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1BACILLUS SUBTILIS

Bacillus subtilis, the name of which was coined in 1872 [1], is 

predominately found as an inhabitant of the soil or is living 

in association with plants [2]. It has become the most studied 

species of the Gram-positive bacteria, and is characterized by 

one cytoplasmic membrane and a thick cell wall [3]. The cells of 

B. subtilis are typically rod-shaped and about 4.0–10.0 μm long 

and 0.25–1.0 μm wide in diameter [4]. B. subtilis has been re-

garded as an obligate aerobe, until solid evidence proved that it 

is a facultative anaerobe [5]. Under some special circumstances, 

B. subtilis can activate the cellular process for forming tough 

and protective endospores, allowing a subpopulation to sur-

vive in environmental conditions of extreme temperatures and 

desiccation [6]. This heavily fl agellated bacteria also enables 

the cells to move quickly in liquids [7]. B. subtilis can grow in 

nutrient- rich media as well as in a chemically defi ned salt me-

dia in which glucose, malate or other simple sugars that provide 

carbon sources, and ammonium salts or certain amino acids 

are applied as nitrogen sources [8]. The most commonly used 

laboratory strain of B. subtilis, 168, is a tryptophan auxotroph 

(trpC2) and therefore requires the extra addition of tryptophan 

to the growth media, even to media containing acid-hydrolyzed 

proteins such as those of casein [2]. The genome of B. subtilis has 

been (re)sequenced and annotated, and contains 4,214,630 base 

pairs (bp) encoding 4,100 proteins with an overall 43.5% GC 

content [9, 10]. Based on genome-wide gene function studies of 

B. subtilis, 253 genes that account for 6% of the whole genome 

are considered to be essential that involved in central metabo-

lism, processing information, cell wall synthesis, cell division, 

shape [11–13], and only one of them remains function unknown 

[14]. B. subtilis is well amenable to genetic manipulation, and 

genome editing can be performed using a variety of techniques, 
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n such as phage-mediated transduction [15], transformation (nat-

ural, electro- and protoplast-), conjugation [2], CRISPR-Cas9 sys-

tem [16, 17] and nanotubes-mediated molecular exchange [18]. 

THE MICROBIAL CELL FACTORY

Microbial cell factories have been largely exploited for the 

high-level production of various industrially relevant products 

in the fi elds of food, pharmaceutical, and biotechnology. By 

far, the most frequently studied and widely applied microor-

ganism hosts are Escherichia coli [19], B. subtilis [20, 21], lac-

tic acid bacteria [22], yeast (Saccharomyces cerevisiae) [23] and 

fungi (Aspergilli) [24]. All of these are excellent work-horses for 

producing a wide range of high-value biochemical products. In 

contrast to other well-known cell factories, the best-character-

ized Gram-positive bacterium B. subtilis, is highly favored due 

to its status of generally recognized as safe (GRAS) and the out-

standing natural secretion capacity that facilitates the down-

stream purifi cation processing [25]. Furthermore, cultivation 

of B. subtilis cells at high densities is relatively easy and inex-

pensive. Therefore, this bacterium serves as the most popular 

large-scale prokaryotic expression system in producing phar-

maceutical- or food-grade products by biotechnology compa-

nies [20]. In industry, about 60% of the commercial enzymes are 

generated by B. subtilis and its close relatives [26, 27]. Moreover, 

as shown in Fig. 1, introducing a heterologous protein synthe-

sis pathway will take up a large proportion of the resources 

distribution in the host cell [28]. This metabolic drain problem 

caused by a human- imposed overproduction task in the expres-

sion host, also called metabolic burden, will reduce the activi-

ties of energy metabolism and of native enzymes for essential 

cellular processes as well as limit the availability of building 
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blocks for the protein overproduction, leading to a lower yield 

of the target protein [28]. Although high production yields can 

be achieved for proteins originated from Bacillus species by 

various strain optimization strategies [29], the success rate for 

overproducing a majority of heterologous proteins is limited 

[30, 31]. Therefore, modifying the industrial expression host B. 

subtilis to be a better cell factory for heterologous proteins of 

commercial importance is a research hotspot.

INCREASING PRODUCTIVITY OF B. SUBTILIS

Empirical approaches for improving protein 
production and secretion
In the past, the empirical attempt for optimizing protein pro-

duction in B. subtilis was performed by studying the effects of 

media compositions on the fi nal product yields [20]. However, 

the advances in recombinant DNA technology enabled more di-

rected genetic alterations of this production host. Strong pro-

moters were utilized to achieve high transcription levels, and 

Fig. 1. Schematic representation of metabolic networks in a microbial cell 

factory.
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n these promoter sequences that are accompanied by effi  cient 

ribosome binding sites (RBS) are commonly used for strain im-

provement [32, 33], which normally results in higher yields of 

target proteins [34]. In addition, the widely used isopropylbeta- 

D-thiogalactopyranoside (IPTG)-inducible promoter [35], the 

xylose-inducible promoter [36], and the subtilin-inducible pro-

moter [37] offer large advantages over constitutively active pro-

moters in B. subtilis. Moreover, the translation effi  ciency can be 

enhanced by replacing the rare codons with optimal ones in the 

open reading frame (ORF) based on the codon usage bias in the 

host organisms [38, 39].

In B. subtilis, the major protein secretion machinery is the 

Sec-secretion pathway [40, 41]. The overexpression of Sec- 

components SecDF and SecG and C-terminal modifi cation of 

SecA are benefi cial for obtaining increased levels of heterolo-

gous protein secretion in B. subtilis [34]. The native pre- protein 

contains an N-terminal polypeptide sequence, signal peptide, 

that subsequently directs the to be-secreted target protein 

across the cytoplasmic membrane [42]. Therefore, suitable sig-

nal peptides can effectively enhance the translocation and se-

cretion effi  ciency of heterologous proteins [25]. Furthermore, 

the overexpression of thiol-disulfi de oxidoreductases BdbB 

and BdbC is capable of boosting the secretion of disulfi de bond- 

containing proteins [43, 44]. The molecular chaperone PrsA is 

important for protein folding during the post- translocational 

phase, and the higher production of this foldase can improve 

the secretion yields of several model proteins [45, 46]. The de-

fi ciency of the dlt operon leads to a signifi cant increase of se-

creted heterologous proteins by altering the cell wall net charge 

[47]. B. subtilis secretes multiple extracellular proteases, and 

they can rapidly degrade the misfolded, folding or folded pro-

tein during or after the secretion process, reducing heterolo-

gous protein yields. The use of extracellular protease-defi cient 
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activity compared to the 168 strain can usually tackle this prob-

lem [48, 49]. This strategy broadens the application of B. subtilis 

as a super-secreting cell factory for products that are sensitive 

to these proteases [50, 51]. In  Chapter 2, several cell surface 

components were genetically engineered in the protease-inacti-

vated strain B. subtilis DB104, and the corresponding infl uence 

on the product yield was investigated by analyzing the secre-

tion of codon-optimized α- amylase variants. Our study demon-

strated that the composition of the cell membrane phospholipid 

bilayer and the physicochemical properties of α-amylases play 

key roles in the fi nal secretion effi  ciency.

Progress in the metabolic engineering of B. subtilis
The classic strategies for improving protein expression systems 

involve modifying the regulatory elements of homologous or 

heterologous pathways, such as expression vectors, promot-

ers, RBSs, and terminators, or by varying the availability of the 

secretion machinery components [52–55]. In order to increase 

our ability to develop a better production system for a wide 

range of proteins, a variety of newly established systems and 

synthetic biology tools has been recently introduced. In the 

past decades, genetic engineering was mainly based on classic 

homologous recombination genome editing approaches. How-

ever, the advances in novel genome-editing devices, including 

sRNAs and CRISPR-Cas9 systems, have expanded the genetic en-

gineering scope from specifi c pathways to the whole genome 

scale [16, 56, 57]. Engineering strategies of metabolic pathways 

that integrate systems- and synthetic biology approaches have 

greatly facilitated unlocking phenotypes with desired cellular 

properties in Bacillus species [58]. The applications of new tech-

niques have signifi cantly enhanced the heterologous produc-

tion of N-acetylglucosamine in B. subtilis, the poly-γ-glutamic 
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[59–62]. In light of the fact that physiological properties of B. sub-

tilis can seriously affect its robustness of production as a mi-

crobial host, researchers also tried to increase the stability and 

controllability of the B. subtilis cell factory by solving the prob-

lems of carbon overfl ow and unfavorable cell lysis [58]. AceA 

and AceB from B. licheniformis were overexpressed in B. sub-

tilis to introduce a glyoxylate shunt, which resulted in an im-

proved acetate utilization and strengthened cellular robustness 

of the host cells [63]. Extending the growth and production pe-

riod through avoiding cell lysis is another strategy for improv-

ing the physiological properties of B. subtilis [64]. The absence 

of a series of lytic genes, namely, skfA, sdpC, lytC, and xpf, fi nally 

caused a 2.6-fold increase of nattokinase production thanks to 

the drastic decline of the cell lysis rate [64]. In addition, genome 

reduction is also commonly utilized for strain improvement of 

established industrial production microorganisms [65]. Using 

models to design the minimalization programme and predict 

the impact of genomic alterations on growth and metabolism, 

B. subtilis has been subjected to deletion of large portions of 

dispensable genome regions, only retaining genes that are re-

sponsible for the essential functions to construct a minimal cell 

factory [12, 13]. This genome engineering did not cause “seri-

ous harm” but improved specifi c heterologous protein yields 

greatly by decreasing unwanted by-products [65, 66]. 

Global transcription machinery engineering (gTME)
In a microbial cell factory, overproduction of recombinant pro-

teins is always challenging, and specifi c pathway optimization 

for accessing interesting cellular phenotypes usually requires 

a comprehensive understanding of the cellular metabolic net-

works under overexpressing conditions [20]. In other words, 

these strain modifi cation strategies are designed, mainly based 
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ever, our insuffi  cient insights of multiple layers in metabolic 

regulation and the complex underlying interaction landscape 

limits the development of engineered microbial hosts with fur-

ther improved protein production properties [58]. Metabolic 

engineering and synthetic biology enable us to manipulate cel-

lular processes by the deletion, depletion or tunable expression 

of single genes [56], but the exploration of the effects of system- 

wide pathway modifi cations is diffi  cult to perform [67]. To over-

come these limitations, a concept termed global transcription 

machinery engineering (gTME) was created that allows mul-

tiple and simultaneous perturbations of the whole transcrip-

tome through the engineering of transcription factors that 

have global effects [52]. gTME, which focuses on the increase of 

end-products by rerouting metabolic fl uxes at a top layer of the 

regulatory networks, greatly simplifi es the strain enhancement 

strategy [68, 69]. Several proof-of-concept studies of gTME have 

proved to outperform many other conventional methods in un-

locking desired phenotypes with better properties. A variety of 

global transcription factors, including zinc fi nger-containing ar-

tifi cial transcription factor [70], RNA polymerase sigma subunit 

[67, 71], Spt15 [72, 73], H-NS and Hha [74, 75], have been engi-

neered to elicit variants with higher specifi c metabolic capacity 

or chemical tolerance. In Chapter 3, the gTME-based approach 

was applied for effectively and quickly unlocking variants with 

an improved production capacity of the target protein by ran-

domly mutagenizing the global N- and C-regulators CodY and 

CcpA, respectively. The best cell factory containing crucial mu-

tations that reached an increase of 2-fold in overproduction of 

β-galactosidase was further demonstrated by the signifi cantly 

enhanced overexpression of GFP, a xylanase and a peptidase.
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for accessing interesting cellular phenotypes usually requires 

a comprehensive understanding of the cellular metabolic net-

works under overexpressing conditions [20]. In other words, 

these strain modifi cation strategies are designed, mainly based 

15

In
cr

ea
si

ng
 p

ro
du

ct
iv

ity
 o

f b
. S

ub
til

is

1on the known information about metabolic pathways. How-

ever, our insuffi  cient insights of multiple layers in metabolic 

regulation and the complex underlying interaction landscape 

limits the development of engineered microbial hosts with fur-

ther improved protein production properties [58]. Metabolic 

engineering and synthetic biology enable us to manipulate cel-

lular processes by the deletion, depletion or tunable expression 

of single genes [56], but the exploration of the effects of system- 

wide pathway modifi cations is diffi  cult to perform [67]. To over-

come these limitations, a concept termed global transcription 

machinery engineering (gTME) was created that allows mul-

tiple and simultaneous perturbations of the whole transcrip-

tome through the engineering of transcription factors that 

have global effects [52]. gTME, which focuses on the increase of 

end-products by rerouting metabolic fl uxes at a top layer of the 

regulatory networks, greatly simplifi es the strain enhancement 

strategy [68, 69]. Several proof-of-concept studies of gTME have 

proved to outperform many other conventional methods in un-

locking desired phenotypes with better properties. A variety of 

global transcription factors, including zinc fi nger-containing ar-

tifi cial transcription factor [70], RNA polymerase sigma subunit 

[67, 71], Spt15 [72, 73], H-NS and Hha [74, 75], have been engi-

neered to elicit variants with higher specifi c metabolic capacity 

or chemical tolerance. In Chapter 3, the gTME-based approach 

was applied for effectively and quickly unlocking variants with 

an improved production capacity of the target protein by ran-

domly mutagenizing the global N- and C-regulators CodY and 

CcpA, respectively. The best cell factory containing crucial mu-

tations that reached an increase of 2-fold in overproduction of 

β-galactosidase was further demonstrated by the signifi cantly 

enhanced overexpression of GFP, a xylanase and a peptidase.
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THE CENTRAL METABOLIC PATHWAYS

To date, many transcriptional regulators that are involved in 

metabolic processes have been identifi ed and characterized 

from B. subtilis by biochemical and biophysical methods [76]. 

CcpA and CodY are the two most important global transcrip-

tional regulatory proteins that control key metabolic intersec-

tions, orchestrate large regulons for balancing the availability 

of carbon and nitrogen sources, respectively, and coordinate 

the intracellular C/N fl uxes to maintain cell homeostasis [77]. 

The global regulators CodY and CcpA 
CodY, as a DNA-binding global transcriptional regulator, has 

homologs that are ubiquitously found in a variety of low G+C 

Gram-positive bacteria [78]. It was fi rst identifi ed as a repres-

sor of the dipeptide permease (dppABCDE) operon in B. subtilis 

and turned out to play a global role in modulating the expression 

of many other important genes involved in N-metabolism [76]. 

In B. subtilis, CodY exists in the form of a dimer of two 29- kDa 

subunits, and its cofactors specifi cally bind to amino acids (aa) 

1–155 of the N-terminal region [79]. The conserved helix-turn- 

helix motif (ASKIADRVGITRSVIVNALR) for the less-conserved 

CodY-binding sites (‘CodY box’) has been proposed from ana-

lyzing the target gene upstream regions by site-directed muta-

genesis [80], which show high affi  nity to aa 203–222 of the CodY 

C- terminal domain. The activity of CodY depends on GTP and 

branched-chain amino acids (BCAAs) (leucine, isoleucine, and va-

line), and these two ligands have additive effects on CodY- binding 

effi  ciency [77]. During growth of cells in rich media, CodY acts 

as a repressor for hundreds of genes and activates the expres-

sion of a few genes in late exponential phase or early stationary 

phase upon the activation by the intracellular pools of GTP and 
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1BCAAs (Fig. 2) [81, 82]. When the nutrients are exhausted, CodY- 

mediated repression diminishes, and the products of the regulon 

enable cells to adapt to the suboptimal nutritional conditions [83]. 

Thus, B. subtilis starts an adaptive response to nutrient limitation 

by inducing a wide variety of cellular processes, such as sporu-

lation, competence development, transport systems, carbon and 

nitrogen metabolism and biofi lm formation [84].

Catabolite control protein A (CcpA), a member of the LacI/GalR 

family of transcriptional regulators, is highly conserved at the se-

quence level and widely present in many low-GC Gram- positive 

bacterial species [44, 46]. CcpA plays a central role in the carbon 

acquisition and metabolism by modulating the expression of 

more than 100 relevant genes [85]. As demonstrated in Fig. 2, in 

B. subtilis, the sugar phosphotransferase system (PTS) transports 

the preferred carbohydrate, commonly glucose, into the bacte-

rial cells, and the intracellular PTS-sugar is converted into glu-

cose-6-P (G6P) and fructose-1,6-bisphosphate (FBP) [86]. Subse-

quently, the accumulation of these two glycolytic intermediates 

triggers the phosphorylation of HPr (histidine- containing pro-

tein) or its homolog protein Crh at Ser-46 in an ATP- dependent 

reaction catalyzed by HPr kinase/ phosphatase [87]. The P-Ser-

HPr/CcpA or P-Ser-Crh/CcpA complex binds to specifi c up-

stream DNA regions of regulated genes, causing carbon catab-

olite control, i.e. carbon catabolite repression (CCR) or carbon 

catabolite activation (CCA) [88, 89]. The cis-acting palindromic 

sequences located in the promoter or other regions of the reg-

ulon are called catabolite-responsive element (cre) sites, and 

two, slightly differently constructed, consensus motifs for cre 

sequences WTGNAANCGNWWNCA and WTGAAARCGYTTWNN 

have been determined in B. subtilis by extensive base substi-

tution analysis [90, 91]. This consensus sequence that slightly 

differs among different bacteria [92], shows a great variety 

regarding positioning relative to the transcriptional start site, 
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ual genes [76]. 

The metabolic intersections of CodY and CcpA 
regulatory pathways in B. subtilis
In B. subtilis, CcpA and CodY provide a top layer of metabolic 

regulation that controls the expression levels of the central 

metabolic genes by sensing the variable availability of key in-

tracellular metabolites (FBP, G6P, GTP, and BCAAs). The prod-

ucts of these regulons direct the distribution of the cellular re-

sources to crucial decision points, through central metabolic 

intersections [77]. When B. subtilis cells are grown in a media 

that consists of an excess of carbon and nitrogen nutrients, the 

conversion of pyruvate and acetyl CoA via the acetate kinase 

(AckA)–phosphate acetyltransferase (Pta) pathway generates 

ATP and by-products of overfl ow metabolism, including lactate, 

acetate, and acetoin (Fig. 3). This pathway is positively regu-

lated by both CcpA and CodY, and the transcription of ackA is 

induced by the binding of these two regulators at two specifi c 

neighboring sites among the ackA promoter region, and these 

regulatory effects can be additive [93]. Thus, CcpA and CodY reg-

ulate the expression of enzymes that determine the metabolic 

fate of pyruvate, contributing to the stimulation of the acetate- 

and lactate- synthesis pathways, while CcpA also activates the 

synthesis of acetoin (Fig. 3). In sum, CcpA and CodY orchestrate 

the expression of carbon-overfl ow related genes, affecting the 

overall B. subtilis metabolism. Moreover, there are four tran-

scription units, the ilv-leu operon, and the ilvA, ilvD and ybgE 

genes, devoted to BCAAs biosynthesis in B. subtilis [94]. CcpA and 

CodY showed opposing transcriptional effects on ILV expression 

by binding to two partially overlapping sites of the ilvB promoter 

region [82, 95]. CodY acts as a direct negative regulator of the ilv-

leu operon by binding to the overlapping −35-promoter region of 
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ilvB (Fig. 2). Besides the direct positive role, CcpA also acts partly 

as an indirect positive regulator by interfering with the repres-

sion by CodY [95, 96]. As shown in Fig. 3, under variable nutri-

ent availability, the two regulators are able to quickly achieve a 

steady state by mediating the intracellular levels of BCAA bio-

synthesis. The two proteins coordinately determine the impact 

on many CodY-regulated genes, that is, CcpA directly regulates 

some genes that are in the CodY regulon [77]. 

Fig.3. The metabolic intersections of CodY and CcpA regulatory pathways 

in B. subtilis. Arrows and perpendiculars represent the positive and negative 

actions, respectively. This fi gure was made based on the information from 

Sonenshein’s review [77].
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1Moreover, CcpA, CodY and another regulatory protein, CcpC, 

cooperate on the modulation of a series of genes that encode 

the enzymes of the citric acid cycle (also known as tricarboxylic 

acid (TCA) cycle). The generated enzymes citrate synthase (citZ), 

aconitase (citB) and isocitrate dehydrogenase (citC) function to-

gether to determine the extent to which pyruvate and acetyl CoA 

enter the TCA branch, and regulate the pathway from pyruvate 

to 2-oxoglutarate (Fig. 3). CcpC is a specifi c regulator of the TCA 

cycle genes, and the citZ and citB genes are repressed by CcpC 

[97], while CcpA and CodY are on a top layer of this primary reg-

ulatory mechanism by the respective repression of citZ and citB 

[98, 99]. The TCA cycle intermediate, 2-oxoglutarate, is also an 

entry point into the central carbon and nitrogen metabolism 

by providing carbon skeletons for several amino acids (Fig. 3). 

The operon specifi c regulators GltC and TnrA determine the ex-

pression of gltAB, the product of which, glutamate synthase, cat-

alyzes the de novo synthesis of glutamate from 2-oxoglutarate 

[100–102]. Notably, the conversion of 2-oxoglutarate from gluta-

mate, which is driven by glutamate dehydrogenase (RocG), de-

pends on another specifi c activator, RocR [103]. Moreover, the 

transcription of gltAB and rocG, are separately repressed by 

CodY and CcpA [83, 104]. Therefore, the pathway, no matter from 

or to 2- oxoglutarate, is under control of both specifi c and global 

regulation [77]. Hence, CcpA and CodY collaborate with a wide 

variety of other transcriptional regulators to determine the over-

all metabolic status of the bacteria by repressing or activating 

genes, which are involved in the carbon overfl ow, and citric acid 

cycle pathways, BCAA biosynthetic pathway, and the interplay 

between carbon and nitrogen metabolism [77]. In Chapter 4, we 

found that the mutated CodY and CcpA proteins lead to an over-

all shift of the central metabolic pathways by analyzing the tran-

scriptome and binding affi  nities in the cell, which is expected to 

further reveal the intricate metabolic networks.
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further reveal the intricate metabolic networks.
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The genetically identical B. subtilis cells within a population can 

display a multitude of distinct phenotypes, even under the same 

environmental condition [105]. When the nutrients are exhaust-

ing, B. subtilis in the stationary phase generates a mixed popu-

lation, in which some cells form spores that are highly resistant 

to external stresses [106], and a subset of the sporulating cells 

can secrete an extracellular toxin to cause the lysis of sister cells 

[107]. Under certain conditions, a subpopulation of the cells can 

differentiate into a genetically competent state that takes up 

DNA from the environment [108, 109], or become motile by pro-

ducing fl agellar [110], or generate extracellular matrix material 

to form a robust biofi lm [111]. The diverse developmental path-

ways that determine distinct cell types, are part of an intricate 

network that relies primarily on the activity of three major tran-

scriptional regulators: Spo0A, DegU, and ComK [112]. The pheno-

types with diverse features that are present in one community 

are regarded as increasing the chance of the whole population 

that is better adapted to changing conditions [113]. Interest-

ingly, a previous study demonstrated the coexistence of distinct 

high- and low-level α-amylase-producing cells in one bacterial 

population of B. subtilis, and the overall secretion yields of α- 

amylases is highly correlated with the expression homogeneity 

[114]. The green fl uorescent protein (GFP) that is derived from 

Aequorea victoria [115] has been widely utilized for benchmark-

ing gene expression in the study of protein localization or pro-

moter activity in living cells [116, 117]. However, the inherent 

expression heterogeneity of this most representative reporter 

protein has rarely been studied. In Chapter 3, we show that the 

mutant CodYR214CCcpAT19S could improve the intracellular synthe-

sis of GFP. To obtain a deeper insight and dynamic pattern of 

GFP production in various expression hosts, fl ow cytometry and 
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1fl uorescent microscopy that facilitate the analysis of cell behav-

ior both at the population and single-cell levels [118–120], were 

used in Chapter 5. Here, the heterogeneity of GFP expression 

that is partly dependent on wild-type or mutated global regula-

tors and its role in heterologous protein production at a popula-

tion scale, were systematically investigated.

SCOPE OF THIS THESIS

Throughout this study, we utilized advanced engineering ap-

proaches to improve the product yields of the classic reporter 

proteins α-amylase and β-galactosidase in B. subtilis, thus in-

creasing the application value of this model organism as an 

industrial production platform. Additionally, the analyses of 

overproducing cells by a variety of techniques, revealed cor-

relations between cellular regulatory processes and product 

yields and offered a better understanding of the underlying in-

tersections of diverse metabolic pathways. 

Chapter 1 is the general introduction concerning the re-

search progress of studies in B. subtilis as a microbial produc-

tion system for recombinant proteins, and the global tran-

scriptional regulators, which are involved in the key metabolic 

pathways and the related metabolic intersections, and the cel-

lular heterogeneity of B. subtilis.

Chapter 2 explores the possibility of improving the secre-

tion effi  ciency of heterologous protein-α-amylases in B. subtilis 

by genetically engineering some of its cell surface components 

and secreted proteins. Lipid analysis was also performed to in-

vestigate the effect of cell membrane phospholipid composition 

alteration on secretion yields.

In Chapter 3, we reprogramed the carbon/nitrogen metab-

olism at a global level by use of random mutagenesis of the 
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ingly, a previous study demonstrated the coexistence of distinct 

high- and low-level α-amylase-producing cells in one bacterial 

population of B. subtilis, and the overall secretion yields of α- 

amylases is highly correlated with the expression homogeneity 

[114]. The green fl uorescent protein (GFP) that is derived from 

Aequorea victoria [115] has been widely utilized for benchmark-

ing gene expression in the study of protein localization or pro-

moter activity in living cells [116, 117]. However, the inherent 

expression heterogeneity of this most representative reporter 

protein has rarely been studied. In Chapter 3, we show that the 

mutant CodYR214CCcpAT19S could improve the intracellular synthe-

sis of GFP. To obtain a deeper insight and dynamic pattern of 

GFP production in various expression hosts, fl ow cytometry and 
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1fl uorescent microscopy that facilitate the analysis of cell behav-

ior both at the population and single-cell levels [118–120], were 

used in Chapter 5. Here, the heterogeneity of GFP expression 

that is partly dependent on wild-type or mutated global regula-

tors and its role in heterologous protein production at a popula-

tion scale, were systematically investigated.

SCOPE OF THIS THESIS

Throughout this study, we utilized advanced engineering ap-

proaches to improve the product yields of the classic reporter 

proteins α-amylase and β-galactosidase in B. subtilis, thus in-

creasing the application value of this model organism as an 

industrial production platform. Additionally, the analyses of 

overproducing cells by a variety of techniques, revealed cor-

relations between cellular regulatory processes and product 

yields and offered a better understanding of the underlying in-

tersections of diverse metabolic pathways. 

Chapter 1 is the general introduction concerning the re-

search progress of studies in B. subtilis as a microbial produc-

tion system for recombinant proteins, and the global tran-

scriptional regulators, which are involved in the key metabolic 

pathways and the related metabolic intersections, and the cel-

lular heterogeneity of B. subtilis.

Chapter 2 explores the possibility of improving the secre-

tion effi  ciency of heterologous protein-α-amylases in B. subtilis 

by genetically engineering some of its cell surface components 

and secreted proteins. Lipid analysis was also performed to in-

vestigate the effect of cell membrane phospholipid composition 

alteration on secretion yields.

In Chapter 3, we reprogramed the carbon/nitrogen metab-

olism at a global level by use of random mutagenesis of the 
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High throughput screening was used for quickly selecting phe-

notypes with increased production capacity of the heterologous 

intracellular reporter protein–β-galactosidase.

In Chapter 4, we investigated the alterations of the meta-

bolic regulatory networks in the previously identifi ed higher- 

producing β-galactosidase cells, by a system-wide analysis of 

the transcriptome and by use of a protein-DNA affi  nity assay of 

the mutated regulatory proteins. 

Chapter 5 is an extension of Chapter 3; in this part, we ex-

pressed another reporter protein-i.e. GFP, in the previously ob-

tained modifi ed expression host. The dynamic expression of 

GFP in B. subtilis with mutations in CcpA and/or CodY both at 

the population, subpopulation, and single-cell levels was mon-

itored. Also, the infl uence of GFP expression heterogeneity on 

the overall product yield in different backgrounds of the cell 

populations was studied. 

Chapter 6 summarizes the studies of all the experimental 

chapters and discusses the future perspectives for improving 

B. subtilis as a microbial cell factory for the production of many 

useful proteins. 
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ABSTRACT 

Bacillus subtilis is widely used as a cell factory for numerous 

heterologous proteins of commercial value and medical inter-

est. To explore the possibility of further enhancing the secre-

tion potential of this model bacterium, a library of engineered 

strains with modifi ed cell surface components was constructed, 

and the corresponding infl uences on protein secretion were 

investigated by analyzing the secretion of α- amylase variants 

with either low-, neutral- or high- isoelectric points (pI). Rel-

ative to the wild-type strain, the presence of overall anionic 

membrane phospholipids (phosphatidyl glycerol and cardio-

lipin) increased dramatically in the PssA-, ClsA- and double KO 

mutants, which resulted in an up to 47% higher secretion of 

α-amylase. Additionally, we demonstrated that the appropriate 

net charge of secreted targets (AmyTS-23, AmyBs and AmyBm) 

was benefi cial for secretion effi  ciency as well. In B. subtilis, the 

characteristics of cell membrane phospholipid bilayer and the 

pIs of heterologous α-amylases appear to be important for their 

secretion effi  ciency. These two factors can be engineered to re-

duce the electrostatic interaction between each other during 

the secretion process, which fi nally leads to a better secretion 

yield of α-amylases.

Keywords: Bacillus, Protein secretion, α-Amylases, Electro-

static interaction, PssA, ClsA, Cardiolipin, Phosphatidylglycerol
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B  ACKGROUND   

The Gram-positive bacterium Bacillus subtilis is one of the 

best-characterized microorganisms to date. This non- pathogenic 

cell factory is commonly used for the large-scale production of 

industrial enzymes due to its genetic amenability and superb 

fermentation characteristics [1, 2]. The molecular mechanisms 

underlying protein targeting and export have been studied ex-

tensively. Various classical genetic approaches have been ap-

plied to enhance gene expression and protein secretion, which 

has resulted in the development of effi  cient strains for high-level 

protein production and recovery [3–5]. However, the expression 

of heterologous proteins can still be challenging and unpredict-

able with respect to yield. Efforts to improve our understanding 

of this economically important process are therefore useful to 

society and industry [6–8].

Previously, numerous studies have been done to improve the 

protein production and secretion. For instance, Kakeshita et al. 

deleted the C-terminus of the SecA secretory machinery to im-

prove the secretion of heterologous proteins [9]. An extracel-

lular α-amylase has been shown to have increased expression 

in B. subtilis by overproduction of PrsA lipoprotein and opti-

mization of regulatory components [10]. In addition, Thwaite 

et al. have found that the modifi ed cell wall microenvironment 

(the defi ciency of D-alanylation) allows 2.5-folds higher produc-

tion of recombinant Bacillus anthracis protective antigen (rPA) 

[11]. Furthermore, Degering et al. managed to raise the yield of 

extracellular protease signifi cantly both in B. subtilis and B. li-

cheniformis by a screening of homologous and heterologous 

signal peptides [12]. Nevertheless, most of these improvement 

strategies have focused on the modifi cation of the secretion 

machinery itself. The engineering of the cell envelope, where 

secretion takes place, is a novel approach. The cell envelope of 
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extracellular protease signifi cantly both in B. subtilis and B. li-

cheniformis by a screening of homologous and heterologous 

signal peptides [12]. Nevertheless, most of these improvement 

strategies have focused on the modifi cation of the secretion 

machinery itself. The engineering of the cell envelope, where 

secretion takes place, is a novel approach. The cell envelope of 
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B. subtilis, which is composed of the lipid bilayer and cell wall, 

should be transversed by a protein that is excreted by the bac-

terium into the extracellular environment. Some important as-

pects of the lipid bilayer and cell wall in relation to secretion 

are discussed below.

B. subtilis has a very complex and variable membrane lipid 

composition; it consists of 20–50% zwitterionic phospholipid 

phosphatidylethanolamine (PE), 15–45% phosphatidylglycerol 

(PG), 2–15% lysyl- phosphatidylglycerol (LysPG), 2–25% cardi-

olipin (CL) and 10–30% mono-, di- and tri-glucosyl diacylglyc-

erol (GL). The lipid composition changes during growth and 

cross-regulation between lipid synthesis pathways are sug-

gested to occur in order to maintain membrane functionality 

and integrity, but how this is regulated is currently unknown 

[13–15]. The presence of PG in the membrane is essential for 

the survival of B. subtilis, and the specifi c subcellular localiza-

tion of SecA in spiral-like structures was shown to have a high 

PG dependence [16]. Additionally, cardiolipin plays an import-

ant role in spore formation [15] and the adaptation to high salt 

concentrations, and the amount of anionic lipids (PG and CL) 

in the membrane indicated a strong correlation with the osmo- 

resistance of the cells [13]. Furthermore, Tat-dependent trans-

location in E. coli was shown to depend on negatively charged 

phospholipids [17]. Interestingly, the Tat proteins in B. subtilis 

are localized at the poles, where the membrane is enriched in 

CL. Hence, this lipid might also be important for activity and/or 

localization of the Tat machinery in B. subtilis, but this has not 

been investigated yet.

The cell wall of B. subtilis is a multilayered structure formed 

by a copolymer of peptidoglycan and anionic polymers (te-

ichoic and teichuronic acid) and contains lipoteichoic acid and 

proteins. There are two aspects of the bacterial cell wall that 

can determine the effi  ciency of passage by a secretory protein, 
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i.e. the charge density and the cross-linking index. Generally, 

proteins that are translocated via the Sec machinery arrive at 

the trans-side of the membrane in a relatively unfolded state, 

where they will encounter the cell wall and are effi  ciently 

folded into a protease-resistant conformation [2]. In addition, 

the overall cell wall net charge is modulated by the extent of 

D-alanylation of teichoic acid by the products of the dlt operon 

[11]. The inactivation of this operon can increase the net neg-

ative charge of the cell wall, thus enhancing the folding and 

stability of a number of secreted proteins [10, 18]. Besides the 

charge density, the amount of crosslinking of the thick peptido-

glycan layer of the cell wall that determines the size of the holes 

in the peptidoglycan network, may have signifi cant effects on 

the effi  ciency of secretion [19, 20]. 

In this study, we attempted to weaken the secretion barrier 

from the cell envelope in order to improve the secretion potential 

of the Bacillus subtilis, realizing that the physicochemical prop-

erties of the secreted protein are crucial as well, and the enzyme 

productivity also depends on the nature of the target protein. The 

α-amylase from B. licheniformis can have a secretion advantage 

when it is optimized to have a lower isoelectric point (pI) [21]. 

Knowing this, the cell surface components were genetically en-

gineered, and their effects on protein secretion were systemati-

cally investigated by using a variety of α-amylases with different 

pIs. We fi nally observed that reduced electrostatic interactions 

increased secretion effi  ciency of amylase proteins. 

RE  SULTS

α-Amylase variants
A variety of α-amylases were chosen as secretion targets in this 

study. They originate from different Bacillus species and were 
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B. subtilis, which is composed of the lipid bilayer and cell wall, 

should be transversed by a protein that is excreted by the bac-

terium into the extracellular environment. Some important as-

pects of the lipid bilayer and cell wall in relation to secretion 

are discussed below.

B. subtilis has a very complex and variable membrane lipid 

composition; it consists of 20–50% zwitterionic phospholipid 

phosphatidylethanolamine (PE), 15–45% phosphatidylglycerol 

(PG), 2–15% lysyl- phosphatidylglycerol (LysPG), 2–25% cardi-

olipin (CL) and 10–30% mono-, di- and tri-glucosyl diacylglyc-

erol (GL). The lipid composition changes during growth and 

cross-regulation between lipid synthesis pathways are sug-

gested to occur in order to maintain membrane functionality 

and integrity, but how this is regulated is currently unknown 

[13–15]. The presence of PG in the membrane is essential for 

the survival of B. subtilis, and the specifi c subcellular localiza-

tion of SecA in spiral-like structures was shown to have a high 

PG dependence [16]. Additionally, cardiolipin plays an import-

ant role in spore formation [15] and the adaptation to high salt 

concentrations, and the amount of anionic lipids (PG and CL) 

in the membrane indicated a strong correlation with the osmo- 

resistance of the cells [13]. Furthermore, Tat-dependent trans-

location in E. coli was shown to depend on negatively charged 

phospholipids [17]. Interestingly, the Tat proteins in B. subtilis 

are localized at the poles, where the membrane is enriched in 

CL. Hence, this lipid might also be important for activity and/or 

localization of the Tat machinery in B. subtilis, but this has not 

been investigated yet.

The cell wall of B. subtilis is a multilayered structure formed 

by a copolymer of peptidoglycan and anionic polymers (te-

ichoic and teichuronic acid) and contains lipoteichoic acid and 

proteins. There are two aspects of the bacterial cell wall that 

can determine the effi  ciency of passage by a secretory protein, 
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i.e. the charge density and the cross-linking index. Generally, 

proteins that are translocated via the Sec machinery arrive at 

the trans-side of the membrane in a relatively unfolded state, 

where they will encounter the cell wall and are effi  ciently 

folded into a protease-resistant conformation [2]. In addition, 

the overall cell wall net charge is modulated by the extent of 

D-alanylation of teichoic acid by the products of the dlt operon 

[11]. The inactivation of this operon can increase the net neg-

ative charge of the cell wall, thus enhancing the folding and 

stability of a number of secreted proteins [10, 18]. Besides the 

charge density, the amount of crosslinking of the thick peptido-

glycan layer of the cell wall that determines the size of the holes 

in the peptidoglycan network, may have signifi cant effects on 

the effi  ciency of secretion [19, 20]. 

In this study, we attempted to weaken the secretion barrier 

from the cell envelope in order to improve the secretion potential 

of the Bacillus subtilis, realizing that the physicochemical prop-

erties of the secreted protein are crucial as well, and the enzyme 

productivity also depends on the nature of the target protein. The 

α-amylase from B. licheniformis can have a secretion advantage 

when it is optimized to have a lower isoelectric point (pI) [21]. 

Knowing this, the cell surface components were genetically en-

gineered, and their effects on protein secretion were systemati-

cally investigated by using a variety of α-amylases with different 

pIs. We fi nally observed that reduced electrostatic interactions 

increased secretion effi  ciency of amylase proteins. 

RE  SULTS

α-Amylase variants
A variety of α-amylases were chosen as secretion targets in this 

study. They originate from different Bacillus species and were 
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genetically codon optimized. They have either low-, neutral- 

or high- pI, and were designed and synthesized by DSM and 

Genencor (Table 1).

The α-amylase variants have different physicochemical prop-

erties. Mature α-amylase proteins (signal sequence cleaved) have 

molecular masses ranging from 55  kDa to 71  kDa, with pIs rang-

ing between 4.77–6.72. They were expected to differentially inter-

act with the cell envelope, fi nally resulting in a difference of am-

ylase accumulation in the supernatants. They are all publically 

available and have a good possibility to be expressed and active 

in parental strain B. subtilis DB104. Their secretion capacity was 

evaluated with respect to the cell surface modifi cation.

α-Amylases are secreted with different effi  ciencies in 
various cell envelope backgrounds
As mentioned previously, the secretory proteins have to get 

across the two structural hurdles (cell membrane and cell wall) 

to be released into the media. During this process, the secreted 

targets will inevitably interact with various components of the 

cell envelope. Accordingly, the reduction of this kind of interac-

tion for achieving better secretion potential of the cell factory 

has a high feasibility.

To begin with, we carefully chose six cell surface relevant en-

zymes as the modulation targets. Among these candidates, the 

phosphatidylserine synthase (PssA) and cardiolipin synthase 

Table 1. Amylases used in this research.

Amylase variants Organism Molecular Weight (kD) pI

Amy#707 Bacillus sp. 707 56.4 6.72

AmyTS-23 Bacillus sp. TS-23 67.3 6.41

AmyBS Bacillus subtilis 168 70.2 5.88

AmyBm Bacillus megaterium 56.5 5.70

AmyK38 Bacillus sp. KSM-K38 56.3 4.77
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(ClsA) are responsible for the synthesis of two major membrane 

phospholipids phosphatidylethanolamine (PE) and cardiolipin 

(CL) [22], respectively. The other four of the candidates all play 

important roles in cell wall composition and functionality. The 

teichoic acid linkage unit synthase (TagO) catalyzes the syn-

thesis of wall teichoic acids; the lipid carrier sugar transfer-

ase (TuaA) is involved in the teichuronic acids formation; DltA, 

D-alanyl-D-alanine carrier protein ligase, catalyzes the alanyla-

tion of lipoteichoic acid; D-alanyl-D-alanine carboxypeptidase 

(DacA), mediates the crosslinking of peptidoglycan [20, 23, 24]. 

A null mutant library (PssA-, TagO-, ClsA-, DltA-, TuaA-, DacA-) 

was successfully constructed, and the effect of these cell surface 

alterations on the secretion of target proteins was subsequently 

analyzed and quantifi ed by enzymatic assays.

In comparison with the wild-type strain JMM8901, most of the 

deletion mutants could signifi cantly produce more α- amylase 

TS-23, Bs and Bm into the media, while very low and similar lev-

els of the α-amylases #707 and K38 were secreted from all the 

hosts, with a yield of around 4 CU/ml (Fig. 1). Among various ex-

pression hosts, the ClsA- performed remarkably well in the pro-

duction of the reporter protein. Compared to WT extracellular 

concentrations, it generated 47% more of AmyTS-23 and 43% 

more of AmyBs, while the PssA- strain showed increased pro-

duction for two of the α-amylase variants (TS-23-32%, BS-39%). 

In contrast to WT, all of the other four mutants were capable of 

releasing the elevated amount of AmyBs, and in the TagO- and 

DacA- background, while AmyTS-23 could also get more than 

30% increased extracellular release. To sum up, the enzymatic 

assay results suggested that inactivation of the aforementioned 

cell surface components was helpful for excreting the secretory 

proteins. The PssA- and ClsA- mutants were the two best expres-

sion hosts with higher yields of amylases and were prepared for 

further analysis .
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or high- pI, and were designed and synthesized by DSM and 

Genencor (Table 1).

The α-amylase variants have different physicochemical prop-

erties. Mature α-amylase proteins (signal sequence cleaved) have 

molecular masses ranging from 55  kDa to 71  kDa, with pIs rang-

ing between 4.77–6.72. They were expected to differentially inter-

act with the cell envelope, fi nally resulting in a difference of am-

ylase accumulation in the supernatants. They are all publically 

available and have a good possibility to be expressed and active 

in parental strain B. subtilis DB104. Their secretion capacity was 

evaluated with respect to the cell surface modifi cation.

α-Amylases are secreted with different effi  ciencies in 
various cell envelope backgrounds
As mentioned previously, the secretory proteins have to get 

across the two structural hurdles (cell membrane and cell wall) 

to be released into the media. During this process, the secreted 

targets will inevitably interact with various components of the 

cell envelope. Accordingly, the reduction of this kind of interac-

tion for achieving better secretion potential of the cell factory 

has a high feasibility.

To begin with, we carefully chose six cell surface relevant en-

zymes as the modulation targets. Among these candidates, the 

phosphatidylserine synthase (PssA) and cardiolipin synthase 

Table 1. Amylases used in this research.
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Amy#707 Bacillus sp. 707 56.4 6.72

AmyTS-23 Bacillus sp. TS-23 67.3 6.41

AmyBS Bacillus subtilis 168 70.2 5.88

AmyBm Bacillus megaterium 56.5 5.70
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(ClsA) are responsible for the synthesis of two major membrane 

phospholipids phosphatidylethanolamine (PE) and cardiolipin 

(CL) [22], respectively. The other four of the candidates all play 

important roles in cell wall composition and functionality. The 

teichoic acid linkage unit synthase (TagO) catalyzes the syn-

thesis of wall teichoic acids; the lipid carrier sugar transfer-

ase (TuaA) is involved in the teichuronic acids formation; DltA, 

D-alanyl-D-alanine carrier protein ligase, catalyzes the alanyla-

tion of lipoteichoic acid; D-alanyl-D-alanine carboxypeptidase 

(DacA), mediates the crosslinking of peptidoglycan [20, 23, 24]. 

A null mutant library (PssA-, TagO-, ClsA-, DltA-, TuaA-, DacA-) 

was successfully constructed, and the effect of these cell surface 

alterations on the secretion of target proteins was subsequently 

analyzed and quantifi ed by enzymatic assays.

In comparison with the wild-type strain JMM8901, most of the 

deletion mutants could signifi cantly produce more α- amylase 

TS-23, Bs and Bm into the media, while very low and similar lev-

els of the α-amylases #707 and K38 were secreted from all the 

hosts, with a yield of around 4 CU/ml (Fig. 1). Among various ex-

pression hosts, the ClsA- performed remarkably well in the pro-

duction of the reporter protein. Compared to WT extracellular 

concentrations, it generated 47% more of AmyTS-23 and 43% 

more of AmyBs, while the PssA- strain showed increased pro-

duction for two of the α-amylase variants (TS-23-32%, BS-39%). 

In contrast to WT, all of the other four mutants were capable of 

releasing the elevated amount of AmyBs, and in the TagO- and 

DacA- background, while AmyTS-23 could also get more than 

30% increased extracellular release. To sum up, the enzymatic 

assay results suggested that inactivation of the aforementioned 

cell surface components was helpful for excreting the secretory 

proteins. The PssA- and ClsA- mutants were the two best expres-

sion hosts with higher yields of amylases and were prepared for 

further analysis .



42

Ce
ll 

su
rf

ac
e 

en
gi

ne
er

in
g 

of
 B

ac
ill

us
 s

ub
til

is
 im

pr
ov

es
 p

ro
du

ct
io

n 
yi

el
ds

 
of

 h
et

er
ol

og
ou

sl
y 

ex
pr

es
se

d 
α-

am
yl

as
es

Specifi c alteration of cell membrane components and 
more negative charge of α-amylases could facilitate 
secretion yields
For further studying the involvement of PssA and ClsA on α- 

amylase secretion, a double knockout was constructed as pre-

viously described. Then, the yield of the above fi ve α-amylases 

in the three mutant hosts was measured in comparison to WT 

host JMM8901. 

The protein samples that were harvested from the media af-

ter induction and expression were subsequently prepared for 

activity assays and Western blotting. As indicated in Fig. 2A, the 

accumulation of various α-amylases was quite different in the 

Fig. 1. The amylase activity of different variants from various B. subtilis 

deletion mutants and WT. The same OD equivalents of the culture samples 

were harvested after overnight growing in LB under 37 °C, 220 rpm and the 

amylase activities were determined by Ceralpha assays. Different patterns 

of the columns correspond to various amylases. Each column represents the 

mean ± SD of three independent experiments, and each assay was performed 

in duplicate.
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growth media, and the α-amylase yields showed a high correla-

tion with the net charge of the target proteins. Generally, the 

higher negative charge, the more corresponding α-amylases 

were secreted. This might result from the weaker interaction 

with the cell surface, as the yields of the α-amylases TS-23, Bs 

and Bm all went up gradually with the increase of associating 

negative charge. For the similar reason, the lowest producing 

α-amylase, Amy#707, had the highest pI and lowest negative 

charge (Fig. 2B), and the low production is probably because 

this α-amylase can strongly interact with cell envelope com-

ponents, hampering its traverse through. Surprisingly, the se-

cretion of AmyK38, which should be even higher than AmyBm 

based on pI and charge, turned out to be only a little better than 

that of Amy#707. This might be owing to the strong binding to 

some positively charged components or particles causing a se-

vere retardation of AmyK38 in the cell. 

Expectedly, when compared with JMM8901, the PssA- and 

ClsA- strains could signifi cantly enhance the secretion of α-amy-

lases, while the double KO even further improved the increase 

of protein yields for α-amylase TS-23, Bs and Bm. In other words, 

combining these two benefi cial modifi cations would have an 

additive effect on the α-amylase production. Furthermore, 

these improvements can also be visualized by protein immu-

noblotting. As clearly shown in Fig. 2C, from left to right, they 

are WT, PssA-, ClsA- and double KO, respectively. The α-amylase 

TS-23, Bs, Bm, were consistently accumulated in the superna-

tants at an elevated level, while the production of α-amylase 

K38 and #707 had little difference among different secretion 

hosts, which suggested a high consistency with preceding enzy-

matic activity assays. To conclude, the target proteins α- amylase 

TS-23, Bs and Bm showed a clear trend for a better secretion in 

correlation to a higher negative charge, and the double deletion 

host was the best producer of these α-amylases. 
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For further studying the involvement of PssA and ClsA on α- 

amylase secretion, a double knockout was constructed as pre-

viously described. Then, the yield of the above fi ve α-amylases 

in the three mutant hosts was measured in comparison to WT 

host JMM8901. 

The protein samples that were harvested from the media af-

ter induction and expression were subsequently prepared for 

activity assays and Western blotting. As indicated in Fig. 2A, the 

accumulation of various α-amylases was quite different in the 

Fig. 1. The amylase activity of different variants from various B. subtilis 

deletion mutants and WT. The same OD equivalents of the culture samples 

were harvested after overnight growing in LB under 37 °C, 220 rpm and the 

amylase activities were determined by Ceralpha assays. Different patterns 

of the columns correspond to various amylases. Each column represents the 

mean ± SD of three independent experiments, and each assay was performed 

in duplicate.
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growth media, and the α-amylase yields showed a high correla-

tion with the net charge of the target proteins. Generally, the 

higher negative charge, the more corresponding α-amylases 

were secreted. This might result from the weaker interaction 

with the cell surface, as the yields of the α-amylases TS-23, Bs 

and Bm all went up gradually with the increase of associating 

negative charge. For the similar reason, the lowest producing 

α-amylase, Amy#707, had the highest pI and lowest negative 

charge (Fig. 2B), and the low production is probably because 

this α-amylase can strongly interact with cell envelope com-

ponents, hampering its traverse through. Surprisingly, the se-

cretion of AmyK38, which should be even higher than AmyBm 

based on pI and charge, turned out to be only a little better than 

that of Amy#707. This might be owing to the strong binding to 

some positively charged components or particles causing a se-

vere retardation of AmyK38 in the cell. 

Expectedly, when compared with JMM8901, the PssA- and 

ClsA- strains could signifi cantly enhance the secretion of α-amy-

lases, while the double KO even further improved the increase 

of protein yields for α-amylase TS-23, Bs and Bm. In other words, 

combining these two benefi cial modifi cations would have an 

additive effect on the α-amylase production. Furthermore, 

these improvements can also be visualized by protein immu-

noblotting. As clearly shown in Fig. 2C, from left to right, they 

are WT, PssA-, ClsA- and double KO, respectively. The α-amylase 

TS-23, Bs, Bm, were consistently accumulated in the superna-

tants at an elevated level, while the production of α-amylase 

K38 and #707 had little difference among different secretion 

hosts, which suggested a high consistency with preceding enzy-

matic activity assays. To conclude, the target proteins α- amylase 

TS-23, Bs and Bm showed a clear trend for a better secretion in 

correlation to a higher negative charge, and the double deletion 

host was the best producer of these α-amylases. 
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Anionic membrane lipids go up greatly in the absence 
of PssA a nd ClsA
Considering the direct responsibility of ClsA and PssA for the 

phospholipid synthesis of CL and PE, the single or double defi -

ciency of them can probably alter the lipid composition and cell 

envelope ne t charge greatly, which fi nally resulted in a better 

performance of the secreted targets. To reveal how the absence 

of PssA and ClsA infl uences the phospholipid composition, lipid 

analysis was performed on four strains (JMM8901, PssA-, ClsA- 

and the double KO) in stationary phase. The extracted lipid sam-

ples from the same amount of various cell pellets were loaded 

in parallel on the TLC plate. Subsequently, the quantifi cation 

was done by analysis of the TLC plate with software ImageJ  [25]. 

The phospholipids analysis demonstrated that all the mu-

tants showed an obvious increase of PG content during the 

stationary growth phase when compared to its wild-type con-

trol JMM8901. The negatively charged phospholipids PG + CL 

account for 63.9% of total phospholipids in WT. However, the 

deletion of pssA and clsA separately raise this percentage to 

77.85% and 82.14% respectively. More interestingly, the lack of 

these two genes in one strain caused an extreme proportion of 

PG, i.e. almost 90% of the total lipids (Fig. 3). Moreover, the PssA- 

and ClsA- mutants completely abolished the synthesis of PE and 

CL respectively, while the double KO resulted in a defi ciency 

of both phospholipids. Taken together, in the null mutants, not 

only the specifi c corresponding phospholipid but also others 

Fig. 2. The α-amylase activity in selected expression hosts grown to sta-

tionary phase in LB. (A) From left to right, they are the different α-amylases; 

for each α-amylase, the column pattern represents different hosts. (B) The pI 

and negative charge of mature α-amylase proteins. The blue line represents 

pIs, and the red line represents negative charge at pH 7. (C) Western blotting 

of α-amylase products in the media using an antibody against Strep-tag. 
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envelope ne t charge greatly, which fi nally resulted in a better 

performance of the secreted targets. To reveal how the absence 
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analysis was performed on four strains (JMM8901, PssA-, ClsA- 

and the double KO) in stationary phase. The extracted lipid sam-

ples from the same amount of various cell pellets were loaded 

in parallel on the TLC plate. Subsequently, the quantifi cation 

was done by analysis of the TLC plate with software ImageJ  [25]. 

The phospholipids analysis demonstrated that all the mu-

tants showed an obvious increase of PG content during the 

stationary growth phase when compared to its wild-type con-
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account for 63.9% of total phospholipids in WT. However, the 
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77.85% and 82.14% respectively. More interestingly, the lack of 

these two genes in one strain caused an extreme proportion of 

PG, i.e. almost 90% of the total lipids (Fig. 3). Moreover, the PssA- 
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CL respectively, while the double KO resulted in a defi ciency 

of both phospholipids. Taken together, in the null mutants, not 

only the specifi c corresponding phospholipid but also others 

Fig. 2. The α-amylase activity in selected expression hosts grown to sta-

tionary phase in LB. (A) From left to right, they are the different α-amylases; 

for each α-amylase, the column pattern represents different hosts. (B) The pI 
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were signifi cantly altered, and especially the increase of the an-

ionic phospholipid PG was observed. This suggests that these 

modifi cations could improve the availability of these anionic 

phospholipids, and thereby affect the electrostatic interactions 

between protein and cell membrane, and hence infl uence the 

rate of protein secretion. 

DISCUSSION

Over the last few decades, numerous attempts have been made 

to overproduce heterologous recombinant proteins in Bacillus 

subtilis. The conventional approaches have already more or less 

Fig. 3. Phospholipid composition of B. subtilis wild-type JMM8901, and 

PssA-, ClsA-, double KO mutant strains in stationary phase. For each strain, 

the various column color represents the different single lipid class, phospha-

tidylglycerol (PG), phosphatidylethanolamine (PE), cardiolipin (CL) and ly-

syl-phosphatidylglycerol (LysPG). The values represent the mean ± SD of three 

independent experiments.
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reached their limits, but there is still a great need for improved 

heterologous protein secretion systems. B. subtilis DB104, a de-

rivative of strain B. subtilis 168, which only expresses 4% of 

the extracellular protease activity in comparison to its paren-

tal strain, shows an excellent expression and secretion advan-

tage when being used as a cell factory of industrially important 

extracellular enzymes [28, 29]. Cell envelope engineering has 

recently been shown to be benefi cial to increase yields in in-

dustrial processes, such as the production of enzymes, biofuels 

and chemicals, and this powerful approach is perfectly suitable 

for novel protein engineering and directed evolution strategies 

combined high-throughput screening [30, 31]. Inspired by this, 

cell envelope engineering is employed in this research to alter 

the properties of cell surface components with the goal of en-

hancing heterologous protein production in B. subtilis DB104. 

Moreover, our study is also providing new insights into the crit-

ical factors of the secretion process, the pIs of the secreted pro-

teins and characteristics of the cell surface that are crucial for 

protein secretion effi  ciency.

The correlation between the cell surface and the secretion 

ability of the bacterium is rarely known and will be explored 

by modulating the cell surface composition and functionality. 

Firstly, we genetically modifi ed the cell surface by the deletion 

of six selected genes, and the functional consequences on the 

α-amylase yields had been assessed by enzymatic assays. The 

enzymatic assays suggest that the absence of ClsA/PssA en-

hances the α-amylase production and these benefi cial effects 

can be additive in the double KO. This secretion advantage was 

strongly suspected as the proper response to the phospholipids 

composition altering because previous phospholipid analysis of 

various isogenic hosts suggested a correlation between anionic 

lipids and secreted proteins in the supernatants. Consistently, it 

has been reported that the ClsA- mutant has a higher negative 
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charge density on the cell membrane because of the signifi cant 

rise of PG [13].

Additionally, the importance of target proteins with specifi c 

physicochemical properties in the secretion process was also in-

vestigated. The secretion effi  ciency of α-amylases with different 

pIs was tested in the various mutant strains, and the enzymatic 

activity assay in combination with Western Blotting indicated 

that the net charge plays an important role in the protein secre-

tion. This led us to the speculation that in general, a higher neg-

ative membrane charge, the more proteins get released into the 

media. Among the fi ve α-amylase proteins studied, the amyK38 

is an exception, with the production level being much lower 

than expected. That is possibly owing to its net charge and pI 

being too far away from others, which might either lead to a 

tight binding to some unknown positively charged intracellu-

lar- or cell surface components or local repulsion by the strong 

negative charges in the membrane. Surprisingly, despite the 

relatively small difference between Amy#707 and AmyTS-23 

in pIs (6.72 and 6.41) and negative charges at pH 7.0 (2.7 and 

3.6), the amylase TS-23 can still be accumulated in the superna-

tant much more than amylase #707. This might be because of 

other physiochemical properties of these secreted proteins, or 

other, yet unidentifi ed factors, infl uence the overall production 

yield. In fact, more α-amylases than the above fi ve were inves-

tigated in this study. We also engineered different α-amylases 

with increased positive charge, but unfortunately, they showed 

very low expression and secretion levels and were very diffi  cult 

to be detected by our enzymatic assay technique, so we could 

draw no sound conclusions from this part of the study.

In conclusion, we aimed to improve the use of B. subtilis as 

a cell factory by manipulating and characterizing several fac-

tors that infl uence its protein secretion effi  ciency. Particularly, 

we explored the role of electrostatic interactions between the 
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membrane phospholipids and the secreted protein. We man-

aged to design tailor-made B. subtilis production strains with en-

hanced potential for protein secretion, exemplifi ed by various 

α-amylases and identifying their pI as an important determinant. 

CONCLUSIONS

In Bacillus subtilis, during the protein secretion process, the char-

acteristics of membrane phospholipid bilayer and the pIs of het-

erologous α-amylases determine the electrostatic interaction be-

tween the cell surface and secreted proteins and hence infl uence 

the secretion effi  ciency of the α-amylases variants. Consequently, 

the secretion barrier could be lowered effectively by engineering 

the cell membrane components and the secreted targets, which 

fi nally enhance the secretion yield of α-amylases signifi cantly. 

In other words, the modifi cation of these two factors provides 

a large advantage for further improving the protein secretion of 

B. subtilis as a ce ll factory.

MATERIALS AND METHODS 

Bacterial strains, plasmids, and media
All the Bacillus subtilis and E. coli were grown at 37 °C with 

shaking (220 rpm) in liquid Lysogeny Broth (LB). The antibiotics 

were added when necessary as follows: 100 mg/ml ampicillin for 

E. coli, 5 mg/ml kanamycin, erythromycin, and chloramphenicol, 

100 mg/ml spectinomycin, 6 mg/ml tetracycline for B. subtilis. For 

solid media, 1.5% (wt/vol) agar was added to the LB. Bacillus sub-

tilis was naturally transformed using the Spizizen minimal me-

dia (SMM) supplemented with 0.5% glucose and 50 μg/ml trypto-

phan [26]. For induction, 0.1% subtilin-containing supernatant 
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rise of PG [13].
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physicochemical properties in the secretion process was also in-

vestigated. The secretion effi  ciency of α-amylases with different 

pIs was tested in the various mutant strains, and the enzymatic 

activity assay in combination with Western Blotting indicated 

that the net charge plays an important role in the protein secre-

tion. This led us to the speculation that in general, a higher neg-

ative membrane charge, the more proteins get released into the 

media. Among the fi ve α-amylase proteins studied, the amyK38 

is an exception, with the production level being much lower 

than expected. That is possibly owing to its net charge and pI 

being too far away from others, which might either lead to a 

tight binding to some unknown positively charged intracellu-

lar- or cell surface components or local repulsion by the strong 

negative charges in the membrane. Surprisingly, despite the 

relatively small difference between Amy#707 and AmyTS-23 

in pIs (6.72 and 6.41) and negative charges at pH 7.0 (2.7 and 

3.6), the amylase TS-23 can still be accumulated in the superna-

tant much more than amylase #707. This might be because of 

other physiochemical properties of these secreted proteins, or 

other, yet unidentifi ed factors, infl uence the overall production 

yield. In fact, more α-amylases than the above fi ve were inves-

tigated in this study. We also engineered different α-amylases 

with increased positive charge, but unfortunately, they showed 

very low expression and secretion levels and were very diffi  cult 

to be detected by our enzymatic assay technique, so we could 

draw no sound conclusions from this part of the study.

In conclusion, we aimed to improve the use of B. subtilis as 

a cell factory by manipulating and characterizing several fac-
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In other words, the modifi cation of these two factors provides 

a large advantage for further improving the protein secretion of 

B. subtilis as a ce ll factory.

MATERIALS AND METHODS 

Bacterial strains, plasmids, and media
All the Bacillus subtilis and E. coli were grown at 37 °C with 

shaking (220 rpm) in liquid Lysogeny Broth (LB). The antibiotics 

were added when necessary as follows: 100 mg/ml ampicillin for 

E. coli, 5 mg/ml kanamycin, erythromycin, and chloramphenicol, 

100 mg/ml spectinomycin, 6 mg/ml tetracycline for B. subtilis. For 

solid media, 1.5% (wt/vol) agar was added to the LB. Bacillus sub-

tilis was naturally transformed using the Spizizen minimal me-

dia (SMM) supplemented with 0.5% glucose and 50 μg/ml trypto-

phan [26]. For induction, 0.1% subtilin-containing supernatant 



50

Ce
ll 

su
rf

ac
e 

en
gi

ne
er

in
g 

of
 B

ac
ill

us
 s

ub
til

is
 im

pr
ov

es
 p

ro
du

ct
io

n 
yi

el
ds

 
of

 h
et

er
ol

og
ou

sl
y 

ex
pr

es
se

d 
α-

am
yl

as
es

of B. subtilis ATCC6633 was added for activation of the subti-

lin-regulated gene expression (SURE) system [27]. The main 

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

Table 2. The main strains and plasmids used in this study.

Strain or plasmid Genotype or properties Reference or 
source

B. subtilis
DB104 his nprE aprE [28]
JMM8900 DB104 thrC::spaRK, Emr This study
JMM8901 DB104 thrC::spaRK, Emr, amyE::Spcr This study 

JMM8901- dacA DB104 thrC::spaRK, Emr, amyE::Spcr, 
dacA::Kmr This study

JMM8901- dltA DB104 thrC::spaRK, Emr, amyE::Spcr, 
dltA::Kmr This study

JMM8901- tagO DB104 thrC::spaRK, Emr, amyE::Spcr, 
tagO::Kmr This study

JMM8901- tuaA DB104 thrC::spaRK, Emr, amyE::Spcr, 
tuaA::Kmr This study

JMM8901- pssA DB104 thrC::spaRK, Emr, amyE::Spcr, 
pssA::Kmr This study

JMM8901- clsA DB104 thrC::spaRK, Emr, amyE::Spcr, 
clsA::Kmr This study

JMM8901- pssA +clsA DB104 thrC::spaRK, Emr, amyE::Spcr, ps-
sA::Tetr, clsA:: Kmr This study 

E.coli

MC1061 F-, araD139, Δ(ara-leu)7696, Δ(lac)X74, 
galU, galK, hsdR2, mcrA, mcrB1, rspL [32]

Plasmids
pNZ8901 PspaSpn repC repA, Cmr [27]
pNZ8901-Amy#707 pNZ8901 carrying amy#707 This study
pNZ8901-AmyTS-23 pNZ8901 carrying amyTS-23 This study
pNZ8901-AmyBs pNZ8901 carrying amyBs This study
pNZ8901-AmyBm pNZ8901 carrying amyBm This study
pNZ8901-AmyK38 pNZ8901 carrying amyK38 This study
pUC21 Ampr lacZ [33]
pUC21_DacAKO pUC21_dacAUp_Kmr_dacADown This study
pUC21_DltAKO pUC21_dltAUp_Kmr_dltADown This study
pUC21_TagOKO pUC21_tagOUp_Kmr_tagODown This study
pUC21_TuaAKO pUC21_tuaAUp_Kmr_tuaADown This study
pUC21_PssAKO pUC21_pssAUp_Kmr_pssADown This study
pUC21_ClsAKO pUC21_clsAUp_Kmr_clsADown This study
pUC21_PssAKO(Tetr) pUC21_pssAUp_Tetr_pssADown This study
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DNA manipulations
DNA manipulations (purifi cation, digestion, and ligation) were 

carried out as previously described [34]. T4 DNA ligase, Fastdi-

gest Restriction enzymes and DNA polymerases (Phusion and 

DreamTaq) were purchased from Thermo Fisher Scientifi c 

(Bremen, Germany). Chromosomal DNA of the B. subtilis strain 

DB104 or plasmids constructed in this research were used as 

templates for PCR. Oligonucleotides were synthesized from Bi-

olegio (Nijmegen, the Netherlands). Plasmid isolation was per-

formed with the Roche high pure plasmid isolation kit, and all 

the constructs were sequence-verifi ed by Macrogen Europe 

(Amsterdam, the Netherlands).

 Construction of the null mutant library 
To construct the mutant library, a component of the SURE 

system, spaRK was introduced into the thrC locus of paren-

tal strain B. subtilis DB104 by double recombination, and the 

obtained strain was named JMM8900. In a similar manner, 

we replaced the original amylase gene (amyE) with Specr to 

get the strain JMM8901. Subsequently, a variety of KO plas-

mids was made as follows: ~1 kb of both upstream and down-

stream fl anking regions were amplifi ed by PCR with Pfux7 

DNA polymerase (a kind gift from Bert Poolman, University 

of Groningen), and the background of plasmid pUC21 and an-

tibiotic resistance genes were also amplifi ed. After that, they 

were ligated together using the uracil-excision DNA engi-

neering method [35]; the ligation mixture was directly trans-

formed into competent E.coli MC1061. Afterward, the positive 

ones were selected out for deleting corresponding genes in 

JMM8901, and the target genes (pssA, tagO, clsA, dltA, tuaA, 

dacA) were replaced by an antibiotic resistance gene (Kmr) 

separately, and thus a library of single null mutants was suc-

cessfully obtained. In this way, we made the ClsA+PssA double 
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KO strain as well. All the constructs and strains were verifi ed 

by PCR and DNA sequencing. 

 Construction of the expression vector 
The vector that we used for expression includes a variety of 

functional components: a subtilin-inducible promoter, a com-

mon RBS sequence and terminator, an identical signal peptide 

sequence of amyk38, various amylase-coding regions without 

the signal peptide, and a Strep-tag at the C-terminus, which can 

be used for further analysis, like protein purifi cation and West-

ern blotting. All these fragments were combined step by step 

via overlap PCR and ligation. In this vector, all the factors men-

tioned above are identical, except the mature α-amylase coding 

sequences (Fig. 4) .

α-Amylase activity assays 
Strains were grown in LB overnight, after which the cells were 

collected by centrifugation (10,000 rpm, 1 minute) and the pel-

lets were suspended and diluted in 200 µl LB (1:50) to start the 

growth in 96 well plates, the inducer subtilin was added after 

3 hours’ preculture (1:1000). The optical density was read auto-

matically every 15 minutes by Infi nite 200 plate reader (Tecan, 

Switzerland) during the whole incubation process. Subsequently, 

the supernatants were harvested by high-speed centrifugation 

(14,000 rpm, 1 minute) and immediately frozen at -20 °C. The 

next day, the α-amylase activity was assessed based on the Cer-

alpha HR Kit manual (Megazyme, Wicklow, Ireland) as follows: 

110 µl substrate BPNPG7 solution buffer (54.5 mg BPNPG7 sub-

strate was dissolved in dilution buffer to get 40 ml working 

substrate) was mixed to 10 µl aliquots of collected supernatant, 

140 µl stop buffer (200 mM Boric acid/NaOH buffer, pH 10) was 

added to terminate the reaction after incubating 4 minutes at 

room temperature. The tube contents were stirred vigorously 
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KO strain as well. All the constructs and strains were verifi ed 

by PCR and DNA sequencing. 

 Construction of the expression vector 
The vector that we used for expression includes a variety of 

functional components: a subtilin-inducible promoter, a com-

mon RBS sequence and terminator, an identical signal peptide 

sequence of amyk38, various amylase-coding regions without 

the signal peptide, and a Strep-tag at the C-terminus, which can 

be used for further analysis, like protein purifi cation and West-

ern blotting. All these fragments were combined step by step 

via overlap PCR and ligation. In this vector, all the factors men-

tioned above are identical, except the mature α-amylase coding 

sequences (Fig. 4) .

α-Amylase activity assays 
Strains were grown in LB overnight, after which the cells were 

collected by centrifugation (10,000 rpm, 1 minute) and the pel-

lets were suspended and diluted in 200 µl LB (1:50) to start the 

growth in 96 well plates, the inducer subtilin was added after 

3 hours’ preculture (1:1000). The optical density was read auto-

matically every 15 minutes by Infi nite 200 plate reader (Tecan, 

Switzerland) during the whole incubation process. Subsequently, 

the supernatants were harvested by high-speed centrifugation 

(14,000 rpm, 1 minute) and immediately frozen at -20 °C. The 

next day, the α-amylase activity was assessed based on the Cer-

alpha HR Kit manual (Megazyme, Wicklow, Ireland) as follows: 

110 µl substrate BPNPG7 solution buffer (54.5 mg BPNPG7 sub-

strate was dissolved in dilution buffer to get 40 ml working 

substrate) was mixed to 10 µl aliquots of collected supernatant, 

140 µl stop buffer (200 mM Boric acid/NaOH buffer, pH 10) was 

added to terminate the reaction after incubating 4 minutes at 

room temperature. The tube contents were stirred vigorously 
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before the 405 nm absorbance was read, and the fi nal amylase 

activity was calculated by the Ceralpha Unit.  

SDS-PAGE and immunoblotting
The same OD equivalents of previously harvested samples 

were prepared for sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) and Western blotting. Firstly, the 

proteins were separated by SDS-PAGE and transferred onto 

the polyvinyl difl uoro (PVDF) membranes (Millipore, Bedford, 

MA, USA) using a Mini Trans-Blot system (Bio-Rad) [10], which 

was then followed by 4 °C overnight incubation in 5% BSA. The 

next day, the membranes were washed three times 10 minutes 

with PBST buffer before incubated with the Strep-tag antibody 

(1:5000; IBA) at room temperature for 90 minutes, and then the 

membranes were washed twice with PBST. Finally, the signal 

density was visualized using the freshly mixed western blotting 

detection reagents (GE Healthcare Life Sciences) and detected 

by the Molecular Imager ChemiDoc XRS+ (Bio-Rad). 

Total lipid extraction and quantifi cation
The extraction of total lipids was performed as reported previ-

ously [13, 36]. The same OD equivalents of overnight cultures 

were harvested by high-speed centrifugation. Then the cells 

were subjected to sonication for 30 minutes after washing twice 

with MilliQ water. Next, the obtained extracts were incubated for 

15 minutes at 54 °C with the same volume of methanol (v/v), fol-

lowed by the addition of 2 volumes chloroform (plus 1 ml 6 M 

HCl to improve the lysPG extraction) [37]. After 16 hours’ incu-

bation at room temperature, the mixture was centrifuged for 

10 minutes at full speed. The lower phase containing the lipids 

was then taken and transferred to a new tube, which was left 

open and evaporated until dry in the fume hood. The thin-layer 

chromatography (TLC) with Plate Silica Gel 60 F254 (Merck) was 
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carried out for the lipid quantifi cation. The previously dried 

samples were suspended in 500 μl of chloroform (plus 50 μl 6 M 

HCl) and then developed with the solvent system acetone/hexane 

(1:6, v/v) to separate the lipid classes. The purifi ed standards CL, 

PG, PE, and lysPG, which have been reported as the most abun-

dant lipids in B. subtilis membranes were also loaded on the 

plates. Afterward, the phospholipids were visualized with iodine 

vapor and analyzed by ImageJ (NIH) software.  

ABBREVIATIONS

PssA: Phosphatidylserine synthase; ClsA: Cardiolipin synthase; 

DacA: D-alanyl- D-alanine carboxypeptidase; TuaA: Lipid car-

rier sugar transferase; DltA: D-alanyl- D-alanine carrier protein 

ligase; TagO: Teichoic acid linkage unit synthase; SMM: Spizizen 

minimal media; SURE: Subtilin- regulated gene expression; LB: 

Lysogeny Broth; Amp: Ampicillin; Spc: Spectinomycin; Em: 

Erythromycin; Km: Kanamycin; Cm: Chloramphenicol; Tet: Tet-

racycline; SDS-PAGE: Sodium dodecyl sulfate polyacrylamide gel 

electrophoresis; PVDF: Polyvinyl difl uoro; TLC: Thin layer chro-

matography; CL: Cardiolipin; PE: Phosphatidylethanolamine; 

PG: Phosphatidylglycerol; LysPG: Lysyl-phosphatidylglycerol; pI: 

Isoelectric point. 
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activity was calculated by the Ceralpha Unit.  

SDS-PAGE and immunoblotting
The same OD equivalents of previously harvested samples 

were prepared for sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) and Western blotting. Firstly, the 

proteins were separated by SDS-PAGE and transferred onto 

the polyvinyl difl uoro (PVDF) membranes (Millipore, Bedford, 

MA, USA) using a Mini Trans-Blot system (Bio-Rad) [10], which 

was then followed by 4 °C overnight incubation in 5% BSA. The 

next day, the membranes were washed three times 10 minutes 

with PBST buffer before incubated with the Strep-tag antibody 

(1:5000; IBA) at room temperature for 90 minutes, and then the 

membranes were washed twice with PBST. Finally, the signal 

density was visualized using the freshly mixed western blotting 
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Total lipid extraction and quantifi cation
The extraction of total lipids was performed as reported previ-
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with MilliQ water. Next, the obtained extracts were incubated for 
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ABSTRACT

Bacillus subtilis is extensively applied as a microorganism for 

the high-level production of heterologous proteins. Traditional 

strategies for increasing the productivity of this microbial 

cell factory generally focused on the targeted modifi cation of 

rate-limiting components or steps. However, the longstanding 

problems of limited productivity of the expression host, met-

abolic burden and non-optimal nutrient intake, have not yet 

been completely solved to achieve signifi cant production-strain 

improvements. To tackle this problem, we systematically re-

wired the regulatory networks of the global nitrogen and car-

bon metabolism by random mutagenesis of the pleiotropic 

transcriptional regulators CodY and CcpA, to allow for optimal 

nutrient intake, translating into signifi cantly higher heterolo-

gous protein production yields. Using a β- galactosidase expres-

sion and screening system and consecutive rounds of mutagen-

esis, we identifi ed mutant variants of both CcpA and CodY that 

in conjunction increased production levels up to 290%. Anal-

ysis of the obtained phenotypes revealed crucial mutations 

within the DNA-binding helix-turn-helix (HTH) domain of both 

CodY (R214C) and CcpA (T19S). The improved cell factory ca-

pacity was further demonstrated by the successfully increased 

overexpression of GFP, xylanase and peptidase in the double 

mutant strain. Taken together, the amino acid substitutions 

in the conserved region of the master transcriptional regula-

tors eventually allowed the B. subtilis cell factory to synthesize 

higher amounts of heterologous proteins. 

Keywords: Bacillus subtilis, microbial cell factory, CcpA, 

CodY, global transcription machinery engineering (gTME), 

high-throughput screening, heterologous proteins 
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INTRODUCTION  

Bacillus subtilis is a well-characterized microbial cell factory 

and is widely used in the production of a variety of proteins for 

commercial and medical applications [1–4]. Improving the pro-

duction potential of this classic chassis has been a research fo-

cus for several decades. Numerous engineering and biotechno-

logical approaches have been employed in attempts to enhance 

production yields in industrial strains, for instance by utilizing 

modifi ed promoters and RBSs, codon-optimization, pathway re-

routing or gene disruption [5–7]. However, although remarkable 

progress has been made in improving the protein overproduc-

tion capacity of B. subtilis, the space for traditional techniques or 

strategies to further improve this host organism’s productivity is 

increasingly limited.

In nature, the intracellular distribution of various resources 

in healthy cells has been ‘optimized’ by natural evolution over 

very long periods of time [8]. Introducing an overexpression 

pathway for heterologous proteins into an engineered organ-

ism requires a large proportion of the host cell’s resources, 

including ATP, carbohydrates and amino acids. This imposed 

metabolic drain has been defi ned as ‘metabolic burden’ or ‘met-

abolic load’ [9]. In this case, the vast majority of the intracellu-

lar metabolic fl uxes, including energy resources such as NAD(P)

H and ATP and carbon/nitrogen/oxygen building blocks, are 

forcibly assigned towards the heterologous product biosynthe-

sis [10]. The essential requirements for cellular maintenance, in 

turn, become imbalanced and insuffi  cient in the engineered mi-

crobes [11]. Therefore, the biosynthetic yield of the expressed 

target product will remain at a relatively low level [10, 12], or 

even suddenly drop into the ‘death valley’ (minimal production 

level) on a ‘cliff’ under suboptimal growth conditions [8]. Hence, 

the strategy to reduce the metabolic burden in a microbial host 
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by enhancing the uptake of required nutrients and balancing 

heterologous and native metabolic fl ux demands, could poten-

tially benefi t the robust production of large quantities of the 

target product. 

In B. subtilis, the molecular mechanisms of nutrient-sens-

ing based central metabolic regulations have become increas-

ingly clear. Two global regulatory proteins, CodY and CcpA, 

behave as a repressor or inducer of gene expression by spe-

cifi cally binding to consensus sequences located in or near the 

promoter region of targets [13–15]. These two regulators and 

their ligands (FBP, GTP, and BCAAs) [16] function together to or-

chestrate regulons that balance the use of available nutrients 

sources. Thus, they systemically coordinate the intracellular 

carbon and nitrogen fl uxes and contribute to cell homeostasis 

by stimulating specifi c cellular processes [17, 18]. Prior stud-

ies showed that global transcription machinery engineering 

(gTME) elicits a global alteration at the transcriptional level that 

perturbs the expression of multiple proteins simultaneously, 

which allows acquisition and selection of phenotypes of inter-

est from a broad library [19, 20]. Some global transcription ma-

chinery components, such as sigma factors in bacteria [19, 21], 

zinc fi nger- containing artifi cial transcription factors [22], and 

Spt15 in yeast [23] were randomly mutagenized for generating 

phenotypes of biotechnological interest, including improved 

production capacities and strain tolerance towards elevated 

end-product levels. We thus hypothesized this strategy could 

be exploited to rewire the nitrogen and carbon metabolic fl ux 

distributions and to optimize nutrient uptake and utilization in 

B. subtilis at the whole-cell level to gain enhanced protein pro-

duction traits by specifi c adjustments of the activity of CodY and 

CcpA. In addition, this study allows for gaining further insights 

into the interaction between CodY and CcpA by the analysis of 

the globally rewired nitrogen and carbon metabolic networks.
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RESULTS

Construction of randomly mutagenized CodY libraries
The master transcriptional regulator CodY controls hundreds 

of genes in a large regulon, the products of which are mainly 

linked to nitrogen metabolism. More specifi cally, CodY senses 

the intracellular levels of BCAAs and GTP and represses or ac-

tivates the transcription of nitrogen metabolic network related 

genes to trigger varying metabolic effects by binding to consen-

sus function sites called the CodY box [16]. Therefore, any alter-

ation of the CodY amino acid sequence can potentially repro-

gram the downstream metabolic fl uxes and thus infl uence the 

production of heterologous proteins. To create a tunable overex-

pression system, we introduced an expression cassette contain-

ing the heterologous β-galactosidase encoding gene (lacZ) into 

an IPTG inducible system. The resulting construct Physpank-lacZ 

was chromosomally integrated into the mdr locus of B. subtilis 

168 to obtain the reporter strain B. subtilis 168_β-gal (Fig. 1A). 

To construct the mutant libraries of CodY, a specifi c integra-

tion vector for transporting different versions of codY into its 

native locus was made by USER cloning method [24]. The ob-

tained plasmid (pJV54), which consists of ~1k bp fl anking re-

gions, an antibiotic resistance marker and a pUC18 backbone, 

was applied as the template for mutagenesis experiments. First, 

the pJV54 was utilized as the cloning template for random mu-

tagenesis experiments. The GeneMorph II Random Mutagenesis 

Kit (Agilent Technologies, United States) was applied to achieve 

the desired mutation rate (low-, medium-, high-) for three 

mutant libraries according to the manufacturer’s indications 

(Fig. 2A). The mutagenized codYs were subsequently cloned 

into the previous integration vector and transformed into com-

petent E. coli. In this way, three pools of randomly mutated 

codY genes with different mutation frequencies (1–4.5, 4.5–9, 
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9–16 mutations/kb amplifi ed target gene) were constructed in 

the cloning host Escherichia coli (Table 1). We scraped off all 

the fresh transformants and extracted plasmid after over-

night incubation. Finally, this fresh plasmid DNA library was 

directly transformed into competent B. subtilis 168_β-gal, and 

approximately 1,400 bp (codY*_cmr) of DNA fragments were in-

troduced into the Physpank-lacZ integrated reporter strain   via 

double homologous recombination, thereby various mutagen-

ized versions of codY replaced the wild-type codY gene (Fig. 1B). 

Correct integration was tested by colony PCR and confi rmed by 

sequencing. In total, three independent CodY mutant libraries 

with a respective size of more than 5,000 cells were established. 

The CodY- (codY::cmr) were also constructed in a similar way.

Selection of CodY mutants with increased capacity of 
β-galactosidase production 
From isolates with a widely varying protein production po-

tential, protein overproducing candidates were selected based 

on an increase in β-galactosidase activity (Fig. 2B).  The black-

white screening was performed on transparent SMM plates, 

which allowed direct benchmarking of the color intensity 

and monitoring of the colony size. Phenotypes with increased 

β- galactosidase activity were selected out of a total of over 

15,000 CodY mutant candidates, and the β-galactosidase pro-

duction yields were quantifi ed by colorimetric assays. B. subti-

lis mutants with higher reporter enzyme production originated 

from the low mutation frequency library (1-4.5 mutations/kb), 

indicating that libraries with more than 4.5 mutations/kb have 

a higher probability of harboring phenotypic variations that 

negatively affect the biosynthesis of the reporter protein. Fi-

nally, the selected four CodY mutant phenotypes outperformed 

the WT and CodY- by producing signifi cantly more enzyme 

using as media LB supplemented with 1.0% glucose. Under 
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Fig. 1. (A) The composition of the reporter enzyme expression cassettes. A 

synthetic operon was constructed under the regulation of the IPTG-inducible 

promoter-Physpank (black arrow) followed by the encoding sequence for the 

β-galactosidase and a rho-independent terminator. This expression construct 

was fl anked by the up- and downstream regions of mdr to allow integration 

of a single copy of the cassette into the mdr locus. (B) Gene replacement of 

mutant versions of CcpA and CodY. The mutated versions of codY and ccpA 

were cloned in-frame fl anked by two homologous regions of their native loci. 

The genes for the mutated CodY* and CcpA* proteins are under the regulation 

of their native promoters after integration into the chromosome and replace-

ment of the WT genes. 

Table 1. Mutation frequency of each library in B. subtilis. The mutation fre-

quency can be determined by the amount of template and the PCR cycle num-

bers. The fi nal results was verifi ed by DNA sequencing, and the numbers of 

nucleotides changed per 1,000 base pair of target DNA were calculated.

Library Mutation rate (mutations/1 kb)

CodY
-low
-medium
-high

1-4.5
4.5-9
9-16

CcpA 
-low 1-4.5
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identical culture and enzymatic assay conditions, the codY de-

fi cient strain could already produce around 12% higher β-gal 

than WT, while the most outstanding four isolates M4, M13, M17 

and M19 respectively generated 27%, 36%, 52% and 40% more 

β-gal than the reporter strain equipped with the unmodifi ed, 
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wildtype codY gene (Fig. 2C). On the other hand, sequencing 

analysis illustrated that all the higher β-gal producers pos-

sessed at least one amino acid substitution in the DNA-binding 

domain. In M4, M13, and M17, only the single mutations  A203T, 

 K248I, and R214C were detected, respectively, while M19 car-

ried the HTH domain mutation R209H next to the amino acid 

exchanges E58A and I162V (Fig. 2D). Hence, we showed that 

the gTME approach coupled to an enzymatic protein produc-

tion capacity screen could be successfully applied in B. subtilis 

and the specifi c mutations within the DNA binding domain of 

CodY resulted in a signifi cantly increased product yield of the 

heterologous protein β-galactosidase. 

CodY variants lead to different genetic competence 
levels
Genetic competence is a well-defi ned cellular state in B. subti-

lis 168 when the nutrients are depleted. Transcription factor 

ComK activates the expression of late competence genes and 

causes the entry into the competent state, allowing the cells to 

Fig. 2. (A) The workfl ow of the mutant libraries construction for CodY. (B) 

Black-white screening on the selective plate. Mutants of B. subtilis were 

plated on the SMM agar media containing S-Gal in the presence of 0.1 mM IPTG. 

Phenotypes with a dark color and big size were isolated and further analyzed. 

(C) Mutation in CodY leads to phenotypes with higher β-galactosidase 

production. Cells were grown in LB media supplemented with 1.0% glucose. 

β-Galactosidase activities [Miller Units] represent the mean values of three 

samples taken during exponential growth at OD600~1.0. Strains used were WT 

(wild-type codY), CodY null mutant (codY::cmr), and four selected higher produc-

ing phenotypes M4, M13, M17, M19. The statistical signifi cance of differences 

was performed by T-TEST, black symbols represent the comparison with WT, 

red words/symbols represent the comparison with CodY- (NS: no signifi cance, 

*P<0.05). (D) Genotypic characterization of selected CodY mutants. 
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identical culture and enzymatic assay conditions, the codY de-

fi cient strain could already produce around 12% higher β-gal 

than WT, while the most outstanding four isolates M4, M13, M17 

and M19 respectively generated 27%, 36%, 52% and 40% more 

β-gal than the reporter strain equipped with the unmodifi ed, 
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wildtype codY gene (Fig. 2C). On the other hand, sequencing 

analysis illustrated that all the higher β-gal producers pos-

sessed at least one amino acid substitution in the DNA-binding 

domain. In M4, M13, and M17, only the single mutations  A203T, 

 K248I, and R214C were detected, respectively, while M19 car-

ried the HTH domain mutation R209H next to the amino acid 

exchanges E58A and I162V (Fig. 2D). Hence, we showed that 

the gTME approach coupled to an enzymatic protein produc-

tion capacity screen could be successfully applied in B. subtilis 

and the specifi c mutations within the DNA binding domain of 

CodY resulted in a signifi cantly increased product yield of the 

heterologous protein β-galactosidase. 

CodY variants lead to different genetic competence 
levels
Genetic competence is a well-defi ned cellular state in B. subti-

lis 168 when the nutrients are depleted. Transcription factor 

ComK activates the expression of late competence genes and 

causes the entry into the competent state, allowing the cells to 

Fig. 2. (A) The workfl ow of the mutant libraries construction for CodY. (B) 

Black-white screening on the selective plate. Mutants of B. subtilis were 

plated on the SMM agar media containing S-Gal in the presence of 0.1 mM IPTG. 

Phenotypes with a dark color and big size were isolated and further analyzed. 

(C) Mutation in CodY leads to phenotypes with higher β-galactosidase 

production. Cells were grown in LB media supplemented with 1.0% glucose. 

β-Galactosidase activities [Miller Units] represent the mean values of three 

samples taken during exponential growth at OD600~1.0. Strains used were WT 

(wild-type codY), CodY null mutant (codY::cmr), and four selected higher produc-

ing phenotypes M4, M13, M17, M19. The statistical signifi cance of differences 

was performed by T-TEST, black symbols represent the comparison with WT, 

red words/symbols represent the comparison with CodY- (NS: no signifi cance, 

*P<0.05). (D) Genotypic characterization of selected CodY mutants. 
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uptake and integrate extracellular DNA [25]. Moreover, CodY 

can bind to the promoter region of comK, resulting in a repres-

sion of ComK [26]. Therefore, various alterations in the amino 

acid sequence of CodY may result in diverse competence ability 

of the host cells. To identify the natural competence of the se-

lected CodY mutants, a construct PcomG-gfp was introduced by 

Campbell-type integration into B. subtilis, leaving the original 

comG operon intact. Microplate analysis was performed for the 

PcomG-gfp fused strains to monitor the GFP expression in indi-

vidual cells. As shown in Fig. 3, cells with different versions of 

CodY showed signifi cant differences in the green fl uorescence 

signal strength over time. Specifi cally, the mutant M19 and wild-

type exhibited very similar fl uorescence curves to each other, 

which refl ects the very close competence development abili-

ties for these two strains. Besides, M4, M13, and M17 showed 

lower genetic competence relative to wildtype. Consistent with 

the fact that CodY negatively regulates the positive compe-

tence regulator ComK [27], the deletion of C odY enhanced the 

corresponding genetic competence obviously (2-fold). Interest-

ingly, the peak of CodY- occurred two hours later than wildtype, 

probably owing to the slower growth of the CodY- strain in the 

competence media (data not shown). In sum, the CodY variants 

caused different levels of genetic competence, as was expected. 

Screening gTME libraries of CcpA in the two CodY 
mutants M17 and M19
To explore whether the production potential of the previously 

engineered expression hosts could be further improved, we 

additionally reprogrammed the carbon metabolic network 

in the two CodY mutants by random mutagenesis of the tran-

scriptional regulator CcpA. A ccpA* library with 1–4.5 muta-

tions/kb mutation frequency was constructed (Table 1) and in-

tegrated into the chromosome of M17 and M19 to obtain two 
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libraries, M17 (ccpA*) and M19 (ccpA*). Subsequently, CcpA mu-

tant strains were selected from each library by the black-white 

screening based on their higher β-galactosidase product yields. 

The two best performing phenotypes from the two different 

libraries showed the same amino acid exchange, T19S, in the 

DNA-binding HTH motif of CcpA (Fig. 4A). To further verify the 

infl uence of the single amino acid substitution T19S and to rule 

out the possibility of acquisition of additional (compensatory) 

mutations, we performed site-directed mutagenesis of ccpA to 

introduce the mutation T19S in different background strains, 

thereby obtaining the mutants CcpAT19S and M17CcpAT19S. Since 

then, the M17 and M17CcpAT19S were renamed as CodYR214C and 

Fig. 3. The expression activity of PcomG-gfp in various strains. Strains JV156 

(wild-type), CodY-, M4, M13, M17, M19 with PcomG-gfp construct were grown 

in the competence media MC 1X in the 96 well plates at 37 °C, 220 rpm. The 

OD600 and fl uorescence intensity of GFP were read every hour for 22 hours 

in the plate reader with a GFP fi lter set (excitation at 485/20 nm, emission 

535/25). The values of GFP fl uorescence intensity/OD600 of individual time 

points are presented in the fi gure. Experiments were performed in triplicates, 

but for clarity, only one representative line of the mean value is shown.
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uptake and integrate extracellular DNA [25]. Moreover, CodY 

can bind to the promoter region of comK, resulting in a repres-

sion of ComK [26]. Therefore, various alterations in the amino 

acid sequence of CodY may result in diverse competence ability 

of the host cells. To identify the natural competence of the se-

lected CodY mutants, a construct PcomG-gfp was introduced by 

Campbell-type integration into B. subtilis, leaving the original 

comG operon intact. Microplate analysis was performed for the 

PcomG-gfp fused strains to monitor the GFP expression in indi-

vidual cells. As shown in Fig. 3, cells with different versions of 

CodY showed signifi cant differences in the green fl uorescence 

signal strength over time. Specifi cally, the mutant M19 and wild-

type exhibited very similar fl uorescence curves to each other, 

which refl ects the very close competence development abili-

ties for these two strains. Besides, M4, M13, and M17 showed 

lower genetic competence relative to wildtype. Consistent with 

the fact that CodY negatively regulates the positive compe-

tence regulator ComK [27], the deletion of C odY enhanced the 

corresponding genetic competence obviously (2-fold). Interest-

ingly, the peak of CodY- occurred two hours later than wildtype, 

probably owing to the slower growth of the CodY- strain in the 

competence media (data not shown). In sum, the CodY variants 

caused different levels of genetic competence, as was expected. 

Screening gTME libraries of CcpA in the two CodY 
mutants M17 and M19
To explore whether the production potential of the previously 

engineered expression hosts could be further improved, we 

additionally reprogrammed the carbon metabolic network 

in the two CodY mutants by random mutagenesis of the tran-

scriptional regulator CcpA. A ccpA* library with 1–4.5 muta-

tions/kb mutation frequency was constructed (Table 1) and in-

tegrated into the chromosome of M17 and M19 to obtain two 

71

Re
su

lts

3

libraries, M17 (ccpA*) and M19 (ccpA*). Subsequently, CcpA mu-

tant strains were selected from each library by the black-white 

screening based on their higher β-galactosidase product yields. 

The two best performing phenotypes from the two different 

libraries showed the same amino acid exchange, T19S, in the 

DNA-binding HTH motif of CcpA (Fig. 4A). To further verify the 

infl uence of the single amino acid substitution T19S and to rule 

out the possibility of acquisition of additional (compensatory) 

mutations, we performed site-directed mutagenesis of ccpA to 

introduce the mutation T19S in different background strains, 

thereby obtaining the mutants CcpAT19S and M17CcpAT19S. Since 

then, the M17 and M17CcpAT19S were renamed as CodYR214C and 

Fig. 3. The expression activity of PcomG-gfp in various strains. Strains JV156 

(wild-type), CodY-, M4, M13, M17, M19 with PcomG-gfp construct were grown 

in the competence media MC 1X in the 96 well plates at 37 °C, 220 rpm. The 

OD600 and fl uorescence intensity of GFP were read every hour for 22 hours 

in the plate reader with a GFP fi lter set (excitation at 485/20 nm, emission 

535/25). The values of GFP fl uorescence intensity/OD600 of individual time 

points are presented in the fi gure. Experiments were performed in triplicates, 

but for clarity, only one representative line of the mean value is shown.
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CodYR214CCcpAT19S in the following analyses. In comparison to the 

parental WT control strain 168_β-gal, all transcription factor 

mutants showed signifi cantly increased β-gal activities (Fig. 4B). 

We observed that the defi ciency of CcpA and/or CodY, which was 

introduced by gene knockouts, could already improve the β- 

galactosidase yield by 10–20% than that of WT strain. However, 
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in the single mutants CodYR214C and CcpAT19S, the respective pro-

duction of the target enzyme was increased to 152% and 140% 

relative to the WT. This indicates that single mutations in the 

DNA-interacting HTH domains of the global transcriptional 

Fig. 4. (A) The screening of CcpA* library in the two CodY mutants M17 

and M19. Screening of β-galactosidase higher-producing phenotypes isolated 

from the M17CcpA* and M19CcpA* libraries. Isolates with improved enzy-

matic activity were selected from the SMM screening plates, and the enzymatic 

assay and sequencing analysis of optimized phenotypes were carried out. (B) 

β-galactosidase activities in B. subtilis strains with null mutations or sin-

gle amino acid substitutions in the DNA-binding HTH domain of CodY and 

CcpA. Enzymatic assay of the recombinant strains was carried out in compar-

ison to the control strain carrying a lacZ gene as a capacity monitor (WT). The 

cultures of were sampled at an OD600 of 1.0, and the β-galactosidase activities 

are shown in Miller Units. Each column represents the mean ± SD of three 

independent experiments. The statistical signifi cance of differences was per-

formed by the T-TEST, the black symbols represent the comparison with the 

WT (*P<0.05, **P<0.01). 
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CodYR214CCcpAT19S in the following analyses. In comparison to the 

parental WT control strain 168_β-gal, all transcription factor 

mutants showed signifi cantly increased β-gal activities (Fig. 4B). 

We observed that the defi ciency of CcpA and/or CodY, which was 

introduced by gene knockouts, could already improve the β- 

galactosidase yield by 10–20% than that of WT strain. However, 
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in the single mutants CodYR214C and CcpAT19S, the respective pro-

duction of the target enzyme was increased to 152% and 140% 

relative to the WT. This indicates that single mutations in the 

DNA-interacting HTH domains of the global transcriptional 

Fig. 4. (A) The screening of CcpA* library in the two CodY mutants M17 

and M19. Screening of β-galactosidase higher-producing phenotypes isolated 

from the M17CcpA* and M19CcpA* libraries. Isolates with improved enzy-

matic activity were selected from the SMM screening plates, and the enzymatic 

assay and sequencing analysis of optimized phenotypes were carried out. (B) 

β-galactosidase activities in B. subtilis strains with null mutations or sin-

gle amino acid substitutions in the DNA-binding HTH domain of CodY and 

CcpA. Enzymatic assay of the recombinant strains was carried out in compar-

ison to the control strain carrying a lacZ gene as a capacity monitor (WT). The 

cultures of were sampled at an OD600 of 1.0, and the β-galactosidase activities 

are shown in Miller Units. Each column represents the mean ± SD of three 

independent experiments. The statistical signifi cance of differences was per-

formed by the T-TEST, the black symbols represent the comparison with the 

WT (*P<0.05, **P<0.01). 
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Fig. 5. The production of other protein candidates in the strain CodYR214C-

CcpAT19S in comparison with wildtype. All the strains were grown in LB me-

dia supplemented with 1.0% glucose, and the induction of different protein ex-

pression systems was carried out in various ways. (A) The expression of XynA 

was performed on an expression vector pNZ8902, and the inducer subtilin 

(0.1%) was added when the culture reaches OD600~0.6, the overnight cultures 

were sampled, and the generated XynA (supernatant) was analyzed by West-

ern Blotting. (B) Strains containing Physpank-sfgfp were grown in the produc-

tion media supplemented with 0.1mM IPTG, and the cultures were collected 

for fl ow cytometric analysis, black-WT, red-CodYR214CCcpAT19S, the fl uorescence 

intensity was calculated by Arbitrary Units (AU). (C) The PepP was expressed as 

similarly as GFP, and the relevant production level was detected by SDS-PAGE. 

regulators, rather than complete gene knockouts, were advan-

tageous. Moreover, these production advantages were synergis-

tic when the codY and ccpA mutations were combined in one 

strain, because heterologous protein production was enhanced 

to 290% in the double mutant CodYR214CCcpAT19S.

The production improvement in the genetically 
modifi ed cell factory is achieved for various proteins
Theoretically, this tailor-made system offers potential to over-

express any heterologous protein by achieving multiple and si-

multaneous perturbations of the whole transcriptome and me-

tabolome. Next to the model protein β-galactosidase, we also 

managed to overproduce additional heterologous proteins in the 

transcription factor mutant. In line with the results presented 

above, a signifi cant increase of GFP (89%), XynA (xylanase pro-

tein from B. subtilis) (more than 11-fold) and PepP (aminopep-

tidase P from Lactococcus lactis) (80%) production could be 

achieved in CodYR214CCcpAT19S relative to the WT host (Fig. 5). 

This demonstrates that productivity improvement in the geneti-

cally modifi ed cell factory is true for various proteins, although 
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intensity was calculated by Arbitrary Units (AU). (C) The PepP was expressed as 

similarly as GFP, and the relevant production level was detected by SDS-PAGE. 

regulators, rather than complete gene knockouts, were advan-

tageous. Moreover, these production advantages were synergis-

tic when the codY and ccpA mutations were combined in one 

strain, because heterologous protein production was enhanced 

to 290% in the double mutant CodYR214CCcpAT19S.

The production improvement in the genetically 
modifi ed cell factory is achieved for various proteins
Theoretically, this tailor-made system offers potential to over-

express any heterologous protein by achieving multiple and si-

multaneous perturbations of the whole transcriptome and me-

tabolome. Next to the model protein β-galactosidase, we also 

managed to overproduce additional heterologous proteins in the 

transcription factor mutant. In line with the results presented 

above, a signifi cant increase of GFP (89%), XynA (xylanase pro-

tein from B. subtilis) (more than 11-fold) and PepP (aminopep-

tidase P from Lactococcus lactis) (80%) production could be 

achieved in CodYR214CCcpAT19S relative to the WT host (Fig. 5). 
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cally modifi ed cell factory is true for various proteins, although 
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the levels of improvement for individual candidates were very 

different. The cell factory productivity can be further infl uenced 

by the intracellular nutrient availability, codon usage and the 

utilization bias for some specifi c nitrogen sources. This can also 

explain why the protein can be differentially expressed when 

growing in media with different compositions [1, 28]. 

DISCUSSION 

To date, great progress has been achieved for heterologous pro-

tein production in B. subtilis by modifying the pathway regula-

tory elements, such as gene copy number, promoters, ribosome 

binding sites (RBSs), and terminators [7]. These genetic engi-

neering strategies have mainly focused on the regional modi-

fi cation of specifi c rate-limiting factors or steps, while multiple 

genetic modifi cations, which show improved capacity to elicit 

phenotypes of interest, has rarely been explored. In recent 

years, the fast accumulation of genetic information in regula-

tory mechanisms and advances in genome-editing and -omics 

techniques provided novel engineering tools and strategies for 

fi ne-tuning metabolic pathways. An approach termed gTME 

(global transcription machinery engineering), which focuses on 

the increase of end-products by rerouting metabolic fl uxes at a 

global level, can remarkably simplify the strain enhancement 

design even without a thorough understanding of the underly-

ing metabolic regulatory mechanisms [29, 30]. 

In this study, we developed a combinatorial system involv-

ing random mutagenesis and high-throughput selection, which 

outperform the traditional approaches in expanding the engi-

neering scale from the local pathway to the global metabolic 

networks [20]. The gTME-based tool demonstrated to effec-

tively and quickly unlock desired mutants with rewired central 
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metabolic pathways and improved uptake and utilization of 

specifi c nitrogen sources. The best phenotype with single amino 

acid substitutions within the DNA-binding HTH domain of CcpA 

and CodY could reach an increase of 2-fold in overproduction 

of β-galactosidase. This was further demonstrated by the suc-

cessfully increased overexpression of GFP, xylanase, and pep-

tidase in the double mutant strain CodYR214CCcpAT19S. Although 

the level of gTME-based strain improvement differs per protein 

used, this strategy illustrates the broader application scope in 

overproducing a variety of proteins. Moreover, the subsequent 

analyses of the perturbed transcriptome will provide novel in-

sights into the cellular components and their underlying inter-

actions. A further characterization of the mutant strains will be 

described in the next Chapter. 

MATERIALS AND METHODS 

Plasmids, bacterial strains, and media reagents
B. subtilis 168 (trpC2) is the unique mother strain for all the 

mutants in this study. E. coli MC1061 was used as intermediate 

cloning host for all the plasmid construction. Both B. subtilis and 

E. coli were grown aerobically at 37 °C in Lysogeny Broth (LB) 

media unless otherwise indicated. When necessary, antibiotics 

were added in growth media as described previously [36]. The 

plasmids and strains included in this work are listed in Table 2. 

DNA manipulation
Procedures for PCR, DNA purifi cation, restriction, ligation and 

genetic transformation of E. coli and B. subtilis were carried 

out as described before [37, 38]. Pfu x 7 DNA polymerase [39] 

was a kind gift from Bert Poolman, and the USER enzyme was 

purchased from New England Biolabs. All FastDigest restriction 
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different. The cell factory productivity can be further infl uenced 

by the intracellular nutrient availability, codon usage and the 

utilization bias for some specifi c nitrogen sources. This can also 

explain why the protein can be differentially expressed when 

growing in media with different compositions [1, 28]. 

DISCUSSION 
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tein production in B. subtilis by modifying the pathway regula-
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binding sites (RBSs), and terminators [7]. These genetic engi-

neering strategies have mainly focused on the regional modi-

fi cation of specifi c rate-limiting factors or steps, while multiple 

genetic modifi cations, which show improved capacity to elicit 

phenotypes of interest, has rarely been explored. In recent 

years, the fast accumulation of genetic information in regula-

tory mechanisms and advances in genome-editing and -omics 

techniques provided novel engineering tools and strategies for 

fi ne-tuning metabolic pathways. An approach termed gTME 

(global transcription machinery engineering), which focuses on 

the increase of end-products by rerouting metabolic fl uxes at a 

global level, can remarkably simplify the strain enhancement 

design even without a thorough understanding of the underly-

ing metabolic regulatory mechanisms [29, 30]. 

In this study, we developed a combinatorial system involv-

ing random mutagenesis and high-throughput selection, which 

outperform the traditional approaches in expanding the engi-

neering scale from the local pathway to the global metabolic 

networks [20]. The gTME-based tool demonstrated to effec-
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metabolic pathways and improved uptake and utilization of 

specifi c nitrogen sources. The best phenotype with single amino 

acid substitutions within the DNA-binding HTH domain of CcpA 

and CodY could reach an increase of 2-fold in overproduction 

of β-galactosidase. This was further demonstrated by the suc-

cessfully increased overexpression of GFP, xylanase, and pep-

tidase in the double mutant strain CodYR214CCcpAT19S. Although 

the level of gTME-based strain improvement differs per protein 

used, this strategy illustrates the broader application scope in 

overproducing a variety of proteins. Moreover, the subsequent 

analyses of the perturbed transcriptome will provide novel in-

sights into the cellular components and their underlying inter-

actions. A further characterization of the mutant strains will be 

described in the next Chapter. 

MATERIALS AND METHODS 

Plasmids, bacterial strains, and media reagents
B. subtilis 168 (trpC2) is the unique mother strain for all the 

mutants in this study. E. coli MC1061 was used as intermediate 

cloning host for all the plasmid construction. Both B. subtilis and 

E. coli were grown aerobically at 37 °C in Lysogeny Broth (LB) 

media unless otherwise indicated. When necessary, antibiotics 

were added in growth media as described previously [36]. The 

plasmids and strains included in this work are listed in Table 2. 

DNA manipulation
Procedures for PCR, DNA purifi cation, restriction, ligation and 

genetic transformation of E. coli and B. subtilis were carried 

out as described before [37, 38]. Pfu x 7 DNA polymerase [39] 

was a kind gift from Bert Poolman, and the USER enzyme was 

purchased from New England Biolabs. All FastDigest restriction 
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enzymes, Phusion and Dreamtaq DNA polymerases were ac-

quired from Thermo Fisher Scientifi c (Landsmeer, Nether-

lands). The NucleoSpin Plasmid EasyPure and NucleoSpin Gel 

and PCR Clean-up kits were purchased from BIOKE (Leiden, 

Netherlands). All the reagents used were bought from Sigma 

unless otherwise indicated. All the oligonucleotide primers 

used in this study are listed in Table 3, which were synthesized 

by Biolegio (Nijmegen, Netherlands). Sequencing of all our con-

structs was performed at MacroGen (Amsterdam, Netherlands).

Black-white screening
All transformants of B. subtilis mutant libraries were scraped off 

the LB agar plates with appropriate antibiotic(s) and collected 

into one fl ask with fresh LB liquid media. After 37 °C over-

night incubation, the culture was serially diluted and plated 

on selective agar media -Spizizen’s minimal media (SMM) [40] 

supplemented with 1.0% glucose, 0.1 mM Isopropyl β-D-1- 

thiogalactopyranoside (IPTG), 300 mg/l of S-gal and 500 mg/l of 

ferric ammonium citrate for black-white screening. After 20 h 

of incubation at 37 °C, colonies were isolated from the plates 

based on the color intensity and morphology, followed by se-

quence analysis and enzymatic assays (Fig. 6).

Site-directed mutagenesis
Site-directed mutagenesis of ccpA was processed to get the 

clean mutation site T19S in amino acids sequence, and it was 

performed using overlap PCR, the previously constructed vec-

tor pCH3 was used as the template for allelic exchange [41]. 

All plasmids were introduced into B. subtilis reporter strain 

168_β-gal and two CodY mutants (M17 and M19) by transforma-

tion after passaging through E. coli strain MC1061, sequences 

were verifi ed as before. The primers were designed via the 

website: http://bioinformatics.org/primerx/.
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3

  Enzymatic assays
For determination of β-galactosidase activity, strains were 

grown under identical conditions in LB media supplemented 

Fig. 6. Overall workfl ow of the high-throughput screening for β-galacto-

sidase higher-producing phenotypes. The mutant libraries were screened 

via the black-white selection, and all the dark colonies were collected together 

for the second round of screening for narrowing down the libraries to a few of 

good phenotypes with enhanced β-galactosidase production. The genotypes 

of selected mutants were sequencing identifi ed.
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enzymes, Phusion and Dreamtaq DNA polymerases were ac-

quired from Thermo Fisher Scientifi c (Landsmeer, Nether-

lands). The NucleoSpin Plasmid EasyPure and NucleoSpin Gel 

and PCR Clean-up kits were purchased from BIOKE (Leiden, 

Netherlands). All the reagents used were bought from Sigma 

unless otherwise indicated. All the oligonucleotide primers 

used in this study are listed in Table 3, which were synthesized 

by Biolegio (Nijmegen, Netherlands). Sequencing of all our con-

structs was performed at MacroGen (Amsterdam, Netherlands).

Black-white screening
All transformants of B. subtilis mutant libraries were scraped off 

the LB agar plates with appropriate antibiotic(s) and collected 

into one fl ask with fresh LB liquid media. After 37 °C over-

night incubation, the culture was serially diluted and plated 

on selective agar media -Spizizen’s minimal media (SMM) [40] 

supplemented with 1.0% glucose, 0.1 mM Isopropyl β-D-1- 

thiogalactopyranoside (IPTG), 300 mg/l of S-gal and 500 mg/l of 

ferric ammonium citrate for black-white screening. After 20 h 

of incubation at 37 °C, colonies were isolated from the plates 

based on the color intensity and morphology, followed by se-

quence analysis and enzymatic assays (Fig. 6).

Site-directed mutagenesis
Site-directed mutagenesis of ccpA was processed to get the 

clean mutation site T19S in amino acids sequence, and it was 

performed using overlap PCR, the previously constructed vec-

tor pCH3 was used as the template for allelic exchange [41]. 

All plasmids were introduced into B. subtilis reporter strain 

168_β-gal and two CodY mutants (M17 and M19) by transforma-

tion after passaging through E. coli strain MC1061, sequences 

were verifi ed as before. The primers were designed via the 

website: http://bioinformatics.org/primerx/.
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of selected mutants were sequencing identifi ed.
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with 1.0% glucose and 0.1 mM IPTG, shaking at 37 °C and 

220 rpm until the mid-exponential growth phase was reached 

(OD600 of 1.0). The cultures (1 ml) were immediately harvested 

and frozen in liquid nitrogen. The pellet was processed for β- 

galactosidase quantitation as previously described [42]. The 

α-amylase activity was assessed as previously described, and 

the fi nal amylase activity was calculated by the Ceralpha Unit 

[36]. Each assay was performed in duplicate, and the mean 

value from three independent experiments was calculated.

Microplate experiments 
We used a GFP fusion under the control of the comG promoter 

(PcomG-gfp) to monitor the competence development in various 

strains. First, the cells were grown overnight in the competence 

media MC1X at 37 °C, 220 rpm, then we diluted the pre-cultures 

50 times in fresh MC1X and started 22 hours’ incubation at 37 °C 

and 220 rpm shaking in the plate reader-VarioskanLUX (Thermo 

Fisher) with a GFP fi lter set (excitation at 485/20 nm, emission 

535/25), and the absorbance was measured at 600 nm. The val-

ues of GFP intensity and OD600 were automatically recorded ev-

ery 15 minutes for 22 hours, data of all samples were collected in 

triplicates. All the optical density and fl uorescence values were 

corrected for the background of the media by the following for-

mula: (GFPreporter-GFPmedia)/(ODreporter-ODmedia) [43].

Western blotting 
We grew the strains overnight in LB media supplemented with 

1.0% glucose, the cultures were diluted in fresh media and in-

cubated for overnight. Next morning, 5 ml cells were collected 

by centrifugation (14,000 rpm, 5 min), the pellets were resus-

pended in 1 ml  solution A [50 mM Tris·Cl (pH 7.5), 5% (vol/vol) 

glycerol, and 1 mM PMSF] and broken by sonication for 2 min 

using 70% amplitude with 10-s bursts, with 10-s pauses between 
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bursts. After centrifugation (14,000 rpm, 5 min) the superna-

tant was transferred to a clean tube. 15 μl of total protein was 

heated for 5 min at 95 °C before loading on a 12% SDS-PAGE gel. 

After the proteins were separated by electrophoresis, the pro-

teins were transferred to a PVDF membrane (80 mA, 90 min). 

The PVDF membrane was incubated in PBST + 5% (w/v) BSA at 

4 °C overnight. Next morning, the membrane was washed three 

times 10 min with PBST and subsequently incubated at room 

temperature for 2 hours in PBST + 5% BSA + 1: 10,000 dilution 

of anti-Histag antibody. The membrane was again washed three 

times 10 min with PBST and then incubated 1.5 hours in PBST 

+ donkey anti-rabbit IgG-horseradish peroxidase at room tem-

perature. Then the membrane was washed two times 10 min 

with MQ and two times 10 min with PBST. 1 ml of ECL detection 

Reagent (GEHealth care) and the Molecular Imager ChemiDoc 

XRS+ (BioRad) were used for signal visualization.

Flow cytometry
All the strains were streaked on LB agar plates with spec anti-

biotic, and the single colonies were picked up and grown over-

night in LB supplemented with 1.0% glucose and 0.1 mM IPTG 

at 37 °C, 220 rpm. Next morning, cultures were diluted 20 times 

in phosphate buffered saline (PBS) and directly measured on 

the Becton Dickinson FACSCanto (BD BioSciences, USA) with an 

argon laser (488 nm) [44]. For each sample, the green fl uores-

cent signals of 50,000 cells were collected by a FITC fi lter. All 

the captured data was further analyzed using Flowing Software 

(http://www.fl owingsoftware.com/).
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with 1.0% glucose and 0.1 mM IPTG, shaking at 37 °C and 

220 rpm until the mid-exponential growth phase was reached 

(OD600 of 1.0). The cultures (1 ml) were immediately harvested 

and frozen in liquid nitrogen. The pellet was processed for β- 

galactosidase quantitation as previously described [42]. The 

α-amylase activity was assessed as previously described, and 

the fi nal amylase activity was calculated by the Ceralpha Unit 

[36]. Each assay was performed in duplicate, and the mean 

value from three independent experiments was calculated.

Microplate experiments 
We used a GFP fusion under the control of the comG promoter 

(PcomG-gfp) to monitor the competence development in various 

strains. First, the cells were grown overnight in the competence 

media MC1X at 37 °C, 220 rpm, then we diluted the pre-cultures 

50 times in fresh MC1X and started 22 hours’ incubation at 37 °C 

and 220 rpm shaking in the plate reader-VarioskanLUX (Thermo 

Fisher) with a GFP fi lter set (excitation at 485/20 nm, emission 

535/25), and the absorbance was measured at 600 nm. The val-

ues of GFP intensity and OD600 were automatically recorded ev-

ery 15 minutes for 22 hours, data of all samples were collected in 

triplicates. All the optical density and fl uorescence values were 

corrected for the background of the media by the following for-

mula: (GFPreporter-GFPmedia)/(ODreporter-ODmedia) [43].

Western blotting 
We grew the strains overnight in LB media supplemented with 

1.0% glucose, the cultures were diluted in fresh media and in-

cubated for overnight. Next morning, 5 ml cells were collected 

by centrifugation (14,000 rpm, 5 min), the pellets were resus-

pended in 1 ml  solution A [50 mM Tris·Cl (pH 7.5), 5% (vol/vol) 

glycerol, and 1 mM PMSF] and broken by sonication for 2 min 

using 70% amplitude with 10-s bursts, with 10-s pauses between 
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bursts. After centrifugation (14,000 rpm, 5 min) the superna-

tant was transferred to a clean tube. 15 μl of total protein was 

heated for 5 min at 95 °C before loading on a 12% SDS-PAGE gel. 

After the proteins were separated by electrophoresis, the pro-

teins were transferred to a PVDF membrane (80 mA, 90 min). 

The PVDF membrane was incubated in PBST + 5% (w/v) BSA at 

4 °C overnight. Next morning, the membrane was washed three 

times 10 min with PBST and subsequently incubated at room 

temperature for 2 hours in PBST + 5% BSA + 1: 10,000 dilution 

of anti-Histag antibody. The membrane was again washed three 

times 10 min with PBST and then incubated 1.5 hours in PBST 

+ donkey anti-rabbit IgG-horseradish peroxidase at room tem-

perature. Then the membrane was washed two times 10 min 

with MQ and two times 10 min with PBST. 1 ml of ECL detection 

Reagent (GEHealth care) and the Molecular Imager ChemiDoc 

XRS+ (BioRad) were used for signal visualization.

Flow cytometry
All the strains were streaked on LB agar plates with spec anti-

biotic, and the single colonies were picked up and grown over-

night in LB supplemented with 1.0% glucose and 0.1 mM IPTG 

at 37 °C, 220 rpm. Next morning, cultures were diluted 20 times 

in phosphate buffered saline (PBS) and directly measured on 

the Becton Dickinson FACSCanto (BD BioSciences, USA) with an 

argon laser (488 nm) [44]. For each sample, the green fl uores-

cent signals of 50,000 cells were collected by a FITC fi lter. All 

the captured data was further analyzed using Flowing Software 

(http://www.fl owingsoftware.com/).
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ABSTRACT 

   To increase the yield of heterologous protein in Bacillus sub-

tilis, we applied global transcription machinery engineering 

(gTME) and high-throughput screening, which proved to be 

able to effectively boost the production of reporter proteins. 

The transcription factor variants with amino acid substitu-

tions in the DNA-binding HTH domain of CcpA and CodY re-

sulted in a signifi cant increase of β-galactosidase produc-

tion. Transcriptome and gel mobility shift analyses revealed 

that these two specifi c mutations not only altered the overall 

binding specifi city to the respective regulon genes operator 

sites but also affected the expression of these two regulatory 

proteins. This accordingly leads to further repression of the 

carbon core metabolism and dramatic de-repression of nitro-

gen metabolism. Consequently, these two central metabolic 

networks, which are intertwined by feedback-regulation of 

branched-chain amino acids (BCAAs), are rewired and better 

balanced. Thus, the two reprogrammed metabolic pathways 

function coordinately to enhance the expression of four spe-

cifi c CodY-regulated operons (rocABC, rocDEF, hutPHUIGM 

and appDFABC), which showed a positive correlation with the 

production yields of β-galactosidase in B. subtilis. 

Keywords: CcpA, CodY, metabolic intersection, branched-

chain amino acids (BCAAs), transcriptomics, electrophoretic 

mobility shift assay (EMSA)
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INTRODUCTION

Bacillus subtilis, the best-characterized member of the Gram-pos-

itive bacteria, has been intensively investigated since the early 

1950s [1]. In the last decades, the fast accumulation of genetic 

information greatly enhanced our ability to further understand 

the underlying regulatory mechanisms of central metabolic 

pathways in B. subtilis. The global transcriptional regulator CodY 

either represses or, less frequently induces the transcription of 

target genes in the late exponential or early stationary phase in 

the presence of high intracellular levels of GTP and branched-

chain amino acids (BCAAs; isoleucine, valine, and leucine) [2, 3]. 

BCAAs act as a corepressor by sterically triggering conforma-

tional changes that lead to altered DNA binding capabilities [4]. 

This transcriptional regulation enables cells to adapt to various 

nutrient conditions in different growth environments, inducing 

a wide variety of cellular processes, e.g. sporulation, competence, 

nitrogen metabolism and biofi lm formation [5, 6]. A second 

global transcriptional regulator that orchestrates central metab-

olism, specifi cally carbon utilization, is the extensively studied 

catabolite control protein A (CcpA). This transcriptional factor is 

activated when in complex with phosphorylated histidine-con-

taining protein (HPr) or its paralogous protein Crh [7, 8]. Its activ-

ity can be enhanced by fructose-1,6-bisphosphate (FBP) and glu-

cose-6-phosphate (G6P) when the cells are grown with glucose 

or other preferentially utilized carbon sources [9]. Subsequently, 

the active CcpA binds to the catabolite repression elements (cre 

sites) of the target regulon, leading to carbon catabolite repres-

sion (CCR) or carbon catabolite activation (CCA) [10, 11].

In brief, CodY and CcpA sense diverse intracellular metabo-

lites (GTP, BCAAs, FBP, and G6P) to be active, and then modulate 

the expression of hundreds of genes (Fig. 1), directly or indi-

rectly (5). Thus, these two global regulatory proteins function 
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together to orchestrate large regulons that balance the uptake 

and utilization of nutrient sources, and systemically coordinate 

the intracellular metabolic fl ux distributions by regulating spe-

cifi c cellular processes [12–14]. In the previous study (Chapter 3), 

we reprogrammed the central metabolic networks via random 

mutagenesis of CodY and CcpA, and determined the infl uence 

on the expression level of the reporter protein (β- galactosidase) 

that was apparent in the color intensity of various selected col-

onies. High-throughput screening was performed to success-

fully gain interesting phenotypes with a signifi cantly higher 

production level of β-galactosidase relative to wildtype (WT) 

strain. The different regulatory effects on the carbon and nitro-

gen metabolic pathways were investigated by transcriptomics 

and other analytic approaches, and the analyses of the globally 

rewired metabolic networks provide new insights into the com-

plex interactions between CodY and CcpA.

RESULTS 

E  nhanced transcription of specifi c nitrogen metabolic 
operons is positively correlated with β-galactosidase 
production 
The target genes that are under the regulation of CodY and CcpA 

have been identifi ed by genome-wide analyses of the transcrip-

tome and protein-DNA interactions in B. subtilis in various studies 

[3, 6, 15–20]. We opted to investigate the global cellular responses 

to the amino acid substitutions in the DNA-binding HTH motifs of 

the transcriptional regulators, i.e. CodYR214C and CcpAT19S, respec-

tively (Chapter 3), during the mid-exponential growth phase to 

obtain a better understanding of the regulatory effects. The tran-

scriptome patterns associated with the selected strains implied 

that the expression of individual genes is differentially affected, 
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which would display a broad range of sensitivities to the HTH se-

quence mutations (Fig. 2). This would be expected because of the 

scale of global transcriptional regulation and the complexity of 

the interplay between diverse metabolic networks [21] and also 

because CodY binds to different target sites with a varying affi  nity. 

Next to genes that are known regulon members and under direct 

transcriptional control of CodY or CcpA, additional genes involved 

in nitrogen and carbon core metabolic pathways were transcribed 

differentially in the mutant strains. These were clustered accord-

ing to their functional category in the SubtiWiki database (Fig. S1). 

In comparison to the WT strain, the vast majority of CodY reg-

ulon members and nitrogen metabolism associated genes were 

either up-regulated or unchanged in the strains with mutations 

in DNA-binding regions of CodY and/or CcpA (Fig. S1A-D). In 

contrast, the overall fl uctuation in expression levels of genes 

from the central carbon metabolism was modest; most of the 

genes were slightly down-regulated, and only a few were ex-

pressed 2-fold higher than in the WT (Fig. S1E). 

Interestingly, a specifi c set of gene clusters was positively cor-

related with the β-galactosidase production performance in the 

Active 
regulator

Fig. 1. Schematic diagram of regulatory mechanism. The regulators specif-

ically bind to different locations of various regulons to trigger diverse regula-

tion effects. Green arrow--activation; red perpendicular--repression.
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HTH domain mutation strains (Fig. 3). All of these operons are 

negatively controlled by CodY, and their corresponding prod-

ucts are involved in the uptake and utilization of specifi c nitro-

gen sources. The operons rocABC and rocDEF encode enzymes 

that participate in the uptake and utilization of arginine, orni-

thine, and citrulline [22, 23]. The hutPHUIGM operon is involved 

in histidine metabolism, which is additionally also negatively 

Fig. 2. Heatmap of high fold changed genes in various regulator mutants 

relative to WT. We excluded the genes that did not show statistically signifi -

cant changes in transcript levels (p>0.05) and fold change less than two (FC<2) 

in all contrasts. The differentially expressed genes (p<0.05) between mutants 

and WT libraries were normalized, centered and automatically clustered by 

web server T-Rex. Brown -- lower expression; blue -- higher expression.

Fig. 3. Transcription levels of the operons rocABC, hutPHUIGM, appDFABC 

and rocDEF are correlated with increased β-galactosidase production. The 

enzymatic activity of β-galactosidase is shown relative to the enzyme activity 

in the WT (blue columns). Because of the high differences in transcript levels, 

the normalized RPKM (Reads Per Kilobase per Million mapped reads) values 

of indicated genes are shown relative to the WT levels, which were arbitrarily 

scaled to 1.
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Fig. 4. (A) Gel mobility shift analysis of CodY and CcpA binding to the reg-

ulatory regions of ackA and ilvB. The 3’ ends of DNA fragments were labeled 

with Cy3, and the obtained DNA probes (0.1 μm) were incubated with various 
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concentrations (µM) of His6-tagged transcriptional factors. KD refl ects the pro-

tein concentration needed to shift 50% of DNA fragments [26]. (B) The relative 

expression levels of CodY, CcpA and the ilv-leu operon in the HTH domain 

mutant strains. The RPKM values of each strain were normalized by that of sigA 

(internal reference gene). The normalized values of ccpA, codY and the ilv-leu op-

eron genes were related to WT ccpA, and the value of WT ccpA was fi nally defi ned 

to 1. (C) qRT-PCR to analyze the expression level of the two proteins. The 

transcript level of sigA was used as the internal control, and the values obtained 

were related to that of WT ccpA, which was normalized to 1.0. Each column rep-

resents the mean ± SD of three independent experiments, and each assay was 

performed in duplicate. (D) Immunoblots of lysates from cells grown to an 

OD600 of 1.0. Strains were grown in LB media in the presence of 1.0% glucose 

and 0.1 mM IPTG; the proteins were separately immunoblotted with polyclonal 

CcpA and CodY antibodies. (E) Schematic diagram of the interaction be-

tween CcpA and CodY mediated by the biosynthesis of BCAAs. Arrows and 

perpendiculars represent the positive and negative actions, respectively. 
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regulated by CcpA [24]. The appDFABCoperon is directly re-

lated to nitrogen source utilization by encoding an ABC trans-

porter for the uptake of peptides [25]. As illustrated in Fig. 3, 
CodYR214C and CcpAT19S separately promoted the changed expres-

sion of specifi c pathways for nutrient uptake and utilization, 

and these benefi ts were clearly synergistic in the double mu-

tant host. Thus, we demonstrate that mutations in the conserved 

DNA binding motifs of CodY and CcpA signifi cantly enhanced 

the expression of specifi c operons, and the resulting up-regu-

lated nitrogen source metabolism was identifi ed as a benefi cial 

factor allowing the mutant strains to synthesize more reporter 

protein during growth in LB supplemented with 1.0% glucose.

Stronger repression of carbon metabolic pathways 
and de-repression of nitrogen metabolic pathways 
benefi t the synthesis of β-galactosidase
Since the HTH motifs of CodY and CcpA are highly conserved 

among many low G+C Gram-positive species [27, 28], we next 

addressed the question whether the T19S and R214C mutations 

affect the DNA-binding ability of the regulator proteins. Electro-

phoresis mobility shift assay (EMSA) with purifi ed CcpA and CodY 

WT and mutant proteins and ackA and ilvB promoter fragments 

revealed that all protein variants were capable of binding to the 

selected DNA probes (Fig. 4A), which was in line with previous 

fi ndings [12, 14]. The CodYR214C and CcpAT19S mutants, however, 

bound to several regulatory sites with reduced and increased 

effi  ciency respectively, in comparison to their WT proteins. Fur-

thermore, the mutation T19S signifi cantly enhanced the bind-

ing effi  ciency of CcpA to the promoter regions of rbsR and treP, 

which are under the direct negative control of CcpA (Fig. S2). 

The transcriptome analysis further revealed that the transcrip-

tion factors CodY and CcpA themselves were differentially ex-

pressed in the reprogrammed HTH domain mutants. Surprisingly, 

101

Re
su

lts
 

4

these two regulatory proteins displayed exactly opposite expres-

sion patterns in the strains (Fig. 4A). The transcript abundance of 

CodY was around three times higher than that of CcpA in the WT 

strain JV156, and this difference in transcript levels was halved in 

the CodYR241C mutant. Particularly, the CcpA mutation T19S led to 

an increase in transcription of ccpA and substantially decreased 

the transcription of codY, making the CcpAT19S mutant strain 

nearly behave in the direction of a CodY defi cient strain. However, 

the differential accumulation of the two transcriptional regula-

tors got balanced when these two mutations were combined in 

one cell (Fig. 4B). This is supposedly a consequence of the inter-

play between these two regulators with altered regulation effi  -

ciencies and expression capacities. Importantly, this observation 

could be confi rmed at the transcriptional and translational level 

by qRT-PCR and Western Blotting (Fig. 4C and Fig. 4D). 
We thus show that the bacteria tend to alter the overall met-

abolic network fl uxes through the expression variation of these 

two regulators to meet the demand of resources for the overpro-

duction of heterologous proteins. In other words, the metabolic 

shifts occurring in B. subtilis can be regarded as a fi tness adapta-

tion of this microbial cell factory to the global transcriptome per-

turbations and the requirement of high-yield protein production 

[30]. Finally, the increased CcpA and decreased CodY protein lev-

els lead to an enhancement of the repression of the carbon metab-

olism and amplifi cation of the reactions in the nitrogen metabo-

lism networks, and thus the reprogrammed metabolic networks 

are obviously benefi cial for the biosynthesis of β-galactosidase. 

CcpAT19S promotes β-galactosidase synthesis 
by impacting co-factor availability and the 
auto-regulatory expression loop of CodY 
In B. subtilis, the two BCAAs leucine and valine, which are bio-

synthesized through the catalysis of ilv-leu encoded enzymes, 
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effectively increase the affi  nity of CodY to its DNA binding sites. 

CodY and CcpA bind to different regulatory regions of the ilv-leu 

gene cluster promoter region and CcpA thus indirectly controls 

the expression of other CodY-regulated genes by the modula-

tion of the intracellular level of BCAAs [12, 13]. The transcrip-

tion profi le of the HTH mutants refl ects that CcpA and CodY 

regulated metabolic pathways interact at the node of the ilv-leu 

operon (Fig. 4B). The two opposite transcriptional regulatory 

effects cause this operon to be expressed in a similar pattern 

as the ccpA gene but exactly opposite to codY (Fig. 4B). More 

specifi cally, the higher levels of accumulated BCAAs have neg-

ative feedback on the expression of CodY itself (Fig. 4E). The 

increased β-galactosidase production in the CodYR214C and/or 

CcpAT19S strains was strongly correlated with the transcript 

abundance of several CodY-regulated operons, which is obvi-

ously caused by an indirect derepression mediated by CcpAT19S 

(through indirectly suppressing the transcription and activity 

of CodYR214C (Fig. S3)). Hence, these two global regulatory pro-

teins with altered binding specifi cities and expression activities 

cooperate to achieve the synergistic effect of target protein ex-

pression in the double mutant strain CodYR214CCcpAT19S by prior-

itizing the upregulation of specifi c CodY targets via the modula-

tion of BCAAs biosynthesis.

The gene regulatory network of nitrogen metabolism 
is more affected in high-capacity production mutants 
than the network of carbon metabolism
A higher number of CodY-regulated genes than CcpA regulon 

member genes were altered with respect to their expression 

levels in various mutants relative to the WT strain (Fig. S1A 
and Fig. S1B). Next to the ilv-leu operon, 52 CodY-repressed 

genes including the BCAA biosynthesis related genes ilvA, ilvD, 

and ybgE were differentially expressed [12, 31], while only two 
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CcpA targets (sacA and sacP) showed a consistent co-expression 

with CcpA (Fig. 5). We therefore conclude that CodY-regulated 

genes react more sensitively to the changes of the correspond-

ing regulator levels, while the expression levels of CcpA regulon 

genes remained rather stable in all HTH domain mutant strains. 

However, by specifi cally analyzing genes related to amino acid 

utilization or biosynthesis/acquisition and carbon core metab-

olism according to the gene ontology (GO) classifi cation in the 

SubtiWiki database, in Fig. S1C, Fig. S1D and Fig. S1E, signifi -

cantly more amino acid metabolism genes were differentially 

expressed than carbon core metabolic genes. In short, the re-

sponse of amino acid metabolic pathways to the changed tran-

scriptome is more signifi cant than that of central carbon metab-

olism in overproduction strains.

DISCUSSION

Decades of research have demonstrated the importance of 

improving specifi c target modifi cation to increase the cell 

factory protein productivity, but engineering the global tran-

scription machinery of central metabolic networks has so far 

been neglected. In Chapter 3, the tool of gTME in combina-

tion with high-throughput screening was applied to gain good 

phenotypes with improved product yields. Which was proved 

to outperform the traditional approaches for increasing the 

productivity of microbial cell factories. Most importantly, the 

system-wide analyses we performed here involving transcrip-

tomics and protein-DNA binding assays provide a better under-

standing of the complex interactions between central metabolic 

pathways in B. subtilis. 

In contrast to the nitrogen metabolic network, the central 

carbon metabolism was less responsive to the transcriptional 



102

St
ro

ng
er

 re
pr

es
si

on
 o

f c
ar

bo
n 

m
et

ab
ol

ic
 p

at
hw

ay
s 

an
d 

de
-r

ep
re

ss
io

n 
of

 n
itr

og
en

 m
et

ab
ol

ic
 b

en
efi

 t 
he

te
ro

lo
go

us
 p

ro
te

in
 s

yn
th

es
is

 in
 B

ac
ill

us
 s

ub
til

is

effectively increase the affi  nity of CodY to its DNA binding sites. 

CodY and CcpA bind to different regulatory regions of the ilv-leu 

gene cluster promoter region and CcpA thus indirectly controls 

the expression of other CodY-regulated genes by the modula-

tion of the intracellular level of BCAAs [12, 13]. The transcrip-

tion profi le of the HTH mutants refl ects that CcpA and CodY 

regulated metabolic pathways interact at the node of the ilv-leu 

operon (Fig. 4B). The two opposite transcriptional regulatory 

effects cause this operon to be expressed in a similar pattern 

as the ccpA gene but exactly opposite to codY (Fig. 4B). More 

specifi cally, the higher levels of accumulated BCAAs have neg-

ative feedback on the expression of CodY itself (Fig. 4E). The 

increased β-galactosidase production in the CodYR214C and/or 

CcpAT19S strains was strongly correlated with the transcript 

abundance of several CodY-regulated operons, which is obvi-

ously caused by an indirect derepression mediated by CcpAT19S 

(through indirectly suppressing the transcription and activity 

of CodYR214C (Fig. S3)). Hence, these two global regulatory pro-

teins with altered binding specifi cities and expression activities 

cooperate to achieve the synergistic effect of target protein ex-

pression in the double mutant strain CodYR214CCcpAT19S by prior-

itizing the upregulation of specifi c CodY targets via the modula-

tion of BCAAs biosynthesis.

The gene regulatory network of nitrogen metabolism 
is more affected in high-capacity production mutants 
than the network of carbon metabolism
A higher number of CodY-regulated genes than CcpA regulon 

member genes were altered with respect to their expression 

levels in various mutants relative to the WT strain (Fig. S1A 
and Fig. S1B). Next to the ilv-leu operon, 52 CodY-repressed 

genes including the BCAA biosynthesis related genes ilvA, ilvD, 

and ybgE were differentially expressed [12, 31], while only two 
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CcpA targets (sacA and sacP) showed a consistent co-expression 

with CcpA (Fig. 5). We therefore conclude that CodY-regulated 

genes react more sensitively to the changes of the correspond-

ing regulator levels, while the expression levels of CcpA regulon 

genes remained rather stable in all HTH domain mutant strains. 

However, by specifi cally analyzing genes related to amino acid 

utilization or biosynthesis/acquisition and carbon core metab-

olism according to the gene ontology (GO) classifi cation in the 

SubtiWiki database, in Fig. S1C, Fig. S1D and Fig. S1E, signifi -

cantly more amino acid metabolism genes were differentially 

expressed than carbon core metabolic genes. In short, the re-

sponse of amino acid metabolic pathways to the changed tran-

scriptome is more signifi cant than that of central carbon metab-

olism in overproduction strains.

DISCUSSION

Decades of research have demonstrated the importance of 

improving specifi c target modifi cation to increase the cell 

factory protein productivity, but engineering the global tran-

scription machinery of central metabolic networks has so far 

been neglected. In Chapter 3, the tool of gTME in combina-

tion with high-throughput screening was applied to gain good 

phenotypes with improved product yields. Which was proved 

to outperform the traditional approaches for increasing the 

productivity of microbial cell factories. Most importantly, the 

system-wide analyses we performed here involving transcrip-

tomics and protein-DNA binding assays provide a better under-

standing of the complex interactions between central metabolic 

pathways in B. subtilis. 

In contrast to the nitrogen metabolic network, the central 

carbon metabolism was less responsive to the transcriptional 
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regulatory perturbations in all the mutants. This refl ects that 

the threshold activities of regulators required for each gene are 

unequal, and the individual targets for both regulators are sub-

ject to the differential, gradual stimulation, and repression [3]. 

Our data suggest that the higher activity of CcpAT19S exceeded 

the maximum activation threshold, which was obviously suf-

fi cient to keep a stringent inhibition of gene expression of a 

vast majority of the CcpA regulon. In contrast, the activity of 

CodYR214C was decreased and obviously lower than the level that 

full repression of gene transcription demands. Consequently, a 

set of CodY targets was dramatically upregulated due to the de-

cline or even elimination of the transcriptional and metabolic 

repression. Although these two transcription factors regulate 

more than 200 genes directly [32], only one out of ten genes 

showed an altered expression profi le in response to the global 

transcriptome perturbations. This is likely based on the fact 

that the vast majority of genes and operons are subject to com-

plex, multiple forms of regulation at different expression levels. 

In the natural environment, the availability of nutrients 

can be highly variable, and the bacteria have evolved sophisti-

cated adaptation systems for making good use of a wide range 

of sources of essential elements [5]. Therefore, the carbon core 

Fig. 5. Grouping of genes with similar transcription patterns in the meta-

bolic reprogramming mutants whose expression correlates with the ex-

pression level changes of CcpA and CodY, respectively. The absolute val-

ues of transcript abundances from each strain were normalized to that of the 

constitutively expressed sigA gene. The normalized RPKM values of indicated 

genes are shown relative to the WT levels, which were arbitrarily scaled to 1. 

(A) The fl a-che operon. (B) Other genes which are negatively controlled by 

CodY. These genes include ybgE, amhX, ylmA,ilvA,ilvD, yufN, yufO, yufP, yufQ, yuiC, 

yuiB, yuiA,yurJ, frlD, frlM, frlN, frlO, frlB, ywaA, rocR. (C) The gene sacA and sacP, 

which are negatively controlled by CcpA.
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regulatory perturbations in all the mutants. This refl ects that 

the threshold activities of regulators required for each gene are 

unequal, and the individual targets for both regulators are sub-

ject to the differential, gradual stimulation, and repression [3]. 

Our data suggest that the higher activity of CcpAT19S exceeded 

the maximum activation threshold, which was obviously suf-

fi cient to keep a stringent inhibition of gene expression of a 

vast majority of the CcpA regulon. In contrast, the activity of 

CodYR214C was decreased and obviously lower than the level that 

full repression of gene transcription demands. Consequently, a 

set of CodY targets was dramatically upregulated due to the de-

cline or even elimination of the transcriptional and metabolic 

repression. Although these two transcription factors regulate 

more than 200 genes directly [32], only one out of ten genes 

showed an altered expression profi le in response to the global 

transcriptome perturbations. This is likely based on the fact 

that the vast majority of genes and operons are subject to com-

plex, multiple forms of regulation at different expression levels. 

In the natural environment, the availability of nutrients 

can be highly variable, and the bacteria have evolved sophisti-

cated adaptation systems for making good use of a wide range 

of sources of essential elements [5]. Therefore, the carbon core 

Fig. 5. Grouping of genes with similar transcription patterns in the meta-

bolic reprogramming mutants whose expression correlates with the ex-

pression level changes of CcpA and CodY, respectively. The absolute val-

ues of transcript abundances from each strain were normalized to that of the 

constitutively expressed sigA gene. The normalized RPKM values of indicated 

genes are shown relative to the WT levels, which were arbitrarily scaled to 1. 

(A) The fl a-che operon. (B) Other genes which are negatively controlled by 

CodY. These genes include ybgE, amhX, ylmA,ilvA,ilvD, yufN, yufO, yufP, yufQ, yuiC, 

yuiB, yuiA,yurJ, frlD, frlM, frlN, frlO, frlB, ywaA, rocR. (C) The gene sacA and sacP, 

which are negatively controlled by CcpA.
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metabolism, which can guarantee essential energy and building 

blocks supply [33], has been well evolved to serve the bacteria 

in various conditions. The central pathways can be protected 

against the stochastic fl uctuations by the overabundance of rel-

evant enzymes [34]. The generation of buffer space ensures that 

the transcriptome perturbations will not severely restrict the ca-

pabilities of cellular energy metabolism. During the long-lasting 

natural evolutionary process, surviving under unfavorable or 

extreme growth environments is the primary task for microor-

ganisms in contrast to the human demand for overproduction 

of heterologous protein, explaining why a global adjustment 

of global N- and C- metabolism is effective to support the latter.   

In brief, we could signifi cantly improve the productivity 

of B. subtilis by the rewiring of central metabolic regulation, 

which promotes a good balance of resource distributions be-

tween normal cellular processes and needs for heterologous 

protein production. Undoubtedly, further improvements in our 

ability to reveal the underlying interactions between transcrip-

tional regulation and dynamic metabolic status will come from 

future studies [34]. This investigation provides a new approach 

to improve B. subtilis as a cell factory, which is of broad signifi -

cance for both industrial application and fundamental studies.

MATERIALS AND METHODS

Plasm ids, bacterial strains, and growth condition
The B. subtilis 168 (trpC2) is the unique mother strain for all 

the derived B. subtilis in this study. The Escherichia coli MC1061 

was used as intermediate cloning host for all the plasmid con-

struction. Both B. subtilis and E. coli were grown aerobically at 

37 °C in Lysogeny Broth (LB) media unless otherwise indicated. 

When necessary, the antibiotics were added in growth media as 
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described previously [35]. A detailed list of plasmids and strains 

included in this work is found in Table 1.

Recombinant DNA techniques
Procedures for PCR, DNA purifi cation, restriction, ligation and 

genetic transformation of E. coli and B. subtilis were carried 

out as described before [36, 37]. Pfu x 7 DNA polymerase (38) 

was a kind gift from Bert Poolman, and the USER enzyme was 

purchased from New England Biolabs. All FastDigest restric-

tion enzymes, Phusion and Dreamtaq DNA polymerases were 

acquired from Thermo Fisher Scientifi c (Landsmeer, Nether-

lands). The NucleoSpin Plasmid EasyPure and NucleoSpin Gel 

and PCR Clean-up kits were purchased from BIOKE (Leiden, 

Netherlands). All the reagents used were bought from Sigma 

unless otherwise indicated. Oligonucleotides were synthesized 

by Biolegio (Nijmegen, Netherlands). Sequencing of all our con-

structs was performed at MacroGen (Amsterdam, Netherlands).

  β-Galactosidase assay
For determination of β-galactosidase activity, strains were 

grown under identical conditions in LB media supplemented 

with 1.0% glucose and 0.1 mM IPTG, shaking at 37 °C and 

220 rpm until the mid-exponential growth phase was reached 

(OD600 of 1.0). The cultures (1 ml) were immediately harvested 

and frozen in liquid nitrogen. The pellet was processed for β- 

galactosidase quantitation as previously described [42]. Each 

assay was performed in duplicate, and the mean value from 

three independent experiments was calculated.

Transcriptome analysis and qRT-PCR 
Five ml samples were harvested from the culture as in the β- 

galactosidase assay, and the pellets were immediately shock 

frozen in liquid nitrogen when they reached OD600 of 1.0. The 
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metabolism, which can guarantee essential energy and building 

blocks supply [33], has been well evolved to serve the bacteria 

in various conditions. The central pathways can be protected 

against the stochastic fl uctuations by the overabundance of rel-

evant enzymes [34]. The generation of buffer space ensures that 

the transcriptome perturbations will not severely restrict the ca-

pabilities of cellular energy metabolism. During the long-lasting 

natural evolutionary process, surviving under unfavorable or 

extreme growth environments is the primary task for microor-

ganisms in contrast to the human demand for overproduction 

of heterologous protein, explaining why a global adjustment 

of global N- and C- metabolism is effective to support the latter.   

In brief, we could signifi cantly improve the productivity 

of B. subtilis by the rewiring of central metabolic regulation, 

which promotes a good balance of resource distributions be-

tween normal cellular processes and needs for heterologous 

protein production. Undoubtedly, further improvements in our 

ability to reveal the underlying interactions between transcrip-

tional regulation and dynamic metabolic status will come from 

future studies [34]. This investigation provides a new approach 

to improve B. subtilis as a cell factory, which is of broad signifi -

cance for both industrial application and fundamental studies.

MATERIALS AND METHODS

Plasm ids, bacterial strains, and growth condition
The B. subtilis 168 (trpC2) is the unique mother strain for all 

the derived B. subtilis in this study. The Escherichia coli MC1061 

was used as intermediate cloning host for all the plasmid con-

struction. Both B. subtilis and E. coli were grown aerobically at 

37 °C in Lysogeny Broth (LB) media unless otherwise indicated. 

When necessary, the antibiotics were added in growth media as 
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described previously [35]. A detailed list of plasmids and strains 

included in this work is found in Table 1.

Recombinant DNA techniques
Procedures for PCR, DNA purifi cation, restriction, ligation and 

genetic transformation of E. coli and B. subtilis were carried 

out as described before [36, 37]. Pfu x 7 DNA polymerase (38) 

was a kind gift from Bert Poolman, and the USER enzyme was 

purchased from New England Biolabs. All FastDigest restric-

tion enzymes, Phusion and Dreamtaq DNA polymerases were 

acquired from Thermo Fisher Scientifi c (Landsmeer, Nether-

lands). The NucleoSpin Plasmid EasyPure and NucleoSpin Gel 

and PCR Clean-up kits were purchased from BIOKE (Leiden, 

Netherlands). All the reagents used were bought from Sigma 

unless otherwise indicated. Oligonucleotides were synthesized 

by Biolegio (Nijmegen, Netherlands). Sequencing of all our con-

structs was performed at MacroGen (Amsterdam, Netherlands).

  β-Galactosidase assay
For determination of β-galactosidase activity, strains were 

grown under identical conditions in LB media supplemented 

with 1.0% glucose and 0.1 mM IPTG, shaking at 37 °C and 

220 rpm until the mid-exponential growth phase was reached 

(OD600 of 1.0). The cultures (1 ml) were immediately harvested 

and frozen in liquid nitrogen. The pellet was processed for β- 

galactosidase quantitation as previously described [42]. Each 

assay was performed in duplicate, and the mean value from 

three independent experiments was calculated.

Transcriptome analysis and qRT-PCR 
Five ml samples were harvested from the culture as in the β- 

galactosidase assay, and the pellets were immediately shock 

frozen in liquid nitrogen when they reached OD600 of 1.0. The 
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total RNA was extracted [43] and split into two aliquots for RNA 

sequencing and qRT-PCR. The sequencing of cDNA versions of 

the RNAs was accomplished by PrimBio (USA), and the data 

analysis was performed as before [44, 45]. Reverse transcription 

of the RNA samples was performed by using the SuperScript™ 

III Reverse Transcriptase kit, and quantitative PCR analysis was 

performed with the iQ5 Real-Time PCR Detection System (Bio-

Rad) as described previously [46]. All the fi gures were gener-

ated by SigmaPlot 12.0 and were prepared for publication.

Electrophoretic mobility shift assay (EMSA)
E. coli strains BL21 (DE3) carrying plasmid pDOW in which dif-

ferent versions of the target genes were respectively cloned, and 

they were grown until the optical density at 600 nm (OD600) 

reached 0.7. Inducer IPTG (0.4 mM, fi nal concentration) was 

added and then continued for six hours of incubation. Cells 

were harvested by 4 °C full speed centrifugation for 10 min and 

then lysed with 1 mg/ml lysozyme and sonication. CodY and 

CcpA proteins with six polyhistidine tag (His6-tag) were purifi ed 

by HistrapTM excel column by following manufacturer’s proto-

col (GE Healthcare Life Sciences). The purifi ed protein samples 

were visualized by Coomassie blue stained sodium dodecyl sul-

fate (SDS)-polyacrylamide gels. 

DNA probes were PCR amplifi ed using the Cy3 labeled prim-

ers, and the acquired PCR products were purifi ed by using the 

DNA clean-up kits (BIOKE). The DNA-target protein binding step 

was carried out in the presence of cofactors (FBP for CcpA, GTP 

and BCAAs for CodY) with 1X binding buffer, 0.2 μl of 10 mg/ml 

BSA, 5 nM of labeled DNA fragments and the purifi ed His6-

tagged proteins in different concentrations. The total volume 

was adjusted to 20 μl with MilliQ water and incubated at 30 °C 

for 20 min to complete the binding reaction. The obtained sam-

ples were loaded on a 5% nondenaturing polyacrylamide gel 
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total RNA was extracted [43] and split into two aliquots for RNA 

sequencing and qRT-PCR. The sequencing of cDNA versions of 

the RNAs was accomplished by PrimBio (USA), and the data 

analysis was performed as before [44, 45]. Reverse transcription 

of the RNA samples was performed by using the SuperScript™ 

III Reverse Transcriptase kit, and quantitative PCR analysis was 

performed with the iQ5 Real-Time PCR Detection System (Bio-

Rad) as described previously [46]. All the fi gures were gener-

ated by SigmaPlot 12.0 and were prepared for publication.

Electrophoretic mobility shift assay (EMSA)
E. coli strains BL21 (DE3) carrying plasmid pDOW in which dif-

ferent versions of the target genes were respectively cloned, and 

they were grown until the optical density at 600 nm (OD600) 

reached 0.7. Inducer IPTG (0.4 mM, fi nal concentration) was 

added and then continued for six hours of incubation. Cells 

were harvested by 4 °C full speed centrifugation for 10 min and 

then lysed with 1 mg/ml lysozyme and sonication. CodY and 

CcpA proteins with six polyhistidine tag (His6-tag) were purifi ed 

by HistrapTM excel column by following manufacturer’s proto-

col (GE Healthcare Life Sciences). The purifi ed protein samples 

were visualized by Coomassie blue stained sodium dodecyl sul-

fate (SDS)-polyacrylamide gels. 

DNA probes were PCR amplifi ed using the Cy3 labeled prim-

ers, and the acquired PCR products were purifi ed by using the 

DNA clean-up kits (BIOKE). The DNA-target protein binding step 

was carried out in the presence of cofactors (FBP for CcpA, GTP 

and BCAAs for CodY) with 1X binding buffer, 0.2 μl of 10 mg/ml 

BSA, 5 nM of labeled DNA fragments and the purifi ed His6-

tagged proteins in different concentrations. The total volume 

was adjusted to 20 μl with MilliQ water and incubated at 30 °C 

for 20 min to complete the binding reaction. The obtained sam-

ples were loaded on a 5% nondenaturing polyacrylamide gel 
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(750 μl 40% acrylamide, 600 μl 5× TBE, 5 μl TEMED, 50 μl 10% 

APS, MilliQ up to 6 ml). Electrophoresis was carried out in 0.5% 

TBE buffer (pH 7.4) at 200 V for 30 min. Afterward, fl uorescence 

signals were recorded using a Fuji LAS-4000 imaging system.

Western blot analysis 
Immunoblot analysis was performed according to previous 

studies [3, 47]. First, 5 ml of cells were grown to OD600 of 1.0, 

and the cultures were harvested by centrifugation (14,000 rpm, 

5 min). The pellets were resuspended in 1 ml solution A [50 mM 

Tris·Cl (pH 7.5), 5% (vol/vol) glycerol, and 1 mM PMSF]. Subse-

quently, the cells were broken by sonication for 2 min using 70% 

amplitude with 10-s bursts, 10-s pauses, and the total protein 

samples were collected by centrifugation (14,000 rpm, 5 min). 

10 mg of total protein was heated for 5 min at 95 °C before be-

ing separated by SDS-PAGE, after which, proteins in the PAGE 

gel were transferred to a PVDF membrane (Millipore, USA). The 

membranes were blocked in PBST + 5% (wt/vol) BSA at 4 °C over-

night. Subsequently, the membranes were separately subjected 

to a fi rst incubation (90 min) with a rabbit anti-CodY [48] and 

rabbit anti-CcpA [49] polyclonal antibody (1:10,000) and a sec-

ond incubation (90 min) with a donkey anti-rabbit IgG horse-

radish peroxidase (1:10,000) at room temperature. The signal 

intensity of bands was visualized using the ECL Prime kit (GE 

Healthcare Life Sciences) and detected by the Molecular Imager 

ChemiDoc XRS+ (Bio-Rad). 
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night. Subsequently, the membranes were separately subjected 
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rabbit anti-CcpA [49] polyclonal antibody (1:10,000) and a sec-

ond incubation (90 min) with a donkey anti-rabbit IgG horse-
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Fig. S1. Expression levels of selected genes in various reprogramming mu-

tants relative to WT. All the CcpA/CodY regulon genes and carbon/nitrogen 

metabolism-related genes were grouped on the basis of the gene ontology 

(GO) classifi cation in the SubtiWiki database. The up- and down-regulated 

genes were determined using the cutoff parameters p < 0.05 and fold-change 

> 2.0. Genes with no signifi cant difference in transcript level were also iden-

tifi ed (p > 0.05). (A) CodY regulon. (B) CcpA regulon. (C)(D) The genes are 

related to the utilization and biosynthesis/acquisition of amino acids. (E) The 

genes are related to carbon core metabolism (glycolysis, gluconeogenesis, 

pentose phosphate pathway, TCA cycle and carbon overfl ow).
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Fig. S1. Expression levels of selected genes in various reprogramming mu-

tants relative to WT. All the CcpA/CodY regulon genes and carbon/nitrogen 

metabolism-related genes were grouped on the basis of the gene ontology 

(GO) classifi cation in the SubtiWiki database. The up- and down-regulated 

genes were determined using the cutoff parameters p < 0.05 and fold-change 

> 2.0. Genes with no signifi cant difference in transcript level were also iden-

tifi ed (p > 0.05). (A) CodY regulon. (B) CcpA regulon. (C)(D) The genes are 

related to the utilization and biosynthesis/acquisition of amino acids. (E) The 

genes are related to carbon core metabolism (glycolysis, gluconeogenesis, 

pentose phosphate pathway, TCA cycle and carbon overfl ow).
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Fig. S2. DNA binding affi  nity of CcpA and its variant T19S to selected pro-

moter regions. The promoter regions of rbsR and treP, which are negatively 

regulated by CcpA, were chosen as DNA probes for the EMSA experiment. The 

concentrations (µM) of proteins are indicated above each lane.

Fig. S3. Schematic representation of CcpA-mediated transcriptional regu-

lation of operons that are repressed by CodY.
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Table S1. Oligonucleotide primers used in this study. 

Oligonucleotides Sequence (5’ -> 3’)
ackA-PRO-F TTGAAGACCGGACTTGACGAATTG
ackA-PRO-R GATTGACGCTCCTTTATACTCTG
ilvB-PRO-F CGAGGGAACAAGAGAAGTGCCTATC
ilvB-PRO-R ACGGCTTTCCAGCTGTTCAAGAAGG
rbsR-F AAGACTTTGTCAAAAAAAGAGTGAAAAC
rbsR-R TAGCCGTTATCATTCAGGTTGC
treP-F CCAGGGAACTGTCAATAAAGTATATG
treP-R TCCGCCGTTAAAATGTTATTGATCCC
CcpA-EcoRI-F ATATGAATTCATGAGCAATATTACGATCTAC
CcpA-His8_XhoI-R ATATCTCGAGATGGTGATGGTGATGGTGATGGTGTGACTTGG

TTGACTTTCTAAG
CodY-EcoRI_His6-F ATATGAATTCCACCATCACCATCACCATGCTTTATTACAAAAAA

CAAGAATTATTAAC
CodY-XhoI-R ATATCTCGAGTTAATGAGATTTTAGATTTTCTAATTC
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Fig. S2. DNA binding affi  nity of CcpA and its variant T19S to selected pro-

moter regions. The promoter regions of rbsR and treP, which are negatively 

regulated by CcpA, were chosen as DNA probes for the EMSA experiment. The 

concentrations (µM) of proteins are indicated above each lane.

Fig. S3. Schematic representation of CcpA-mediated transcriptional regu-

lation of operons that are repressed by CodY.
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Oligonucleotides Sequence (5’ -> 3’)
ackA-PRO-F TTGAAGACCGGACTTGACGAATTG
ackA-PRO-R GATTGACGCTCCTTTATACTCTG
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ABSTRACT

In the past decades, the Gram-positive bacterium Bacillus 

subtilis has been extensively studied as a microbial cell fac-

tory for the production of industrially and medically relevant 

products. Green fl uorescent protein (GFP) is commonly used 

as a marker for determining the strength of a given promoter 

or the subcellular localization of a fusion protein. However, 

inherent heterogeneity of GFP expression among individual 

cells that can arise from global regulation differences in the 

expression host, has not yet been fully assessed. Here, we 

investigate the dynamic production performance of GFP in 

B. subtilis reporter strains, with single mutation(s) in the two 

major transcriptional regulators CcpA and/or CodY that were 

earlier found to improve overall heterologous protein produc-

tion levels, by fl ow cytometry and fl uorescence microscopy. 

We discovered that the transcriptome perturbations caused by 

the mutated global regulators affect the production of super-

folder GFP -sfGFP(Sp) during growth and signifi cantly reduce 

the heterogeneity that is prominent in the wildtype (WT) cells. 

The mutation R214C in the DNA-binding domain of CodY effec-

tively reduces the extrinsic noise of sfGFP(Sp) synthesis and 

enhances GFP production at the population level. Single-cell 

analysis of GFP expression demonstrated that cells harboring 

the amino acid substitution CodYR214C showed much lower phe-

notypic heterogeneity of fl uorescence signals relative to two 

other strains, i.e. WT and CcpAT19S. 

Keywords: Bacillus subtilis, superfolder green fl uorescent pro-

tein (sfGFP), heterogeneous expression, global transcriptional 

regulation, production level, phenotypic noise
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INTRODUCTION

The gradual but very rapid accumulation of genetic informa-

tion and fast development of experimental approaches have 

opened up many new frontiers in cellular investigation [1]. 

The traditional bulk-scale measurements that only investigate 

the average values for a population of cells give an incomplete 

picture of what happens in bacterial cultures. The information 

on individual cells is needed for correctly monitoring biolog-

ical processes. It has become evident that various subpopula-

tions of bacteria can exist under certain conditions, with cells 

in distinct physiological or developmental states [2, 3]. Multiple 

studies have been focused on the development and utilization 

of single-cell techniques, which aid the research on the cellular 

behavior of individual cells in bacterial populations [4, 5]. 

It is widely recognized that bacterial cells with the same ge-

netic information (clonal populations) can display a multitude 

of distinct phenotypes, even when exposed to the same environ-

ment, this phenomenon is known as phenotypic heterogeneity 

[6]. Bacillus subtilis, the best-characterized member of low GC 

Gram-positive bacterial species, has been studied extensively 

with respect to phenotypic diversity. When nutrient is limited, 

B. subtilis in the stationary phase generates a mixed popula-

tion, in which some cells form spores that are highly resistant 

to external stresses [7]. Additionally, a subset of cells that have 

entered into the sporulation state can secrete an extracellular 

‘killing factor’ and toxin to block sister cells from sporulating 

and to stimulate the lysis of them [8]. In certain conditions, a 

subpopulation of the B. subtilis cells can enter into the compe-

tent state, enabling them to take up DNA from the environment 

[9, 10]. Heterogeneity also plays an important role in biofi lm 

formation, which resulted by a subpopulation generating ex-

tracellular matrix material that tightly holds the surrounding 
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cells together to form a robust biofi lm [11]. Moreover, during 

exponential growth, a fraction of cells manages to express sigD, 

which is necessary for fl agellar production, resulting in the cells 

to be motile [2]. 

Phenotypic heterogeneity, which mostly results from het-

erogeneous gene expression, increases the survival chance of 

a subpopulation that is better adapted to changing conditions 

[12-15]. Three factors are considered as the source of dynamic 

cellular behavior: i) the circuit architecture or regulatory inter-

action patterns; ii) quantitative parameters, such as promoter 

strengths; and iii) stochastic fl uctuations or “noise,” which de-

pends on the availability of certain cellular components [16]. In 

general, the noise of gene expression arises from two sources. 

The ‘‘intrinsic’’ noise is generated by the inherent stochasticity 

of biochemical processes such as transcription and translation, 

causing identical copies of a gene to be expressed at different 

levels. On the other hand, the fl uctuations in the states or ac-

cumulations of crucial cellular components such as regulatory 

proteins and polymerases represent ‘‘extrinsic’’ noise, leading 

indirectly to particular gene expression variation and which 

has a global effect [4, 17].

A wide variety of proteins have been chosen as reporters 

for benchmarking gene expression in order to study the mech-

anisms of phenotypic heterogeneity. In B. subtilis, the mostly 

used reporters include lacZ, encoding the β-galactosidase from E. 

coli [18], luxAB, encoding the luciferase from Vibrio harveyi [19], 

mCherry, encoding an enhanced red fl uorescent protein from 

Discosoma sp. [20] and gfp, encoding the green fl uorescent pro-

tein (GFP) from Aequorea victoria [21]. GFP and its derivatives 

have been extensively utilized in the study of protein localization 

or promoter activity in live cells [22], which has tremendously 

increased our knowledge of bacterial cell biology [23-25]. These 

analyses can be carried out using fl ow cytometry, fl uorescent 
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microscopy or both [26, 27]. Flow cytometry facilitates the rapid 

analysis of cells in the population, while time-lapse microscopy 

follows the behavior of individual cells over time and dynamic 

movements of proteins within a single cell [28–31]. A previous 

study from our lab benchmarked the expression of a library 

of GFP variants in three model microorganisms, i.e. B. subtilis, 

Streptococcus pneumoniae, and Lactococcus lactis [32]. Surpris-

ingly, the superfolder GFP with codon optimization specifi cally 

for S. pneumoniae -sfGFP(Sp) displayed the highest fl uorescence 

intensity and relatively low phenotypic noise in B. subtilis. 

In an earlier study, we explored the heterologous protein 

production potential of B. subtilis by genetically altering its two 

global transcriptional regulators (Chapter 3), which demon-

strated that two mutations, i.e. CodYR214C and CcpAT19S in one cell 

resulted in the reorganization of metabolic networks, which 

eventually improved the intracellular synthesis of β-galactosi-

dase (β-gal) and other soluble proteins. In the present study, the 

robustly folded version of GFP -sfGFP(Sp) was utilized as the 

reporter protein to quantify the productivity of the obtained 

mutant CodYR214CCcpAT19S over time, both at the population and 

single-cell level. Notably, this investigation points to altered 

production levels of GFP and great variation between single 

cells, depending on the central regulatory metabolic pathways 

operating in the WT and mutant cells.

RESULTS AND DISCUSSION

The alteration of global regulatory networks 
signifi cantly impacts the GFP production in B. subtilis 
As presented previously, the strain CodYR214CCcpAT19S with re-

wired metabolic pathways displays a 2-fold increase of β- 

galactosidase production in comparison to the WT. To investigate 



124

In
fl u

en
ce

 o
f g

lo
ba

l g
en

e 
re

gu
la

to
ry

 n
et

w
or

ks
 o

n 
si

ng
le

 c
el

l h
et

er
og

en
ei

ty
 

of
 g

re
en

 fl 
uo

re
sc

en
t p

ro
te

in
 p

ro
du

ct
io

n 
in

 B
ac

ill
us

 s
ub

til
is

cells together to form a robust biofi lm [11]. Moreover, during 

exponential growth, a fraction of cells manages to express sigD, 

which is necessary for fl agellar production, resulting in the cells 

to be motile [2]. 

Phenotypic heterogeneity, which mostly results from het-

erogeneous gene expression, increases the survival chance of 

a subpopulation that is better adapted to changing conditions 

[12-15]. Three factors are considered as the source of dynamic 

cellular behavior: i) the circuit architecture or regulatory inter-

action patterns; ii) quantitative parameters, such as promoter 

strengths; and iii) stochastic fl uctuations or “noise,” which de-

pends on the availability of certain cellular components [16]. In 

general, the noise of gene expression arises from two sources. 

The ‘‘intrinsic’’ noise is generated by the inherent stochasticity 

of biochemical processes such as transcription and translation, 

causing identical copies of a gene to be expressed at different 

levels. On the other hand, the fl uctuations in the states or ac-

cumulations of crucial cellular components such as regulatory 

proteins and polymerases represent ‘‘extrinsic’’ noise, leading 

indirectly to particular gene expression variation and which 

has a global effect [4, 17].

A wide variety of proteins have been chosen as reporters 

for benchmarking gene expression in order to study the mech-

anisms of phenotypic heterogeneity. In B. subtilis, the mostly 

used reporters include lacZ, encoding the β-galactosidase from E. 

coli [18], luxAB, encoding the luciferase from Vibrio harveyi [19], 

mCherry, encoding an enhanced red fl uorescent protein from 

Discosoma sp. [20] and gfp, encoding the green fl uorescent pro-

tein (GFP) from Aequorea victoria [21]. GFP and its derivatives 

have been extensively utilized in the study of protein localization 

or promoter activity in live cells [22], which has tremendously 

increased our knowledge of bacterial cell biology [23-25]. These 

analyses can be carried out using fl ow cytometry, fl uorescent 

125

Re
su

lts
 a

nd
 d

is
cu

ss
io

n

5

microscopy or both [26, 27]. Flow cytometry facilitates the rapid 

analysis of cells in the population, while time-lapse microscopy 

follows the behavior of individual cells over time and dynamic 

movements of proteins within a single cell [28–31]. A previous 

study from our lab benchmarked the expression of a library 

of GFP variants in three model microorganisms, i.e. B. subtilis, 

Streptococcus pneumoniae, and Lactococcus lactis [32]. Surpris-

ingly, the superfolder GFP with codon optimization specifi cally 

for S. pneumoniae -sfGFP(Sp) displayed the highest fl uorescence 

intensity and relatively low phenotypic noise in B. subtilis. 

In an earlier study, we explored the heterologous protein 

production potential of B. subtilis by genetically altering its two 

global transcriptional regulators (Chapter 3), which demon-

strated that two mutations, i.e. CodYR214C and CcpAT19S in one cell 

resulted in the reorganization of metabolic networks, which 

eventually improved the intracellular synthesis of β-galactosi-

dase (β-gal) and other soluble proteins. In the present study, the 

robustly folded version of GFP -sfGFP(Sp) was utilized as the 

reporter protein to quantify the productivity of the obtained 

mutant CodYR214CCcpAT19S over time, both at the population and 

single-cell level. Notably, this investigation points to altered 

production levels of GFP and great variation between single 

cells, depending on the central regulatory metabolic pathways 

operating in the WT and mutant cells.

RESULTS AND DISCUSSION

The alteration of global regulatory networks 
signifi cantly impacts the GFP production in B. subtilis 
As presented previously, the strain CodYR214CCcpAT19S with re-

wired metabolic pathways displays a 2-fold increase of β- 

galactosidase production in comparison to the WT. To investigate 
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the expression of another classic reporter, GFP, in the genet-

ically modifi ed expression hosts, the sfGFP(Sp) was utilized in 

this research. Moreover, since the plasmid-based expression 

systems can cause additional heterogeneity due to copy number 

variation and polar fi xation effects [33, 34], we integrated the 

expression cassette Physpank-sfGFP(Sp) into the amyE locus in 

B. subtilis 168 WT, CodYR214C, CcpAT19S, CodYR214CCcpAT19S to obtain 

the four reporter strains. 

Subsequently, we grew all the strains and induced the GFP 

expression identically in microtiter plates, and the fl uorescence 

and growth were monitored using a plate reader (Varioskan-

LUX, Thermo Fisher) over time. As shown in Fig. 1A, during the 

22 hour’s incubation, the host CodYR214C and CodYR214CCcpAT19S pro-

duced higher levels of GFP, while the WT and CcpAT19S generated 

relatively lower amounts of GFP under identical culture condi-

tions. Since only a rough estimation of the fl uorescence intensity 

at the population level can be determined in the microtiter plate 

reader, and the corresponding fl uorescence signals were getting 

variable after fi ve hours, the cultures of CodYR214CCcpAT19S and WT 

at that time point were subjected to fl uorescence microscopy for 

visualizing and comparing  the GFP expression at the single-cell 

level. As illustrated in Fig. 1B, there was a clear fl uorescence 

signal variation among the WT cells, which demonstrated that 

the expression of the sfGFP in B. subtilis 168 is heterogeneous. 

In comparison, the fl uorescent signals of individual CodYR214C-

CcpAT19S cells were more homogeneous (Fig. 1B). Taken together, 

the overall GFP production was different in individual cells of 

the B. subtilis strains with various versions of CodY and/or CcpA. 

Compared with the WT control, the hosts containing the muta-

tion CodYR214C could signifi cantly increase green fl uorescent pro-

tein production, as was the case for β-galactosidase production 

(Chapter 3). Notably, the superfolder GFP was most heteroge-

neously expressed in WT cells.
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ically modifi ed expression hosts, the sfGFP(Sp) was utilized in 

this research. Moreover, since the plasmid-based expression 

systems can cause additional heterogeneity due to copy number 

variation and polar fi xation effects [33, 34], we integrated the 

expression cassette Physpank-sfGFP(Sp) into the amyE locus in 

B. subtilis 168 WT, CodYR214C, CcpAT19S, CodYR214CCcpAT19S to obtain 

the four reporter strains. 

Subsequently, we grew all the strains and induced the GFP 

expression identically in microtiter plates, and the fl uorescence 

and growth were monitored using a plate reader (Varioskan-

LUX, Thermo Fisher) over time. As shown in Fig. 1A, during the 

22 hour’s incubation, the host CodYR214C and CodYR214CCcpAT19S pro-

duced higher levels of GFP, while the WT and CcpAT19S generated 

relatively lower amounts of GFP under identical culture condi-

tions. Since only a rough estimation of the fl uorescence intensity 

at the population level can be determined in the microtiter plate 

reader, and the corresponding fl uorescence signals were getting 

variable after fi ve hours, the cultures of CodYR214CCcpAT19S and WT 

at that time point were subjected to fl uorescence microscopy for 

visualizing and comparing  the GFP expression at the single-cell 

level. As illustrated in Fig. 1B, there was a clear fl uorescence 

signal variation among the WT cells, which demonstrated that 

the expression of the sfGFP in B. subtilis 168 is heterogeneous. 

In comparison, the fl uorescent signals of individual CodYR214C-

CcpAT19S cells were more homogeneous (Fig. 1B). Taken together, 

the overall GFP production was different in individual cells of 

the B. subtilis strains with various versions of CodY and/or CcpA. 

Compared with the WT control, the hosts containing the muta-
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(Chapter 3). Notably, the superfolder GFP was most heteroge-

neously expressed in WT cells.

127

Re
su

lts
 a

nd
 d

is
cu

ss
io

n

5

Fi
g.

 1
 (

A)
 F

lu
or

es
ce

nc
e 

in
te

ns
it

y/
O

D
60

0 
of

 v
ar

io
us

 B
. s

ub
ti

lis
 s

tr
ai

ns
 in

 m
i-

cr
ot

it
er

 p
la

te
s.

 S
tr

ai
ns

 w
er

e 
gr

ow
n 

in
 L

B 
su

pp
le

m
en

te
d 

w
ith

 1
.0

%
 g

lu
co

se
 a

nd
 

0.
1 

m
M

 IP
TG

 u
nd

er
 th

e 
sa

m
e 

cu
ltu

re
 c

on
di

tio
n 

(3
7 

°C
, 2

20
 rp

m
). 

Fl
uo

re
sc

en
ce

 

in
te

ns
ity

 a
nd

 O
D

60
0 

w
er

e 
re

co
rd

ed
 b

y 
m

ic
ro

pl
at

e 
re

ad
er

 e
ve

ry
 1

5 
m

in
ut

es
, t

he
 

nu
m

be
rs

 o
n 

th
e 

x-
ax

is
 r

ep
re

se
nt

 t
he

 t
im

e 
po

in
ts

. W
e 

ca
lc

ul
at

ed
 t

he
 r

el
at

iv
e 

va
lu

e 
of

 G
FP

 e
xp

re
ss

io
n 

le
ve

l b
y 

us
in

g 
th

e 
fo

rm
ul

a:
 G

FP
 fl 

uo
re

sc
en

ce
 in

te
ns

ity
/

O
D

60
0.

 E
xp

er
im

en
ts

 w
er

e 
pe

rf
or

m
ed

 in
 tr

ip
lic

at
e,

 b
ut

 fo
r 

cl
ar

ity
, o

nl
y 

on
e 

re
p-

re
se

nt
at

iv
e 

lin
e 

of
 t

he
 m

ea
n 

va
lu

e 
is

 s
ho

w
n.

 (
B)

 V
is

ua
liz

at
io

n 
of

 g
re

en
 fl 

uo
-

re
sc

en
t 

pr
ot

ei
n 

pr
od

uc
ti

on
 in

 B
. s

ub
ti

lis
 b

y 
fl u

or
es

ce
nc

e 
m

ic
ro

sc
op

y.
 T

he
 

ov
er

ni
gh

t p
re

-c
ul

tu
re

 w
as

 d
ilu

te
d 

to
 

O
D

60
0 

of
 0

.1
 in

 fr
es

h 
pr

od
uc

tio
n 

m
e-

di
a 

(L
B,

 1
.0

%
 g

lu
co

se
, 0

.1
 m

M
 IP

TG
). 

Su
bs

eq
ue

nt
ly

, t
he

 m
ix

tu
re

 w
as

 in
cu

-

ba
te

d 
in

 fl 
as

ks
 a

t 3
7 

 °C
, 2

20
 rp

m
 fo

r 

fi v
e 

ho
ur

s,
 a

nd
 th

en
 th

e 
cu

ltu
re

 w
as

 

im
m

ed
ia

te
ly

 t
ak

en
 f

or
 fl 

uo
re

sc
en

ce
 

m
ic

ro
sc

op
y.



128

In
fl u

en
ce

 o
f g

lo
ba

l g
en

e 
re

gu
la

to
ry

 n
et

w
or

ks
 o

n 
si

ng
le

 c
el

l h
et

er
og

en
ei

ty
 

of
 g

re
en

 fl 
uo

re
sc

en
t p

ro
te

in
 p

ro
du

ct
io

n 
in

 B
ac

ill
us

 s
ub

til
is

129

Re
su

lts
 a

nd
 d

is
cu

ss
io

n

5

Fi
g.

 2
 T

he
 e

xp
re

ss
io

n 
of

 s
fG

FP
(S

p)
 in

 v
ar

io
us

 B
. s

ub
ti

lis
 s

tr
ai

ns
. B

. s
ub

til
is

 W
T,

 C
od

YR2
14

C , 
Cc

pA
T1

9S
, C

od
YR2

14
C C

cp
AT1

9S
 h

ar
bo

rin
g 

am
yE

::P
hy

-

sp
an

k-
sf

gf
p(

Sp
) w

er
e 

gr
ow

n 
in

 fl 
as

ks
 w

ith
 L

B 
su

pp
le

m
en

te
d 

w
ith

 1
.0

%
 g

lu
co

se
 a

nd
 0

.1
 m

M
 IP

TG
 u

nd
er

 th
e 

sa
m

e 
gr

ow
th

 c
on

di
tio

ns
 (3

7 
 °C

, 

22
0 

rp
m

). 
Sa

m
pl

es
 w

er
e 

ha
rv

es
te

d 
fo

r b
ot

h 
fl u

or
es

ce
nc

e 
an

d 
O

D
60

0 
m

ea
su

re
m

en
t p

er
 h

ou
r. 

(A
) F

lo
w

 cy
to

m
et

ric
 a

na
ly

si
s o

f G
FP

 e
xp

re
ss

io
n.

 

D
ot

te
d 

lin
es

 w
er

e 
pl

ac
ed

 a
t 1

03  A
rb

itr
ar

y 
U

ni
ts

 (A
U

) t
o 

se
rv

e 
as

 a
 re

fe
re

nc
e 

of
 th

e 
fl u

or
es

ce
nc

e 
di

st
rib

ut
io

ns
. (

B)
 T

he
 m

ea
n 

fl u
or

es
ce

nc
e 

in
-

te
ns

ity
 o

f t
he

 w
ho

le
 p

op
ul

at
io

n 
ov

er
 ti

m
e.

 (C
) T

he
 o

pt
ic

al
 d

en
si

ty
 a

t 6
00

 n
m

 o
f v

ar
io

us
 s

tr
ai

ns
 w

as
 m

ea
su

re
d 

by
 s

pe
ct

ro
ph

ot
om

et
ry

. 



128

In
fl u

en
ce

 o
f g

lo
ba

l g
en

e 
re

gu
la

to
ry

 n
et

w
or

ks
 o

n 
si

ng
le

 c
el

l h
et

er
og

en
ei

ty
 

of
 g

re
en

 fl 
uo

re
sc

en
t p

ro
te

in
 p

ro
du

ct
io

n 
in

 B
ac

ill
us

 s
ub

til
is

129

Re
su

lts
 a

nd
 d

is
cu

ss
io

n

5
Fi

g.
 2

 T
he

 e
xp

re
ss

io
n 

of
 s

fG
FP

(S
p)

 in
 v

ar
io

us
 B

. s
ub

ti
lis

 s
tr

ai
ns

. B
. s

ub
til

is
 W

T,
 C

od
YR2

14
C , 

Cc
pA

T1
9S

, C
od

YR2
14

C C
cp

AT1
9S

 h
ar

bo
rin

g 
am

yE
::P

hy
-

sp
an

k-
sf

gf
p(

Sp
) w

er
e 

gr
ow

n 
in

 fl 
as

ks
 w

ith
 L

B 
su

pp
le

m
en

te
d 

w
ith

 1
.0

%
 g

lu
co

se
 a

nd
 0

.1
 m

M
 IP

TG
 u

nd
er

 th
e 

sa
m

e 
gr

ow
th

 c
on

di
tio

ns
 (3

7 
 °C

, 

22
0 

rp
m

). 
Sa

m
pl

es
 w

er
e 

ha
rv

es
te

d 
fo

r b
ot

h 
fl u

or
es

ce
nc

e 
an

d 
O

D
60

0 
m

ea
su

re
m

en
t p

er
 h

ou
r. 

(A
) F

lo
w

 cy
to

m
et

ric
 a

na
ly

si
s o

f G
FP

 e
xp

re
ss

io
n.

 

D
ot

te
d 

lin
es

 w
er

e 
pl

ac
ed

 a
t 1

03  A
rb

itr
ar

y 
U

ni
ts

 (A
U

) t
o 

se
rv

e 
as

 a
 re

fe
re

nc
e 

of
 th

e 
fl u

or
es

ce
nc

e 
di

st
rib

ut
io

ns
. (

B)
 T

he
 m

ea
n 

fl u
or

es
ce

nc
e 

in
-

te
ns

ity
 o

f t
he

 w
ho

le
 p

op
ul

at
io

n 
ov

er
 ti

m
e.

 (C
) T

he
 o

pt
ic

al
 d

en
si

ty
 a

t 6
00

 n
m

 o
f v

ar
io

us
 s

tr
ai

ns
 w

as
 m

ea
su

re
d 

by
 s

pe
ct

ro
ph

ot
om

et
ry

. 



130

In
fl u

en
ce

 o
f g

lo
ba

l g
en

e 
re

gu
la

to
ry

 n
et

w
or

ks
 o

n 
si

ng
le

 c
el

l h
et

er
og

en
ei

ty
 

of
 g

re
en

 fl 
uo

re
sc

en
t p

ro
te

in
 p

ro
du

ct
io

n 
in

 B
ac

ill
us

 s
ub

til
is

The rewired central nitrogen metabolism plays a 
crucial role in the GFP production enhancement 
To reveal the mechanism behind the upshift of GFP production 

and to elucidate cellular behavior during expression, fl   uores-

cence microscopy and fl ow cytometric analysis of GFP pro-

duction in the four strains (168, CodYR214C, CcpAT19S, CodYR214C-

CcpAT19S) were performed in parallel. Fig. 2A shows the fl ow 

cytometry tracings of the four mutants when cultured under 

the same conditions. The corresponding mean fl uorescence in-

tensity and optical density for each time point are presented in 

Fig. 2B and Fig. 2C, respectively. In line with the prior obser-

vation, the CodYR214C and CodYR214CCcpAT19S showed higher GFP 

signals than the other strains at the population level. The WT 

and CcpAT19S exhibited similar curves to each other concerning 

the growth and the fl uorescence intensity, being signifi cantly 

different from that of CodYR214C and CodYR214CCcpAT19S, which 

showed similar growth and GFP production to each other. WT 

and CcpAT19S reached stationary phase one hour earlier than the 

two strains containing CodYR214C (Fig. 2C). The GFP production 

level in the latter two hosts, especially during the stationary 

phase, was higher than that of the former two (Fig. 2B). Fur-

thermore, there was a detectable decline of mean fl uorescence 

intensity in 50,000 cells of WT and CcpAT19S after the fi rst three 

hour’s gradual rise. In contrast, the accumulation of GFP in 

CodYR214C and CodYR214CCcpAT19S improved continuously until the 

late stationary phase. In summary, the amino acid substitution 

R214C in CodY caused a stronger GFP synthesis ability at a slight 

expense of growth rate, while the mutation CcpAT19S did not play 

a positive role in the expression of the reporter protein-sfGF-

P(Sp) in B. subtilis.
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Phenotypic noise, related to global regulation, 
negatively correlates to the overall GFP production 
level 
The distribution of the expression of a single gene can be defi ned 

by the mean value of expression level indicated by <p> with a 

standard deviation-σp or coeffi  cient of variation (CV) [35]. The 

phenotypic noise strength (σp/<p>), is extensively applied for 

the measure of noise [1, 15, 36]. Based on the data from the fl ow 

cytometric analysis, we quantifi ed the spread of GFP fl uores-

cence signals in a population of various strains. Since the differ-

ent versions of the regulator(s) in the expression hosts are the 

only variable during the GFP synthesis process, the extrinsic 

noise that arises from the regulation, should play a crucial role 

in the fi nal GFP yield. As shown in Fig. 3A, the noise strength 

of the GFP expression in B. subtilis is dynamic over time. Over-

all, the phenotypic noise was high at the beginning of growth 

and then dropped sharply in the following four hours (Fig. 3A). 

This is probably due to the IPTG induction, which controls the 

GFP production, does not start simultaneously in different cells 

[37]. After remaining at a steady state for an extended period, 

the noise increased again when cultures reached late station-

ary phase (Fig. 3B). In addition, a signifi cant difference with re-

gard to phenotypic noise was observed from the four assessed 

strains after 8 hours of growth. The CcpAT19S strain showed the 

strongest noise value of GFP expression compared to the other 

three hosts, and the Cod  YR214CCcpAT19S strain showed the lowest 

noise among all the expression hosts. We thus conclude that the 

strength of noise is opposed to the corresponding mean fl uores-

cence intensity in various strains. This indicates that the differ-

ent versions of global regulators cause diverse extrinsic noise 

levels during the overexpression of sfGFP(Sp), which eventually 

results in different levels of the overall GFP yield. 
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vation, the CodYR214C and CodYR214CCcpAT19S showed higher GFP 

signals than the other strains at the population level. The WT 
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hour’s gradual rise. In contrast, the accumulation of GFP in 

CodYR214C and CodYR214CCcpAT19S improved continuously until the 

late stationary phase. In summary, the amino acid substitution 

R214C in CodY caused a stronger GFP synthesis ability at a slight 

expense of growth rate, while the mutation CcpAT19S did not play 

a positive role in the expression of the reporter protein-sfGF-

P(Sp) in B. subtilis.
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Phenotypic noise, related to global regulation, 
negatively correlates to the overall GFP production 
level 
The distribution of the expression of a single gene can be defi ned 

by the mean value of expression level indicated by <p> with a 

standard deviation-σp or coeffi  cient of variation (CV) [35]. The 

phenotypic noise strength (σp/<p>), is extensively applied for 

the measure of noise [1, 15, 36]. Based on the data from the fl ow 

cytometric analysis, we quantifi ed the spread of GFP fl uores-

cence signals in a population of various strains. Since the differ-

ent versions of the regulator(s) in the expression hosts are the 

only variable during the GFP synthesis process, the extrinsic 

noise that arises from the regulation, should play a crucial role 

in the fi nal GFP yield. As shown in Fig. 3A, the noise strength 

of the GFP expression in B. subtilis is dynamic over time. Over-

all, the phenotypic noise was high at the beginning of growth 

and then dropped sharply in the following four hours (Fig. 3A). 

This is probably due to the IPTG induction, which controls the 

GFP production, does not start simultaneously in different cells 

[37]. After remaining at a steady state for an extended period, 

the noise increased again when cultures reached late station-

ary phase (Fig. 3B). In addition, a signifi cant difference with re-

gard to phenotypic noise was observed from the four assessed 

strains after 8 hours of growth. The CcpAT19S strain showed the 

strongest noise value of GFP expression compared to the other 

three hosts, and the Cod  YR214CCcpAT19S strain showed the lowest 

noise among all the expression hosts. We thus conclude that the 

strength of noise is opposed to the corresponding mean fl uores-

cence intensity in various strains. This indicates that the differ-

ent versions of global regulators cause diverse extrinsic noise 

levels during the overexpression of sfGFP(Sp), which eventually 

results in different levels of the overall GFP yield. 
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Characterization of GFP production at 
the single-cell level 
Flu  orescence microscopy was carried out to visualize the 

production of sfGFP(Sp) in single cell per hour. Here, we 

picked three representative images of the cells in exponential, 

Fig. 3 The phenotypic noise of GFP expression in various hosts. The pheno-

typic noise was calculated by using the formula: σp2/‹P› (variance/mean), σp 

was also named the coeffi  cient of variation (CV) in the fl ow cytometric analysis. 

All the experiments were performed in triplicate, but for clarity, only the aver-

age lines of whole 11 hours are shown in A, while the average lines with error 

bars from 3 to 11 hours are presented in B.
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mid-stationary, and late stationary phase for further analysis. 

As indicated in Fig. 4, during the exponential phase, all the cells 

of the four detected strains show strong signal and similarity 

in the fl uorescence intensity. When the cultures reached the 

stationary phase, most cellular het   erogeneity with respect to 

fl uorescence occurred among the cells of WT and CcpAT19S. This 

phenotypic diversity is most prominent during mid-stationary 

growth after 7 hours. Dark cells with low GFP activity co-exist 

Fig. 4 Phenotypic heterogeneity of various strains during growth. The 

strains were grown at 37  °C, 220 rpm in LB supplemented with 1.0% glucose 

and 0.1 mM IPTG for 11 hours. The GFP fl uorescence images and phase con-

trast images of cells at different time points were acquired, and the merged 

micrographs are presented.



132

In
fl u

en
ce

 o
f g

lo
ba

l g
en

e 
re

gu
la

to
ry

 n
et

w
or

ks
 o

n 
si

ng
le

 c
el

l h
et

er
og

en
ei

ty
 

of
 g

re
en

 fl 
uo

re
sc

en
t p

ro
te

in
 p

ro
du

ct
io

n 
in

 B
ac

ill
us

 s
ub

til
is

Characterization of GFP production at 
the single-cell level 
Flu  orescence microscopy was carried out to visualize the 
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picked three representative images of the cells in exponential, 
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As indicated in Fig. 4, during the exponential phase, all the cells 

of the four detected strains show strong signal and similarity 

in the fl uorescence intensity. When the cultures reached the 

stationary phase, most cellular het   erogeneity with respect to 

fl uorescence occurred among the cells of WT and CcpAT19S. This 

phenotypic diversity is most prominent during mid-stationary 

growth after 7 hours. Dark cells with low GFP activity co-exist 

Fig. 4 Phenotypic heterogeneity of various strains during growth. The 

strains were grown at 37  °C, 220 rpm in LB supplemented with 1.0% glucose 

and 0.1 mM IPTG for 11 hours. The GFP fl uorescence images and phase con-

trast images of cells at different time points were acquired, and the merged 

micrographs are presented.
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with the cells having strong GFP intensity in the cultures of the 

above two strains. During the mid-stationary growth phase, 

cellular heterogeneity of the other two strains, namely, 

CodYR214C and CodYR214CCcpAT19S, was hardly visible. Finally, the 

GFP is expressed heterogeneously in the strains with CodYR214C 

in the late stationary phase, while the cells of the other two 

strains, especially the CcpAT19S, already lysed severely. This is 

consistent with the observation in Fig. 2B, the GFP intensity in 

CodYR214C and CodYR214CCcpAT19S reduced at the end of 11 hours’ 

expression. This refl ects that the activity of cellular processes 

decreased owing to the short supply of essential nutrient 

sources when the strains entered into the late stationary phase. 

During the same growth phase, the GFP production level in 

CcpAT19S went up (Fig. 2B) because most of the dark cells lysed 

and only the ones with high GFP intensity survived and could 

be detected by FACS. 

Characterization of GFP production at the 
subpopulation level
To further study GFP production in subpopulations, we ana-

lyzed the fl ow cytometry results of different strains by Flowing 

Software. We set the fl uorescence intensity 103 AU as the cutoff 

value and defi ned the subpopulations as negative (<103 AU) or 

positive (>103 AU). As displayed in Fig. 5, the two strains har-

boring the WT version of CodY showed similarity in the per-

centage of the two subpopulations, while the two hosts carrying 

CodYR214C also shared similar subpopulation proportions. During 

the stationary growth phase, the overall percentages of positive 

subpopulations for the CodYR214C and CodYR214CCcpAT19S strains 

were obviously higher than that of the WT and CcpAT19S. If we 

combine Fig. 2 and Fig. 5, it is interesting to note that the pos-

itive percentages show high consistency with GFP expression 

performance in expression hosts harboring various versions of 
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with the cells having strong GFP intensity in the cultures of the 

above two strains. During the mid-stationary growth phase, 

cellular heterogeneity of the other two strains, namely, 

CodYR214C and CodYR214CCcpAT19S, was hardly visible. Finally, the 

GFP is expressed heterogeneously in the strains with CodYR214C 

in the late stationary phase, while the cells of the other two 

strains, especially the CcpAT19S, already lysed severely. This is 

consistent with the observation in Fig. 2B, the GFP intensity in 

CodYR214C and CodYR214CCcpAT19S reduced at the end of 11 hours’ 

expression. This refl ects that the activity of cellular processes 

decreased owing to the short supply of essential nutrient 

sources when the strains entered into the late stationary phase. 

During the same growth phase, the GFP production level in 

CcpAT19S went up (Fig. 2B) because most of the dark cells lysed 

and only the ones with high GFP intensity survived and could 

be detected by FACS. 

Characterization of GFP production at the 
subpopulation level
To further study GFP production in subpopulations, we ana-

lyzed the fl ow cytometry results of different strains by Flowing 

Software. We set the fl uorescence intensity 103 AU as the cutoff 

value and defi ned the subpopulations as negative (<103 AU) or 

positive (>103 AU). As displayed in Fig. 5, the two strains har-

boring the WT version of CodY showed similarity in the per-

centage of the two subpopulations, while the two hosts carrying 

CodYR214C also shared similar subpopulation proportions. During 

the stationary growth phase, the overall percentages of positive 

subpopulations for the CodYR214C and CodYR214CCcpAT19S strains 

were obviously higher than that of the WT and CcpAT19S. If we 

combine Fig. 2 and Fig. 5, it is interesting to note that the pos-

itive percentages show high consistency with GFP expression 

performance in expression hosts harboring various versions of 
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CodY and/or CcpA. The overall fl uorescence signal strength de-

pends on the positive subpopulations in various strains. 

Metabolic burden might affect the heterologous 
expression of GFP 
Metabolic burden, a known phenomenon for heterologous ex-

pression systems, is caused by the fact that the overexpression 

pathways of foreign proteins can take up a large proportion 

of the nutrient source fl uxes, which then infl uences the origi-

nal metabolic distribution in the cell, and cause serious phys-

iological problems and fi nally results in lower yields of target 

products [38–40]. In a previous study (Chapter 4), we repro-

grammed the metabolic regulatory networks, and found that a 

more strongly repressed carbon metabolism and de-repressed 

nitrogen metabolism coordinately contribute to an increase 

of the reporter protein β-galactosidase production in B. subti-

lis. The production improvements were found to be consistent 

with upregulation of several nitrogen metabolic operons, and 

this was regarded to reduce the metabolic burden of β-gal over-

expression in the genetically modifi ed strains. The balanced 

and modifi ed metabolic networks with increased uptake and 

utilization ability of arginine, ornithine, citrulline, and histi-

dine could also weaken the extrinsic noise of GFP expression in 

the CodYR214CCcpAT19S. Different from the previous observation, 

strain CcpAT19S does not have an advantage in the expression of 

sfGFP(Sp), which is slightly lower than the WT control. This is 

in accordance with the fact that protein production improve-

ment is performed in a protein-specifi c way [41]. Nevertheless, 

based on population-scale analysis, the mutation CcpAT19S can 

still further improve the GFP expression on the basis of the 

improvement in CodYR214C. This shows that the effects of mu-

tation CodYR214C and CcpAT19S on the fi nal production of sfGF-

P(Sp) are more complex than a simple addition. To sum up, the 
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CodYR214CCcpAT19S strain displays balanced metabolic fl ux distri-

butions between essential cellular processes and heterologous 

over-expression pathway probably has a lower metabolic bur-

den. This not only increased the overall product yield but also 

decreased the phenotypic heterogeneity of sfGFP(Sp) expres-

sion in B. subtilis, a property generally useful for overproduc-

tion of any soluble intracellular protein.

CONCLUDING REMARKS

In this study, we investigated the production of sfGFP(Sp) in 

strains with mutation(s) in CodY and/or CcpA and the WT strain 

as the control. We demonstrated that the mutation CodYR214C 

improves the overall expression of reporter protein sfGFP(Sp) 

signifi cantly, with a slight decrease of the growth rate, while 

the CcpAT19S mutant slightly reduces the GFP synthesis. Nev-

ertheless, when the two amino acid substitutions among the 

DNA-binding HTH motif of CodY and CcpA were combined, 

this yielded the best GFP producer - CodYR214CCcpAT19S. Further-

more, the phenotypic noise clearly differs between different 

mutants of the global regulator(s). This extrinsic noise comes 

from global regulation and is shown to be negatively correlated 

with GFP production in our cell factories. In addition, the sin-

gle-cell and subpopulation analyses demonstrated that the cells 

of WT and CcpAT19S show stronger heterogeneity during the ex-

pression process over time. Although the full understanding of 

the mechanisms underlying expression heterogeneity is still 

incomplete, this study provides novel insights into decreasing 

cellular diversity and directs the way to further increase heter-

ologous protein production in cell factories. 
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MATERIALS AND METHODS

Plasmids, bacterial strains, and media 
The plasmids and bacterial strains used in this study are listed 

in Table 1. All the Bacillus subtilis and E. coli were grown at 

37 °C with shaking (220 rpm) in liquid Lysogeny Broth (LB) un-

less otherwise indicated. For solid media, 1.5% (wt/vol) agar 

was added to the LB. Antibiotics were added when necessary 

as follows: 100 mg/ml ampicillin for E. coli, 5 mg/ml kanamycin 

and chloramphenicol, 100 mg/ml spectinomycin for B. subtilis. 

When required, 0.1 mM IPTG (isopropyl-β-D-thiogalactosidase) 

was added to the media for activation of the IPTG-inducible ex-

pression system. 

Recombinant DNA techniques and oligonucleotides 
Procedures for DNA purifi cation, restriction, ligation, gel elec-

trophoresis and transformation of E. coli were carried out as 

previously described [44]. B. subtilis was naturally transformed 

as described before [45]. T4 DNA ligase, Fastdigest Restriction 

enzymes and DNA polymerases (Phusion and DreamTaq) were 

purchased from Thermo Fisher Scientifi c (Landsmeer, Neth-

erlands). Chromosomal DNA of the B. subtilis 168 and the con-

structed plasmids in this research were used as templates for 

PCR. The NucleoSpin® Plasmid EasyPure and NucleoSpin® Gel 

& PCR Clean-up kits were purchased from BIOKE (Leiden, Neth-

erlands). All the reagents used were bought from Sigma unless 

otherwise indicated. Oligonucleotides were synthesized by Bio-

legio (Nijmegen, Netherlands). Sequencing of all our constructs 

was performed at MacroGen (Amsterdam, Netherlands).

Construction of bacterial strains 
B. subtilis strain 168_sfGFP(Sp)_CodYR214C was obtained by ho-

mologous double crossover recombination of plasmid pJV153 

139

M
at

er
ia

ls
 a

nd
 m

et
ho

ds

5
into the fl anking region of codY in B. subtilis 168. Strain 

168_sfGFP(Sp)_CcpAT19S was obtained by the integration of plas-

mid pCH3_CcpAT19S into the specifi c chromosomal region of 

B. subtilis 168. Transformants were selected on LB agar plates 

containing appropriate antibiotic(s), after overnight incubation 

at 37 °C. Correct integration was verifi ed by PCR and sequenc-

ing analysis. The strain 168_sfGFP(Sp)_CodYR214CCcpAT19S was 

constructed in the same way as described above.

Microplates experiments
Single colonies of required strains were picked from LB agar 

plates with antibiotics and were incubated at 37 °C,220 rpm over-

night. The day after, the O/N cultures were diluted in a 96-well 

microtiter plate to OD600-0.1 with 200 l fresh LB media contain-

ing 1.0% glucose and 0.1 mM ITPG. Plates were incubated at 37 °C 

and 220 rpm shaking in the plate reader-VarioskanLUX (Thermo 

Table 1. The plasmids and bacterial strains used in this study

Strains and plasmids Phenotype or property Source or 
reference

Stains
168 trpC2 [42]
168_sfGFP(Sp) trpC2, amyE::Physpank-sfgfp(Sp) 

spcr
[32]

168_sfGFP(Sp)_CodYR214C trpC2, codY R214C cmr, 
amyE::Physpank-sfgfp(Sp) spcr

This study

168_sfGFP(Sp)_CcpAT19S trpC2, ccpAT19S kmr, 
amyE::Physpank-sfgfp(Sp) spcr

This study

168_sfGFP(Sp)_CodYR214CCcpAT19S trpC2, codY R214C cmr, ccpAT19S 
kmr, amyE::Physpank- sfgfp(Sp) 
spcr

This study

E.coli
MC1061 F–, araD139, Δ(ara-leu)7696, 

Δ(lac)X74, galU, galK, hsdR2, 
mcrA, mcrB1, rspL

[43]

Plasmids
pCH3_CcpAT19S pUC18_aroA_ccpAT19S_kmr_ytxD Chapter 3
pJV153 pUC18_clpY_codYR214C_cmr_fl gB Chapter 3
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mid pCH3_CcpAT19S into the specifi c chromosomal region of 

B. subtilis 168. Transformants were selected on LB agar plates 

containing appropriate antibiotic(s), after overnight incubation 

at 37 °C. Correct integration was verifi ed by PCR and sequenc-

ing analysis. The strain 168_sfGFP(Sp)_CodYR214CCcpAT19S was 

constructed in the same way as described above.

Microplates experiments
Single colonies of required strains were picked from LB agar 

plates with antibiotics and were incubated at 37 °C,220 rpm over-

night. The day after, the O/N cultures were diluted in a 96-well 

microtiter plate to OD600-0.1 with 200 l fresh LB media contain-

ing 1.0% glucose and 0.1 mM ITPG. Plates were incubated at 37 °C 

and 220 rpm shaking in the plate reader-VarioskanLUX (Thermo 

Table 1. The plasmids and bacterial strains used in this study

Strains and plasmids Phenotype or property Source or 
reference

Stains
168 trpC2 [42]
168_sfGFP(Sp) trpC2, amyE::Physpank-sfgfp(Sp) 

spcr
[32]

168_sfGFP(Sp)_CodYR214C trpC2, codY R214C cmr, 
amyE::Physpank-sfgfp(Sp) spcr

This study

168_sfGFP(Sp)_CcpAT19S trpC2, ccpAT19S kmr, 
amyE::Physpank-sfgfp(Sp) spcr
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Fisher) with a GFP fi lter set (excitation at 485/20 nm, emission 

535/25), and the absorbance was measured at 600 nm. The val-

ues of GFP intensity and OD600 were automatically recorded ev-

ery 15 minutes for 22 hours, data of all samples were collected in 

triplicates. All the optical density and fl uorescence values were 

corrected for the background of the media by the following for-

mula: (GFPreporter-GFPmedia)/(ODreporter-ODmedia) [46].

Flow cytometry
All the strains were streaked on LB agar plates supplemented 

with a specifi c antibiotic, and the single colonies were picked 

up and grown overnight in LB media at 37 °C,220 rpm. Next 

morning, the pre-cultures were diluted to OD600-0.1 in fresh 

LB supplemented with 1.0% glucose and 0.1 mM IPTG and fur-

ther incubated in a 37 °C shaker. Subsequently, the cultures of 

each time point were prepared for fl ow cytometry as described 

before [3, 12]. Cells were diluted 10–20 times in phosphate 

buffered saline (PBS) and directly measured on the Becton 

Dickinson FACSCanto (BD BioSciences, USA) with an Argon la-

ser (488 nm). For each sample, the green fl uorescent signals of 

50,000 cells were collected by a FITC fi lter. The fl uorescent in-

tensity was calculated in Arbitrary Units (AU). All the captured 

data was further analyzed using Flowing Software (http://www.

fl owingsoftware.com/). 

Fluorescence Microscopy
In parallel, the above-described cultures of each time point 

were also prepared for fl uorescence microscopy and applied 

to agarose slides as described before [25]. The expression of 

the fl uorescent protein was analyzed by fl uorescence micros-

copy (Nikon Eclipse Ti, Japan) equipped with a CoolsnapHQ2 

CCD camera. Fluorescent signals from cells were visualized us-

ing 450–490 nm excitation and 500–550 nm emission for GFP 
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fl uorescence channel and an Intensilight light as phase contrast 

channel. Software NIS-Elements AR [47] was used for image 

capturing by 0.2 s exposure, and the fi nal images for publica-

tion were generated by ImageJ software [48].
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In today’s modern society, aided by the fast development of re-

combinant DNA technology, large amounts of biotech-based 

products that are generated by microbial cell factories provide 

important substances to the traditional food, pharmaceutical 

and chemistry industries. For instance, enzymes, including pro-

teases, amylases, and lipases, serve as effi  cient product addi-

tives in detergents and as catalysts in biofuel industry [1]. In 

Europe alone, the proteases, which are commonly used in the 

detergent industry, account for 900 tons of pure enzymes per 

year [1]. The global market for industrial proteins is growing 

rapidly, and therefore, the development of highly effi  cient pro-

duction systems is in high demand. Bacillus subtilis is widely 

applied as a microbial cell factory, due to the fact that achiev-

ing large-scale production at high cell densities is relatively 

straightforward and inexpensive [2]. Moreover, its high genetic 

accessibility and amenability provide excellent possibilities for 

further modifi cation by molecular genetic techniques [3]. Most 

importantly, this microbial host that is generally recognized as 

safe (GRAS), can naturally secrete high amounts of products (up 

to 20–25 gram per liter) directly into fermentation media [4]. 

Thus, this production host is highly favored over other famous 

production organisms such as Escherichia coli in view of the 

relatively simple downstream purifi cation processing. There-

fore, B. subtilis and its close relatives that can deliver higher 

yields of industrial enzymes at lower costs, have become of sub-

stantial economic importance.

B. subtilis, has been subjected to extensive exploitation for 

protein production during approximately three decades, which 

was initiated by the overexpression of proteins derived from 

Bacillus species. The high-level production of more complex 

proteins or enzymes that originate from Gram-negative bacte-

ria or humans was severely hampered [2]. Numerous attempts, 

e.g. strong promoters and RBSs, gene disruption (knockout, 



147

6
G

en
er

al
 d

is
cu

ss
io

n

In today’s modern society, aided by the fast development of re-

combinant DNA technology, large amounts of biotech-based 

products that are generated by microbial cell factories provide 

important substances to the traditional food, pharmaceutical 

and chemistry industries. For instance, enzymes, including pro-

teases, amylases, and lipases, serve as effi  cient product addi-

tives in detergents and as catalysts in biofuel industry [1]. In 

Europe alone, the proteases, which are commonly used in the 

detergent industry, account for 900 tons of pure enzymes per 

year [1]. The global market for industrial proteins is growing 

rapidly, and therefore, the development of highly effi  cient pro-

duction systems is in high demand. Bacillus subtilis is widely 

applied as a microbial cell factory, due to the fact that achiev-

ing large-scale production at high cell densities is relatively 

straightforward and inexpensive [2]. Moreover, its high genetic 

accessibility and amenability provide excellent possibilities for 

further modifi cation by molecular genetic techniques [3]. Most 

importantly, this microbial host that is generally recognized as 

safe (GRAS), can naturally secrete high amounts of products (up 

to 20–25 gram per liter) directly into fermentation media [4]. 

Thus, this production host is highly favored over other famous 

production organisms such as Escherichia coli in view of the 

relatively simple downstream purifi cation processing. There-

fore, B. subtilis and its close relatives that can deliver higher 

yields of industrial enzymes at lower costs, have become of sub-

stantial economic importance.

B. subtilis, has been subjected to extensive exploitation for 

protein production during approximately three decades, which 

was initiated by the overexpression of proteins derived from 

Bacillus species. The high-level production of more complex 

proteins or enzymes that originate from Gram-negative bacte-

ria or humans was severely hampered [2]. Numerous attempts, 

e.g. strong promoters and RBSs, gene disruption (knockout, 



148

G
en

er
al

 d
is

cu
ss

io
n

mutagenize), regional optimization of specifi c pathways, have 

been tried to achieve the overproduction of heterologous pro-

teins in this cell factory [5]. However, these strain modifi cation 

approaches have already more or less touched the ceiling, and 

commonly, one specifi c protein improvement method cannot 

ensure high-level production of other proteins [6]. To increase 

the production capacity and also broaden the range of proteins 

that can be overexpressed in B. subtilis, more knowledge about 

the cellular process and the development of better production 

systems is still highly needed. Throughout this whole thesis, we 

further explored the production potential of B. subtilis for both 

secretory and intracellular proteins as well as investigated the 

underlying reasons, for which both traditional approaches and 

novel genetic engineering and analytical tools were used.   

In Chapter 2, we investigated the B. subtilis cell surface com-

position regarding its protein secretion capacity of recombinant 

α-amylase variants with either low-, neutral- or high- isoelec-

tric points (pI). The protein secretion mechanism is increasingly 

clear. As shown in Fig. 1, pre-protein needs to successively go 

through the cell membrane lipid bilayer and cell wall, and then 

be excreted into the media by Sec-type secretion; another sys-

tem for secretion, but specifi cally for folded proteins is the Tat 

system (not further shown and discussed here). During the 

Sec-secretion process, the secreted target is modifi ed to be a 

mature protein by interacting with cell surface components 

and embedded quality-control proteases. We demonstrate that 

the absence of the cell membrane phospholipid biosynthesis-re-

lated enzymes PssA and/or ClsA are benefi cial for various α-am-

ylases secretion yields. Although a full understanding of the in-

teraction between the secreted protein and the membrane lipid 

bilayer is still incomplete, the improved secretion ability shows 

high correlation with the presence of overall anionic phospho-

lipids (phosphatidylglycerol and cardiolipin) in the engineered 
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expression hosts. In this study, a combinatorial strain improve-

ment strategy, which consists of codon optimization, tunable 

expression system, specifi c modifi cation of the secretion ma-

chinery (cell envelope engineering in this case), was employed 

for improving the secretion effi  ciency of protein candidates. 

Here, we specifi cally studied two variables, that is, cell enve-

lope components and the pIs of secreted proteins. A variety of 

other relevant factors that also play vital roles in the secretion 

of end-products, such as signal peptides, translocases, were out 

of the scope of this study. So, it is foreseeable that, on the basis 

of the previously engineered strains, huge enhancement of the 

product yields might be achieved by integrating more effi  cient 

modifi cations of secretion-limiting factors.

In the past twenty years, most of the metabolic optimization 

methods have focused on the engineering of regional pathways 

or specifi c steps, while a novel strategy directed on transcription 

Fig. 1. Schematic representation of the Sec-dependent secretion pathway 

in B. subtilis. 
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regulation that can achieve multiple and simultaneous modifi -

cations, has rarely been applied. In Chapter 3, the global tran-

scription machinery engineering (gTME) approach was utilized 

to unlock phenotypes in overexpressing a target protein by 

Fig. 2. Workfl ow of the black-white selection for β-galactosidase high-

er-producing phenotypes. Desired phenotypes (dark colonies, the substrate 

S-gal can be degraded by β-galactosidase into black products) were selected. 

Next, all the collected colonies were subjected to a second screening round, 

and the fi nally acquired mutants were analyzed by β-galactosidase assays and 

DNA sequencing.
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randomly mutagenizing the pleiotropic transcriptional regula-

tors CodY and CcpA. In combination with black-white selection, 

we effi  ciently isolated variants with enhanced production of 

the reporter protein β-galactosidase (Fig. 2). The best mutant 

contained two amino acid substitutions within the DNA-bind-

ing HTH domains, CodYR214C and CcpAT19S, and increased the pro-

duction level of β-galactosidase up to 290% relative to the wild-

type control. This well-designed toolkit that expands the scale 

of pathway modifi cation to a global level, can remarkably and 

straightforwardly lead to strain enhancement, even without 

the complete understanding of the metabolic networks [7, 8]. 

Besides the initially used β-galactosidase, some other recom-

binant proteins, including GFP, xylanase, and peptidase, were 

also signifi cantly higher-produced in the selected cell factory 

CodYR214CCcpAT19S. Since the overexpression of different proteins 

probably has varying utilization biases for available intracellu-

lar nutrient sources, the effect of the strain improvement dif-

fers per protein used. Notwithstanding, our best engineered 

microbial host obtained from gTME libraries still obviously 

broadens the application in overproducing a wide range of pro-

teins. Although the direct deletion of CodY and/or CcpA can al-

ready improve the production of β-galactosidase by 10–30%, we 

still utilized the relatively complex gTME-based approach, not 

only for overexpressing the target protein even more, but also 

to further study the interesting mutants, uncovering hidden in-

formation behind the rewired metabolic networks.

In Chapter 4, we analyzed the transcriptome perturba-

tions at a global level in the previously obtained expression 

host CodYR214CCcpAT19S by using RNA-sequencing. Moreover, 

DNA-protein binding analysis of the two mutated regulatory 

proteins was performed by gel electrophoretic mobility shift 

assays (EMSA). As demonstrated in Fig. 3, CcpA can indirectly 

govern the expression of CodY and its regulon, by the mediation 
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of the intracellular BCAA pool [9, 10]. Thus, the expression pat-

terns of these two regulators were exactly opposite to each other 

in various mutants. In addition, the amino acid substitutions 

within the HTH domains of the two transcription factors al-

tered the overall binding specifi city to their direct target genes. 

In effect, the carbon metabolism was further repressed, while 

the nitrogen metabolism was obviously de-repressed, which in 

conjunction resulted in a system-wide metabolic shift allowing 

for enhanced synthesis capacity of the target protein. Moreover, 

only a small portion of regulated genes exhibited signifi cant re-

sponses to the transcriptome perturbations, refl ecting that the 

vast majority of genes are under control of complex, multiple 

forms of expression regulation, which probably meet the needs 

of maintaining the cellular processes at a relatively steady state 

[11]. The carbon core metabolism, which has been well-evolved 

to guarantee essential energy and building block supply in the 

cell [12], is less responsive to the transcriptional regulatory al-

terations. In comparison, there is still space to further adjust 

the nitrogen metabolic networks for the overproduction of het-

erologous recombinant proteins that has been demonstrated in 

Chapter 3. Furthermore, solid relevant evidence can be possi-

bly achieved by further analyzing the metabolic fl ux and im-

plementing glucose or amino acid consumption assays of the 

obtained mutants. Taken together, we speculate that the reor-

ganization of cellular metabolic fl uxes reduces the metabolic 

burden by allowing a better balance of resource distributions 

for both essential native metabolic networks and heterologous 

protein overproduction pathways. 

Under nutrient-limiting growth conditions, B. subtilis cells 

activate a variety of regulatory processes to determine diverse 

cell fates, such as sporulation, competence development, bio-

fi lm formation, and differentiate into a community of multi-

ple subpopulations. This phenomenon is known as phenotypic 
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heterogeneity [13]. In the study of heterologous protein produc-

tion in cell factories, major research efforts have focused on 

the product yield at the population level, while the production 

activity of individual cells has largely been ignored. A recent 

study demonstrated that the production of amylases in B. subti-

lis is performed in a non-uniform manner, and a degU mutation 

and optimized growth conditions can signifi cantly improve the 

overall secretion yields by suppressing the heterogeneity in ex-

pression [4]. In Chapter 3, we presented that the well-known 

reporter protein GFP, which is mostly used as a benchmark for 

visualizing protein localization and promoter activity, can be 

higher-expressed in the best β-gal producer CodYR214CCcpAT19S. In 

Chapter 5, we demonstrate that the fl uorescence signals of GFP 

are dynamic over time and differ in strains with various global 

regulator mutation backgrounds. Strains harboring CodYR214C 

showed a high similarity in growth curve and GFP expression 

performance at the population, subpopulation and single-cell 

levels. In comparison to the expression hosts carrying wild-

type versions of CodY, the CodYR214C-containing strains, although 

showing slightly lower growth rates, had overall higher GFP 

product yields. We initially regarded this difference as a con-

sequence of the relatively different growth rate, but the follow-

ing analyses at the single-cell and subpopulation levels showed 

high consistency of the overall protein yield with the homogene-

ity of high-expressing populations. In other words, the expres-

sion heterogeneity, which can be regarded as phenotypic noise, 

comes from global regulation, suggesting a negative correlation 

with overall GFP production in the cell factories we assessed, 

especially during the late stationary growth phase. We reason 

that the strains with CodYR214C have reprogrammed metabolic 

networks that focus more on the target protein synthesis, while 

in the wild-type with an imbalanced metabolic fl ux distribution, 

only a subset of cells can get suffi  cient nutrient resources for 
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of the intracellular BCAA pool [9, 10]. Thus, the expression pat-

terns of these two regulators were exactly opposite to each other 

in various mutants. In addition, the amino acid substitutions 

within the HTH domains of the two transcription factors al-

tered the overall binding specifi city to their direct target genes. 

In effect, the carbon metabolism was further repressed, while 

the nitrogen metabolism was obviously de-repressed, which in 

conjunction resulted in a system-wide metabolic shift allowing 

for enhanced synthesis capacity of the target protein. Moreover, 

only a small portion of regulated genes exhibited signifi cant re-

sponses to the transcriptome perturbations, refl ecting that the 

vast majority of genes are under control of complex, multiple 

forms of expression regulation, which probably meet the needs 

of maintaining the cellular processes at a relatively steady state 

[11]. The carbon core metabolism, which has been well-evolved 

to guarantee essential energy and building block supply in the 

cell [12], is less responsive to the transcriptional regulatory al-

terations. In comparison, there is still space to further adjust 

the nitrogen metabolic networks for the overproduction of het-

erologous recombinant proteins that has been demonstrated in 

Chapter 3. Furthermore, solid relevant evidence can be possi-

bly achieved by further analyzing the metabolic fl ux and im-

plementing glucose or amino acid consumption assays of the 

obtained mutants. Taken together, we speculate that the reor-

ganization of cellular metabolic fl uxes reduces the metabolic 

burden by allowing a better balance of resource distributions 

for both essential native metabolic networks and heterologous 

protein overproduction pathways. 

Under nutrient-limiting growth conditions, B. subtilis cells 

activate a variety of regulatory processes to determine diverse 

cell fates, such as sporulation, competence development, bio-

fi lm formation, and differentiate into a community of multi-

ple subpopulations. This phenomenon is known as phenotypic 
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heterogeneity [13]. In the study of heterologous protein produc-

tion in cell factories, major research efforts have focused on 

the product yield at the population level, while the production 

activity of individual cells has largely been ignored. A recent 

study demonstrated that the production of amylases in B. subti-

lis is performed in a non-uniform manner, and a degU mutation 

and optimized growth conditions can signifi cantly improve the 

overall secretion yields by suppressing the heterogeneity in ex-

pression [4]. In Chapter 3, we presented that the well-known 

reporter protein GFP, which is mostly used as a benchmark for 

visualizing protein localization and promoter activity, can be 

higher-expressed in the best β-gal producer CodYR214CCcpAT19S. In 

Chapter 5, we demonstrate that the fl uorescence signals of GFP 

are dynamic over time and differ in strains with various global 

regulator mutation backgrounds. Strains harboring CodYR214C 

showed a high similarity in growth curve and GFP expression 

performance at the population, subpopulation and single-cell 

levels. In comparison to the expression hosts carrying wild-

type versions of CodY, the CodYR214C-containing strains, although 

showing slightly lower growth rates, had overall higher GFP 

product yields. We initially regarded this difference as a con-

sequence of the relatively different growth rate, but the follow-

ing analyses at the single-cell and subpopulation levels showed 

high consistency of the overall protein yield with the homogene-

ity of high-expressing populations. In other words, the expres-

sion heterogeneity, which can be regarded as phenotypic noise, 

comes from global regulation, suggesting a negative correlation 

with overall GFP production in the cell factories we assessed, 

especially during the late stationary growth phase. We reason 

that the strains with CodYR214C have reprogrammed metabolic 

networks that focus more on the target protein synthesis, while 

in the wild-type with an imbalanced metabolic fl ux distribution, 

only a subset of cells can get suffi  cient nutrient resources for 



154

G
en

er
al

 d
is

cu
ss

io
n

Fi
g.

 3
 (A

) T
he

 re
la

tiv
e 

ex
pr

es
si

on
 le

ve
ls

 o
f C

od
Y,

 

Cc
pA

 a
nd

 th
e 

ilv
-le

u 
op

er
on

 

in
 th

e 
H

TH
 d

om
ai

n 
m

ut
an

t 

st
ra

in
s.

 (B
) S

ch
em

at
ic

 

di
ag

ra
m

 o
f t

he
 in

te
ra

ct
io

n 

be
tw

ee
n 

Cc
pA

 a
nd

 C
od

Y 

m
ed

ia
te

d 
by

 th
e 

bi
os

yn
th

e-

si
s 

of
 B

CA
As

. (
C)

 S
ch

em
at

ic
 

re
pr

es
en

ta
tio

n 
of

 C
cp

A-
m

e-

di
at

ed
 tr

an
sc

rip
tio

na
l r

eg
-

ul
at

io
n 

of
 o

pe
ro

ns
 th

at
 a

re
 

re
pr

es
se

d 
by

 C
od

Y.
 A

rr
ow

s 

an
d 

pe
rp

en
di

cu
la

rs
 re

pr
e-

se
nt

 th
e 

po
si

tiv
e 

an
d 

ne
ga

-

tiv
e 

ac
tio

ns
, r

es
pe

ct
iv

el
y.

155

O
ut

lo
ok

6

GFP expression pathway. This can be considered as a popula-

tion-scale survival strategy for the wild-type strain under sub-

optimal nutrient conditions by ensuring a small proportion of 

high-producing cells and another low-producing subpopulation 

as cost. Although the detailed mechanism underlying the GFP 

expression heterogeneity is still incomplete, this study offers a 

new perspective into the overexpression of recombinant pro-

teins and paves the way to further increase the use of  B. subtilis 

as a cell factory. 

OUTLOOK

In natural environments, wild-type bacterial cells have evolved 

sophisticated adaptation systems that allow them to take ad-

vantage of many kinds of nutrient sources for optimal fi tness 

during changing nutritional conditions [14]. With their intricate 

regulatory systems, the bacteria know where they are by sens-

ing the availability level of metabolites, and then stimulate the 

global metabolic regulation and motility mechanisms for shift-

ing to the place they should be as a response [14]. However, the 

human-imposed task for overexpressing proteins of industrial 

and commercial interest, especially the heterologous ones, has 

not been evolved over time spent in nature. Therefore, modify-

ing the global regulatory networks in the existing cell factories 

like B. subtilis to obtain a better expression host appears to be a 

good solution. We are now able to unlock a comprehensive pro-

fi le inside the cells by use of ‘omics’ technologies, and numer-

ous systematic functional studies have considerably enhanced 

our understanding of the complex metabolic and regulatory 

pathways in B. subtilis [15–18]. Moreover, the newly developed 

systems and synthetic biology devices, such as CRISPR-Cas9 

and gTME, provide an unprecedented level of engineering 
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GFP expression pathway. This can be considered as a popula-

tion-scale survival strategy for the wild-type strain under sub-

optimal nutrient conditions by ensuring a small proportion of 

high-producing cells and another low-producing subpopulation 

as cost. Although the detailed mechanism underlying the GFP 

expression heterogeneity is still incomplete, this study offers a 

new perspective into the overexpression of recombinant pro-

teins and paves the way to further increase the use of  B. subtilis 

as a cell factory. 

OUTLOOK

In natural environments, wild-type bacterial cells have evolved 

sophisticated adaptation systems that allow them to take ad-

vantage of many kinds of nutrient sources for optimal fi tness 

during changing nutritional conditions [14]. With their intricate 

regulatory systems, the bacteria know where they are by sens-

ing the availability level of metabolites, and then stimulate the 

global metabolic regulation and motility mechanisms for shift-

ing to the place they should be as a response [14]. However, the 

human-imposed task for overexpressing proteins of industrial 

and commercial interest, especially the heterologous ones, has 

not been evolved over time spent in nature. Therefore, modify-

ing the global regulatory networks in the existing cell factories 

like B. subtilis to obtain a better expression host appears to be a 

good solution. We are now able to unlock a comprehensive pro-

fi le inside the cells by use of ‘omics’ technologies, and numer-

ous systematic functional studies have considerably enhanced 

our understanding of the complex metabolic and regulatory 

pathways in B. subtilis [15–18]. Moreover, the newly developed 

systems and synthetic biology devices, such as CRISPR-Cas9 

and gTME, provide an unprecedented level of engineering 
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possibilities that potentially facilitate strain improvements 

[19, 20]. Undoubtedly, we are still at the early stages of devel-

oping B. subtilis as a highly adaptable chassis with both higher 

yields and a wider range of products. Nevertheless, novel in-

sights into the complicated cellular and global regulatory pro-

cesses and the great advances in technological tools will lead to 

the construction of super-producing cell factories.  
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In natuurlijke omgevingen hebben wild-type bacteriën ver-

fi jnde systemen ontwikkeld om optimaal gebruik te kunnen 

maken van verschillende nutriënten om zo een optimale fi tness 

te hebben onder veranderende natuurlijke omstandigheden. 

Door middel van hun regulatie systeem, en verfi jnde sensoren 

zijn ze in staat hun omgeving, en aanwezigheid van nutriënten 

waar te nemen. Hierop kan gereageerd worden door de me-

tabole regulatie aan te passen, of zich te verplaatsen naar daar 

waar de nutriënten zijn. 

Daarentegen is de door de mens gewilde over expressie van 

genen voor industriële en commerciële doeleinden, vooral de 

heterologe genen, niet geëvolueerd onder natuurlijke omstan-

digheden. Daarom is het aanpassen van de globale regulatie 

netwerken in bestaande cell-factories zoals Bacillus subtilis om 

zodoende een betere expressie host te krijgen een logische op-

lossing. In deze scriptie is het potentieel van B. subtilis om zowel 

uitgescheiden als intracellulaire eiwitten te produceren, en de 

onderliggende mechanismen hiervan onderzocht. Hiervoor zijn 

zowel nieuwe als en traditionele genetische technieken gebruikt. 

In Hoofdstuk 2 is onderzoek gedaan naar de samenstelling 

van het cel oppervlak met betrekking tot eiwit secretie van re-

combinante α-amylase varianten met lage, neutrale en hoge 

iso-electrische punten (pI). We hebben aangetoond dat de af-

wezigheid van celmembraan fosfolipide gerelateerde enzymen 

PssA en/of ClsA een verhoogde opbrengst van verschillende uit-

gescheiden α-amylases veroorzaken. Ondanks dat we nog niet 

volledig begrijpen hoe de interactie tussen uitgescheiden eiwit-

ten en de lipid-bilayer werkt, tonen de verhoogde secretie le-

vels aan dat dat er een sterke correlatie is  met de aanwezigheid 

van anionische fosfolipiden (phosphatidylglycerol en cardioli-

pin) in de expressie stammen. In deze studie is gebruik gemaakt 

van een stam waarin codon optimalisatie, instelbare expressie 

systemen en specifi eke modifi caties van de expressie systemen 
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In natuurlijke omgevingen hebben wild-type bacteriën ver-

fi jnde systemen ontwikkeld om optimaal gebruik te kunnen 

maken van verschillende nutriënten om zo een optimale fi tness 

te hebben onder veranderende natuurlijke omstandigheden. 

Door middel van hun regulatie systeem, en verfi jnde sensoren 

zijn ze in staat hun omgeving, en aanwezigheid van nutriënten 

waar te nemen. Hierop kan gereageerd worden door de me-

tabole regulatie aan te passen, of zich te verplaatsen naar daar 

waar de nutriënten zijn. 

Daarentegen is de door de mens gewilde over expressie van 

genen voor industriële en commerciële doeleinden, vooral de 

heterologe genen, niet geëvolueerd onder natuurlijke omstan-

digheden. Daarom is het aanpassen van de globale regulatie 

netwerken in bestaande cell-factories zoals Bacillus subtilis om 

zodoende een betere expressie host te krijgen een logische op-

lossing. In deze scriptie is het potentieel van B. subtilis om zowel 

uitgescheiden als intracellulaire eiwitten te produceren, en de 

onderliggende mechanismen hiervan onderzocht. Hiervoor zijn 

zowel nieuwe als en traditionele genetische technieken gebruikt. 

In Hoofdstuk 2 is onderzoek gedaan naar de samenstelling 

van het cel oppervlak met betrekking tot eiwit secretie van re-

combinante α-amylase varianten met lage, neutrale en hoge 

iso-electrische punten (pI). We hebben aangetoond dat de af-

wezigheid van celmembraan fosfolipide gerelateerde enzymen 

PssA en/of ClsA een verhoogde opbrengst van verschillende uit-

gescheiden α-amylases veroorzaken. Ondanks dat we nog niet 

volledig begrijpen hoe de interactie tussen uitgescheiden eiwit-

ten en de lipid-bilayer werkt, tonen de verhoogde secretie le-

vels aan dat dat er een sterke correlatie is  met de aanwezigheid 

van anionische fosfolipiden (phosphatidylglycerol en cardioli-

pin) in de expressie stammen. In deze studie is gebruik gemaakt 

van een stam waarin codon optimalisatie, instelbare expressie 

systemen en specifi eke modifi caties van de expressie systemen 
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(cell-enveloppe engineering in dit geval), om zodoende de se-

cretie van eiwitten te optimaliseren. 

In Hoofdstuk 3 is gebruik gemaakt van global transcrip-

tion machinery engineering (gTME) om fenotypes te verkrijgen 

die voor over expressie van eiwitten te krijgen door random 

mutagenese van de pleiotropische regulatoren CodY en CcpA. 

Door gebruik te maken van zwart-wit selectie hebben we op een 

effi  ciënte manier mutanten kunnen selecteren met een over-

productie van β-galactosidase. De beste mutant heeft twee ami-

nozuur substituties in het DNA-binding HTH domein, CodYR214C 

en CcpAT19S. Deze mutaties verhoogde de β-galactosidase pro-

ductie met 290% in vergelijking met het wild-type. Met deze wel 

doordachte toolkit waarmee pathway-modifi catie wordt uitge-

breid naar een globaal niveau, kan opmerkelijk snel en direct 

leiden tot stam verbetering, zelfs zonder het complete metabole 

netwerken te begrijpen. Behalve de gebruikte β- galactosidase 

zijn er ook enkele andere recombinante eiwitten, waaronder 

GFP, xylanase en peptidase die aanzienlijk meer geproduceerd 

werden in de gebruikte cell-factory CodYR214CCcpAT19S. Doordat 

de over expressie van verschillende eiwitten voor variatie zorgt 

in het gebruik van de beschikbare intracellulaire nutriënten, 

zal de manier waarop een stam verbeterd kan worden afhan-

kelijk zijn van de gebruikte eiwitten. 

In Hoofdstuk 4 is de verstoring van het transcriptoom ge-

analyseerd van de expressie host CodYR214CCcpAT19S door mid-

del van RNA sequencing. Daarnaast is DNA-proteïne binding 

analyse van de twee gemuteerde regulatie eiwitten getest door 

middel van gel electorphoretic mobility shift assays (ESMA). De 

aminozuur veranderingen in de HTH domeinen van de twee 

transcrioption factors veranderde de gehele bindings-specifi ci-

teit voor hun directe doelwitten. Een ander effect was dat het 

koolstof metabolisme nog verder onderdrukt werd, in tegen-

stelling tot het stikstof metabolisme dit werd duidelijk versterkt. 
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Dit heeft er samen voor gezorgd dat er in het hele systeem een 

metabolische shift was waardoor bepaalde eiwitten in hogere 

mate geproduceerd konden worden. Daarnaast was er maar 

een klein aantal van de gereguleerde eiwitten die een signifi -

cante respons hadden op de verstoring van het transcriptoom. 

Dit is in samenspraak met de theorie dat de meeste genen on-

der controle staan van meerdere vormen van regulatie, dit re-

sulteert waarschijnlijk in het behoud van een constante niveau 

van de cellulaire processen. Het centrale koolstof metabolisme, 

dat op een dusdanige manier is geëvolueerd dat het gegaran-

deerd essentiële bouwstenen en energie kan leveren aan de 

cel, reageert minder op de verandering van in transcriptoom 

regulatie. Ter vergelijking, is er nog steeds ruimte voor aan-

passingen aan het stikstof metabolisme voor de overproductie 

van heterologe recombinante eiwitten zoals gedemonstreerd in 

Hoofdstuk 3.

In Hoofdstuk 5 hebben we laten zien dat fl uorescentie sig-

naal van GFP dynamisch zijn door de tijd, en dat dit verschilde 

in stammen met verschillende mutaties in de globale regulato-

ren. Stammen met de mutatie CodYR214C hadden veel overeen-

komst in groei en GFP expressie in zowel de hele populatie als in 

single-cell metingen. In vergelijking met de expressie stammen 

met wild-type varianten van CodY, hebben de stammen met de 

CodYR214C mutatie hogere GFP opbrengst, ondanks een iets la-

gere groeisnelheid. We dachten eerst dat dit werd veroorzaakt 

door de relatief lage groeisnelheid, maar analyses op single-cell 

niveau en op subpopulaties hebben hoge mate van consisten-

tie laten zien wat betreft eiwit opbrengst met homogeniteit van 

populaties met hoge expressie. In andere woorden, de hetero-

geniteit van expressie, die kan worden gezien als fenotypische 

ruis, wordt veroorzaakt door globale regulatie, dit suggereert 

dat er een negatieve correlatie is met de algehele GFP produc-

tie in de cellen waar wij naar gekeken hebben, vooral tijdens 
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(cell-enveloppe engineering in dit geval), om zodoende de se-
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de laat stationaire fase. Ondanks dat de exacte mechanismes 

van heterogeniteit in GFP expressie nog niet compleet zijn geeft 

deze studie een nieuwe kijk op het tot over expressie brengen 

van recombinante eiwitten, en draagt het bij aan het beter ge-

bruiken van B. subtilis als werkpaard voor de industrie. 

We zijn nu in staat om de hele cel begrijpelijk te maken door 

het gebruik van ‘omics’ technologieën, en vele systematische 

studies hebben onze kennis van de complexe metabole en re-

gulatoire netwerken van B. Subtilis verbeterd. Daarnaast bren-

gen nieuwe synthetische biologie technieken zoals CRISPR-Cas9 

en gTME ongekende mogelijkheden met zich mee op het gebied 

van genetische engineering, waarmee in potentie stammen nog 

sneller en beter veranderd kunnen worden. Ongetwijfeld staan 

we nog maar aan het begin van het gebruik van B. subtilis als 

zeer aanpasbaar chassis voor zowel betere, en gevarieerdere 

producten. Desondanks zullen nieuwe inzichten in de com-

plexe structuur van regulatoire netwerken, en de snelle ontwik-

kelingen van technieken er voor zorgen dat we super-produce-

rende cellen kunnen maken in de toekomst. 

中文总结
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在自然环境中，野生型的细菌进化出了精密而又复杂的调控系统，使

其能够通过利用各种各样的营养资源，更好地适应不断变化的生长条

件。凭借这套错综复杂的调控体系，细菌可以通过感知体内关键代谢

物的水平，进而激发相应的代谢调节以及运动机制，趋利避害。然而，

细菌对于人为强加的任务—高水平表达具有工业和商业价值的蛋白质，

尤其是异源蛋白，其相对应的生产能力并没有在自然进化中得到加强。

因此，改良现有的优秀细胞工厂如枯草芽孢杆菌成为更好的表达宿主，

以用来高水平表达各种异源重组蛋白。贯穿整个论文，我们使用传统

和新型的基因工程方法和分析手段，探索了在枯草芽孢杆菌中进一步

提高分泌型和胞内蛋白质的生产能力，并调查了蛋白过表达背后的原

因。

在第2章中，我们研究了枯草芽孢杆菌细胞表面（特别是细胞膜）的

组成与带有不同等电点（pI）的重组α-淀粉酶变体分泌能力的关系。

在本章节中，我们采用了密码子优化，可控表达系统，分泌系统特异

性修饰等手段组合而成的菌种改良策略，用于有效提高靶蛋白的分泌

效率。细胞膜磷脂双分子层相关酶PssA和/或ClsA的缺失被证明有助于

提高α-淀粉酶的分泌量。尽管我们还不能完全了解在蛋白分泌过程中

分泌对象和膜脂质双分子层之间相互作用，但本研究表明，表达宿主的

分泌能力与其细胞膜中总阴离子磷脂（磷脂酰甘油和心磷脂）含量显著

正相关。

在第3章中，我们采用高通量的gTME方法先后对多效转录调控因子

CodY和CcpA进行随机诱变，以获取目标蛋白高表达的表型。然后，通

过黑白斑筛选的方法，快速有效地分离出靶蛋白—β-半乳糖苷酶的产

量大幅增强的突变体。在筛选出的最佳表型CodYR214CCcpAT19S中，调控

蛋白CodY和CcpA上负责与DNA相结合的HTH结构域内分别有一个氨基酸

被替换，相对于野生型对照，其β-半乳糖苷酶的表达水平提高至290

％。在此研究中，我们精心设计的异源蛋白表达的增强策略，能将代谢

通路优化的范围扩大至全细胞水平，即使没有对代谢网络的完整掌握，

也可以直接有效地实现菌种改良。除β-半乳糖苷酶之外，其他重组蛋

白（包括绿色荧光蛋白，木聚糖酶和肽酶）也能够在CodYR214CCcpAT19S中

显著地得到更好地表达。由于不同蛋白质的过表达途径对胞内营养源具

有利用差异，因此不同的蛋白质在我们获得改良宿主中的表达增强程度

各异。
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在 第 4 章 中 ， 我 们 对 在 第 3 章 中 获 得 的 突 变 菌 株

CodYR214C，CcpAT19S，CodYR214CCcpAT19S进行了转录组分析（RNA-Seq）。此

外，通过凝胶电泳迁移率变动分析（EMSA）分别对两个调控蛋白突变

体进行DNA-蛋白结合亲和力的检测。实验表明，两个多效转录调控因

子的HTH结构域内的氨基酸突变改变了其对直接作用基因的整体结合特

异性， 进而重组了整个相对应的代谢网络的活动。具体是，碳代谢通

路被进一步抑制，而氮代谢的抑制作用则有明显的减弱，这两个通路

变化协调作用导致在全系统水平上的代谢迁移，从而增强了靶蛋白的

合成能力。此外，只有一小部分（约1/10）被调控基因表现出对突变

CodY和CcpA的显著响应，很可能是由于绝大多数目标基因的表达受制

于复杂的，多种形式的调控，以确保细胞内的活动维持在相对稳定的状

态。同时，细胞内必需的能量和元素的供应者—中心碳代谢网络，已

经在长期的自然进化过程中得到充分优化，其对于转录扰动的响应较

弱。相比之下，在第3章中已经证明，氮代谢网络仍然可以被进一步调

整以实现异源重组蛋白高水平合成。

在第5章中，我们证明GFP在同一宿主细胞中的合成能力是随时间

动态变化的，并且其在具有不同多效调控蛋白突变背景的菌株中荧

光强度也有很大不同。在群体水平上，携带CodYR214C的菌株在生长速

度和GFP表达方面显示出高度的相似性。与野生型CodY的表达宿主相

比，CodYR214C菌株尽管生长速度略慢，但具有更高的GFP总产量。我们最

初认为这是生长速度不同造成的结果，但在单细胞和亚群体水平的检

测推翻了这一推论，其证明总蛋白质产量与高表达群体的同质性相关。

尤其是在稳定生长末期阶段，源自于多效调控蛋白的表达异质性，也被

认为是在这个案例中的表型噪声，与我们评估的表达宿主中的总GFP产

量呈负相关。尽管我们仍未全面掌握GFP表达异质性的详细机制，本章

节仍然为重组蛋白的过表达研究展现了全新的视角，并为进一步增强枯

草芽孢杆菌作为细胞工厂的应用奠定基础。

我们如今能够通过组学分析的手段来获得细胞内部重要信息，而许

多系统的相关研究也大大增强了我们对枯草芽孢杆菌复杂的代谢和调控

网络的了解。同时，新开发的系统和合成生物学技术（如CRISPR-Cas9

和gTME）提供了前所未有的菌株改良手段。毫无疑问，我们目前仍处于

开发枯草芽孢杆菌成为更高水平表达更多种类的产物的高适应性菌株的

早期阶段。尽管如此，我们对复杂的胞内代谢调控网络的更加详尽的掌

握以及技术手段的巨大进步将有助于超级细胞工厂的成功构建。
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