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 Figure S1 Protease production and process parameters. Process parameters are shown for fermentations R 

and M (please refer to Figure 1 for replicate L). Oxygen partial pressure pO2 [%], glucose concentration 

cGlucose [g/L], supplied glucose feedGlucose [g/L] and normalized protease activity [%] are displayed on the left y-

axis, whereas acetate concentration cAcetate [g/L] (only for fermentation R), carbon dioxide content CO2 [%], and 

ammonium concentration cNH4+ [g/10L] (only for fermentation R) are scaled on the right y-axis. Process time t 

[h] is given on the x-axis. The sampling points I to V are indicated by light blue lines. 
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 S2 Proteome of the amino acid metabolism –  -Figure Part I. Heat map representation of Z score transformed 

protein spot volumes of proteins involved in amino acid transport and metabolism. In cases where a specific 

protein is assigned to more than one spot, the particular spots are indicated by an underscore, followed by an 

ordering letter. Statistically not significant values are indicated by light grey boxes. Pyr: Pyruvate. For the 

corresponding transcriptome data please refer to Figure 5. 
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 S3 Proteome of the amino acid metabolism – Part II. Heat map representation of Z-Figure score transformed 

protein spot volumes of proteins involved in amino acid metabolism. In cases where a specific protein is 

assigned to more than one spot, the particular spots are indicated by an underscore followed, by an ordering 

letter. Statistically not significant values are indicated by light grey boxes. Yellow frames indicate reactions with 

multiple assigned enzymes of which only one is strictly necessary. Pyr: Pyruvate, Oxo: 2-Oxoglutarate. For the 

corresponding transcriptome data please refer to Figure 6. 
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artR high affinity arginine ABC transporter ATP-binding protein

artQ high affinity arginine ABC transporter permease

artP high affinity arginine ABC transporter ATP-binding protein

BLi00894 dipeptide/oligopeptide ABC transporter solute-binding protein
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dppD dipeptide ABC transporter ATP-binding protein

dppE dipeptide ABC transporter dipeptide-binding protein

ykfD putative dipeptide ABC transporter ATP-binding protein

yckA putative amino acid ABC transporter permease protein

*

*

yckB putative amino acid ABC transporter substrate-binding protein
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oppF oligopeptide ABC transporter ATP-binding protein

tcyB L-cystine ABC transporter permease

tcyC L-cystine ABC transporter ATP-binding protein

tcyA L-cystine ABC transporter substrate-binding protein

metQ2 methionine ABC transporter substrate-binding protein

metP2 methionine ABC transporter permease

metN2 methionine ABC transporter ATP-binding protein

*
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Figure S4 Amino acid transport. Heat map representation of Z-score transformed NPKM values. The depicted 

genes have been annotated as (A) amino acid or nitrogen transporters and (B) amino acid ABC transporter 

components. Please note that the figure does not give a complete list of genes involved in amino acid transport. 

Genes with an assigned antisense RNA [1] are marked in blue, asterisks indicate a detected protein spot for the 

respective gene (Additional File 2: Table S3) and statistically not significant values are marked by grey boxes.  

Transporter genes with high transcript abundances during the early stages of the fermentation process are for 

example encoding a tryptophan transporter (trp), cystine (tcyABC) and methionine (metNPQ) ABC transporters 

and diverse proteins for uptake of alanine or unspecific amino acids. Additionally, the transcript of the 

ammonium transporter NrgA, especially required for ammonium transport at low ammonium concentrations in 

B. subtilis [2], is highly abundant at sampling point I. The only operon besides the dipeptide ABC transporters 

mentioned in the main text with distinct transcript abundance at the later sampling points encodes a high-affinity 

arginine ABC transporter (artPQR). 
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 S5 Proteome of the central carbon metabolism. Heat map representation of Z-Figure score transformed 

protein spot volumes of proteins involved in central carbon metabolism. In cases where a specific protein is 

assigned to more than one spot, the particular spots are indicated by an ordering letter. Statistically not signi-

ficant values are indicated by light grey boxes. For the corresponding transcriptome data please refer to Figure 7. 
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ulaA ascorbate-specific phosphotransferase system EIIC comp.
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BLi03864 putative sorbitol-specific phosphotransferase system EIIA comp.

fruA fructose-specific phosphotransferase system EIIABC comp.
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ypqE putative phosphotransferase system EIIA comp.
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*
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glpF glycerol facilitator 

sdcS sodium-dependent dicarboxylate transporter

BLi02118 tripartite ATP-independent dicarboxylate transporter large subunit

BLi02119 tripartite ATP-independent dicarboxylate transporter small subunit

BLi02120 tripartite ATP-independent dicarboxylate transporter solute-binding protein

exuT hexuronate transporter

iolF2 D-chiro-inositol transport protein

BLi01241 putative TctC-like tricarboxylate transporter

BLi01242 putative TctB-like tricarboxylate transporter

BLi01243 putative TctA-like tricarboxylate transporter

BLi00536 sodium:dicarboxylate symporter

BLi02556 tripartite ATP-independent dicarboxylate transporter large subunit

BLi02558 tripartite ATP-independent dicarboxylate transporter solute-binding protein

xynP putative beta-xyloside permease

glcP glucose/mannose:H+ symporter

*

(C)
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I II III IV V

Figure S6 Carbohydrate transport. Heat map representation of Z-score transformed NPKM values. The 

depicted genes have been annotated as (A) carbohydrate ABC transporter components, (B) phosphotransferase 

system EII components and (C) further carbohydrate transporters. Please note that the figure does not give a 

complete list of genes involved in carbohydrate transport. Genes with an assigned antisense RNA [1] are marked 

in blue, asterisks indicate a detected protein spot for the respective gene (Additional File 2: Table S3) and 

statistically not significant values are marked by grey boxes. 

At sampling point II, the transcript abundances indicate the consumption of the previously synthesized acetate 

(Figure 7). These results are supported by RNA abundance shifts of associated transporters. The transcript of a 

tripartite ATP-independent periplasmic dicarboxylate transporter (TRAP) of the TAXI type (BLi02556 and 

BLi02558), which is suggested as capable of acetate transport [3], is highly abundant. 

During the late production stages, transcripts of transporters of diverse sugars (GlcP, XynP, BglP, SdcS) and cell 

wall components (MurP, NagP) are abundant. It is likely that this reaction can be accounted to the availability of 

such compounds due to cell lysis, as for example described at the onset of sporulation in B. subtilis [4], or shear 

effects in the fermenter. 
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Figure S7 Acetoin utilization operon acuABC. Heat map representation of Z-score transformed NPKM values. 

The depicted genes are annotated as acetoin utilization operon acuABC. 

 
 
 
 
 
 
 

 

 

 

acuA acetoin utilization protein
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Figure S8 Most abundant proteins. Mean spot volumes of the most abundant proteins are plotted against 

sampling points (see also Additional File 2: Table S3). Grey lines represent protein spot volumes either higher 

than 0.8% at one sampling point or higher than 0.5% at all sampling points. Lines colored green, red and orange 

indicate the three most abundant protein spots Eno, Tu and SodA_a. In case a specific protein can be assigned to 

more than one spot, the particular spot is indicated by an ordering letter. Please note that statistically not 

significant values are not shown. 

Highly abundant transcripts (Figure 2) for which predominant proteins could also be observed are coding for 

SodA, Tu and SpoVG. Other strongly synthesized proteins are, for example, the enolase Eno and proteins 

involved in carbon and amino acid metabolism or cofactor synthesis. They also comprise peptidases, the heat 

shock proteins GroES and DnaK and elongation factor G. Protein spots corresponding to the strongly transcribed 

genes lanA1 and lanA2 could not be identified. This was expected, as these proteins are probably exported by 

ABC transporters [5] and thus cannot be detected by proteome analysis of cytoplasmic proteins. The findings of 

highly abundant proteins match the results for B. licheniformis shown by Voigt et al. [6]. The only major 

exception is the absence of the flagellin protein Hag, which is also not highly abundant on transcript level. This 

effect is due to repression of hag gene expression in the presence of amino acids [7]. 
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Figure S9 Lichenicidin gene cluster.  Heat map representation of Z-score transformed NPKM values. The 

depicted genes have been identified as two-peptide lantibiotic lichenicidin-processing gene cluster Lan in 

B. licheniformis [5, 8]. Genes with an assigned antisense RNA [1] are marked in blue. 
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ydaH putative transmembrane protein 

yqjL hypothetical protein L

yrhH methyltransferase 

spx transcriptional regulator 

BLi00514 putative extracellular protein

ltaS2 polyglycerolphosphate lipoteichoic acid synthase 

bcrC undecaprenyl-diphosphatase 

yhdL putative anti-sigma-M factor 

yhdK putative anti-sigma-M factor 

ywtF putative cell envelope transcriptional attenuator 

yjbC hypothetical protein 

sigW RNA polymerase sigma factor 

yceC putative stress protein 

yceD putative stress protein 

yceE putative stress protein 

liaI transmembrane protein 

liaH hypothetical protein 
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liaS two-component sensor histidine kinase 

liaR two-component response regulator 
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pyrC dihydroorotase 

pyrB aspartate carbamoyltransferase 

pyrAA carbamoyl-phosphate synthase pyrimidine-specific small subunit

pyrD dihydroorotate dehydrogenase catalytic subunit

pyrP uracil permease 

pyrK dihydroorotate dehydrogenase electron transfer subunit 

pyrF orotidine 5'-phosphate decarboxylase 

pyrAB carbamoyl-phosphate synthase pyrimidine-specific large subunit

pyrE orotate phosphoribosyltransferase 

rsiW anti-sigma-W factor 

BLi02027 putative Band 7 protein

ydbT cytosolic protein 

azoR1 FMN-dependent NADH-azoreductase 

yvlA transmembrane protein 

yozO hypothetical protein 
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ydbS cytosolic protein 

yvlB hypothetical protein 

yvlC transmembrane protein 

yvlD DUF360 transmembrane protein 

dltC D-alanine carrier protein 

yknW antimicrobial peptide ABC exporter permease 

dltD D-alanine transfer protein 

yknX antimicrobial peptide ABC exporter permease 

dltA D-alanyl-D-alanine carrier protein ligase

yknY antimicrobial peptide ABC exporter ATP-binding protein

dltB D-alanine transfer protein

yknZ antimicrobial peptide ABC exporter permease

pbpE1 penicillin-binding protein 4

BLi04079 hypothetical protein

BLi00343 hypothetical protein

yocK general stress protein

sigM RNA polymerase sigma factor



13
 

 

Figure S10 Cell envelope stress response. Heat map representation of Z-score transformed NPKM values. The 

depicted genes have been identified as marker genes for the B. licheniformis cell envelope stress response by 

Wecke et al. [9]. Genes with an assigned antisense RNA [1] are marked in blue, asterisks indicate a detected 

protein spot for the respective gene (Additional File 2: Table S3) and statistically not significant values are 

marked by grey boxes. The genes yvnB, sigY, pbpX and yxlCDEFG are not shown due to lacking transcript 

abundances (NPKM values <10). 
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Figure S11 Sporulation. Heat map representation of Z-score transformed NPKM values. The depicted genes 

were identified as members of the sporulation cascade by reciprocal BLAST analysis [10] between 

B. licheniformis genes [1] and B. subtilis genes assigned to sporulation [11]. Genes with an assigned antisense 

RNA [1] are marked in blue, genes with NPKM values <10 at all sampling points are indicated by dark grey 

boxes, and statistically not significant values are indicated by light grey boxes. 
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Figure S12 Iron starvation. Heat map representation of Z-score transformed NPKM values. The depicted genes 

have been identified as marker genes for B. licheniformis iron starvation by Nielsen et al. [12]. Genes with an 

assigned antisense RNA [1] are marked in blue, genes with NPKM values <20 at all sampling points are 

indicated by dark grey boxes and statistically not significant values are indicated by light grey boxes. 

A well described indicator for iron starvation is the induction of siderophore anabolic genes (dhbABCEF and 

rhbCDEF) and siderophore importer genes (feuABC and yclNOPQ) [12], which are under control of the 

transcriptional regulator Fur [13]. With exception of the Ycl operon, these transcripts of these genes are not 

abundant during the fermentation process. This behavior indicates that iron starvation does not occur in any of 

the examined fermentation phases and corresponds to the observation that the Fur regulon is only induced during 

growth in minimal medium with restricted iron supply but not in rich medium [12, 14, 15], as used in this study. 
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Figure S13 Heat shock response. Heat map representation of Z-score transformed NPKM values. The depicted 

(A) HrcA and (B) CtsR regulons have been identified as B. licheniformis heat stress markers by Nielsen et al. 

[12]. Genes with an assigned antisense RNA [1] are marked in blue, asterisks indicate a detected protein spot for 

the respective gene (Additional File 2: Table S3). 

In cases of heat shock in B. licheniformis, the HrcA regulon including the dnaK and the groE operons and the 

CtsR regulon have been shown to be induced [12]. Furthermore, genes involved in iron and purine metabolism 

were upregulated, whereas the ABC transporter encoding ytrABCEF operon was repressed [12]. Since the here 

analyzed fermentation was not performed under heat shock conditions, the data did not show a typical heat shock 

response. Nevertheless, a transcriptional reaction to the fermentation temperature of 39 °C cannot be excluded, 

as the responses between moderate and severe heat shock can differ remarkably [16]. Despite the constant and 

moderate process temperature, differential expression of genes involved in a classic heat shock response [12, 17, 

18] was observed. The ATP-dependent ClpCP protease shows changes in transcript abundance. However, the 

enzyme has been reported to be involved in proteolysis of misfolded proteins, which were caused by a variety of 

different stressors [19, 20] including for example the mentioned oxidative stress [14, 21, 22]. A reaction to non-

heat stressors is also known for the chaperonins GroEL and GroES [23–25], which were transcribed with NPKM 

values >1000 at all sampling points or sampling point I, respectively. Although both chaperonins are encoded by 

the groE operon, the ratio of the transcript levels of the genes is highly variable between sampling points I and 

III – whereas groES declines over time, the groEL transcripts seem to be increasing. An explanation might be the 

processing of the bicistronic transcript into two monocistronic mRNAs. This effect has been described for 

Agrobacterium tumefaciens [26], in which the accumulation of groEL over time could also be shown. 

Furthermore, the determined GroEL protein amount (Additional File 2: Table S3) does not correlate with the 

amount of groEL mRNA, but shows the strongest abundance of protein at sampling point I. 
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pstS phosphate ABC transporter substrate-binding protein

phoD alkaline phosphatase D

phy 3-phytase

phoB alkaline phosphatase

yurI extracellular RNase

yfkN trifunctional nucleotide phosphoesterase protein

dhaS putative aldehyde dehydrogenase
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cypX cytochrome P450 cyclo-l-leucyl-l-leucyl dipeptide oxidase

yvmC cyclodipeptide synthase

Figure S14 Phosphate starvation response. Heat map representation of Z-score transformed NPKM values. 

The depicted genes have been identified as marker genes for the B. licheniformis phosphate starvation response 

by Hoi et al. [27]. The figure shows the transcript abundances of those marker genes within the fermentation 

samples of one replicate (replicate M). Genes with an assigned antisense RNA [1] are marked in blue; asterisks 

indicate a detected protein spot for the respective gene Additional File 2: Table S3. Genes with NPKM values 

<10 at all sampling points are indicated by dark grey boxes.  

At sampling point V, transcripts of pstS and the downstream pst operon encoding a phosphate ABC transporter 

(see also Figure 3), but also of phy, phoB, phoD, and yfnK are highly abundant. All of the mentioned genes are 

members of the Pho regulon, also known to provide a specific phosphate starvation stress response in B. subtilis 

[28, 29]. Furthermore, yurI and dhaS abundant as described by Hoi et al [27], supporting the inference of a 

phosphate shortage in this sample. However, no corresponding transcriptional response could be observed for the 

other fermentation samples (L and R) of sampling point V. This disparity coincides with an increased partial 

pressure of oxygen, starting ~1 h ahead of sampling point M-V (Additional File 1: Figure S1), which indicates a 

decreased metabolic activity in this sample at this fermentation stage. At the same time, the genes yvnA, alsD, 

and alsS show no increased transcript abundance. This is in accordance with the results obtained by Hoi et al. 

[27], who observed no induction of these genes in the early phases (~2 h) of declining metabolic activity after 

phosphate exhaustion. In addition, transcripts of genes involved in metabolic pathways, chemotaxis and 

especially teichoic acid synthesis were lacking, as also shown before [27]. The transcript abundance of the 

teichuronic acid synthesis operon (tuaABCDEFG), which enables the replacement of phosphate-rich teichoic 

acids, has been described as additional indicator of phosphate starvation in B. subtilis [28, 30] and could also be 

observed in sample M-V (data not shown). In summary, these results indicate that fermentation M is under 

phosphate limitation during the latest stage of the process. This finding might be a target for bioprocess 

optimization aiming at the prolongation of the fermentation process. 
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 S15 Putative Tat signal peptide of Subtilisin Carlsberg. (A) Figure Tat signal peptides contain a conserved 

twin-arginine motif, defined as SRRXFLK, in which the consecutive arginine residues are almost always 

invariant [31]. Nevertheless, one arginine residue (§), but not both, can be replaced by a lysine residue [32, 33]. 

The other motif residues occur with a frequency of >50%, whereas the amino acids at the # positions are usually 

hydrophobic and the amino acid at the X position is polar [31, 34]. (B) The signal peptide of Subtilisin Carlsberg 

matches the Tat model motif with the exception of two hydrophilic residues in the middle positions, a condition 

not considered an exclusion criterion for a putative Tat signal peptide motif [35, 36]. In Sec signal peptides, 

helix breaking glycine or proline residues are often found in the middle of the hydrophobic domain following the 

N-terminal domain [37]. These are not found in B. subtilis Tat signal peptides [36] and also not in the signal 

peptide of Subtilisin Carlsberg. 
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