillus-I in bioreactoren beschreven in Hoofdstuk 5 hebben nieuwe inzichten 
opgeleverd in de fysiologische aanpassingen die hebben plaatsgevonden in 
genoom-gereduceerde stammen. Er moet echter nog een metaboloom- en fluxanalyse 
volgen om de exacte mechanismen achter de verbeteringen in IsaA-productie en 
secretie nog beter te begrijpen in vergelijking met de uitgangs-stam 168. Bovendien zal 
een flux-balansanalyse nodig zijn voor de in silico-modellering208. De resultaten van 
dergelijke analyses kunnen het wellicht in de nabije toekomst mogelijk maken om de 
capaciteit voor eiwitproductie van bacteriën met een geminimaliseerd genoom 
accuraat te voorspellen. 

Geminimaliseerde cellen kunnen verder verbeterd worden door adaptieve 
laboratorium-evolutie. Dit resulteerde bijvoorbeeld in een verhoogde groeisnelheid van 
de profaag-vrije Corynebacterium glutamicum ATCC 13032 stam na het doorlopen van 
100 generaties209. Evenzo is deze benadering effectief gebleken voor optimalisatie van 
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de cellulaire fitheid van E. coli bacteriën met een aangepast metabolisme210. Het is 
daarom denkbaar dat het doorkweken van geminimaliseerde Bacillus-stammen over 
vele generaties onder selectieve condities kan leiden tot evolutionaire varianten die zich 
aangepast hebben aan de nieuwe grenzen van het ‘minimale systeem’. Een dergelijke 
aanpak kan ook ingezet worden om de mutatiesnelheid in een cel te verlagen211. Verder 
is het denkbaar dat de productie van heterologe eiwitten door bacteriën met een 
geminimaliseerd genoom nog kan worden verfijnd door bepaalde metabole 
modificaties, verbeterd vectorontwerp en geoptimaliseerde kweekomstandigheden, 
zodat eventuele resterende tekortkomingen van deze stammen overwonnen worden. 

Verder onderzoek aan de eiwitten die met genoom-gereduceerde 
Bacillus-stammen geproduceerd kunnen worden, zoals de vier S. aureus-antigenen 
beschreven in dit proefschrift, is tevens van belang. Hierbij dient gedacht te worden aan 
de evaluatie van de biologische activiteiten van deze eiwitten en hun mogelijke 
toepassing om immuniteit tegen S. aureus op te wekken, allereerst in diermodellen en 
uiteindelijk in de mens42. Het IsaA-eiwit is in dit opzicht bijzonder relevant, aangezien in 
muizen-infectiemodellen al werd aangetoond dat monoklonale antilichamen tegen dit 
eiwit bescherming kunnen bieden tegen S. aureus-infecties44,212,213. 

Samenvattend kan geconcludeerd worden dat de resultaten, beschreven in dit 
proefschrift, de positieve eigenschappen van miniBacillus, midiBacillus-I en midiBacillus-II 
voor eiwitproductie prachtig illustreren. Het onderzoek aan deze stammen 
onderstreept het enorme potentieel van genoom-modificatie en -minimalisatie voor de 
ontwikkeling van toekomstige Bacillus varianten voor de optimale productie van 
gesecreteerde eiwitten. Daarom ligt het in de lijn der verwachting dat genoom-
gereduceerde bacillen in de nabije toekomst steeds vaker routinematig ingezet zullen 
worden als cellulaire fabriekjes voor industriële toepassingen om te voldoen aan de 
steeds verder toenemende vraag naar hoogwaardige enzymen en farmaceutische 
eiwitten. 
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