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ABSTRACT 

Bacillus subtilis is widely used for the industrial-scale production of enzymes. One of the 

reasons is its capacity to efficiently secrete proteins. Nevertheless, genetic manipulation of B. 

subtilis is crucial to reach commercially viable production levels. Here we compared the 

transcriptomes of B. subtilis cells overproducing either the xylanase XynA or the amylase 

AmyM, to identify general and enzyme-specific stress responses. We found that in both cases 

the expression of the CtsR regulon, comprising the Clp chaperone–proteases, was reduced. 

Induction of this regulon improved production of XynA but not of AmyM. CtsR also regulates 

the expression of the protein quality protease LonA. Interestingly, deletion of lonA increased 

AmyM and XynA production by approximately 30 % and 120 %, respectively. LonA is 

conserved in most organisms, suggesting that repressing this protease might be a general 

method to improve protein production. 

 

Key words: Bacillus, xylanase, amylase, overproduction, secretion, CtsR, LonA, chaperones 
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INTRODUCTION 

B. subtilis is a gram-positive nonpathogenic and generally regarded as safe (GRAS) bacterium 
1 widely used as cell factory for the industrial-scale production of enzymes for the detergents, 

food, beverages, paper and pharmaceutical industries 2–5. To date, about 60 % (in weight) of 

the commercially available enzymes are produced by Bacillus species 2. However, the range 

of proteins that is efficiently secreted by Bacilli is limited. Generally, attempts to improve 

secretion do not go much further than testing different promoter and secretion signal 

sequences, overexpressing secretion components, eliminating extracellular proteases and 

optimizing fermentation conditions 6–8. Despite many years of research it is still not clear why 

some enzymes are secreted much better than others.  

 In a previous study we used transcriptomics to identify cellular stresses that B. subtilis 

cells encounter when overproducing the commercial interesting endogenous Endo-1,4-β-

xylanase XynA, which is used in the paper and textile industries 9 . Reducing such stresses 

might improve enzyme production. Interestingly, we found that XynA overproduction leads to 

the down-regulation of the Clp chaperone-protease genes clpC, -E, -X, and -P. Upregulation 

of these genes by inactivating the repressor CtsR improves XynA production by 20-30 %, 

without any observable adverse effects on B. subtilis cells (Chapter 2). We were curious 

whether these effects are also observed when overproducing other enzymes or whether it is 

specific for XynA. To this end, we compared the transcriptome of B. subtilis cultures 

overexpressing XynA with a strain that overexpresses the industrial relevant maltogenic α-

amylase AmyM from Geobacillus stearothermophilus. This protein is widely used in the bread 

and baking industry 10,11, but with a molecular weight of 75.4 kDa much larger than XynA (20.4 

kDa). 

We found that overexpression of AmyM resulted in quite a different transcriptome 

profiling compared to XynA overexpressing cells. Most apparent was the induction of the main 

membrane-anchored protein quality control proteases HtrA and HtrB in AmyM overexpressing 

cells 12,13, which has been documented before in several studies 14–17. A response observed 

both in XynA and AmyM overexpressing cells is the downregulation of protein chaperone 

genes under control of the transcriptional repressors CtsR and HrcA 18–20. In contrast to XynA, 

the inactivation of CtsR did not improve AmyM production. Inactivation of HrcA neither 

improved XynA nor AmyM production. CtsR also regulates the common class III heat-shock 

and ATP-dependent protease LonA. Interestingly, the inactivation of LonA resulted in 

approximately 30 % increase in AmyM activity and 120 % increase in XynA activity in the 

medium, suggesting that LonA protease can be added to the list of proteases that can be 

deleted to improve enzyme production in B. subtilis. 
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RESULTS 

Timing of AmyM and XynA secretion 

Overexpression of AmyM and XynA was achieved using the constitutively strong amyQ 

promoter and a high copy plasmid (Chapter 2). To ensure the absence of any background 

expression of xylanase or amylase from the B. subtilis genome, the endogenous xynA gene 

and amylase gene amyE were removed using a marker-free deletion method, resulting in 

strain BWB09 21. We first measured the expression of XynA and AmyM at different time 

points to determine appropriate conditions for the transcriptome measurements. Strains were 

grown in nutrient-rich LB medium at 37 °C in the presence of 50 μg/ml kanamycin to maintain 

the plasmids. A B. subtilis strain BWB09 containing the plasmid lacking either xynA or amyM 

was used as negative control (Figure 3.S1). The growth of the different cultures and the 

xylanase and amylase enzyme activities in the medium are shown in Figure 3.1. XynA 

secretion starts already in the logarithmic growth phase whereas AmyM production begins 

when the culture enters the stationary growth phase. Therefore two time points were chosen 

for mRNA sampling, around 3 h and 6 h growth (Figure 3.1). Data from two independent 

biological replicates were collected.  

 

Figure 3.1. Comparison of Amylase (Amy) and Xylanase (Xyn) production in B. subtilis BWB09. (Up) 
Enzyme activity and growth curves of BWB09 with the amylase overexpression plasmid pCS74 (Amy) 
and BWB09 with the xylanase overexpression plasmid pCS58 (Xyn). (Right) Incremental enzyme 
activity during growth (Δ mU/ml) over 2 h intervals. Arrows indicate the two sampling timepoints for RNA-
seq.  
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Transcriptome profiles of AmyM overproduction 

We first performed a global analysis of differentially expressed genes and for XynA production 

included the data previously described in Chapter 2. Expression differences were calculated 

using the control strain with the empty expression vector as reference. A principle component 

analysis shows that the biological replicates are good (Figure 3.S2), and that the main 

differences are observed between the 3 h and 6 h time samples, which makes sense since 

these samples represent logarithmically growing and stationary cells, respectively. The global 

distribution of up- and down-regulated genes is presented in the volcano plots of Figure 3.2. 

When using a p-value of <0.05 and a 2 fold change as threshold values for significance, the 

overproduction of AmyM resulted in 46 and 60 up- and down-regulated genes, respectively, 

for the 3 h sample, and 20 and 35 up- and down-regulated genes, respectively, for the 6 h 

sample. The genes are listed in Tables 3.1 and 3.2, and the most likely transcription factors 

responsible for the expression differences are also indicated (a complete list of all genes is 

available upon request).  

 

 

 
Figure 3.2. Volcano plots of differentially expressed genes in the amylase producing strain (BWB09 + 
pCS74) and 3 h (A) and 6 h (B). The dashed lines indicate a p-value of 0.05 and log2 fold change of ±1. 
Significantly up- and down-regulated genes are colored in red and green, respectively. 
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The most strongly induced genes under AmyM overproduction conditions are htrA and 

htrB, coding for the main membrane-anchored protein quality control proteases (Tables 3.1 

and 3.2). Induction of these genes is controlled by the secretion stress response regulator 

CssR. Activation of this stress response has been shown before for amylase overproducing B. 

subtilis cells 16, but it is not observed in XynA overproducing cells (Tables 3.1 and 3.2). Another 

amylase overproducing specific effect is the induction of lspA coding for signal peptidase II 

(Table 3.2). LspA is involved in the activation of the membrane associated molecular 

chaperone PrsA, which has been shown to improve post-translocational folding and is 

important for the efficient production of different amylases 22–24. The expression of prsA itself 

did not change in our data. One of the strongest downregulated genes is clpE coding for one 

of the AAA-ATPase protein chaperones that form a protease complex together with ClpP 25. 

This effect is also observed in XynA overexpressing cells (Tables 3.1 and 3.2), suggesting a 

more general overproduction related stress response. There are many more genes 

significantly up- and down-regulated, of which several are similarly affected in XynA 

overexpressing cells, but most of these genes are related to sugar transport and other 

metabolic functions, and it is unclear how they can be functionally related to the overproduction 

of XynA or AmyM. 

 

 
Table 3.1. Significantly regulated genes (log2FC <-1 or >1 and p-value <0.05) by AmyM overproduction 
at 3 h growth (A 3h). RNAs and genes with unknown functions have not been included in the table. The 
corresponding log2FC of the AmyM 6 h sample (A 6h) and XynA 3 h sample (X 3h) are also listed. Genes 
in an operon are clustered. In these cases the maximum and minimum log2FC are indicated. The regulon 
column suggests the possible regulator. The colour of the regulon box indicates the directionality of the 
regulator, showing activators in jade green and repressors in orange. The first percentage shows the 
probability of regulation indicated by the arrow (up is activation and down is repression). The final 
percentage reveals how many genes of the regulon show a significant expression difference and have 
been used for the probability analysis. A gene can be part of different regulons, however, only the 
regulon with the largest percentage of significantly expressed genes (second percentage) is shown. For 
some regulons the regulation directionality is not present in the Subtiwiki database, which is indicated 
by 0% for probability of regulation direction and the absence of an arrow (see next page for the table).  
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Table 3.1. 

log2FC 
A 3h 

log2FC 
A 6h 

log2FC 
X 3h Gene Regulon Function 

3.8 5.2 0 htrB CssR 100%↑100% protein quality control 
3.6 -0.4 1.1 phrF ComA 100%↑15% control of ComA activity 
3.6 5.3 0 htrA CssR 100%↑100% protein quality control 
3.2 -1.2 0.3 phrC ComA 100%↑15% control of ComA activity 

2.4/1.2 -0.3/-0.6 1.6/0.7 pyrAA,AB,C,D,E,F,K,P PyrR 0%-90% pyrimidine biosynthesis 
2.2/1.1 -0.3/-0.5 1.3/0.1 tuaA/2,C,D PhoP 92%↑18% teichuronic acid biosynthesis 

2.2 -0.2 0.1 phrA ComA 100%↑15% control of sporulation initiation 
1.9 -0.1 0.5 pstS PhoP 92%↑18% high-affinity phosphate uptake 

1.8/1.1 1.9/0.5 1.4/-1.0 uxaA,C,yjmF ExuR 100%↓17% hexuronate utilization 
1.8 0 1.2 dppD CodY 43%↓6% uptake of dipeptides 
1.7 -0.2 -0.5 phrE ComA 100%↑15% control of sporulation initiation 

1.6/1.5 0.1/0 -0.1/-0.3 liai,H LiaR 100%↑20% resist against oxidative & cell wall stress 
1.5 0.4 0.5 fbpB Fur 33%↓4% RNA chaperone 
1.4 0.2 0 cspC  RNA chaperone 
1.4 0.1 0.4 ylaK  unknown 
1.4 1.4 -0.2 yusZ  unknown 
1.3 1.9 0.2 yirB CssR 100%↑100% control of proteolysis 
1.3 0.2 0.8 ilvH CcpA 70%↑13% branched-chain amino acids synthesis 

1.3/1.1 2.3/1.9 -0.2/-0.3 cssR,S CssR 100%↑100% protein secretion stress regulator 
1.2 -0.5 0.2 fabHB FapR 100%↓8% fatty acid biosynthesis 
1.2 -0.2 0.1 ypzF SigG 44%↑12% unknown 

1.1/1.0 0.3/0 0.2/0.2 xkdM,U Xpf 100%↑19% unknown 
1.1 0.3 0.8 ybxI  unknown 
1 -0.3 0.7 bdbB Abh 100%↑4% oxidative folding of proteins 
1 -0.6 -0.3 iolX IolQ 100%↓100% utilization of scyllo-inositol 

-1.1 0.3 -0.6 rhaA RhaR 100%↑20% rhamnose utilization 
-1.1 -0.9 -0.9 clpP CtsR 100%↑50% protein degradation 
-1.1 -0.8 -0.3 fosB SigW 100%↓4% resist against antimicrobial compounds 
-1.1 -0.1 -1.3 bglA  beta-glucoside utilization 
-1.1 -0.4 -0.9 hrcA HrcA 100%↑33% regulation of chaperone gene expression 
-1.1 0 -1.1 khtS  control of potassium ion efflux 
-1.1 0 -0.4 yrhG  unknown 
-1.2 0.1 -1 gmuB GmuR 100%↑13% glucomannan uptake and phosphorylation 
-1.2 0.2 -1.1 khtU  potassium ion efflux 

-1.2/-1.0 -0.5/-0.1 -1.1/-1.0 yuaF,floT SigW 100%↓4% membrane fluidity control 
-1.2 0.6 -0.8 czcD CzrA 100%↑33% cation efflux, resist against Zn, Cu, Co, Ni 
-1.2 -0.4 -1.1 ganS GanR 100%↑17% uptake of galactotriose 
-1.3 0.2 -0.5 yrhE  unknown 
-1.3 0.3 -0.5 bltD BltR 100%↓50% spermidine degradation 
-1.3 -0.5 -0.2 frlO FrlR 100%↑17% sugar amines uptake 
-1.3 0.5 -0.5 yrhD  unknown 
-1.4 -0.6 -0.2 fadH FadR 100%↑11% fatty acid degradation 
-1.4 -0.1 -1 gntR GntR 100%↑25% regulation of gluconate utilization 
-1.4 0.3 -0.5 abnA AraR 100%↑69% arabinan degradation 
-1.4 -1.3 -1.6 yyzE  unknown 

-1.4/-1.1 -0.9/-0.7 -1.2/-1.0 ctsR, clpC,mcsA,B CtsR 100%↑50% regulation of protein degradation 
-1.4 0.1 -0.8 araE AraR 100%↑69% arabinose, galactose and xylose uptake 
-1.4 0.3 -1.3 khtT  potassium ion efflux 
-1.4 0 -1.5 glpD GlpP 100%↓20% glycerol utilization 
-1.5 -0.2 -1 hisF YlxR 0%-22% biosynthesis of histidine 
-1.5 -0.1 0.1 appA/1 CodY 57%↑6% unknown 

-1.5/-1.1 -0.9/-0.6 -0.9/-0.8 groEL,ES HrcA 100%↑33% protein folding and re-folding 
-1.6 -0.4 -1.2 ylbP CcpA 70%↑13% unknown 

-1.6/-1.3 -0.4/-0.1 -1.6/-1.2 licB LicR 100%↓100% lichenan uptake and phosphorylation 
-1.7 -0.8 -0.2 yxiB  unknown 
-1.7 -0.1 0.4 nupQ CodY 57%↑6% guanosine uptake 
-1.7 -0.4 -0.2 lplB  unknown 

-1.9/-1.1 0.0/0.2 -1.5/-0.9 araA,B,D,L,M,N,P AraR 100%↑69% arabinose utilization 
-1.9 -1 0.9 narG Fnr 100%↓8% nitrate respiration, nitrogen assimilation 
-2.1 0 0.2 yjcL  unknown 
-2.1 -1.2 -1.6 iseA WalR 100%↑4% protection against cell envelope stress 
-2.4 -0.5 0.5 yqbB  unknown 
-2.4 -0.1 -0.2 sirA Spo0A 67%↓2% control of chromosome copy number 

-2.6/-1.7 -1.1/-0.9 -2.2/-0.8 melR,E,D,C MelR 100%↑80% regulation of melibiose utilization 
-2.9 -3.8 -2 clpE CtsR 100%↑50% protein degradation 
-3 -0.5 -0.5 ynzG  unknown 

-3.1 -0.2 0.5 spsA GerE 50%↓13% spore coat polysaccharide synthesis 
-3.5 0.2 -0.4 yoqH  unknown (SP-beta prophage) 
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Table 3.2. Significantly regulated genes (log2FC <-1 or >1 and p-value <0.05) by AmyM overproduction 
at 6 h growth (A 6h). RNAs and genes with unknown functions have not been included in the table. The 
corresponding log2FC of the AmyM 3 h sample (A 3h) and XynA 6 h sample (X 6h) are also listed. Genes 
in an operon are clustered. In these cases the maximum and minimum log2FC are indicated. The regulon 
column suggests the possible regulator. The colour of the regulon box indicates the directionality of the 
regulator, showing activators in jade green and repressors in orange. The first percentage shows the 
probability of regulation indicated by the arrow (up is activation and down is repression). The final 
percentage reveals how many genes of the regulon show a significant expression difference and have 
been used for the probability analysis. A gene can be part of different regulons, however, only the 
regulon with the largest percentage of significantly expressed genes (second percentage) is shown. For 
some regulons the regulation directionality is not present in the Subtiwiki database, which is indicated 
by 0% for probability of regulation direction and the absence of an arrow. 

log2FC 
A 6h 

log2FC 
A 3h 

log2FC 
X 6h gene regulon function 

5.3 3.6 0.5 htrA CssR 100%↑100% protein quality control 
5.2 3.8 0.5 htrB CssR 100%↑100% protein quality control 
4.4 0.6 -0.1 ykoJ  unknown 

2.3/1.9 1.3/1.1 -0.2/-0.1 cssR/S CssR 100%↑100% protein secretion stress regulator 
1.9 1.3 -0.2 yirB CssR 100%↑100% control of proteolysis 

1.9/1.4 1.1/0.5 0.3/0 uxaC,uxuA,yjmB,C ExuR 100%↓33% hexuronate utilization 
1.4/1.2 0.3/-0.5 0.7/0.4 ykuN,O,P Kre 100%↓23% electron transfer 

1.4 1.4 0.1 yusZ  unknown 

1.4 -0.8 1.6 sr1 CcpN 100%↓50% arginine metabolism & glycolysis 
control 

1.1 -0.2 0.5 yxeB Fur 80%↓7% siderophore uptake 
1.1 -0.1 -0.5 lctP Rex 100%↓8% lactate excretion 
1.1 0 0 lspA  protein secretion, signal peptidase II 
1.1 0.1 1.4 gapB CcpN 100%↓50% anabolic enzyme in gluconeogenesis 
1 0.4 1.1 pckA CcpN 100%↓50% synthesis of phosphoenolpyruvate 

-1.1/-1.0 -0.1/0 -1.5/-1.2 racX,pbpE SigW 100%↓6% non-canonical D-amino acids 
production 

-1 -0.1 -1.9 iolR IolR 100%↑85% regulation of myo-inositol catabolism 
-1.9/-1 -0.4/0 -2.9/-1.8 iolA,B,C,D,E,F,G,H,I IolR 100%↑85% myo-inositol catabolism 

-1.1 -0.5 -0.8 comGA ComK 100%↓3% genetic competence 
-1.2/-1.1 -1.7/-0.6 -3.7/-3.0 melA,R MelR 100%↑60% melibiose utilization 

-1.2 -0.3 -0.6 yitM DegU 100%↓1% unknown 
-1.9/-1.2 -0.8/0.4 -3.4/-1.3 sboA,albA,B,C,D,E,F,G AbrB 100%↑5% antilisterial subtilosin production 

-1.2 0.1 -1.4 ybfO SigW 100%↓6% unknown 
-1.2 -2.1 -1 iseA WalR 100%↑4% protection against cell envelope stress 
-1.3 -0.7 -1 yqxJ AbrB 100%↑5% unknown 
-1.3 0.2 -1.4 nasD Fur 20%↑7% nitrite utilization  
-1.4 -0.9 -1.1 ydjJ  unknown 
-1.4 0.1 -0.4 rsbRD SigB 67%↓2% negative regulator of SigB 
-1.4 -0.3 -0.6 yomU  unknown 
-1.5 -0.1 -0.6 spoIIB SigV 100%↓5% spore morphogenesis 
-1.5 0.2 -2.1 yodA  unknown 
-1.7 -0.4 -2.7 iolT IolR 100%↑85% inositol utilization  
-3.8 -2.9 -3.8 clpE CtsR 100%↑8% AAA unfoldase 
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Analysis of regulons 

The p-value and fold-change threshold levels used to assign significance are, more or less, 

arbitrarily chosen, and may lead to the loss of useful information. One way to overcome this is 

by analysing what happens to regulons and bypassing thresholding. Another advantage of 

such analysis is that we focus directly on the possible regulators and signal transduction 

pathways involved. For example, clpE is the only gene of the CtsR regulon that is significantly 

down-regulated during stationary growth according to Table 3.2, however, when no threshold 

values are applied all 12 genes of this regulon appear to be down-regulated (Data not shown). 

Thus far, 218 regulons have been identified in B. subtilis 26,27. We made use of an inhouse 

developed software tool called Gintool to analyse the changes in these regulons by taking the 

average fold change of all the genes of a regulon and plotting this against the mean absolute 

deviation (MAD) of fold-changes (Figure 3.3 and 3.4). The MAD value indicates the spread of 

fold-change values. Regulons that show a robust regulation should have fold-changes that are 

close together, resulting in lower MAD values. The number of genes in a regulon is reflected 

by the surface of the data points, and the average p-values of the genes of a regulon are 

indicated by using different colour intensities. For clarity, only the regulons with an average p-

value < 0.5 are shown in the graphs. Many regulators can function both as suppressor and as 

activator of genes. This can lead to a reduced average fold-change value, obscuring the 

significance of regulation. To overcome this, we took into account the regulation directionality 

of each gene, when known, and plotted the average fold-change of the most likely regulator 

activity (lower panel graphs in Figure 3.3 and 3.4). In this case the X-axis indicate the fraction 

of genes of a regulon that fits with the most likely regulator activity, and therefore the value is 

always higher than 50 %. Induction of the CssR regulon is apparent in Figures 3.3 and 3.4. 

The CtsR regulon is also clearly affected although a small fraction of this regulon behaves 

differently (Figure 3.4). Of note, the average fold change is indicated as positive for CtsR, but 

since the protein functions as a repressor, the genes of the regulon are downregulated.  
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Figure 3.3. (A) Bubble plot showing the correlation of the regulator and its regulated genes in the 3 h. 
Each bubble represents a regulon and the bubble size reflects the number of genes under such regulon. 
The average fold change of the regulon (av-FC, in log2 scale, x-axis) was calculated based on the fold 
change of all genes under this regulon. The mean absolute deviation (MAD) of the fold-change indicates 
the spread of fold-change values of genes under the regulon. The regulation directionality of regulators 
was also taken into account. Thus a repressor that is active will show a positive av-FC>0 indicate the 
positive regulation by the regulator, etc. (B) Bubble plot showing the fraction of regulon genes that fitted 
with the most likely regulation direction in the 3 h. (A,B) Colour intensities of the bubbles are related to 
the average p-values of regulon genes , which have been classified into five categories: <0.0625, <0.125, 
<0.25, <0.5. For clarity, bubbles with higher average p-values are not shown. 
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Figure 3.4. (A) Bubble plot showing the correlation of the regulator and its regulated genes in the 6 h. 
Each bubble represents a regulon and the bubble size reflects the number of genes under such regulon. 
The average fold change of the regulon (av-FC, in log2 scale, x-axis) was calculated based on the fold 
change of all genes under this regulon. The mean absolute deviation (MAD) of the fold-change indicates 
the spread of fold-change values of genes under the regulon. The regulation directionality of regulators 
was also taken into account. Thus a repressor that is active will show a positive av-FC>0 indicate the 
positive regulation by the regulator, etc. (B) Bubble plot showing the fraction of regulon genes that fitted 
with the most likely regulation direction in the 6 h. (A,B) Colour intensities of the bubbles are related to 
the average p-values of regulon genes , which have been classified into five categories: <0.0625, <0.125, 
<0.25, <0.5. For clarity, bubbles with higher average p-values are not shown. 
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Comparison with XynA overproduction 

The Venn diagrams in Figure 3.5 A indicate the number of genes that are up- or down-

regulated in both time points, and how the AmyM overexpression data compares to the XynA 

overexpression data. Only 7 (7.6%) genes were upregulated in both AmyM and XynA samples 

after 3 h, and 3 (3.3%) genes after 6 h of growth. More genes were repressed by the 

overproduction of XynA, especially in stationary phase (6 h sample). 28 (14.2%) genes were 

downregulated in both AmyM and XynA samples after 3 h, and 28 (14.2%) genes after 6 h of 

growth. Genes that were downregulated in all samples were clpE, iseA and melR. 

To identify enzyme specific responses on regulators and general overproduction 

responses, we plotted the average fold-change of regulons in XynA overexpressing cells 

against those of AmyM overexpressing cells (Figure 3.5 B). Clearly, the strongest AmyM 

specific response is activation of CssR. AmyM specific repression of YuxN is also apparent, 

however YuxN represses only a single gene, yirB, and this gene is also under control of CssR 
28. Stabilization of Bacillus subtilis Spx under cell wall stress requires the anti-adaptor protein 

YirB Expression of the sporulation sigma factors SigE, SigF, SigG, and SigK was 

downregulated in the AmyM samples but slightly upregulated in the XynA samples. 

Interestingly, SknR and ImmR that repress the prophage skin element and the mobile genetic 

element ICEBs1, respectively are activated when AmyM is overexpressed but repressed when 

XynA is overexpressed. Several small sugar-utilization regulons, including MelR (melibiose), 

LicR (lichenan) and IolR (myo-inositol), show a similar response in XynA and AmyM 

overexpressing cells, but this might be an indirect effect of the downregulation of Clp proteins, 

as discussed below. The two heat shock regulons CtsR and HrcA were both suppressed in 

XynA and in AmyM overexpressing cells , while the SigI regulon of heat shock genes was 

slightly induced alternatively in 6 h 29. CtsR represses the expression of the protein chaperones 

ClpC, ClpE, ClpX and the protease ClpP that forms a complex with the chaperones, and the 

ATP-dependent protein-quality protease LonA. HrcA represses the expression of the protein 

chaperones GroEL/ES and DnaK/J 30,31.  
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Figure 3.5. Comparison of significant altered genes and regulons between XynA and AmyM 
overexpressing cells. (A) Venn diagrams indicating shared significantly differentially expressed genes 
(fold-change > 2x and p-value < 0.05) in XynA and AmyM cells at 3 h and 6 h. The 7 genes commonly 
upregulated in the 3 h samples are pyrAA, pyrAB, pyrK, pyrD, pyrF, pyrE and BSU_misc_RNA_45. The 
3 genes commonly upregulated in the 6 h samples are sr1, gapB, and pckA. The 23 genes commonly 
downregulated in the 3 h samples are ctsR, mcsB, gmuB, glpD, khtU, khtT, khtS, ylbP, araN, araM, araL, 
araD, araB, araA, yuaF, ganS, licH, licA, licC, licB, gntR, bglA, and yyzE. The 25 genes commonly 
downregulated in the 6 h samples are ybfO, nasD, iolT, yodA, racX, melA, pbpE, sboA, albA, albB, albC, 
albD, albE, albF, albG, iolI, iolH, iolG, iolF, iolE, iolD, iolC, iolB, iolA, iolR. The 2 genes commonly 
downregulated in the 3 h XynA sample and the 6 h samples are mcsA and clpC. The 3 genes commonly 
downregulated in all samples are clpE, iseA and melR. (B) Scatter plot comparison of regulon fold-
changes in the XynA and AmyM samples. 
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Effect of CtsR, HrcA and LonA inactivation on enzyme production 

The reduced expression of protein chaperones can affect the yield of overexpressed proteins, 

as we have shown in a previous study, where the inactivation of the CtsR repressor increased 

XynA production by more than 20 % (Chapter 2). However when we inactivated CtsR in the 

AmyM overproducing strain there was no clear increase in AmyM levels (Figure 3.6 A and B). 

We also inactivated the HrcA repressor, but this improved the XynA yield by only 8 % while it 

actually reduced the yield in the AmyM production strain (Figure 3.6 C and D). The latter strain 

also showed a mild growth retardation when HrcA was inactivated (Figure 3.S3). 

 

 

Figure 3.6. (A) Growth (OD600) and amylase activity of strains BWB09/pCS74 (wt) and SGB03/pCS74 
(∆ctsR) overexpressing AmyM. (B) Coomassie staining (left) and quantification (right) of 8 h supernatant 
samples of wt and ∆ctsR overexpressing AmyM. (C) Coomassie staining (left) and quantification (right) 
of 8 h supernatant samples of BWB09/pCS58 (wt) and SGB04/pCS58 (∆hrcA) overexpressing XynA. 
OD600 of 0.2 was loaded. (D) Coomassie staining (left) and quantification (right) of 8 h supernatant 
samples of BWB09/pCS74 (wt) and SGB04/pCS74 (∆hrcA) overexpressing AmyM. OD600 of 0.3 was 
loaded. (B-D) AmyM and XynA protein bands in the supernatant samples are indicated. Sampling and 
analyses have been repeated at least two times to confirm reproducibility. 
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 CtsR also represses the expression of the conserved LonA protease 30. To test whether 

removing this protease prevents degradation of overexpressed proteins, thus resulting in 

higher yields, the lonA gene was deleted in both production strains. The absence of this 

protease does not affect the growth rate (Figure 3.7 A), however the AmyM concentration in 

the growth medium increased considerably up to 30 % during the stationary phase (Figure 3.7 

B). The effect on XynA was even stronger resulting in a doubling of the yield (Figure 3.7 C). 

 One of the most effective ways to increase enzyme yields in B. subtilis is to remove its 

feeding proteases 32. These feeding proteases are secreted during the stationary growth phase 

to degrade proteinaceous material in the environment. The two main proteases that are 

generally inactivated are the alkaline protease AprE and the neutral protease NprE 33. We 

wondered whether the removal of LonA still improves production when these two feeding 

proteases are absent. As shown in Figure 3.7 D-F, this was indeed the case. The overall yield 

of both AmyM and XynA increased strongly in the ∆aprE ∆nprE double deletion background, 

but the additional removal of lonA increased the AmyM and XynA enzyme levels even further 

by 46% and 139%, respectively.  
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Figure 3.7. (A) Growth rate measurement of wt (BWB09) and ∆lonA (BWB52) strains overexpressing 
XynA (pX) and AmyM (pM), respectively. (B) Amylase activity of supernatant samples from strains 
BWB09/pCS74(wt, mean value 46.2) and BWB52/pCS74 (∆lonA, mean value 60.3) after 8 h growth. 
(C) Xylanase activity of supernatant samples from strains BWB09/pCS58 (wt, mean value 85.7) and 
BWB52/pCS58 (∆lonA, mean value 194.7) after 8 h growth. Results of 3 independent biological 
replicates are shown. (D) Growth (OD600) and amylase activity of protease mutant strains 
BWB143/pCS74 (wt) and BWB145/pCS74 (∆lonA). The mean values of amylase activity at 16 h for wt 
and ∆lonA were 117.3 and 177.5 respectively. (E) Coomassie staining (left) and quantification (right) of 
16 h supernatant samples of wt and ∆lonA overexpressing AmyM. OD600 of 0.3 was loaded. (F) Growth 
(OD600) and xylanase activity of protease mutant strains BWB143/pCS58 (wt) and BWB145/pCS58 
(∆lonA). The mean values of xylanase activity at 8 h for wt and ∆lonA were 1371 and 3278 respectively. 
(G) Coomassie staining (left) and quantification (right) of 8 h supernatant samples of wt and ∆lonA 
overexpressing XynA. OD600 of 0.2 was loaded. AmyM and XynA protein bands are indicated. Sampling 
and analyses have been repeated at least two times to confirm reproducibility. 
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DISCUSSION 
 
Transcriptomics is an efficient method to identify specific cellular stresses that can pose 

bottlenecks in the production of biocompounds. It is therefore surprising that only a few 

transcriptome studies have been published that were aimed at investigating the effect of 

enzymes production by B. subtilis (summarized in Table 3.S1) 15,16,34–36. One of the most recent 

studies, published in 2012, described a comprehensive transcriptome analysis of B. subtilis 

secreting 4 different enzymes, including XynA 36. When we compared our data with that study, 

only 6 genes showed a significant expression effect that was the same (Figure 3.S4). These 

included the upregulation of 2 genes of the isoleucine biosynthesis operon ilvB and gene dppB 

encoding dipeptide permease for nitrogen sources utilization, and the downregulation of 3 

genes of the melibiose utilization operon melR, and ctaF encoding cytochrome-c oxidase 

subunit IV. However, the 2012 study used a different medium (TY), a subtilin-inducible 

expression (SURE) system, and sampling after 30 min induction at the end of logarithmic 

growth. It is therefore not that surprising that our data differed from that of the 2012 study. Our 

data with the amylase overproduction strain compared better to previous transcriptome studies. 

For example, the induction of the protein quality control protease HtrA and HtrB was also 

observed in B. subtilis strains overexpressing Bacillus amyloliquefaciens α-amylase AmyQ 15, 

Clostridium perfringens β-toxoid and β-toxin 35, Escherichia coli TEM-1 β-lactamase (Bla), 

Lactococcus lactis wall-associated protein Usp45 and its endogenous protein XynA 36. 

Although, we did not observe a strong induction of these proteases in the XynA overexpressing 

strain. The repression of the sporulation sigma factor regulons, SigE, SigF, SigG and SigK, by 

AmyM overexpression is also in line with a previous transcriptome study that showed that α-

amylase overexpression inhibits sporulation genes 16.  

In contrast to our findings, several studies have shown that the overexpression of 

proteins in B. subtilis can result in the induction of the chaperone genes dnaK/J and groES/EL, 

and clp genes. This is presumably related to the differences in strain background, growth and 

expression conditions. Both CtsR and HrcA levels are controlled by regulated proteolysis by 

the ClpCP protease complex 37,38. Presumably, the strong constitutive overexpression of AmyM 

yields unfolded precursors that are targeted by the ClpC chaperone and/or ClpCP protease 

complex. As a result, the ClpCP complex has less time to degrade CtsR and HrcA, thus leading 

to increased cellular levels of these repressors and a downregulation of the genes they control. 

A feedback mechanism enforces this effect because CtsR represses clpC and clpP expression. 

Possibly, some of the other regulation that we observed can also be attributed to the reduced 

expression of Clp proteins, since several regulators are under the control of regulated 

proteolysis by the Clp protease system, including MelR, ManR, CcpN, Fur, DegU, SinR and 
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YcnK 37. The downregulation of the SigW regulon might also be caused by this (Figure 3.5), 

since the anti-sigW factor RsiW is also controlled by ClpXP degradation 39.  

We found that inactivation of the class III heat-shock ATP-dependent protease LonA 

significantly increased the yield of XynA and AmyM. lonA is also part of the CtsR regulon, 

however the RNA-seq data showed almost no effect on transcription when either XynA or 

AmyM is overexpressed (Data not shown). Why the regulation of lonA differs from the other 

genes of the CtsR regulon we do not know. LonA is conserved and present in most bacteria 
40,41. In E. coli LonA is involved in the degradation of mis- or unfolded proteins, including 

substrates of the secretion chaperone SecB, and Ffh, the protein component of Signal 

Recognition Particle (SRP) 42–44. In Vibrio Cholerae, LonA degrades the chaperones GroEL, 

DnaJ, DnaK, GrpE and the preprotein translocase subunit SecA 45. However, in B. subtilis 

LonA has only been linked to hyper-flagellation and regulation of the fore-spore specific sigma 

factor SigG 46,47. In fact, the expression of lonA was unaffected in all previous protein 

production studies summarized in Table 3.S1. Possibly, the protein is quite active under normal 

expression conditions and does not require induction to show its effect in B. subtilis. In this 

organism, lonA forms an operon with the downstream located gene ysxC, which codes for an 

essential GTPase that participates in the maturation of the ribosomal 50S subunit 48. It is 

therefore likely that the expression level of lonA is linked to the expression of housekeeping 

genes involved in protein translation. Nevertheless, the conserved nature of LonA makes it an 

attractive target for informed strain optimization when increased protein production is the aim, 

and in the case of Bacillus production strains, LonA can be added to the list of proteases whose 

inactivation improves enzyme production. 
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MATERIALS AND METHODS 

Bacterial strains, growth conditions and mutant construction. 

Bacterial strains and plasmids are listed in Supplementary Table 3.S2 and Table 3.S3. Nutrient 

Luria-Bertani medium (LB, containing 10 g/L Tryptone, 5 g/L Yeast Extract, 10 g/L NaCl) was 

used for general growth of both B. subtilis and E. coli. Supplements were added as required: 

erythromycin (Em, 5 µg/ml), kanamycin (Km, 50 μg/ml), spectinomycin (Sp, 150 µg/ml), 

ampicillin (Ap, 100 µg/ml), IPTG (1 mM). XynA and AmyM were overexpressed in B. subtilis 

strain BWB09 using plasmid pCS58 and pCS74, respectively. The empty plasmid pBW17 was 

used as control (see Chapter 2). For XynA and AmyM secretion profile measurements, 10 mL 

overnight culture were inoculated in LB liquid supplemented with 50 μg/ml Km in 100mL flasks 

at 30°C to prevent sporulation; the next morning, 1ml overnight was were quickly spin-down 

and the supernatant was removed and cell pellet was resuspend in 37°C pre-warmed LB and 

diluted into fresh and prewarmed LB liquid supplemented with 50 μg/ml Km to a start OD600 

of 0.05, grown with 220 rpm shaking at 37°C and sampled at desired timepoint for follow-up 

enzymatic or protein experiments. We used 100mL flask for 10mL liquid culture and 250mL 

flask for 25mL culture to guarantee aerobic growth. 

For B. subtilis DNA transformation, the Spizizen-plus and Spizizen-starvation medium 

(SMM, containing 15 mM (NH4)2SO4, 80 mM K2HPO4, 44 mM KH2PO4, 3 mM tri-sodium citrate, 

0.5% glucose, 6 mM MgSO4, 0.2 mg/ml tryptophan, 0.02% casamino acids, and 0.00011% 

ferric ammonium citrate (NH4)5Fe(C6H4O7)2) were used and then the transformants were 

selected in LB-agar plate with antibiotic selection49.  

 The single mutant strains ∆hrcA and ∆lonA were constructed by transformation of the 

chromosomal DNA from respective BKE library mutants 50 into competent BWB09 cells, 

selected via LB+Em agar plates and verified by PCR and sequencing the PCR products. 

RNA extraction 

RNA extraction was based on the methods described in 51,52. Briefly, 2 ml cells were collected 

from either the logarithmic growth phase (3 h) and stationary growth phase (6 h). Cell pellets 

were resuspended in 0.4 ml ice-cold growth medium and added to a screw cap tube containing 

1.5 g glass beads (0.1 mm), 0.4 ml phenol/chloroform/isoamyl alcohol mixture (25:24:1) and 

50 μl 10 % SDS, vortexed to mix, and stored by flash freezing in liquid nitrogen. Cell disruption 

was achieved by bead beating (Precellys 24). After centrifugation, RNA in the upper aqueous 

phase was ethanol-precipitated, washed twice with 70 % ice cold ethanol, dried and dissolved 

in water. DNA was removed by DNAseI (NEB) treatment. The RNA was then extracted by a 

second-round of P/C/I extraction, followed by ethanol precipitation and 70 % ethanol washing, 

and dissolving in water.  
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RNA-seq and sequencing data analysis 

Prior to the deep-sequencing, the RNA samples were treated with the MICROBExpress™ 

Bacterial mRNA Enrichment Kit (Thermo Fisher) to remove most of the 16S and 23S rRNA. 

Subsequently, the RNA-seq libraries were constructed using the NEBNext® Ultra™ II 

Directional RNA Library Prep Kit from Illumina® (New England Biolabs) using NEBNext® 

Multiplex Oligos for Illumina® (New England Biolabs), according to the manufacturer's protocol. 

Sequencing was performed on an Illumina NextSeg 550 System using NextSeq 500/550 High 

Output v2.5 kit (75-bp read length), and the raw data were processed using the web-based 

platform Galaxy. We aimed at a sequencing depth of 5-10 million reads/library [28]. 

Trimmomatic was used to trim the adaptor sequence and filter bad reads. The trimmed reads 

were aligned to the Bacillus reference genome (NC_000913) with Bowtie2. After mapping, 

aligned reads were counted by FeatureCount, referred to the BSU locus_tags, resulting in 

4406 genes and pseudogenes and 178 RNAs. Deseq2 was used to determine differentially 

expressed features between samples. A customized in-house Excel plugin, named GINtool, 

was developed to analyse the transcriptome data using prior knowledge on operons, functional 

categories and regulons (the GINtool manual can be obtained on request). 

Xylanase and Amylase enzyme activity Assays 

100 μl cells were taken from the culture transferred into a 1.5 ml Eppendorf tube and 

centrifuged at 20,000 RCF for 1 min at 4 °C, and then 70 μl supernatant was transferred to a 

new tube and stored by flash freezing in liquid nitrogen and storage at -80 °C. Xylanase 

enzyme activity in the supernatant was determined using the fluorescence based assay 

EnzChek® Ultra Xylanase Assay Kit (Thermo Fisher Scientific), according to the 

manufacturer’s instructions. Amylase enzyme activity were tested using Starch Azure (Sigma) 

in a optimized and scaled-down system based on the manufacturer’s instructions. Briefly, 180 

μl Starch Azure was reacted with 20 μl AmyM samples at 60°C for 15min in a 2 ml Eppendorf 

tube with 900 rpm shaking in table incubator, and then 80 μl 2.75 M acetic acid solution was 

added to stop the reaction. The tubes were centrifuged at 5,000xg for 3 min and 100 μl of the 

supernatant was transferred to a 96-well plate and the absorbance of 595nm was measured. 

All supernatant samples were only thawed on ice-water prior to the test. The commercial 

Xylanase (Sigma, X2753) and α-Amylase from Bacillus subtilis (Sigma, 10069) were used for 

construction of standard curve for the detection of xylanase and amylase enzyme activity 

respectively. 

SDS-PAGE electrophoresis, Coomassie staining and western blotting 

1 ml culture was transferred a 1.5 ml Eppendorf tube and centrifuged at 20,000 RCF for 1 min 

at 4 °C, and 800 μl supernatant was carefully transferred to a new tube containing 200 μl ice-
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cold 100 % (w/v) Trichloroacetic acid (TCA), vortexed to mix and precipitated at -20 °C 

overnight. The sample was centrifuged at 20,000 RCF for 20 min at 4 °C, and the protein pellet 

was washed with 800 μl ice-cold acetone and air dried. The protein pellet was resuspended in 

1X SDS-PAGE loading buffer containing 1 mM PMSF and Protease Inhibitor Cocktail (Sigma-

Aldrich). A 5 min bath sonication step was used to accelerate the dissolve the pellet. All 

samples were denatured at 95 °C for 5 min and separated on 11% and 14% SDS-PAGE gel 

for AmyM and XynA respectively. After electrophoresis, the gel was subject to Colloidal 

Coomassie stain according to Bio-Rad's protocol or western blotting. For western blotting, 

SDS-PAGE gel was transferred onto a nitrocellulose membrane(GE Healthcare) and the used 

antibodies were primary anti-XynA or anti-AmyM generated in rabbit(1:20,000, obtained from 

DSM) and secondary polyclonal goat-anti-rabbit IRDye 680LT (1:20,000, LI-COR). Sample 

loading amount was normalized by optical density, and images were taken by Odyssey Fc 

Imaging System and analysed with Empiria Studio software(LI-COR Biosciences). 
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SUPPLEMENTARY INFORMATION 
 
Table of content 
• Figure 3.S1: Western blot of AmyM and XynA.  

• Figure 3.S2: Principal component analysis (PCA) of all RNA-seq samples. 

• Figure 3.S3: Growth rate measurement of wt (BWB09) and ∆hrcA (SGB04) strains 

• Figure 3.S4: Comparation of XynA secretion response between 2012 paper and this 

study. 

• Table 3.S1: Summarized published transcriptome results for secretion stress in B. subtilis. 

• Table 3.S2: Strains used in this study 

• Table 3.S3: Plasmids used in this study 
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Figure 3.S1. 

 

Figure 3.S1. Western blot of AmyM and XynA. (A) Western blot of 8 h cell lysate and supernatant 
samples of AmyM overexpressing strain BWB09/pCS74 (pA) and control strain BWB09/pBW17 (pE) 
using anti-AmyM antibody. (B) Western blot of 8 h cell lysate and supernatant samples of XynA 
overexpressing strain BWB09/pCS58 (pX) and control strain BWB09/pBW17 (pE) using anti-XynA 
antibody. Before blotting, the AmyM and XynA samples of OD600 0.01 were separated by 11% and 14% 
SDS-PAGE respectively. Red asterisks indicate target protein bands of AmyM (precursor 78.7 kDa, 
mature protein 75.4 kDa) and XynA (precursor 23.3 kDa, mature protein 20.4 kDa), and black asterisks 
indicate possible degraded substrates correspondingly. 
 
 
 
 
 

Figure 3.S2. 

 

Figure 3.S2. Principal component analysis (PCA) of all RNA-seq samples, including BWB09/pCS74 
(Amy), BWB09/pCS58 (Xny) and control BWB09/pBW17 (Emp) at 3 h and 6 h respectively. Each sample 
group at each time point contains 2 independent biological replicates. 
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Figure 3.S3. 

 
Figure 3.S3. Growth rate measurement of wt (BWB09) and ∆hrcA (SGB04) strains overexpressing 
XynA (pX) and AmyM (pA) respectively. 
 

 

 

 

 

Figure 3.S4.  

 
 

Figure 3.S4. Comparation of XynA secretion response between 2012 paper and this study (Chapter 2) 
using the same significant threshold of foldchange≥2, and P value＜0.05. 
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Table 3.S1. Summarized published transcriptome results for secretion stress in B. subtilis. 

promoter target 
protein sampling condition sequencing 

technique 
prominent 
upregulation  

prominent 
downregulation Source 

PamyQ PorA 1 timepoint: at OD540 3.3 DNA 
microarray 

dnaK, groEL, 
clpCP, purine & 
pyrimidine 
genes 

Not mentioned Jürgen et 
al. 2001 34 

Pxyn AmyQ 
1 timepoint: 30min after 
0.2% xylose induction 
during exponential 
growth 

DNA 
microarray 

htrA, htrB, 
liaIHGFSR, 

No reduced 
expression 

Hyyryläine
n et al. 
2005 15 

PspaS β-toxoid & β-
toxin 

1 timepoint: 1.5 h after 
0.75% subtilin induction 
at OD600 ∼0.5 

DNA 
microarray 

ykoJ, htrAB, 
liaIHGFSR 

purine syntheses 
genes 

Nijland et 
al. 2007 35 

PamyQ AmyQ 
2 timepoints: in late-
exponential-growth and 
in stationary-growth 

DNA 
microarray 

htrAB, cssRS, 
dnaK, groEL, 
sigD regulon 

sporulation 
genes 

Lulko  
et al. 2007 
16 

PspaS 
NprE, XynA, 
Usp45, Bla, 
LmrA, XylP, 
MntA & YcdH 

1 timepoint: 30min after 
0.1% subtilin induction 
at OD600 0.6 

DNA 
microarray 

cssRS, htrAB, 
groELS, nfrA-
ywcH, 

sdpABC, 
ctaCDEF 

Marciniak, 
et al. 2012 
36 

 
 
 
 
Table 3.S2. Strains used in this study 

Strain Genotype Source or reference 
BSB1 B. subtilis wildtype strain, trp+ Lab strain 
BWB09 BSB1 ∆xynA ∆amyE This study 
SGB03 BSB1 ∆xynA ∆amyE ∆ctsR::ery This study 
SGB04 BSB1 ∆xynA ∆amyE ∆hrcA::ery This study 
BWB52 BSB1 ∆xynA ∆amyE ∆lonA::ery This study 
BWB143 BSB1 ∆nprE ∆aprE ∆spoIIE  This study 
BWB145 BSB1 ∆nprE ∆aprE ∆spoIIE ∆lonA::ery This study 
BKE-168 B. subtilis 168 strain (BGSC, 1A1) BGSC50,53 
BKE00830 1A1, ∆ctsR::ery BGSC50,53 
BKE28200 1A1, ∆lonA::ery BGSC50,53 

 
 
 
 
Table 3.S3. Plasmids used in this study. 

Plasmid Genotype Source/ reference 
pBW17 Empty control plasmid with PamyQ promoter, start and stop codon This study 
pCS58 DSM plasmid overexpressing XynA with PamyQ promoter DSM company 
pCS74 DSM plasmid overexpressing AmyM with PamyQ promoter DSM company 
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