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ABSTRACT 

Bacillus subtilis is extensively used for the commercial production of enzymes due to its 

efficient secretion system. However, the efficiency of secretion varies greatly between 

enzymes, and despite many years of research, optimization of enzyme production is still 

largely a matter of trial-and-error. To identify relevant secretion bottlenecks, genome-wide 

transcriptome analysis seems a useful tool, yet to this day, only a limited number of 

transcriptome studies have been published that focus on enzyme secretion in B. subtilis. Here, 

we examined the effect of high-level expression of the commercially important endo-1,4-β-

xylanase XynA on the B. subtilis transcriptome using RNA-seq. We developed Gintool, an 

Excel-based RNA-seq data analysis plug-in, to interpret the regulation at operon level, regulon 

level and among the functional category clusters. Unexpectedly, we found that the expression 

of several protein chaperones, including ClpC, ClpE and ClpX, was downregulated when XynA 

was overproduced. The expression of these proteins is controlled by the transcriptional 

repressor CtsR. CtsR levels are directly controlled by regulated proteolysis, involving ClpC and 

its cognate protease ClpP. Probably, the overexpression of XynA results in high concentrations 

of partially folded proteins that saturate the pool of ClpC folding chaperones, resulting in 

increased levels of CtsR and a further downregulation of clp genes. Interestingly, when we 

abolished this negative feedback loop by removing CtsR, thereby increasing the expression of 

Clp chaperones, the XynA production improved by more than 25 %. 

 

Keywords: Bacillus, xylanase, secretion, RNA-seq, scr, ctsR, chaperones 
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INTRODUCTION 

Due to its superior enzyme secretion capacity and safe use, the bacterium Bacillus subtilis and 

its close relatives are extensively employed for the industrial-scale production of enzymes for 

the detergent, food, paper and pharmaceuticals industry 1–4. Many genetic strategies have 

been applied to optimize B. subtilis strains for the production of heterologous proteins, 

including the use of strong promoters and strains that lack the main extracellular proteases 5–

8. This is generally followed by screening for optimal secretion signal peptides 9,10, and 

sometimes by increasing the level of certain protein chaperones 11,12. Here, we studied the 

overexpressing of the commercially relevant secreted endo-1,4-β-xylanase XynA in B. subtilis 

and used transcriptome profiling to identify possible production bottlenecks. 

 XynA is an endogenous 23 kDa secreted protein that catalyses the hydrolysis of 1,4-

β-D-xylosidic linkages in xylans 13,14. The enzyme is used for bleaching wood pulp in paper 

industry, desizing and bioscouring in the textile industry, improving dough quality in the bakery 

industry and also used as food additives to poultry 15. We used a constitutive strong promoter 

to overexpress XynA and performed RNA-seq on cells collected from both log and stationary 

growth phases. To facilitate the analysis, we developed an Excel addin, called Gintool, which 

enables the integration of prior knowledge on operon structure, regulon and functional category 

information. This tool revealed a possible effect on Clp chaperone expression by the repressor 

CtsR 16,17. Interestingly, when CtsR was inactivated the production of XynA increased by more 

than 25 %. This result illustrates the usefulness of regulon information to analyze transcriptome 

data.  
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RESULTS 

Timing of XynA secretion 

To ensure that the RNA-seq analysis was performed under relevant conditions, we first 

measured XynA levels in the medium over time. We used B. subtilis 168 derivative BSB1, 

which is prototrophic for tryptophan, and removed the native xynA gene by means of a marker-

free clean deletion procedure 18. This was to assure that the negative control strain does not 

produce any XynA. Overexpression of XynA was achieved by cloning xynA in the multicopy 

expression plasmid pUB110 behind the strong amyQ promoter 19,20. As negative control we 

used the same plasmid lacking the xynA gene. The strains were grown in nutrient-rich LB 

medium at 37 °C in the presence of 50 μg/ml kanamycin to maintain the plasmids. Samples 

were taken at regular time points during growth and the xylanase activity in the medium was 

measured by a fluorescence-based enzyme activity assay (Figure 2.1A). The overexpression 

of XynA does not affect the growth rate. XynA started to accumulate in the medium halfway 

during the logarithmic growth phase and secretion peaked approximately 1 h after the 

transition to the stationary phase of growth. Production continued for approximately another 6 

h. For our RNA-seq analysis, we chose to sample the culture at 3 h (T1, OD600 ~0.8) and 6 h 

(T2, OD600 ~4), corresponding to the end of logarithmic growth and high XynA production in 

stationary growth, respectively (Figure 2.1B). 

 
Figure 2.1 Xylanase production profile in wildtype B. subtilis. (A) Enzyme activity and growth curve of 
the BWB09/pCS58(Xny) and control BWB09/pBW17(Emp) strains. Arrow indicates the transition time 
point from log to stationary phase. (B) Enzyme secretion dynamics (Δ) during growth. y-axis indicates 
the XynA activity increment value (Δ mU/ml) every 2 h. Sample points for RNA-seq are indicated by 
arrows (T1 is OD600 ~0.8 at 3 h, T2 is OD600 ~4.0 at 6 h). The average and standard deviation of 3 
independent experiments were shown. 
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RNA-seq analysis 

The RNA-seq data are based on two independent biological replicates. A principal component 

analysis (PCA) showed that the samples cluster primarily based on sampling time (Figure 

2.2A), which is not surprising considering the large differences between logarithmic and 

stationary growth. The global distribution of up- and down-regulated genes is presented in the 

volcano plots of Figure 2.2B & C, indicating that XynA overproduction results in the down-

regulation of a substantial number of genes, especially in the stationary phase sample. When 

using a p-value <0.05 as the threshold, 102 and 233 differentially expressed genes (DEG)s 

were identified in the log phase and stationary phase, respectively. Only 25 of these genes 

were affected in both time points (Figure 2.2D). To focus on the most relevant genes, we further 

applied a threshold of 2 fold-change for the 3 h time sample, and <-3 or >2 fold-change for the 

6 h sample (Tables 2.1 and 2.2, and a complete list is available upon request). Genes that 

form part of an operon are listed together.  

 An initial analysis of the genes in Tables 2.1 and 2.2 did not reveal obvious secretion 

bottlenecks. Normally, the main secretion stress response is the induction of the membrane-

anchored protein quality control proteases HtrA and HtraB 21. However, neither in the log phase 

(3 h sample ) nor in the stationary phase (6 h sample) does the overproduction of XynA lead 

to the significant induction of these proteins. The only secretion-related effect was a strong 

down-regulation in the 6 h sample of scr, the 4.5 S RNA component of the signal recognition 

particle SRP. Expression of ffh, coding for the protein subunit of SRP, was not significantly 

affected. It is reasonable to assume that XynA, like most secreted proteins, uses the SecA-

dependent secretion route instead of the co-translational SRP pathway, since SRP is primarily 

used for the insertion of transmembrane proteins into the cell membrane. When we increased 

the expression of either scr or scr together with ffh, by integrating an extra copy of these genes 

driven by the strong xylose-inducible Pxyl promoter 22, the XynA levels in the medium did not 

increase (Figure 2.S1), indicating that the reduced levels of scr are not limiting XynA secretion.  
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Figure 2.2. Transcriptomic comparison of Xylanase secreting strain (Xyn) against control strain 
containing the empty plasmid (emp) at logarithmic growth (3 h) and stationary growth (6 h). (A) Principal 
component analysis (PCA) of the two biological replicates. (B,C) Volcano plots of DEGs induced by 
XynA overexpression (BWB09/pXynA v.s. BWB09/pEmp) at 3 h and 6 h. The dash line indicates P 
value=0.05. Significantly up- and down-regulated genes (p-value ＜0.05) are colored in red and green 
respectively. (D) Venn diagrams with the number of significant up- and downregulated genes (P＜0.05) 
affected by the stress of XynA secretion at 3 h and 6 h. 
 

Regulon regulation 

To gain a better understanding which regulatory pathways and functional categories were 

activated or repressed, we developed an Excel-based software tool called Gintool that makes 

use of the functional and regulatory knowledge of B. subtilis genes accumulated over the years 

and collected in the Subtiwiki database 23. So far there have been 218 regulons described for 

B. subtilis, and using Gintool we calculated the fraction of genes of these regulons that were 

significantly regulated. As a measure of significance we only considered DEGs that showed 

a >2 fold-change in regulation with p-values of <0.05. We also took into account whether the 

regulator of a regulon was either activated or repressed, since many regulators can function 

both as repressor as well as activator. The resulting score for most likely regulators are listed 

in the regulon column of Tables 2.1 and 2.2. 

The most significantly up- and down-regulated genes represent primarily genes and 

regulons involved in metabolic processes. For example, during the log phase (3 h sample) the 

most prominently upregulated regulons are CymR and PyrR, involved in sulfur metabolism and 

pyrimidine biosynthesis, respectively 23, whereas the strongest down-regulated regulons are 
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related to the catabolism of different sugars (RbsR, LicR, AraR, GntR, ManR, GanR, GmuR). 

However, this regulation all but disappears in the stationary phase (Table 2.2), and instead a 

significant number of gluconeogenesis genes under control of the transcriptional repressor 

CcpN are upregulated. Among the strongest down-regulated genes are again several regulons 

involved in the catabolism of sugars (MelR, IolR, LicT), but these are related to different sugars 

compared to the log phase sample (Table 2.1).  

 
Table 2.1. Genes showing more than 2-fold expression difference at 3 h growth. Only genes with p-
value <0.05 are shown, and RNAs with unknown functions have not been included in the table. The fold-
change (FC) is shown using a linear scale and not as log2. FC of the 6 h sample are also listed. Genes 
in an operon are clustered. In these cases the maximum and minimum FC are indicated. In the operon 
column the number of genes of the operon is listed between brackets. The regulon column suggests the 
possible regulator. 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 (FC > 2x and p-value < 0.05) 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. 

FC 3 h FC 6 h gene(s) operon regulon function 
2800 3400 xynA 

  
endo-1,4-beta-xylanase 

5.6/3 h 1.4/-1.0 yxeK,N,M,O,Q,snaB, 
sndB 

yxeK (7) CymR 100%↓62% uptake, utilization, detoxification S-(2-
succino) cysteine 

5.2 1.1 yvdE yvdE (9) 
 

unknown 
3.9 1.4 sndA snaA (12) CymR 100%↓62% utilization of S-methyl-cysteine 

3.9/3 h 1.4/-1.1 cysH,P,C,sat,ylnD cysH (7) CymR 100%↓62% sulfate uptake & reduction 
3.1/2.3 1.2/-1.4 pyrAA,AB,D,E,F,K pyrR (10) PyrR 0%-80% pyrimidine biosynthesis 

3.0 1.5 yeeG 
  

unknown 
3.0 1.1 tcyP 

 
CymR 100%↓62% cystine (cysteine dimer) uptake 

2.7 1.4 spoVID spoVID (2) SigE 96%↑9% spore coat assembly 
2.6 1.8 dppB dppA (5) CodY 91%↓5% dipeptide transporter subunit 
3 h 1.3 nupO nupN (4) CodY 91%↓5% uptake of guanosine 
3 h -1.1 putB putB (3) PutR 100%↑33% proline dehydrogenase 
2.1 1.1 rhiL rhiL (4) 

 
uptake of rhamnose oligosaccharides 

2.0 2.1 leuB ilvB (7) CcpA 87%↑14% biosynthesis of leucine 
-4.4 -8.2 melR melR (5) MelR 100%↑60% repressor melibiose utilization operon 
-3.9 -13.4 clpE 

 
CtsR 100%↑42% AAA unfoldase 

-3.0 -2.0 iseA 
 

WalR 100%↑4% inhibitor of autolysins 
-3.0/-3 h -1.7/-1.2 rbsA,B,C,D,K,R rbsR (6) CcpA 87%↑14% ribose uptake 
-3.0/-2.4 -1.4 yyzE,bglA bglA (2) 

 
beta-glucoside utilization 

-3.0/-2.3 -1.7/-1.4 licA,B,C,H licB (4) LicR 100%↓100% lichenan uptake and phosphorylation 
-2.8/-2.1 -1.4/-1.2 araA,B,D,L,M,N,abfA araA (9) AraR 100%↑62% arabinose utilization 

-2.8 -1.1 glpD 
 

GlpP 100%↓20% glycerol-3-phosphate dehydrogenase 
-3 h -1.6 ywsB 

 
SigB 100%↓3% general stress protein 

-2.4/-2.1 1.5/1.3 khtT,U,S khtS (3) 
 

potassium ion efflux 
-2.3/-2.1 -1.5/-1.3 gntK,R gntR (4) GntR 100%↑50% gluconate utilization 

-2.3 1.4 mrgA yusZ (2) PerR 100%↑8% protecting against oxidative killing 
-2.3 -1.2 ylbP 

  
unknown 

-2.3 -2.7 yerA yerA (3) CcpA 87%↑14% similar to adenine desaminase 
-2.2/-2.0 -2.6/-2.0 ctsR, mcsA,B,clpC ctsR (6) CtsR 100%↑42% class III heat shock proteins 

-2.2 -1.8 yuaF yuaF (3) SigW 100%↓1% involved membrane fluidity control 
-2.1 1.3 manR 

 
ManR 100%↓75% regulation of mannose utilization 

-2.1/-2.0 -1.7/-1.4 ganA,P,S ganS (5) GanR 100%↑50% uptake of galactotriose 
-2.1 -1.1 trpB trpE (6) MtrB 0%-13% tryptophan synthase subunit 
-2.1 1.1 katA 

 
PerR 100%↑8% main catalase 

-2.0 -1.4 gmuB gmuB (8) GmuR 100%↑13% glucomannan utilization 
-2.0 -1.0 uxaC uxaC (10) CcpA 87%↑14% glucuronate isomerase 
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Table 2.2. Genes showing more than 2-fold upregulation or more than 3-fold down regulation at 6 h 
growth. Only genes with p-value <0.05 are shown, and RNAs with unknown functions have not been 
included in the table. Only genes with p-value <0.05 are shown. The fold-change (FC) is shown using a 
linear scale and not as log2. FC of the 3 h sample are also listed. Genes in an operon are clustered. In 
these cases the maximum and minimum FC are indicated. In the operon column the number of genes 
of the operon is listed between brackets. The regulon column suggests the possible regulator. 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 (FC > 2x and p-value < 0.05) 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. 
 

FC 6 h FC 3 h name operon regulon description 
3400 2760 xynA 

  
endo-1,4-beta-xylanase 

3 1.3 sr1 
 

CcpN 100%↓50% small RNA regulation arginine metabolism 
2.7 1 ydjB 

  
prophage 3 

2.6 2.7 yuiA yuiA (2) TnrA 100%↓4% unknown 
2.6 -1.2 gapB gapB (2) CcpN 100%↓50% glyceraldehyde-3-phosphate dehydrogenase 
2.4 -1 ribE ribD (5) FMN 100%↓17% riboflavin biosynthesis 

2.3/2.1 2.0/1.3 leuB,C ilvB (7) CcpA 100%↑13% biosynthesis of leucine 
2.1 1.2 natA natA (2) NatR 100%↑50% sodium exporter subunit 
2.1 -1.1 pckA 

 
CcpN 100%↓50% phosphoenolpyruvate carboxykinase 

2 -1.2 frlR 
  

regulator sugar amines utilization 
-13.4 -3.9 clpE 

 
CtsR 100%↑33% AAA unfoldase 

-12.9/-
8.2 

-4.4/-1.7 melA,C,D,E,R melR (5) MelR 100%↑100% melibiose utilization 

-10.2/-
3.0 

-1.6/2.0 sboA,albB,C,D,E,F,G sboA (9) ResD 100%↓44% subtilosin (antimicrobial peptide) production 

-7.5/-3.5 -1.4/-2.0 iolA,G,H,I,J iolA (10) IolR 100%↑100% myo-inositol catabolism 
-6.6 1.1 iolT 

 
IolR 100%↑100% myo-inositol uptake 

-6.2 1.7 yebD 
  

unknown 
-5.8 -1.4 fnr 

 
ResD 100%↓44% anaerobiosis, overflow metabolism 

-4.8/-3.1 -2.0/-1.2 yojA,B yojA (2) 
 

unknown 
-4.6 -1.3 trnB-Arg 

  
transfer RNA-Arg 

-4.6/-4.4 -1.1/1.0 ycnI,J,K ycnK (3) YcnK 100%↑100% regulation of copper uptake 
-4.6 -1.0 ctaA 

 
ResD 100%↓44% heme biosynthesis 

-4.6 -1.0 ydbL 
  

unknown 
-4.6/-3.6 -1.0/1.0 qoxA,B,C,D qoxA (4) CitB 0%-50% cytochrome aa3 quinol oxidase 

-4.5 1.0 yxaL yxaJ (2) Rok 100%↑29% unknown 
-4.4 1.0 ctaO 

 
AbrB 100%↑11% heme biosynthesis 

-4.4 -1.0 yodA 
  

unknown 
-4.4 1.2 trnB-Leu1 

  
transfer RNA-Leucine 

-4.0 1.3 scr 
  

4.5S RNA of signal recognition particle (SRP) 
-3.8 1.0 ydzA 

  
unknown 

-3.6 -1.1 yozB 
  

unknown 
-3.6/-3.1 -1.3/-1.2 iolR,S iolR (2) IolR 100%↑100% regulation of myo-inositol catabolism 

-3.6 1.2 yoqM 
 

AbrB 100%↑11% SP-beta prophage 
-3.4 -1.1 ywzB ywzB (3) SigF 75%↓3% unknown 
-3.4 -1.1 ytzI 

  
unknown 

-3.3 -1.4 yxiE bglP (3) LicT 100%↓25% possible beta-glucan/-glucoside utilization 
-3.3 1.0 yfmQ 

  
unknown 

-3.2 -1.7 yncC 
  

unknown 
-3.2/-3.0 -1.3/-1.1 hemE,H,Y hemE (3) 

 
heme biosynthesis 

-3.1 -1.2 gabT gabT (2) GabR 100%↓50% utilization of gamma-amino butyric acid 
-3.1 1.2 sunA sunA (5) Rok 100%↑29% sublancin (antimicrobial peptide) production 
-3.1 -1.0 ytkA ytkA (2) 

 
unknown 
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Analysis of functional categories 

The thresholds for either fold-change or p-value to determine whether regulation is significant 

is arbitrary. As a consequence we might discard useful information. To enable a more unbiased 

analysis, we decided to get rid of cut off values for the fold-change and p-values and instead 

consider groups of genes by focussing on functional categories. The known genes of B. subtilis 

have been grouped into functional categories and this information can also be downloaded 

from the Subtiwiki website 23. We focussed our functional category analysis on stress, protein 

translation and protein homeostasis, and based on the genes in Tables 2.1 and 2.2, also 

included the functional categories related to respiration, sulfur and carbon metabolism, and 

amino acid utilisation. The fold-change distribution of the genes of the different functional 

categories are schematically indicated in Figure 2.3. Interestingly, the genes of many functional 

categories move together towards more up or down regulation, suggesting that the change in 

activity of these categories is relevant, despite the fact that these changes are not necessarily 

more than 2-fold. The distribution of the categories “sulfur metabolism” and “utilization of 

different carbon sources” reflects the data in Table 2.1 and 2.2. However, it becomes now clear 

that there are substantial more amino acid synthesis and acquisition genes upregulated in the 

3 h time point than are listed in Table 2.1. Also the down-regulation of respiration genes in the 

6 h sample is more obvious now. Interestingly, Figure 2.3 shows that for both time points the 

functional category “chaperones & protein folding” is downregulated. This category comprises 

the conserved protein chaperones GroEL/ES, DnaJ/K and others, but this does not show up 

in Tables 2.1 and 2.2 due to the chosen cut off for fold-change. The general stress response 

category, comprising 161 Sigma-B controlled genes, does not seem to be activated in the 

XynA overexpressing cells, but heat shock proteins appear to be collectively downregulated in 

both samples, which makes sense as this category also comprises the groEL/ES and dnaJ/K 

and genes. Several genes in the functional category “protein secretion” are upregulated in the 

3 h sample. This category is a collection of genes that are involved a wide variety of processes 

including general secretion but also sporulation. The 2- to 3-fold induced genes in this category 

are spoIIIAB, -AC, -AF, -AG and -AH, which form an operon and are involved in activation of 

the sporulation sigma factor Sigma-G 24,25. 

Analysis of regulons 

The functional categories often comprise genes involved in different processes. For example, 

Figure 2.3 shows a down regulation of the “cell envelope stress” category, which includes all 

the extra-cytoplasmic function (ECF type) sigma factors, Sigma-V, -W, -X and -Y. It would be 

informative to known which of these sigma factors is responsible for this effect. Therefore, we 

plotted the fold-change of the genes in the different regulons, by making use of the regulon   
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Figure 2.3. Functional category distribution plot. Genes were grouped in functional categories 
according to the Subtiwiki database. The log2 fold-change values (FC) were plotted along the x-axis. 
The number of genes in each functional category is indicated between brackets. The upper and lower 
data sets shown for each category represent the 3 h and 6 h sample, respectively.  

 

classification file from Subtiwiki. The 218 identified regulons were sorted based on the average 

fold-change of their genes, and the 3 h sample is presented in Figure 2.4 as an example. Also 

in this case the genes of many regulons shift collectively towards up or down regulation, 

suggesting that the observed regulation is real, and that the use of an average fold-change is 

reasonable. Now that we do not take into account any cut-off value, it is interesting to observe 

that many more regulons are affected than indicated in Tables 2.1 and 2.2. Due to the large 

number of regulons it is difficult to determine form Figure 2.4 what regulons are most relevant. 

To facilitate this, we plotted the average fold-change of regulons against the mean absolute 

deviation (MAD) of the fold-change. The MAD value indicates the spread of fold-change values, 

and regulons that show a robust regulation should have fold-changes that are close together, 

resulting in lower MAD values. We used a bubble plot layout so that we could also indicate the 

number of genes in a regulon, reflected by the surface of the data points (Figure 2.5). Finally, 

the average p-values of the genes of a regulon were also included by using different colour 

intensities. This also enables the removal of less relevant regulons with high p-values to make 

the graph more clear (Figure 2.5, left panels). 
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Figure 2.4. 
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Figure 2.4. Regulon fold-change spread plot of the 3 h sample. Genes were grouped in regulons and 
their log2 fold-change values (FC) was plotted along the X-axis. The regulons were sorted according to 
the average of the fold-change of all the genes in a regulon. The total number of genes in a regulon is 
indicated between brackets.  

 

Figure 2.5. Regulon fold-change bubble plots showing average fold-change (av-FC) of regulons against 
the mean absolute deviation of the fold-change (MAD av-FC) of the 3 h sample (A) and the 6 h sample 
(B). The size of the bubbles corresponds to the number of genes of a regulon. The colour intensity of 
the bubbles indicate the average p-values of the genes in the regulon classified from dark to light 
according to average p-values of <0.0625, <0.125, <0.25, <0.5 and >=0.5. The right panel plots show 
information of all regulons, while the left panel plots show the regulons with average p-values <0.5. 
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response regulator Spo0A regulates 143 genes of which approximately half by activation and 

the other half by repression. As a consequence, the Spo0A regulon will show an average fold-

change approaching zero, no matter whether Spo0A is activated or not. To overcome this 
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problem, we took into account whether a gene is activated or repressed by a regulator. This 

information can be deduced from the Subtiwiki regulon file. In case the regulator represses a 

gene, the fold change of this gene was multiplied by -1. In this way even for regulators like 

Spo0A a meaningful average fold-change can be calculated. We repeated the average fold-

change, related MAD and average p-value calculations for the two situations, i.e. either the 

regulon regulator being activated or repressed. Importantly, for the calculations we only used 

those genes whose fold-change direction (positive/negative) was in agreement with one of 

these states (activated/repressed regulator). The regulator activity that was in agreement with 

the fold-change of most genes of the regulon was considered the most relevant situation, and 

the corresponding average fold-change, related MAD and average p-values are plotted in 

Figure 2.6A. In case the number of genes that fitted the activated regulator situation was the 

same as the number of genes that fitted the repressed regulator situation, the regulator state 

showing the highest average fold-change situation was chosen. For the 6 h time point, we 

have also listed the most relevant regulons, with an average log2 fold-change >0.5, in a table 

(Table 2.3). Of note, many regulons show an opposite fold-change direction in Figure 2.6 

compared to Figure 2.5, e.g. the CymR and MelR regulons in time samples 3 and 6 h, 

respectively. The reasons is that in Figure 2.6 the sign indicates whether the regulator is either 

activated or repressed, which in case of repressors will result in an opposite directionality for 

the genes, thus regulon, it controls. Figure 2.6A does not reveal the activity of new regulators, 

like Spo0A, however, there was a shift of several regulons regarding average fold-change and 

average p-value. For example, the CcpA regulon showed an increase in average fold-change 

when only the “fitting” genes were taken into account. Interestingly, the average p-value of the 

SigW regulon increased to over 0.5, and this regulon was no longer present in the 3 h bubble 

plot of Figure 2.6A, while others, such as the ResD regulon showed a reduced average p-

value, which corresponded to a reduction in MAD values (Figure 2.6A, 6 h plot). 

 

Ranking on genes 

The possibility to calculate the number of genes of a regulon that fit either the activated or 

repressed state of the related regulator provided an additional criterium to weight the relevance 

of regulon changes. Figure 2.6C and D ranks the data from Figure 2.6A and B based on the 

fraction of genes used for the calculation of the average fold-change and p-value. The closer 

the fraction is to 50% the less likely the regulon is specifically regulated under the conditions 

tested. 

 As mentioned earlier, the analysis of functional categories revealed a downregulation 

of cell envelope stress genes, especially for the 6 h time point (Figure 2.3). Figure 2.6D shows 

now that this effect is primarily due to the downregulation of the SigW regulon.  
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Figure 2.6. (A, B) Regulon fold-change bubble plots corrected for regulation directionality. Negative 
average fold-change values indicate that the activity of the corresponding regulator is repressed. (C, D) 
Average fold-change from A and B plotted against the fraction of regulon genes used in the calculations. 
The size of the bubbles corresponds to the number of genes used in the calculation. The colour intensity 
of the bubbles indicate the average p-values of the genes in the regulon classified from dark to light 
according to average p-values of <0.0625, <0.125, <0.25, <0.5. For clarity, regulons with average p-
values >=0.5 are not shown. 
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Table 2.3. Regulon ranking. Only the 6 h sample regulons with average p-value < 0.5, covering > 50% 
of the genes of a regulon and an average log2 fold change > 0.5 are listed. The corresponding data for 
the 3 h sample is listed for comparison. 

Regulon 6h: genes 6h: FC 3 h: FC 6h: % 3 h: % description 
MelR 5 3.47 1.35 100% 100% regulation of melibiose utilization 
IolR 13 2.25 0.70 100% 92% regulation of myo-inositol catabolism 

YcnK 3 2.17 0.09 100% 67% regulation of copper uptake 
IolQ 1 1.45 0.32 100% 100% control of scyllo-inositol utilization 

DeoR 3 1.19 0.42 100% 100% regulation of deoxyribonucleotide utilization 
CtsR 12 1.01 0.77 100% 100% regulation of protein degradation 
YdfI 1 0.96 0.44 100% 100% control of ydfJ: similar to antibiotic transport protein 
YlaC 3 0.91 -0.23 100% 50% ECF-type Sigma factor: adaptation oxidative stress 
Rok 32 0.84 0.22 97% 66% regulation of genetic competence 
ChrS 3 0.84 0.13 100% 100% regulation of chromate export 
NatR 2 0.82 0.35 100% 100% regulation of the natB operon:sodium export 
FruR 3 0.81 0.23 100% 100% regulation of fructose utilization 
Abh 12 0.75 0.35 55% 86% regulation during transition log to stationary phase 
HrcA 7 0.70 0.48 78% 100% regulation of protein chaperone gene expression 
RatA 1 0.68 -0.03 100% 100% type I toxin/antitoxin system: TxpA toxin 
CcpA 200 0.64 0.55 76% 81% carbon catabolite repression (CCR) 
AbrB 173 0.63 -0.42 65% 52% regulation during transition log to stationary phase 
DesR 1 0.62 0.52 100% 100% regulation membrane fluidity 
FadR 15 0.62 0.57 100% 94% regulation of fatty acid degradation 
GanR 6 0.58 0.95 100% 83% regulation of galactan utilization 
NrdR 3 0.54 0.03 75% 75% control of ribonucleotide reductase expression 

EAR riboswitch 12 0.52 0.35 80% 100% extracellular polysaccharide synthesis 
ResD 36 -1.17 -0.28 73% 55% regulation of aerobic and anaerobic respiration 
GabR 3 -1.11 -0.46 100% 67% regulation of gamma-amino butyric acid utilization 
SdpR 3 -0.91 -0.78 60% 50% regulation of protection against toxin SdpC 
CcpN 6 -0.83 0.10 100% 67% repressor of genes involved in gluconeogenesis 
LicT 4 -0.82 -0.61 100% 100% control of beta-glucan and beta-glucoside utilization 
FrlR 6 -0.79 -0.21 100% 80% regulation of utilization of sugar amines 

FMN-box 5 -0.74 -0.09 83% 67% riboflavin biosynthesis 
QdoR 2 -0.73 -0.39 67% 100% control of quercetin utilization 
CitT 2 -0.69 -0.24 100% 100% regulation of citrate uptake 
GutR 3 -0.66 0.07 100% 100% regulation of glucitol utilization 
LicR 4 -0.65 -1.40 100% 100% regulation of lichenan utilization 
PutR 3 -0.64 0.62 100% 100% regulation of proline utilization 

SwrAA/2 1 -0.60 -0.46 100% 100% activator of flagellar biosynthesis 
SplA 2 -0.60 -0.09 100% 100% repressor of the spore photoproduct lyase 
YetL 1 -0.55 -0.05 100% 100% induction in response to flavonoids 
RocR 7 -0.54 0.23 78% 89% activator of arginine utilization operons 
SigW 74 -0.53 -0.31 94% 94% ECF-type sigma factor: adaptation to membrane agents 
LiaR 10 -0.51 -0.11 100% 80% cell envelope stress regulation 

 

Identifying potential secretion bottlenecks 

There is no obvious relation between the overexpression of XynA and the strong effect on 

either regulons involved in sugar metabolism (MelR, AraR, LicR, LolR), copper uptake (YcnK) 

or aerobic/anaerobic respiration (ResD). One curious observation from the functional category 

distribution plot in Figure 2.3 is that genes involved in “chaperones and protein folding” and 

coding for “heat shock proteins” are downregulated. Figure 2.6 suggests that this might be 

related to the activation of the CtsR repressor (Figure 2.6C and D, arrows). The CtsR regulon 

comprises, among others, the protein chaperone encoding genes clpC, -E, -X and their related 

protease clpP and the conserved protein quality protease lonA. A strong overexpression of 

XynA is likely to burden the protein synthesis system, resulting in an increase in misfolded 

proteins, therefore it would be more logical that the CtsR regulon is upregulated under these 

conditions. CtsR functions as a repressor, and the level of CtsR in the cell is controlled by the 

ClpCP protease complex 16,26. Possibly, during high expression of XynA the ClpCP system is 
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busy dealing with unfolded XynA or other proteins, resulting in increased CtsR levels, which 

may explain the observed downregulation of the CtsR regulon. It is reasonable to assume that 

increased chaperone levels and protein quality proteases will reduce the level of misfolded 

proteins, and this may help to increase XynA production. To test this, we measured the 

production of XynA in a ctsR deletion strain. As shown in Figure 2.7A, the ∆ctsR mutant 

showed a normal growth rate, however XynA secretion was approximately 25 ±5 % higher 

compared to the wild type strain (Figure 2.7AB), indicating that the induction of the CtsR 

regulon by removing the CtsR regulator improves production of XynA. 

 

 
Figure 2.7. XynA production in a ∆ctsR deletion strain. (A) XynA production profile in BWB09/pCS58 
(wt) and SGB03/pCS58 (∆ctsR) strains during growth. The average and standard deviation of 3 
independent experiments were shown. (B) Coomassie staining of proteins precipitated from 10 h 
supernatant samples. Molecular weights are indicated on the left side. Bars represent protein 
densitometry quantification of the Coomassie-stained gel. The asterisk marks indicate the XynA protein 
bands in the supernatant samples. Sampling and analyses have been repeated three times to confirm 
reproducibility. 
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CONCLUSIONS 

The overexpression of XynA leads to the up and down regulation of a wide variety of regulons, 

including many regulons involved in sugar utilisation, but also respiration and e.g. cupper 

uptake or toxin protection (Table 2.3). How this would be related to possible stresses caused 

by the overexpression of XynA is not clear. However, multiple transcription factors, including 

MelR, IolR, and LicR, have been shown to be controlled by targeted proteolysis by ClpCP 27. 

Possibly, part of the observed expression effects can be attributed to the down regulation of 

the CtsR regulon. Finally, transcriptome evaluation focuses on the most interesting regulated 

genes by applying subjective threshold values for either fold-changes and/or probability values 

like p-values. Here we show that such discrete and arbitrary gene selection can be avoided by 

making use of functional category and regulon information. For the XynA overproduction, this 

regulon analysis revealed that many regulons are affected, albeit mildly, which seems to reflect 

a more realistic situation. Of course, such analysis is only possible with well-known model 

systems for which detailed regulon information is available. 

   



Chapter 2 

52 
 

MATERIAL AND METHODS 

Bacterial strains and growth conditions. 

Bacterial strains and plasmids used in this study are listed in Supplementary Table 2.S1. 

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), Xylose (Xyl, 0.5% or 2%, w/v). For B. 

subtilis XynA secretion profile measurements, 10 ml LB+Km medium in 100 ml flasks was 

inoculated and grown overnight at 30 °C to prevent sporulation. The next morning, 1 ml 

overnight culture was quickly spun down at 9,000 RCF for 1min to remove the supernatant, 

and cell pellet was subsequently resuspend in 37 °C pre-warmed LB and diluted into fresh and 

prewarmed LB+Km medium with a starting OD600 of 0.05. The culture was grown at 220 rpm 

shaking (37 °C) and sampled at desired timepoints for follow-up enzymatic or protein 

experiments. We used 100 ml Erlenmeyer flasks for 10 ml cultures and 250 ml Erlenmeyer 

flasks for 25 ml cultures to guarantee proper aeration. 

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

(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, as described before 28. 

Plasmid and mutant construction. 

All primers used for cloning are listed in Supplementary Table 2.S2, and all constructs were 

sequenced to omit possible mutations. Strain BWB09 was constructed by deleting the 

chromosomal xynA and amyE genes from the tryptophan prototrophic (trp+) wildtype B. subtilis 

strain BSB1 29 using a marker-less method 18. Briefly, purified DNA amplicons of xynA-

upstream, xynA-downstream and a toxin cassette, SpR-mazF, were fused via overlap PCR 

(BW45 & BW44) and transformed into competent BSB1 cells. Removal of the spectinomycin 

resistance cassette (SpR) by recombination was triggered by induction of the MazF toxin by 

plating cells on IPTG containing plates. SpR-mazF cassette and xynA removal was verified by 

PCR, and yielded strain BWB06 (trpC+, ∆xynA). The amyE gene was subsequently deleted 

using the same method, resulting in strain BWB09 (trpC+, ∆xynA, ∆amyE).  

 Plasmid pCS58 for XynA overproduction was obtained from the Royal DSM N.V. 

plasmid collection and then transformed into BWB09. Plasmid pCS58 was used as template 

to amplify the vector backbone sequence omitting the xynA ORF. This plasmid, pBW17, was 

used as negative control. 

 Plasmid pBW18 used for scr overexpression was constructed from plasmid pHJS103 
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30. The xylose-inducible promoter Pxyl and amyE-integration flanking sequences were 

amplified from pHJS103, and scr sequence containing S17-5’UTR was amplified from BSB1 

chromosomal DNA. Subsequently, both PCR products were ligated by Gibson assembly 31 and 

transformed into E. coli TOP10 cells 32. pBW18 was then isolated, linearized by restriction 

enzyme cutting, and transformed into competent BWB06 cells, resulting in scr overexpression 

strain SGB01. 

 The ctsR mutant SGB03 was constructed by transformation of chromosomal DNA from 

a ∆ctsR mutant, obtained from the BKE B. subtilis genome-scale deletion library 33, into 

competent BWB09 cells. 

RNA extraction for RNA-seq 

RNA extraction was based on the methods described in 34,35. 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.  

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 



Chapter 2 

54 
 

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

XynA enzyme activity Assay 

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. XynA 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. 

SDS-PAGE electrophoresis and Coomassie staining  

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-

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 a 14 % SDS-PAGE gel. After 

electrophoresis, the gel was either subject to Colloidal Coomassie stain according to Bio-Rad's 

protocol. Sample loading amount was normalized based on optical density of the culture, and 

an amount of cells corresponding to an OD600 of 0.2 was loaded per lane. 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 2.S1: XynA production profile in scr overexpressing strain. 

• Table 2.S1: Strains and plasmids used in this study 

• Table 2.S2: Primer sequences used in this study 
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Figure 2.S1. 

 
Figure 2.S1. XynA production profile in scr overexpressing strain. (A) XynA enzyme activity in the 
supernatant of BWB09/pCS58 (wt) and scr overexpressing strain SGB01/pCS58 (Scr) at 3 h, 6 h and 8 
h growth in LB supplemented with 0 %, 0.5 % and 2 % xylose. (B) Coomassie-stained gel shows XynA 
band precipitated from 8 h supernatant samples. The average and standard deviation of 3 independent 
experiments were shown. 
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Table 2.S1. Strains and plasmids used in this study. 

Strain Genome type  Source 
BSB1 B. subtilis wildtype 168 trp+; Lab storage 
BWB06 BSB1 trp+; ∆xynA This study 
BWB09 BSB1 trp+; ∆xynA, ∆amyE  This study 
BKE00830 1A1 ∆ctsR::ery  33 
SGB01 BSB1 trp+; ∆xynA; amyE::Pxyl-scr This study 
SGB03 BSB1 trp+; ∆xynA, ∆amyE, ∆ctsR::ery This study 
Plasmid   
pCS58 PamyQ-xynA, bleo(Km) DSM 
pBW17 PamyQ-empty, bleo(Km) This study 
pHJS103 amyE_Down-Pxyl-sfGFP-spec-amyE_Up, Sp, Ap 30 
pBW18 amyE_Down-Pxyl-scr-spec-amyE_Up, Sp, Ap This study 
 

 

 
Table 2.S2. Primer sequences used in this study 
Name Sequence (5’-3’) Target 
BW05 CTAATTGAGAGAAGTTTCTATAGAATTTT SpR-mazF-Fw 
BW06 CTACCCAATCAGTACGTTAATTT SpR-mazF-Rv 
BW34 AAAGGAGCGATTTACATATGTAACAGATCATCCTTAATCA pEmpty1-Fw 
BW35 TGATTAAGGATGATCTGTTACATATGTAAATCGCTCCTTT pEmpty1-Rv 
BW41 CAGATCATCCTTAATCAGGGGTAGCTAACG XnyAUp-Fw 
BW42 GAAACTTCTCTCAATTAGATTTCATGTAAACCGAGAACCA XnyAUp-Rv 
BW45 GCAAAAGCCCTTATGAGGGCTTTTTTAATTGTTGTTTGCAGTAAC XnyADn-Fw 
BW46 ACCCCTGATTAAGGATGATCTGATGTTACCTCCTATAATATTTTTTCCG XnyADn-Rv 
BW47 AATTAACGTACTGATTGGGTAGTTCTTAGTTGGATTATCGGCAGC XnyA-Fw 
BW48 GGATGATCTGTTACCACACTGTTACGTTAGAACTTCCACTAC XnyA-Rv 
BW49 ATGATCAATTGGGGGCCGTTTTAACGATTGCTGCC AmyEUp-Fw 
BW50 TCCCGTCTAGCCTTGCCCTCTTGACACTCCTTATTTGA AmyEUp-Rv 
BW51 GGGCAAGGCTAGACGGGACTTACCGAAAGAAA AmyEDn-Fw 
BW52 TATAGAAACTTCTCTCAATTAGCCCGCTCTTTTGGCAGGCCGC AmyEDn-Rv 
BW53 AACGTACTGATTGGGTAGGCCATTCAGACATCTCCGA AmyE-Fw 
BW54 CAGACCTGGCATTGATCGTGCCTGTCAGTTTAC AmyE-Rv 
BW60 CCTAGGAATCTCCTTTCTAGATG pHJS103-Fw 
BW61 AAAATGTCCAGACTTCGGA pHJS103-Rv 
BW131 CATCTAGAAAGGAGATTCCTAGGGCATCGTAATAGATGCAACATA Scr-Fw 
BW132 TGGATCCGAAGTCTGGACATTTTCTAATATTAGGTGAGTCTGAAAAT Scr-Rv 
TerS385 CCCGAGGTGCGGACGGGCGCCATGA AmyE-Ex-Fw 
TerS386 GGCTCAGCGGGATCAGGCGCTGCGCAA AmyE-Ex-Rv 
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