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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 



Chapter 5 

90 

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. 

-1.6

-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Co
nc

en
tr

at
io

n 
[m

M
 g

D
CW

-1 ]

parental strain
0 h 2.3 h 18.7 h

0 h 2.7 h 18.3 h
midiBacillus-I



Chapter 5 

100 

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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