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1 #!/usr/bin/perl

2 (my$d=q[AA GTCAGTTCCT

3 CGCTATGTA ACACACACCA

4 TTTGTGAGT ATGTAACATA

5 CTCGCTGGC TATGTCAGAC

6 AGATTGATC GATCGATAGA

7 ATGATAGATC GAACGAGTGA

8 TAGATAGAGT GATAGATAGA

9 GAGAGA GATAGAACGA

10 TC GATAGAGAGA

11 TAGATAGACA G

12 ATCGAGAGAC AGATA

13 GAACGACAGA TAGATAGAT

14 TGAGTGATAG ACTGAGAGAT

15 AGATAGATTG ATAGATAGAT

16 AGATAGATAG ACTGATAGAT

17 AGAGTGATAG ATAGAATGAG

18 AGATAGACAG ACAGACAGAT

19 AGATAGACAG AGAGACAGAT

20 TGATAGATAG ATAGATAGAT

21 TGATAGATAG AATGATAGAT

22 AGATTGAGTG ACAGATCGAT

23 AGAACCTTTCT CAGTAACAGT

24 CTTTCTCGC TGGCTTGCTT

25 TCTAA CAACCTTACT

26 G ACTGCCTTTC

27 TGAGATAGAT CGA

28 TAGATAGATA GACAGAC

29 AGATAGATAG ATAGAATGAC

30 AGACAGAGAG ACAGAATGAT

31 CGAGAGACAG ATAGATAGAT

32 AGAATGATAG ACAGATAGAC

33 AGATAGATAG ACAGACAGAT

34 AGACAGACTG ATAGATAGAT

35 AGATAGATAG AATGACAGAT

36 CGATTGAATG ACAGATAGAT

37 CGACAGATAG ATAGACAGAT

38 AGAGTGATAG ATTGATCGAC

39 TGATTGATAG ACTGATTGAT

40 AGACAGATAG AGTGACAGAT

41 CGACAGA TAGATAGATA

42 GATA GATAGATAG

43 ATAGACAGA G

44 AGATAGATAG ACA

45 GTCGCAAGTTC GCTCACA

46 ])=~s/\s+//g;%a=map{chr $_=>$i++}65,84,67,

47 71;$p=join$;,keys%a;while($d=~/([$p]{4})/g

48 ){next if$j++%96>=16;$c=0;for$d(0..3){$c+=

49 $a{substr($1,$d,1)}*(4**$d)}$perl.=chr $c}

50 eval $perl;

Source: stackoverflow.com





Z U S A M M E N FA S S U N G

Bakterien sind ein integraler Bestandteil der modernen Biotech-
nologie. Sie werden zur Herstellung verschiedenster Produkte
verwendet, von Lebensmitteln über Medikamente sowie einer
Vielzahl von Chemikalien. Zur Erhöhung ihrer Produktionsra-
ten bietet die molekulare Biotechnologie viele Stellschrauben.
Diese bestehen in der Auswahl eines möglichen Wirts bis hin
zur geno- und phänotypischen Charakterisierung gefolgt von
genetischen Manipulationen zur Optimierung des Stoffwech-
sels und der Stabilität in Produktionsprozessen. Diese Arbeit
umfaßt die Optimierung von Bacillus subtilis als Expressionssy-
stem. Es werden die Schritte zur Auswahl und genomischen
Charakterisierung des B. subtilis Wildtyp-Stamm ATCC 6051,
die nachfolgenden Optimierungen in Bezug auf Wachstum und
Produktivität sowie eine Charakterisierung des Wirts unter
Fed-Batch-Bedingungen im industriellen Maßstab beschrieben.

Der in den meisten Laboren der Welt verwendete B. subti-
lis Stamm ist der erste sequenzierte Gram-positive Organismus
B. subtilis 168

1. Zeigler et al.2 zeigten, dass Stamm 168 kein
echter Wildtyp ist, sondern ein durch Zufalls-Mutagenese mit
Röntgenstrahlen verändertes Bakterium, welches auf eine er-
höhte Transformierbarkeit hin selektiert wurde. Dieser Stamm
bildet auch die Grundlage für populäre B. subtilis Stämme, wie
zum Beispiel die protease defizienten WB-Stämme3, welche in
der heterologen Genexpression und Produktion Verwendung
finden. Wachstumsexperimente zeigten ein besseres Wachstum
des Wildtyp Stamms ATCC 6051 gegenüber seinem mutierten
Nachfahren B. subtilis 168, so dass der Stamm ATCC 6051 ei-
ne gute Alternative für die Konstruktion eines optimierten B.
subtilis Expressionssystems darstellt. Um ein möglichst lücken-
loses Verständnis und eine solide Basis für die Konstruktion
eines Expressions Stamms zu erhalten, wurde B. subtilis ATCC
6051 sequenziert und mit dem Genom des bereits sehr gut cha-
rakterisierten B. subtilis 168 hinsichtlich der Unterschiede auf
genotypischer und phänotypischer Ebene untersucht. Es konn-
ten eine Reihe von Abweichungen in Bezug auf die natürli-
che Kompetenz, auf den Stoffwechsel der Aminosäuren und
die Chemotaxis festgestellt werden. Mit dem B. subtilis ATCC
6051 als Ausgangs Stamm wurden Optimierungen durch die
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Inaktivierung der Sporulation sowie einer Reduktion der Au-
tolyse durchgeführt. Die Inaktivierung der entsprechenden Ge-
ne führte zu einem robusteren Verhalten während der Über-
produktion und Sekretion eines Reporterenzyms. Eine positive
Wirkung auf die Aktivität eines Acetoin induzierten Promotors
konnte durch die Integration zusätzlicher Kopien seiner Tran-
skriptionsfaktoren SigmaL und AcoR beobachtet werden (siehe
Paper I).

Sauerstoffmangel und Zonen mit einem Überschuss an Glu-
kose aufgrund unzureichender Durchmischung führen zu os-
zillierenden Bedingungen in industriellen Bioprozessen. Diese
Bedingungen führen zur Exkretion von so genannten Überlauf-
Metaboliten (overflow metabolites), die sich negativ auf die
Produktivität auswirken können. Auf Grund der hohen Ko-
sten und dem Umfang der involvierten Logistik gibt es bis-
lang kaum wissenschaftliche Untersuchungen von Bioprozes-
sen im industriellen Maßstab. Daher wurde eine B. subtilis
Sporulations-Mutante auf ihre extra-und intrazellulären Meta-
bolite während einer Kultivierung in einem maßstabsverklei-
nerten Bio-Reaktor untersucht (siehe Paper III).

Damit entstehende Überlauf-Metabolite von B. subtilis besser
toleriert und verwendet werden können, wurde der Glyoxylat-
zyklus aus seinem nahen Verwandten Bacillus licheniformis in
das Genom von B. subtilis transferiert. Dadurch konnte die-
se B. subtilis ACE Mutante mit Azetat als C-Quelle wachsen.
Der verbesserte Stamm zeigt im Vergleich zum Wildtyp eine
höhere Toleranz gegenüber überschüssiger Glukose in einem
Fed-Batch und eine erhöhte Produktivität bei der Expression
eines Reporter-Enzyms. Für den ACE-Stamm und B. lichenifor-
mis konnte ein Anstieg von Glykolat während des Wachstums
mit dem Glyoxylatzyklus festgestellt werden. Dieser für Bakte-
rien bisher kaum beschriebene Metabolit könnte eine wichtige
Rolle als Zwischenprodukt des Glyoxylatzyklus darstellen (sie-
he Paper II).

Zusammenfassend behandelt diese Arbeit die Charakterisie-
rung und Optimierung von B. subtilis für das Wachstum auf
Überlauf-Metaboliten, die Erhöhung der Expression durch das
acoA-Expressionssystem und den Einfluss einer Sporulations-
und Lysemutante auf dessen Aktivität. Komplementiert wird
dieses optimierte Expressionssystem durch die Untersuchung
des Effekts von Kultivierungen im industriellen Maßstab auf
den Stoffwechsel von B. subtilis anhand eines „scale-down“ Ex-
periments.
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S U M M A RY

Bacteria are an integral part of modern biotechnology. They
are used to make a variety of products, such as foods, drugs,
as well as a multitude of chemicals. In order to increase their
production rates molecular biotechnology offers many tuning
points, starting from the selection of an applicable host, over its
geno- and phenotypical characterization, followed by genetic
manipulations for an optimized metabolism and stabilisation
of production processes.

This work comprises the optimization of Bacillus subtilis as
an expression system. It describes the steps taken for selec-
tion and genomic characterization of the B. subtilis wild type
strain ATCC 6051, the subsequent optimizations of the strain in
respect to growth and productivity, as well as the characteriza-
tion of its behaviour in a variety of cultivation conditions.

The B. subtilis strain most commonly found in laboratories
around the world is the first sequenced Gram-positive organ-
ism B. subtilis 168

1. Zeigler et al. showed that strain 168 is
not a real wild type2. Instead it was created through random
mutagenesis with X-rays and selected for transformability. This
strain has been used as the basis for popular B. subtilis strains
in heterologous gene expression such as the extracellular pro-
tease deficient WB strains3. Growth experiments showed the
real wild type strain ATCC 6051 to be superior to its mutated
ancestor 168, making it a solid basis for the construction of
an optimized B. subtilis expression system. In order to gain a
full understanding of the genomic and corresponding physio-
logical differences between the two systems, B. subtilis ATCC
6051 was sequenced and compared to the genome of B. subtilis
168. Several variations on geno- and phenotypic level could
be revealed, that resulted in particular from genes involved in
natural competency, the metabolism of amino acids and chemo-
taxis. This genomically well characterized B. subtilis ATCC 6051

was improved in respect to its application as an expression host.
Improvements were achieved through the inactivation of both
sporulation and reduction of autolysis, leading to a more ro-
bust behaviour during the overproduction and secretion of a
reporter enzyme. A positive effect on the activity of an ace-
toin induced promoter by the addition of second copies for its

ix



transcription factors SigmaL and AcoR could be observed (see
Paper I).

Anaerobic zones and areas with excess glucose caused by
insufficient mixing are common conditions in large scale bio-
processes and lead to oscillating conditions for the cells. In
turn, this oscillation provokes an excretion of so called overflow
metabolites, which can negatively affect the bacterial productiv-
ity. Detailed scientific characterizations of industrial scale pro-
cesses under such oscillating conditions are scarce due to the
high costs and logistics involved. A B. subtilis sporulation mu-
tant was thus examined in respect to its extra- and intracellular
metabolites in a scale-down, two-compartment reactor (see Pa-
per III) giving hints about conditions the host is exposed to and
how it reacts.

To improve tolerance thresholds and utilization capacity for
such metabolites in B. subtilis, the glyoxylate cycle was trans-
ferred from its close relative Bacillus licheniformis into the ge-
nome of B. subtilis. This feature enabled our B. subtilis ACE mu-
tant to grow on acetate. The improved strain showed higher tol-
erance towards excess glucose in a fed-batch as well as higher
productivity during the expression of a reporter enzyme in
comparison to the wild type (see Paper II). The ACE strain and
B. licheniformis showed an increased formation of glycolate dur-
ing growth with the glyoxylate cycle. This with regard to bacte-
ria undescribed metabolite seems to play a role as a by-product
of the glyoxylate cycle.

Summarizing, this thesis deals with the characterization and
optimization of B. subtilis for growth on overflow metabolites,
enhancements of the acoA-expression system and the influence
of sporulation and lysis mutants on its activity. Complemen-
tary, the host was begun to be characterized in respect to its
behaviour in industrial scale processes.
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1
I N T R O D U C T I O N

1.1 introduction to bacterial biotechnology

The term biotechnology refers to any technological application that
uses biological systems, living organisms, or derivatives thereof, to

make or modify products or processes for a specific use. ∗

Bacteria are ubiquitous and contribute to more of the earth
biomass than all other domains of live combined4. They habi-
tate all ecological niches on earth ranging from the deep sea5

to the upper atmosphere6, from the ice7 to volcanoes8 and are
essential for human survival. Each human harbours a climax
population of 1014 bacteria which are vital as a defense against
pathogens and for nutrition9,10. Bacterial biotechnology taps
into the abilities bacteria have developed in order to gain above
described ubiquity. It is multifaceted and has a very long his-
tory.

The first described applications of bacteria made use of their
ability to ferment foods. The earliest such record is about the
production of vinegar dating back to the Babylonians (≈5000

B.C.)11. The advent of bacteria as large scale producers be-
gan in the 20th century with the production of acetone and
n-butanol through Clostridium acetobutylicum which where uti-
lized as ammunition components for World War I12 and the
industrial production of glutamic acid through Corynebacterium
glutamicum13.

The dawn of molecular biotechnology began with the discov-
ery of plasmids, self-replicating, extra-chromosomal DNA that
contains additional genes that pose a benefit but are not es-
sential for the cell. Together with the use of endonucleases as
molecular scissors14 and ligases as glue genetic information15

could easily be reassembled. In 1972/73 Stanley Cohen and
Francis Boyer were the first to describe such an in vitro recom-
bination of DNA16. This marked the beginning of recombinant
DNA technologies by enabling the transfer and expression of
genes from one organism to different hosts and contexts. The

∗ UN Convention on Biological Diversity. http://bch.cbd.int/protocol/

cpb_faq.shtml

1

http://bch.cbd.int/protocol/cpb_faq.shtml
http://bch.cbd.int/protocol/cpb_faq.shtml


2 introduction

invention of the polymerase chain reaction by Kary Mullis17

empowered scientists to exponentially amplify specific DNA
sequences from a template DNA making it possible to transfer
and manipulate any genetic information in a straight forward
in vitro manner.

Another major disruptive technology was the development
of first and second generation genome sequencers. From the
finishing of the first genome projects in 1995 untill today over
22000 genomes have been sequenced †, forming a huge reser-
voir for the discovery of new enzymes and pathways for sec-
ondary metabolite synthesis. Together with current develop-
ments and constantly declining of costs for DNA synthesis this
genetic information is being applied to create artifical genes18,
pathways19 and even organisms20.

Using bacteria offers, besides an economical advantage, more
sustainable processes. Applying bacteria in ore leaching for
example helps to reduce the usage of toxic cyanide21. The
application of enzymes in detergents produced by and origi-
nating from bacteria helps to improve water quality by replac-
ing chemicals and preserve energy by enabling lower washing
temperatures22. Nutritional supplements, such as DHA (do-
cosahexaenoic acid), a valuable fatty acid normaly only avail-
able through consumption of fish, can be obtained in a more
sustainable manner through Moritella marina23,10. Last but not
least, the central "metabolite" of modern industry, oil, is run-
ning scarce and the effects of burning fossil fuels become ap-
parent. Industrial biotechnology, also referred to as white bio-
technology, is aimed at providing bio-based alternatives to fos-
sil oil24 and its products. Bacterial processes have been and
are being developed to replace gasoline with bio-fuels such as
butanol25 or alkanes26, plastic with biopolymers such as poly-
lactate27 and important platform chemicals such as succinate28

and 2.3-butanediol29. More applications and common products
produced by means of bacteria are summarized in Table 1.

Beyond white biotechnology, there is the so called blue bio-
technology comprising marine and aquatic applications, the
plant-dominated green biotechnology and applications for med-
ical processes termed red biotechnology. In each of these areas
bacteria offer some advantages over eukaryotes, such as yeast
or mammal cell lines as production systems. They are often
characterized by shorter generation times, lower demands on

† GOLD - Genomes Online Database. http://www.genomesonline.org/

cgi-bin/GOLD/index.cgi?page_requested=Statistics

http://www.genomesonline.org/cgi-bin/GOLD/index.cgi?page_requested=Statistics
http://www.genomesonline.org/cgi-bin/GOLD/index.cgi?page_requested=Statistics
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application example ref .

Biosensors detection of heavy metals 30

detection of plant viruses 31

detection of phenols 32

Detergents washing enzymes 22

Platform chemicals succinate 28

2.3-butanediol 29

poly-lactate 27

Fuels bioethanol 33

biodiesel 34

butanol 25

Health & Diagnostica cancer therapy 35,36

stroke & heart attack (tPA,
Streptokinase) 37,38

growth factors (EPO, GM-CSF) 39,40

insulin 41

Mining leaching of gold 21

uranium from ore 42

Nutrition rennet for cheese production 43

vinegar 44

enzymes for baking 45,46

Vitamines B2, B12, K, folate 47

nutritional supplements 10

Table 1: Applications and products of bacteria. tPA: tissue plasminogen acti-
vator; GM-CSF: granulocyte macrophage colony-stimulating factor; EPO: erythro-
poietin.
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culturing meadia and they often are readily amenable to gene-
tic manipulation. Disadvantageous, especially for some med-
ical proteins, is the bacteria’s inability to mimic certain post-
translational modifications such as glycolisations.

Especially E. coli has become by far the most applied host for
recombinant expression in the scientific community and as well
a predominant host in industrial applications. This is mainly
due to its rapid growth with a doubling time of only 20 min-
utes under optimal culturing conditions (a single E. coli cell
with a hypothetical, unlimited growth would reach the mass
of the earth in ≈ 49 hours, see Section A.2), the high transfor-
mation efficiency and last, but of capital importance, the vast
amount of research that has been carried out. E. coli expression
systems have been optimized for a multitude of applications. A
selection of such as well as other optimized bacterial expression
systems can be found in Table 2. Many of the optimizations of
E. coli as an expression host were born out of the limitations the
wild type poses and might be avoided by choosing an alterna-
tive expression host. The formation of inclusion bodies, aggre-
gates of misfolded proteins, might be avoided by expression
and secretion with B. subtilis48. Same holds true for proteins
which need to form disulfide bonds for a correct folding. The
reducing, extracellular environment would favour such forma-
tion49.

An emerging field in discovery of new enzymes, and thus
new targets for bacterial production, is currently fuelled by
functional metagenomics. Metagenomics is the study of me-
tagenomes, genetic material recovered directly from environ-
mental samples, enabling the discovery of genes missed by
cultivation-based methods50. The functional screening of meta-
genomic DNA libraries is currently dominated by E. coli51. This
leads to a strong bias, resulting from E. colis specific codon us-
age, narrow cultivation conditions and its metabolism that act
as a filter allowing only compatible proteins and metabolites to
coexist. This stresses the need for a broader range of optimized
expression hosts in order to fully exploit the possibilities nature
has to offer.
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organism strain feature ref .
plasmid

B. megaterium MS942* secretion & T7 system 52,53

B. subtilis WB* protease deficiency 54

pBE-S* SP screening 55

pHT* IPTG induction 56

pMSE4 optimized host 57,58

MBG874 reduced genome 59

LIKE reduced genome &
fast & strong induction 60

SCK6 increased competence 61

PT5 T7 system &
protease deficiency 62

BS5055 optimized, heterologous
cry promoter 63

pMK4 secretion with
heterologous SP 64

φ105 heat induced 65

B. halodurans BhFDL05S type III secretion 66

Caulobacter PurePro* secretion and
crescentus surface display 67,68

Corynebacterium pCLTON1 tetracyclin induced ?

glutamicum
E. coli BL21(DE3)* T7 system ?

Arctic low temperature TM

Express* expression
pLysS* toxic proteins ?

Rosetta* additional codons TM

Origami* enhanced folding
through chapperoines TM

Thermus pCT3FK hyperthermophile
thermophilus library screening 69

Lactococcus NZ9700*& membrane proteins
lactis pNIS* 70

Transposon TN7 broad host range
system 71

Table 2: Selection of bacterial expression systems. *commercially
available. T7: strong, phage derived promoter; TM: Trademark SP: signal pep-
tides.
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1.1.1 Bacillus subtilis in Biotechnology

Bacillus subtilis has a long standing tradition in biotechnology
with its first documented application dating back to 1334 for
the fermentation of soya beans to natto, a japanese rice dish,
which is considered health-enhancing72. It was first named as
Vibrio subtilis by Christian Gottfried Ehrenberg in 1835

73 and
in 1872 renamed by Ferdinand Cohn74 to Bacillus subtilis. In
1958 John Spizizen75 reported the successful transformation of
B. subtilis strain 168 with DNA, enabling future researchers to
manipulate the genome of B. subtilis through the organisms nat-
ural competency to take up DNA and incorporate it into its ge-
nome. In 1997 another important milestone was the publishing
of the complete genome sequence by Kunst et al.1 enabling the
scientific community and industrial researchers to start with
the functional analysis on a genome scale.

The characterization of B. subtilis continues to reach new
heights with large parts of the proteome having been identi-
fied76 and many transcriptome studies including the identifi-
cation of genome wide, complex antisense-RNA regulations77

yielding notable results. This continued understanding of B.
subtilis physiology helps in the creation of more sophisticated
applications of B. subtilis as an industrial production host. To-
day Bacillus subtilis is the best studied Gram positive organism
and the model organism for sporulation, a very simple form of
cell differentiation78.

The main industrial application of B. subtilis and its relatives
remains production of hydrolytic enzymes such as lipases and
proteolytic enzymes used in detergents, dairy and leather in-
dustries, as well as carbohydrases used in baking, brewing, dis-
tilling and textile industries.

Another important application of B. subtilis arises from its
ability to secrete proteins into its surroundings, greatly reduc-
ing costly downstream processing, which for non-secreted prod-
ucts usually includes a cell disruption process and a subsequent
separation of larger amounts of cell debris and undesired prod-
ucts from the target protein79. The majority of proteins are
secreted via the so called Sec-pathway named after the genes
involved in translocation (secABYEGDF). The N-terminus of
the nascent polypeptide comprises a signal peptide, which is
bound by the signal recognition particle that transfers the un-
folded polypeptide to a translocase complex. The signal pep-
tide can be combined with heterologous genes which in turn
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can be secreted80. This procedure is routinely applied to het-
erologously produce and secrete foreign proteins through B.
subtilis . It has to be noted that the efficiency of this heterol-
ogous secretion varies greatly. Recent studies suggest that the
combination of signal peptide and protein have to be balanced
in a yet undetermined manner. Two approaches to circumvent
inefficient secretion have been developed. Brockmeier et al.55

created a library of all signal peptides of B. subtilis. Genes
of interest can be fused to this library and screened for ef-
ficient secretion. The second method developed by Caspers
and Brockmeier81 involves a saturation mutagenesis of the N-
terminus of the amyE signal peptide sequence that already is
fused to the gene of interest. The second pathway, named Tat,
has not yet been applied in for secretion of heterologous pro-
teins. A third method for the secretion of heterolgous products
has been demonstrated for E. coli which employs the secretion
channels specific for flagellin monomers82. This technique has
been transferred to B. halodurans, but only on the level of short
therapeutic peptides66.

Gram-positive bacteria differ from Gram-negative bacteria in
the structure of their hull composition. Gram-positive organ-
isms have a single lipid bi-layer membrane followed by a thick
peptidoglycan layer, responsible for the Gram staining, that acts
as a cell-wall enclosing their cytoplasm. Gram-negative bacteria
have a phospholipid-membrane followed by a perisplasmatic
space with a thin peptidoglycan layer and a secondary mem-
brane called the outer membrane which besides phospholipids
consists of lipopolysacharids (LPS). These LPS can lead to a im-
munological reaction of mammals to products made with the
Gram-negative E. coli, making additional purification steps nec-
essary. Products made with B. subtilis have a complete lack
of toxic by-products making it an especially interesting host
for the red biotechnology as recognized by regulation agencies
world wide. Non-toxogenic and non-pathogenic strains of B.
subtilis and some of their natural products are generally rec-
ognized as save (GRAS) in food applications by the Food and
Drug Administration (FDA)‡ of the United States of America.
Same hold true for the European Food Safety Authority (EFSA)
which has granted B. subtilis Qualified Presumption of Safety
(QPS) status83. A selection of applications and products pro-
duced by B. subtilis is compiled in Table 3.

‡ FDA: http://www.fda.gov/Food/FoodIngredientsPackaging/ucm078956.

htm

http://www.fda.gov/Food/FoodIngredientsPackaging/ucm078956.htm
http://www.fda.gov/Food/FoodIngredientsPackaging/ucm078956.htm
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organism whole cells/spores ref .

B. subtilis probiotic in fish/shrimp farming 84,85

probiotic for human use 86

bioremidation 87

waste water treatment 88

immunization with
peptide presenting spores 89

antogonist to plant pathogens 90

organism homologous products ref .

B. subtilis antibiotics (difficidin
and oxydifficidin,bacitracin,
bacillin and bacillomycin B) 91

nattokinase 92

riboflavin 93

lipase A 94

α-amylases 95,96

organism heterologous products ref .

B. subtilis α-Amylase 97

β-lactamase 80

hIFN-α2
98

hIFN-β 99

hEGF 100

mIFN-β 101

staphylokinase 102

proinsulin 103

bacitracin 104

streptavidin 3

SCA 54

thioredoxin 105

luciferase 106

hyaluronan acid 107,108

Table 3: Products and applications of Bacillus subtilis. hIFN: human inter-
feron; hEGF: human epidermal growth factor; SCA: single chain antibody; mIFN:
mouse interferon.
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O P T I M I Z AT I O N O F B A C I L L U S S U B T I L I S A S A N
E X P R E S S I O N S Y S T E M

Expression system (Science: molecular biology): combination of an
expression vector, its cloned DNA, and the host for the vector that

provide a context to allow foreign gene function in a host cell, that is,
produce proteins at a high level.∗

The successful production of a heterologus protein depends
on a variety of factors and can be achieved with different ap-
proaches in different prokaryotic hosts. The scope of this work
was to optimize the Gram-positive host Bacillus subtilis in re-
spect to its capability to be efficiently applied as an expression
host. This includes the published results dealing with the se-
quencing and genomic characterization of Bacillus subtilis ATCC
6051 and the optimization in respect to reduced lysis and sup-
pressed sporulation (see Paper I), the metabolic engineering of
the host to grow on overflow metabolites (see Paper II) and the
characterization of B. subtilis in a scale-down experiment with
a two-compartment reactor (see Paper III).

2.1 sequencing of the wild type strain B. subtilis
atcc 6051

The type culture collection strain B. subtilis ATCC 6051 exhib-
ited higher cell densities in comparison to strain 168 (see Fig-
ure 1 a) when grown in complex media. Due to this favourable
feature the genome of B. subtilis ATCC 6051 was sequenced
with 454-pyrosequencing in order to have a well characterized
basis for strain development. The resulting reads were mapped
against the B. subtilis 168 genome as a reference and analysed
for sequence variations. Additionally the phylogenetic relation
to other B. subtilis strains was determined by comparing aver-
age nucleotide identities and the occurrence of tetranucleotides
as described by Richter and Rosselló-Móra109.

During the evaluation of the sequence data, Zeigler et al.2

published their research into the origin of B. subtilis strains
that supported our phylogenetic findings. In contrast to 16S

∗ http://www.biology-online.org/dictionary/Expression_system

9
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Figure 1: Differences in the phenotypes of B. subtilis ATCC 6051 and
168

rRNA and ITS analysis which are fast approaches for phylo-
genetic classification between species, the described genome
based methods allowed for a differentiation on strain level us-
ing the average nucleotide identity (ANI). Additionally Tetranu-
cleotide usage patterns yielded insights into a common her-
itage. All strains originating from ATCC 6051 strain received
a TETRA value of one, while strains from a different lineage
received a value below one (compare Figure 2 and Table 4).

The sequence comparison between strain 168 and ATCC 6051

was able to complement some of the observed phenotypes. The
lower competency of strain 6051 can be ascribed to a frameshift
in the ComP sensor kinase that is involved in the activation
of natural competency of B. subtilis . A single frameshift in the
swrAA gen leads to the disability of B. subtilis 168 to swarm (see
Figure 1 b). The favourable growth properties of strain ATCC
6051 in media with amino acids and peptide mixtures such as
soy peptone can not be appointed to a single genomic location.
Several genes for utilisation and formation of amino acids are
functional in contrast to strain 168, namely trpC, gudB and ymfK.
Additionally the tuaABCDE operon, that enables B. subtilis to
utilize its cell wall as a phosphate reservoir110, is intact in strain
ATCC 6051. All these features are advantageous characteristics
for a production host.
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Figure 2: The origins of B. subtilis legacy strains. Abridged version of
figure by Zeigler et al2

The sequence deviation observed with the ANIM analysis
(see Table 4) between the supposedly identical strains NCIB
3610 and ATCC 6051

111 exemplifies the deviation of genomes
over a short time, the newly sequenced strain was thus named
ATCC 6051HGW to differentiate it from the original ATCC 6051

deposit from 1930. The sequence is available under the acces-
sion number CP003329.

2.2 sporulation and lysis

Sporulation in B. subtilis is a simple form of cell differentiation.
Spore formation is triggered by nutrition limitation resulting
in an asymmetric division to a mother cell and a forespore.
The chromosome structure is remodelled to a doughnut like
shape that makes it highly resistant to radiation and in a final,
phagocytosis-like step, the mother cell engulfs the spore, a pro-
tein enriched cell wall is formed and the spore released through
lysis of the mother cell. Spores are metabolically inactive, inert
to many chemicals and detergents and can persist for many
years until germination and a normal, symmetrical cell divi-
sion. Germination of spores is triggered by nutrients, as well
as by nonmetabolizable chemicals112 or pressure113. Spores are
mostly undesired in a industrial environment. Completely re-
moving spores from the complex machinery used for produc-
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strain anim tetra

B. subtilis subsp. subtilis 6051HGW 100 1.0
B. subtilis subsp. subtilis 168 99.98 1.0
B. subtilis subsp. subtilis NCIB 3610 99.98 1.0
B. subtilis subsp. subtilis SMY 99.96 1.0
B. subtilis BSn5 98.78 0.9993

B. subtilis subsp. spizizenii TU-B-10 92.95 0.9987

B. subtilis subsp. spizizenii W23 92.56 0.9987

Table 4: Pairwise alignment of genome stretches with JSpecies. Re-
sults show the percent identity of each genome to B. sub-
tilis strain ATCC 6051HGW by means of average nucleotide
identity (ANI) based on MUMmer (ANIM) as well tetranu-
cleotide (TETRA) usage patterns.

tion is very cumbersome and expensive114. Furthermore due to
inhomogeneities in mixing during large scale processes, sporu-
lation could reduce the amount of actively producing cells due
to short retention times in nutrient depleted zones. Last but
not least production strains are a valuable part of the intellec-
tual property of a company and thus of high value. The highly
stable spores could be a vessel in which this valuable knowl-
edge could be leaked or stolen.

One feature of our optimized B. subtilis strain therefore was
to eliminate its ability to sporulate. This had to be achieved in
a manner that neither has negative effects on the cells produc-
tivity or stability nor could patents limit a commercial applica-
tion. Figure 3 summarizes the cells transcription relay leading
to sporulation overlayed with the patent and research situation.

In this sporulation relay, Spo0A has a role as a central switch
to decide whether to differentiate or not and therefore would be
the prime candidate for the incativation of sporulation. How-
ever, besides the unfavourable patent situation, Spo0A mutants
show undesirable characteristics such as increased lysis116. We
therefore chose to examine the effect of a SpoIIGA mutant. This
membrane-associated protease is responsible for the matura-
tion of the early sporulation factor SigmaE. An insertional mu-
tation showed the desired effect of asporogenic cells without
any notable disadvantages in respect to growth or expression.

Using a well described strain as an expression host harbours
many benefits. The over 60 years of research on B. subtilis al-
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low for targeted optimizations with predictable effects. It has
been shown that deficiency of extracellular proteases is a pre-
requisite for efficient production and secretion of heterologous
proteins in B. subtilis117,3,66. These mutants however exhibit an
increased cell autolysis. For B. subtilis, this can be explained
by the role of the extracellular proteases in the turnover of the
involved lysis factors116. If the proteases are removed, lysis fac-
tors accumulate and cells are prone to increased lysis. Another
optimization of B. subtilis was therefore to reduce its autolyses.
This was achieved through an insertional knock-out of the ma-

http://www.freepatentsonline.com
http://www.freepatentsonline.com
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Figure 4: Lysis assay of lytC mutants. Lysis was induced through
the addition of NaN3. The degree of lyses in the assay was
determined by OD-measurements. Test tubes show the wild
type and the lytC mutant after prolonged cultivation.

jor autolysin LytC which resulted in the measurable reduction
of lysis. When incubated with sodium azide following the pro-
cedure suggested by Blackman et al.118, the mutant lyses con-
siderably less (see Figure 4). In addition this optimization lead
to an increase during expression of a recombinant α-amylase.
Stress through overexpression causes B. subtilis to induce the
transcription factor sigD, which in turn is the sigma factor re-
sponsible for the expression of the lytABC operon119. It was
shown that a sigD mutant results in higher product formation.
Our results thus indicate that the reduction of autolyses is ulti-
mately responsible for this effect.
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2.3 fermentation and overflow metabolism of B.
subtilis

Three different modes of energy generation are currently known
for B. subtilis :

1. Aerobic respiration with exogenous oxygen
as the terminal electron acceptor

2. Anerobic respiration with exogenous nitrate
as the terminal electron acceptor

3. Fermentation using endogenous, organic
compounds as terminal electron acceptors

While the first two processes generate energy through the
different redox potential between the electron donor (mainly
NADH) and acceptor, which is used to create a proton gradient
that drives ATPases, fermentation solely generates energy on a
substrate level, by bond cleavage or oxidation which is directly
coupled to ATP formation120.

The key purpose of the fermentative metabolism is the re-
generation of NADH produced during glycolysis, through the
oxidation to NAD+. B. subtilis forms five different mixed acid
fermentation products: lactate, ethanol, acetoin, butanediol and
acetate121,122. NAD+ is mainly regenerated through the for-
mation of lactate121, while the two step formation of acetate
yields energy through ATP formation. Acetoin does not yield
energy nor does it regenerate NAD+ until it is further reduced
to 2.3-butanediol123. In vivo NMR measurements of B. subtilis
during fermentation showed only a small degree of ethanol for-
mation122.

Aerobic carbon overflow metabolism has a similar scope as
fermentation, the reoxidation of NADH to NAD+ and addition-
ally the recycling of coenzyme A (CoA). Overflow metabolism
occurs when cells are exposed to an excess of glucose which
exceeds its anabolic capacity and results in a decoupling of an-
abolism and catabolism. The central regulatory protein of these
processes is the catabolite control protein A (CcpA) which is
modulated in its activity by the histidine protein (HPr). HPr
is phosphorylated in the presence of preferred carbon sources
and now able to bind and activate CcpA. This results in the reg-
ulation of around 300 genes, including the induction of genes
involved in overflow metabolism124. The citric acid cycle for
example is inhibited through the repression of its first enzyme,
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Figure 5: The acetoin metabolism of B. subtilis and its regulators.
IlvB, AlsS: acetolactate synthases 130;AlsD: α-acetolactate decarboxylase 130;AlsR:
transcriptional regulator 130;Rex: Redox-sensing transcriptional repressor.* Under
anaerobic conditions and the presence of nitrate 132; Fnr: Anaerobic regulatory
protein 132;CcpA: ;DAR: diacetyl reductase (only present in B. subtilis TU-B-10);
BdhA: acetoin/butanediol dehydrogenase;AbrB: transcriptional regulator of tran-
sition state genes 133; AcoABCL: acetoin dehydrogenase complex.

the citrate synthase (citZ), by the CcpA-HPr complex as well
as NADH, ATP and acetyl-CoA125,126,127. While CcpA-HPr sig-
nals the availability of an energy rich, preferred carbon source,
a high NADH level indicates the need for reoxidation and acetyl-
CoA recycling. This regulation is fine tuned by additional fac-
tors as exemplified by the regulation of the acetoin metabolism
in Figure 5 and Figure 6.

The typical overflow metabolites for B. subtilis are acetate dur-
ing exponential growth and acetoin and 2.3-butanediol during
late exponential stage128. The neutral acetoin as well as 2.3-
butanediol might play a a role in keeping the internal pH sta-
ble during stationary phase129,130. Additionally, the reduction
of acetoin to 2.3-butanediol allows for the oxidation of NADH
during fermentation.

Industrial processes should be designed to avoid overflow
metabolism since it leads to metabolic shifts towards less ef-
ficient pathways and a variety of energy spilling reactions128.
Alongside such designs, the usage of organisms able to cope
with overflow metabolites, especially acetate, such as the pop-
ular E. coli BL21 strain, should be applied. This strain and its
derivatives exhibit a highly active glyoxylate cycle131.
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2.4 optimization of B. subtilis for growth on over-
flow metabolites

B. subtilis is not able to grow on its overflow metabolites. These
are metabolized as acetyl-CoA via the citric acid cycle. Two de-
carboxylations are used to yield energy through the reduction
of NAD+ to NADH. This loss of two carbon atoms originating
from acetyl-CoA disable B. subtilis from performing gluconeo-
genesis to provide all metabolites necessary for growth.

The glyoxylate cycle is an anaplerotic variation of the citric
acid cycle. It prevents carbon loss by cleaving isocitrate into gly-
oxylate and succinate by mode of the isocitrate lyase, thereby
circumventing both decarboxylation steps. Glyoxylate and an-
other acetyl-CoA are joined to malate by the malate synthase,
the second enzyme of the glyoxylate cycle, refilling oxalacetate
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Figure 7: The citrate cycle and the glyoxylate cycle with its postulated
intermediate metabolite glycolate. Red colored genes are
only native to B. licheniformis and not to B. subtilis. glcDF:
glycolate oxidase; yvfV : Fe-S oxidoreductase, glycolate/lactate utilization protein;
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which is henceforth available for anabolic activities via the cit-
rate cycle or gluconeogenesis (Figure 7).

We characterized and transferred the aceBA operon encoding
the necessary enzymes from B. licheniformis (Paper II Figure 1

(A)) to the chromosome of B. subtilis. The resulting B. subtilis
ACE strain was able to grow on acetate, reaching significantly
(p − value = 2.344−06 at t=1555 min in Figure 8) higher cell
densities than the wild type. Due to catabolite repression (Fig-
ure 6), recombinant protein expression with a wild type acoA-
expression system was only possible during stationary phase.
The B. subtilis ACE strain in contrast is able to grow on acetate
while at the same time expressing a reporter enzyme under con-
trol of the acoA promoter. The continued supply of metabolites
through gluconeogenesis leads to a threefold higher productiv-
ity (Figure 8).

Analysis of the extracellular metabolome showed an increase
in glycoclate for the native carrier of the glyoxylate cycle B.
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licheniformis and our metabolically engineered B. subtilis ACE
strain (see Paper II Figure 3). No glycolate was detected in the
supernatant of the B. subtilis wild type. Glycolate and glyoxy-
late differ in a single residue. The highly reactive alcohol of the
glyoxylate is replaced by a less reactive aldehyde in glycolate. It
appears that glycolate is a less reactive, intermediate metabolite
of the glyoxylate cycle, helping to avoid an accumulation of the
toxic glyoxylate134. Aforementioned accumulation increased to
a much stronger degree in our recombinant B. subtilis as com-
pared to B. licheniformis. A reannotation and genomic compar-
ison of the two species showed an additional glyoxylate reduc-
tase encoded by B. licheniformis’ gyaR gene which could account
for this disparity.

In a fed-batch experiment the glyoxylate active strain B. sub-
tilis ACE reached a higher cell density in comparison to the
wild type strain. An artificial induction of a significant over-
flow metabolism by addition of excess glucose likely resulted in
a growth arrest of the wild type, while utilization of the glyoxy-
late cycle enabled B. subtilis ACE to exploit these metabolites
for reaching increased cell densities (see Figure 9).

The glyoxylate-enabled ACE strain shows many desirable
features such as the ability to grow with the low-cost carbon
source acetate, robust growth and an improved production of
a recombinant model protein. Especially interesting is the fact
that the transferred aceBA-operon seems to be self-contained in
its regulation. As shown in Paper II an induction of aceB can
be measured through mRNA transcript analysis with the onset
of acetate utilization in contrast to a constant expression one
would expect for an unregulated operon.

2.5 regulation and optimization of the acoABCL-
operon

Promoters function as molecular switches that promote the tran-
scription of a gene under specific conditions. These conditions
ought to be as defined as possible i.e. one should be able to
control the activity of this "switch".

The promoter of our B. subtilis expression system was de-
rived from the acoABCL operon57 (short: acoA promoter). This
operon encodes the enzymes necessary to re-utilize acetoin that
has been excreted during overflow metabolism (Section 2.3).
The operon is repressed by preferred carbon sources such as
glucose and activated only in the presence of acetoin. The pro-
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moter is recognized by SigmaL, which belongs to the sigma54-
class that only binds inefficiently to its target sequence and
thus needs an activator to initiate transcription. This role is as-
sumed by the activator protein AcoR. A detailed description of
the regulation and the involved factors is depicted in Figure 6.
This multifactor regulation allows for a tight repression during
growth on glucose and a strong induction during stationary
in the presence of the inducer acetoin. In order to further im-
prove the expression from the acoA promoter additional copies
of its transcription factors were intoduced to the chromosome
of B. subtilis ATCC 6051HGW. This resulted in higher produc-
tion rates of a reporter enzyme (α-amylase) under control of
the acoA promoter (see Paper I Figure 5).

2.6 characterization of B. subtilis in a scale-down

process

Industrial-scale bioreactors are insufficient in mixing incoming
feed solutions and in the supply of dissolved oxygen (DO).
Consequently, bacterial cells need to flexibly adapt to prevail-
ing conditions in the persisted zones135,136. For B. subtilis this
means the utilization of:

• aerobic respiration with oxygen in well mixed, aerated
zones

• fermentation in oxygen-depleted zones

• overflow metabolism at the feed inlet.

Despite being an important industrial host, the impacts of
such oscillating conditions on the physiology and metabolism
of B. subtilis are rare. Therefore, the above described B. subtilis
sporulation mutant strain was examined in a scale-down exper-
iment using a two-compartment reactor comprising a stirred
tank reactor (STR) and a plug flow reactor (PFR). The STR sec-
tion of this reactor resembles the well-mixed zones of a large
scale bio-reactor while the subsections of the PFR can be used
to simulate zones with suboptimal conditions? .

A focus was set on the dynamics of the main carbon
metabolism and amino acid pool. The use of a spoIIGA sporu-
lation mutant was of importance in order to avoid formation of
metabolically inactive subpopulations, which would have been
incompatible with the applied model. While constant glucose
limitation was maintained in the STR section, the PFR section
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was supplied with an initial excess glucose concentration of 0.4
g/l, resembling the situation at a feed inlet, which decreased
throughout the cultivation to 0.1 g/l. The PFR was fitted with
four ports along its length, that allowed measurements of DO,
pH and manual sampling. A scheme of the scale down reactor
can be found in Paper III Figure 1.

Only low changes of pH could be detected during the pro-
cess. Online DO measurements indicated low but never de-
pleted oxygen levels. These conditions are consistent with the
situation near the feeding point in industrial scale fed-batch
cultivations.

Analysis of extracellular metabolites revealed a strong forma-
tion of ethanol under aerobic, oscillating conditions, alongside
a minor formation of acetic and lactic acid, indicating the ex-
pected overflow metabolism in response to excess glucose. Ad-
ditionally the two amino acids valine and tryptophane were
found in the supernatant. It has yet to be determined if this is
caused by increased cell lysis or enhanced synthesis.

A stronger impact of the oscillating conditions was observed
for the intracellular measurements. Aspartate, asparagine and
glutamine concentrations diminished drastically during certain
process phases while arginine production was more than dou-
bled. The first two amino acids are both derived from the same
precursor oxalacetate which indicates a shortage of metabo-
lites available for the citric acid cycle. This finding is in ac-
cordance with the redirection of carbon flux towards ethanol
and to a smaller degree lactic acid possibly due to a repression
of citZ during overflow metabolism (see Section 2.3). An ex-
planation of the arginine accumulation might be the repression
of the glutamine synthetase (GlnA) in response to fluctuations
in nitrogen availability? and a consequent flux redirection of
L-glutamate towards arginine.

Application of the two-compartment reactor proved to be a
valuable approach to simulate the response of B. subtilis to ex-
cess glucose in a large-scale process. The observations support
the relevance of the B. subtilis ACE strain which might be able
to compensate some of the oscillating conditions by replenish-
ing oxalacetate through the glyoxylate cycle and making use of
excreted overflow metabolites.
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The article "Characterization and optimization of Ba-
cillus subtilis ATCC 6051 as an expression host" deals
with the application of genome sequencing and anal-
ysis to characterize a suitable expression host. Addi-
tionally, steps to increase expression rates and host
stability are presented.
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a  b  s  t  r  a  c  t

The  genome  sequence  of  Bacillus  subtilis  ATCC  6051  and  its  suitability  as  an  expression  host  for  recom-
binant  protein  production  was  determined.  The  comparison  of  this  undomesticated  wild  type with  the
widely  used  laboratory  strain  B. subtilis  168  reveals  a high  degree  of  congruency  between  the two  strains.
Differences  could  only  be detected  on the  level  of  point  mutations  or small  insertions.  B.  subtilis  ATCC  6051
shows  none  of  the  auxotrophies  known  for B.  subtilis  168  and  is  able  to  produce  polyketides.  It exhibits
better  use  of  complex  media  and  higher  genomic  stability  through  reduced  natural  competence.  Conse-
quently, B.  subtilis  ATCC  6051  was  genetically  modified  to yield  an optimized  strain  for  the production  of
heterologously  expressed  proteins  under  control  of an  acetoin-inducible  promoter.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Bacillus subtilis is one of the major workhorses of industrial
biotechnology. The GRAS status granted by the FDA makes it one of
few hosts that can provide products for human use or consumption
without a long and costly approval process. Its secretory capabili-
ties allow for an easy downstream processing of products.

The commonly used model and laboratory strain B. subtilis 168
was shown not be a real wild type (Zeigler et al., 2008), but was
created through random mutagenesis with X-rays and selected as
an organism that is auxotrophic for tryptophan and better trans-
formable. This strain has been used as the basis for the construction
of popular B. subtilis strains for heterologous gene expression such
as WB800 (Wu et al., 2002a).  B. subtilis 168 originates from the Mar-
burg strain, which was deposited as B. subtilis ATCC 6051 (1930) and
B. subtilis NCIB 3610 (1951), respectively (Zeigler et al., 2008).

In this study, we present the genomic characterization and opti-
mization of the undomesticated strain B. subtilis ATCC 6051, which
exhibits favorable growth properties as compared to the lab strain
168. In order to further enhance the capabilities of B. subtilis ATCC
6051 as an alternative expression host, we adapted this strain to

∗ Corresponding author at: Ernst-Moritz-Arndt University, Pharmaceutical
Biotechnology, Felix-Hausdorff-Straße 3, D-17487 Greifswald, Germany. Tel.: +49
3834 864212; fax: +49 3834 864238.

E-mail address: schweder@uni-greifswald.de (T. Schweder).

meet the requirements of a production strain. For this purpose, we
started to create lysis-reduced and asporogenic mutants without
antibiotic selection markers and developed a readily transformable
shuttle vector with purification tags and secretion signals. The
model expression system used in this study is based on the previ-
ously described acoA promoter (Silbersack et al., 2006). To increase
expression rates of this system, the effect of additional copies of
relevant transcription factors was  examined.

2. Materials and methods

2.1. Genome sequencing, assembly and analysis

The genome of the B. subtilis strain ATCC 6051 was sequenced
by 454 pyrosequencing. Genomic DNA of B. subtilis strain ATCC
6051 was isolated with the Masterpure DNA purification Kit (Epi-
centre, Madison, USA). 15 �g of the isolated DNA were used to
produce a single-stranded DNA library according to the GS FLX
Titanium General Library Preparation Guide (Roche, Mannheim,
Germany). The emulsion PCR was done employing the GS Titanium
LV emPCR Kit (Lib-L). Sequencing was performed with the Genome
Sequencer FLX (Roche Applied Science). The Whole Genome Shot-
gun sequencing project was  deposited at DDBJ/EMBL/GenBank
under the accession CP003329 as B. subtilis subsp. subtilis 6051-
HGW. Reference mappings were performed by means of both the
GSAssembler (Roche) and Geneious 5.5 (www.geneious.com).

0168-1656/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.jbiotec.2012.06.034
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In order to ascertain occurring variations, 105,992 “454”-
reads were mapped against the B. subtilis 168 reference genome.
To identify sequence variations between the two investigated
B. subtilis strains, the Roche Newbler assembly software was
applied, followed by a Geneious “references assembly” that
allowed for verification of variation calls by manually curating
them. Those 366 reads that could not be mapped to the refer-
ence genome were examined using MetaGene (Noguchi et al.,
2006) for ORF finding, the GenDB 2.2 pipeline and MicHanThi
(www.megx.net/michanthi/michanthi.html) for annotation of the
resulting ORFs as well as JCoast (Richter et al., 2008) to analyze the
output.

The phylogenetic relations were determined using the JSpecies
tool (Richter and Rossello-Mora, 2009) along with the nine available
B. subtilis genomes from Pubmed and our own genome sequence.
JSpecies utilizes average nucleotide identity received through Blast
(ANIb) as well as MUMmer  (ANIm) and tetranucleotide signa-
ture frequencies for pairwise genome comparison. Protein domains
were determined with the UniProt database (UniProt-Consortium,
2012) microarray data were obtained from the BSORF-database
(http://bacillus.genome.ad.jp/), transcription factors and promot-
ers were identified with the help of DBTBS (Sierro et al., 2008).
Information about individual genes was received from SubtiWiki
(Florez et al., 2009).

2.2. Construction of plasmids and strains

Plasmids for insertions were created via PCR amplification
of the gene in such a manner that the product contained a
unique restriction site. The utilized oligonucleotides, plasmids and
strains are listed in Tables 1 and 2. All enzymes were purchased
at New England Biolabs. The PCR product was inserted into a
topoisomerase-activated vector (StrataClone Blunt PCR Cloning Kit,
Agilent # 240207). Antibiotic resistance genes flanked by SIX-sites
(Sanchez et al., 2007) were constructed via overlapping PCR. The
SIX-sites were amplified with one end overlapping the resistance
cassette. In a second step, these fragments were fused via PCR
with the corresponding antibiotic resistance genes. The selection
marker cassettes were then inserted via a simplified modification
of the sequence ligation-independent cloning protocol (SLIC) (Li
and Elledge, 2007). Restricted vector DNA and PCR products with
30 bases overlapping the vector sequence were mixed in a sin-
gle PCR tube with a 3:1 molar excess of insert. The mixture was
then incubated in a thermocycler with T4-DNA-polymerase, the
recommended buffer and 100 ng/�l BSA for 40 min at 21 ◦C. After-
wards, the T4-polymerase was inactivated by incubation at 65 ◦C for
15 min. For annealing, the mixture was cooled down to 37 ◦C for at
least 30 min. This mixture was directly used for the electroporation
procedure.

The plasmids pLytC and pSpoIIGA were constructed by amplifi-
cation of the corresponding gene with the primers listed in Table 2
and inserted into the topoisomerase-activated plasmid pSC-B. Plas-
mids containing the correct insert were digested using AflIII (pLytC)
and StuI (pSpoIIGA). The selection marker cassettes were fused by
SLIC as described above.

The additional chromosomal copy of the genes encoding the
transcription factors AcoR and SigL were integrated into the amyE-
locus by cloning them into the pBGAB plasmid (Mogk et al., 1996).
This plasmid was digested with NotI and ligated (T4-ligase) with
the PCR-product of the sigL gene. In order to insert the SIX-site ery-
thromycin cassette, the plasmid was digested using SmaI and XbaI.
The marker cassette was fused via SLIC yielding pSigL. pSigLAcoR
was constructed by digesting pSigL with SpeI and inserting the
acoR gene via SLIC. Escherichia coli DH10B (Grant et al., 1990)
was transformed through electroporation as previously described
(Sambrook and Russell, 2006). For chromosomal integrations, B.

subtilis cells were made competent (Anagnostopoulos and Spizizen,
1961) and incubated with the linearized plasmids for chromom-
somal integrations listed in Table 1. B. subtilis cells were made
electrocompetent by growing them in 20 ml  LB containing 0.5 M
sorbitol. As cells reached an OD600 nm of 0.5–0.7, 0.5–1.5% glycine
were added resulting in a growth arrest. After 1 h, cells were placed
on ice for 15 min, pelleted by centrifugation and washed three times
with ice-cold washing solution (0.5 M sorbitol, 0.38 M mannitol,
10% glycerol). The pellet was resuspended in 0.5 ml of washing
buffer and aliquoted to 80 �l each. Aliquots were mixed with 1 �g
of plasmid-DNA, transferred to a chilled 2-mm-gapped electro-
poration cuvette and pulsed with 2.1 kV for 4.5 ms  in a BioRad
MicroPulser.

Antibiotic selection markers were removed through a modified
method of Sanchez et al. (2007) based on site-specific recombi-
nation. By electroporating the mutants with the plasmid pMSE3,
which encodes a beta-resolvase, the selection marker was excised
leaving ∼500 bp of one site-specific recombination site. Plasmid
curing was achieved by washing the cells twice with LB and
subculturing without selective pressure on the plasmid-encoded
kanamycin resistance. Plasmid loss was determined by replica-
plating onto plates with and without kanamycin. All modifications
were verified through sequencing.

2.3. Cultivation

Cultivations of B. subtilis were carried out at 37 ◦C and 250 rpm
shaking in Erlenmeyer flasks with a volume of maximal one
fifth of the flasks volume. Pre-cultures were prepared first in LB
medium from a cryostock and then transferred into the appropri-
ate medium for overnight cultures. The medium was composed
of 1× MSM-B  (mineral salt medium-base), 1× TES (trace element
solution), 2 mM MgSO4 and additional C- and N-sources. Two-fold
concentrated MSM-B  (Neubauer et al., 1995) consisted of the fol-
lowing (in grams per liter of distilled water, pH 7.0): Na2SO4:
4.54; (NH4)2SO4: 4.97; NH4Cl: 0.5; (NH4)2-citrate: 1; K2HPO4:
21.25; NaH2PO4·H2O: 10.76. The 500-fold concentrated TES (Holme
et al., 1970) was composed as follows (in grams per liter of dis-
tilled water): CaCl2·2H2O: 0.5; ZnSO4·7H2O: 0.18; MnSO4·H2O:
0.1; NaEDTA: 20.1; FeCl2·6H2O: 16.7; CuSO4: 0.1; CoCl·6H2O: 0.15.
Belitzky Minimal Medium (BMM)  was prepared as described previ-
ously (Stülke et al., 1993). Note that BOC is BMM  without glutamate
and citrate.

2.4. Assays

The supernatant required for the enzyme assay was obtained
by centrifuging 2 ml  of culture at 10,000 × g for 5 min at 4 ◦C. The
resulting supernatant was  transferred to a new tube and stored at
−20 ◦C until further processing. The amylase activity was  deter-
mined by use of the Ceralpha Assay (Megazymes, #K-CERA) and
calculated in international units as suggested by the manufacturer.
To stay within the linear range, 1:200 dilutions in the suggested
buffer were prepared. Measurements were done with a Tecan infite
M200 plate reader. The cell lysis assay was  done as described previ-
ously (Blackman et al., 1998). In brief, after cells reached an optical
density of OD600 nm of 0.7, 0.05 M NaN3 was added and cell lysis
was detected with regular photometric measurements.

Sporulation rates were determined as suggested elsewhere
(LeDeaux and Grossman, 1995). Sporulation rates are defined as
the colony forming units (cfu) before heatshock over the cfu after
heatshock at 80 ◦C for 20 min.
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Table 1
Strains and plasmids used in this study.

Strain Genotype Reference

B. subtilis ATCC 6051 ATCC
B.  subtilis 168 �trpC2 Anagnostopoulos and Spizizen (1961)
B.  subtilis 6051-HGW1 �amyE::sigL This study
B.  subtilis 6051-HGW2 �amyE::sigL,acoR This study
B.  subtilis 6051-HGW3 �lytC This study
B.  subtilis 6051-HGW4 �spoIIGA This study
E.  coli DH10B F-mcrA,(mrr-hsdRMS-mcrBC)’80lacZ,M15,lacX74,recA1 araD139,(araleu) 7697 Grant et al. (1990)

Plasmid Function Reference

pBGAB Basis for chromosomal integrations into the amyE locus Mogk et al. (1996)
pSC-B Topo cloning vector Stratagene
pLytC Plasmid for lytC-knock-out This study
pSpoIIGA Plasmid for spoIIGA-knock-out This study
pSigL Plasmid for integration of second sigL copy into amyE-locus This study
pSigLAcoR Plasmid for integration of second sigL & acoR copy into amyE-locus This study
pAcoAmyE Acetoin controlled amyE expression Silbersack et al. (2006)

Table 2
Oligonucleotide primers used in this study.

Name Sequence 5′ → 3′ Usage

sigLfor gatatgcggccgcccacatcctgtcttctcttc Forward primer for sigL amplification
sigLrev  gatatgcggccgcttttgctgctgctcgtctg Reverse primer for sigL amplification
SLIC-Ery-for ttatgcacgactctagcctgcaggtcgactgataagacggttcgtgttcg Forward primer for SIX-site EryR cassette
SLIC-Ery-rev taattagaccggtacccggggatcctctagctctttagctccttggaagc Forward primer for SIX-site EryR cassette
SLIC-acoRfw cagctactaccgttccgtcgtctcaacacatgaggcgctgttaagcac Forward primer for acoR amplification
SLIC-acoRrv gtttttcgtcagctggtcctgcactagcgtttccatttcctgaagg Reverse primer for acoR amplification
spoIIGAfor gtgaaaatctatttagatgtc Forward primer for spoIIGA amplification
spoIIGArev tgaaacgtgtttgacagccttg Reverse primer for spoIIGA amplification
spoIIGA SSS for cagccaaacacttcatgtcagaggttcccgactggaaagcgggc Forward primer for SIX-site SpecR cassette
spoIIGA SSS rev gtacagctggttaccggaatcaatcagggtaaaacgacggccagtgcc Reverse primer for SIX-site SpecR cassette
lytCfor  ttgcgttcttatataaaagtc Forward primer for lytC amplification
lytCrev tctgtaataagatactgtg Reverse primer for lytC amplification
lytC  SSC for ggaggcactggaagtatcagcaatacggtattcccgactggaaagcgggc Forward primer for SIX-site CmR cassette
lytC  SSC rev gatgagctatcattagcatttgcatgtagtaaaacgacggccagtgcc Reverse primer for SIX-site CmR cassette

3. Results

3.1. Genome comparison

The phylogenetic analysis with JSpecies puts B. subtilis 168 along
with B. subtilis NCIB 3610 in closest neighborhood to ATCC 6051. The
two subspecies of B. subtilis spizizenii TU-B-10 and W23  show the
largest divergence from the other B. subtilis subspecies (see Table 3).
Due to the close phylogenetic relationship the geno- and pheno-
type of B. subtilis ATCC 6051 was compared with B. subtilis 168. The
annotations were adapted from strain 168 and locus tag numbering
is analogous to 168 allowing for easier transfer of locus tag-based
data.

By mapping the 454 reads to the strain 168 genome and manu-
ally curating the output, 66 mutations could be identified, of which
nine are silent (Table S1 in the supplementary online material). 25
mutations result in amino acid substitutions. One mutation causes
an amino acid insertion, while another leads to an amino acid

deletion and nine mutations result in frameshifts. 21 mutations
were found in intergenic regions, of which six join pseudogenes
in strain ATCC 6051 that are disrupted and not functional in strain
168. The other five frameshifts lead to early termination of transla-
tion in strain ATCC 6051. The analysis of the reads that could not be
mapped onto the reference genome revealed no large insertion or
deletion events, nor any plasmids in comparison to the reference
genome.

The substitutions were analyzed in respect to their poten-
tial effects on domains, conservation across species or structural
importance. To determine the origin of the single amino acid
substitutions, clustalW alignments (Thompson et al., 1994) were
performed with closely related species. This revealed whether
the mutation was caused by the X-ray mutagenesis of B. sub-
tilis 168 or has occurred independently after the branching of the
strain into B. subtilis ATCC 6051. The substitutions were local-
ized with respect to functional or structural domains within the
protein.

Table 3
Pairwise alignment of genome stretches with JSpecies. Results show the percent identity of each genome to B. subtilis strain ATCC 6051 by means of average nucleotide
identity (ANI) based on BLAST (ANIb) and MUMmer  (ANIm) as well tetranucleotide (Tetra) usage patterns.

Strain Accession no. ANIm ANIb Tetra

B. subtilis subsp. subtilis 6051HGW CP003329 100 100 1.0
B.  subtilis subsp. subtilis 168 NZ ABQK01000000 99.98 99.98 1.0
B.  subtilis subsp. subtilis NCIB 3610 NZ ABQL01000000 99.98 99.98 1.0
B.  subtilis subsp. subtilis SMY  NZ ABQN01000000 99.96 99.96 1.0
B.  subtilis subsp. subtilis JH642 NZ ABQM01000000 99.92 99.92 0.9999
B.  subtilis BSn5 NC 014976 98.78 98.78 0.9993
B.  subtilis subsp. spizizenii TU-B-10 NC 016047 92.95 92.95 0.9987
B.  subtilis subsp. spizizenii W23  NC 014479 92.56 92.56 0.9987
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Fig. 1. Growth comparison of B. subtilis ATCC 6051 and B. subtilis 168 in (a) LB medium and (b) two minimal media with glutamate, citrate and glucose (BMM)  or with only
glucose (BOC).

One striking characteristic of the B. subtilis strain ATCC 6051 is
its more efficient growth in complex media containing amino acid
components such as soy peptone (Fig. 1a) in comparison to strain
168. The strain ATCC 6051 reaches higher optical densities than
strain 168. In minimal media with BMM  our without BOC gluta-
mate such a growth effect could not be observed (Fig. 1b). The single
occurrence of the AKV-residues of the gudB gene results in an active
glutamate dehydrogenase, enabling B. subtilis ATCC 6051 to uti-
lize amino acids of the glutamate family such as arginine, ornithine
and glutamine more efficiently (Belitsky and Sonenshein, 1998). An
additional isoleucine in the trpC gene results in an active indol-3-
glycerol phosphate synthase in B. subtilis ATCC 6051, which enables
growth without the supplementation of tryptophane (data not
shown). The glutamate synthase (gltA) sequence exhibits a A1181V
substitution. A two-base insertion in strain ATCC 6051 entails a
joining of the pseudogene ymfK, which contains an ACT-domain
that is typical for metabolic enzymes regulated by the amino acid
concentration (Chipman and Shaanan, 2001). In contrast to strain
168, where a 26 nucleotide long-deletion in the tuaA gene leads to
two pseudogenes, the teichuronic acid synthesis tuaABCDEF operon
in strain ATCC 6051 is active. A A21V substitution is found inside the
helix-turn-helix (HTH) motif of the ribose-utilization transcription
factor RbsR. Instead of this variation, the surrounding amino acid
sequences are still identified as a HTH motif in both strains with
the EMBOSS helix-turn-helix script (Rice et al., 2000).

The transformation efficiency in B. subtilis ATCC 6051 is strongly
reduced in comparison to B. subtilis 168 (Fig. 2). Two effective
polymorphisms of genes involved in competence exist between B.
subtilis ATCC 6051 and 168. The comP gene of strain ATCC 6051
contains a deletion, which results in a frameshift and in the early
termination of translation from residue 372 onwards. This short-
ens comP by 397 residues, so that one of the transmembrane
domains and the cytoplasmic kinase domain are missing from the
gene product. The second gene associated with competence is the
oligopeptide ABC-type transporter oppD. The occurring transition
leads to a missense mutation from valine to glycine at residue 357.

A frameshift occurring in the cardiolipin synthase gene (clsA)
causes an early termination from residue 190 onwards, render-
ing an inactive product. The surfactin production is disrupted in
strain 168 due to a frameshift in the phosphopantetheinyl trans-
ferase (sfp). The sfp product is required for the activation of carrier
proteins in polyketide synthases (PKS) and non-ribosomal pep-
tide synthetases (NRPS) and is thus, for example, important for
the formation of surfactin. In B. subtilis 6051 the sfp gene is intact
and surfactin production and the resulting beta-haemolysis can be
detected by inoculating a blood agar plate (data not shown).

Another frameshift mutation in the swrAA gene results in a
swarming phenotype of B. subtilis ATCC 6051 (data not shown). The

point mutation in the flagellar biosynthetic gene fliZ gives rise to a
frameshift that reduces the gene to 23 translated amino acids before
termination. This should result in the generation of a non-motile
phenotype in ATCC 6051, which, however, cannot be observed.
Since resequencing verified the mutation, the coding sequence was
screened for alternative open reading frames. Shifting the entire
ORF to a locus 22 bases downstream resulted in an amino acid
sequence that is seven residues shorter at the N-terminus and con-
tains two substitutions (I3Y and C4L). This shortened N-terminus
still contains a recognized signal peptide as determined with Sig-
nalP 4.0 (Petersen et al., 2011). The remaining residues are identical
to 168.

Frameshifts occurring in the uncharacterized genes yhgB and
ycgO are likely to render both gene products dysfunctional in
strain 6051. While no information is available for yhgB, ycgO shows
sequence similarity to an osmo-regulated sodium/proline sym-
porter. Mutations in the genes uvrX, sigH, gltA, sacA, yclM are either
silent or not located within domains. The substitutions in infB and
trmD are unlikely to disrupt the respective gene function since these
genes are considered to be essential for B. subtilis (Kobayashi et al.,
2003).

21 polymorphisms were found to occur in intergenic regions.
However, only for two  of these information was  available. The
SAM-riboswitch misc RNA20 regulates the expression of mtnK
that catalyzes the phosphorylation of methylthioribose into

Fig. 2. Comparison of transformation rates of B. subtilis 168 and ATCC 6051. Cells
were transformed with different amounts of linearized plasmid-DNA and plated in
different dilutions.
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Table 4
List of discussed genes. The numbers 168 or 6051 indicate which strain carries
the mutated gene as deduced from clustalW protein alignments. Underlined genes
could be linked to a phenotype. For all mutations see Table S1 in the supplemen-
tary online material.

Gene Annotation mutated Probably in strain

Substitutions/insertions/deletions
uvrX UV-damage repair protein 168
trmD tRNA methyltransferase 168
oppD Oligopeptide ABC transporter 168
sigH Vegetative and early

stationary-phase sigma factor
168

gltA Glutamate synthase (large subunit) 168
sacA Sucrase-6-phosphate hydrolase 168
rbsR Transcriptional repressor of the

ribose operon
168

yclM Unknown; similar to aspartic acid
kinase

168

trpC Indol-3-glycerol phosphate
synthase

168

gudB Glutamate dehydrogenase 168
infB Initiation factor IF-2 6051
ymfK Uncharacterized protein

containing ACT domain
6051

Frameshifts
sfp Phosphopantetheinyl transferase

(surfactin production)
168

swrAA Swarming motility protein swrAA 168
ymfK Uncharacterized protein ymfK 168
tuaA Biosynthesis of teichuronic acid 168
fliZ Protein required for flagellar

formation
6051

clsA Cardiolipin synthase 6051
comP Two-component sensor histidine

kinase
6051

yhgB Uncharacterized protein yhgB 6051
ycgO Osmoregulated transporter

(sodium/proline symporter)
6051

Other/intergenic
miscRNA20 SAM riboswitch 6051
nhaX Inside of the promoter sigB binding

motif
6051

methylthioribose-1-phosphate, based on the availability of S-
adenosylmethionine. The effected nucleotide is highly conserved
and considered to be essential for the above mentioned regula-
tion (Grundy and Henkin, 1998). A variation upstream of nhaX was
found to be in the binding region of the alternative sigma-factor
SigmaB, which can be found in other SigB binding site motifs listed
on DBTBS. A summary of the discussed genes is given in Table 4
(further details can be found in Table S1).

3.2. Strain optimization

A clean deletion of the lytC gene of strain 6051 was constructed.
This lytC knock-out mutant showed a significant reduced autoly-
sis (Fig. 3). Especially stationary phase cells revealed reduced lysis
(data not shown). The inactivation of this major autolysin did not
result in a different cultivation behavior as compared to the wild
type (Fig. 4a). During heterologous expression the lytC-mutation
in ATCC 6051 resulted in higher cell densities as compared to the
wild type. This is accompanied by a prolongation of the exponen-
tial and the transient growth phase and results in larger amounts
of secreted amylase (see Fig. 4b).

SpoIIGA is a membrane-associated aspartic protease respon-
sible for maturation of the early sporulation sigma factor E to
an active form (Imamura et al., 2011). By creating an insertional
mutant we produced a strain depleted of the ability to sporulate
(see Table 5) without introducing negative effects on growth (see
Fig. 4a) as known from other sporulation mutants (Kodama et al.,
2007). In contrast, during heterologous expression, the mutant
reaches higher optical densities (Fig. 4b).

Fig. 3. Lysis assay of the B. subtilis ATCC 6051 wild type (WT) compared to the
lytC-mutant with 0.05 mM NaN3.

In this study the acoA promoter was  used in a model expression
system to investigate the potential of the ATCC 6051 strain as an
alternative protein production host. The integration of a second
gene copy for the sigma factor SigL and of the gene of its associated
activator AcoR into the chromosome resulted in higher production
rates of the alpha-amylase under control of the acoA promoter. No
change in growth behavior or deregulation of the acoA promoter
could be detected in either mutant (Fig. 5).

4. Discussion

4.1. Comparative genomics

In order to create a well characterized production strain we
chose a top-down approach of genome engineering. We  selected an
existing, undomesticated strain with favorable qualities, sequenced
it and started optimization through selective modifications. The
JSpecies analysis supported the observations on the history of the
B. subtilis strain ATCC 6051 as reported by Zeigler et al. (2008).  The
tetranucleotide analysis shows a close relationship between those
strains originating from the initial “Marburg” strain (ATCC 6051,
NCIB 3610, 168 and SMY) and sorts out the strains with a different
origin such as W23. The average nucleotide identity on the other
hand is a fast method to identify divergence within one heritance
line.

Both ATCC 6051 and NCIB 3610 originated directly from the
“Marburg” strain isolated around 1930 in New York but were
deposited at different time points to different stock centers (ATCC
1930 and NCIB 1951). So far, both strains were considered to be
identical (Zeigler, 2011). These findings could not be verified by
our sequencing efforts. We  determined a clear difference on the
genomic level, as verified by a JSpecies comparison as well as by
different single nucleotide polymorphisms (data not shown). This
might be explained by a divergence of the two strains in the 80
years that have passed since the B. subtilis ATCC 6051 was  deposited

Table 5
Sporulation rates after long term cultivation in Lysogenic Broth (LB) and finally Difco
Sporulation Medium (DSM) of the B. subtilis ATCC 6051 wild type (WT) and the
spoIIGA insertional mutant (�spoIIGA).

B. s. 6051 WT (%) B. s. 6051 �spoIIGA (%)

1st week (LB) 65.30 0.00
3rd week (LB) 55.45 0.00
4th week (LB) 67.39 0.00
5th week (DSM) 98.06 0.00
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Fig. 4. Growth and amyA expression of the B. subtilis ATCC 6051 wild type (WT), the autolysin mutant (lytC) and the sporulation mutant (spoIIGA) in MSM-medium containing
0.02%  glucose, 1% acetoin and 1% soy peptone. (a) Growth curves of the three strains without plasmid. (b) Growth curves of the strains with plasmid pAcoAmyE and activity
of  the overexpressed and secreted alpha-amylase reporter enzyme. Small numbering on the x-axis in (b) indicates sample time points.

at ATCC (Daniel Zeigler, personal communication). A list of varia-
tions between B. subtilis ATCC 6051 and NCIB 3610 can be found in
Table S2.  It cannot be excluded that selected sequence differences
detected for NCIB 3610 and ATCC 6051 may  be caused by assembly
or read artifacts rather than being different genotypes. In contrast
to the observations for strain NCIB 3610 of Srivatsan et al. (2008)
none of our reads could be mapped to the detected megaplasmid
pAS32. However, protein alignments indicated which variation is
conserved among different Bacillus strains. Amino acid residues
that are conserved along ATCC 6051 and other closely related Bacilli,
but differ in strain 168, are probably result of the X-ray mutagen-
esis. Those substitutions that are only present in ATCC 6051 are
likely to have developed in the 80 years since its deposit.

Fig. 5. Growth curve and alpha-amylase activity assay of the different B. subtilis
mutants compared to the wild type in MSM  batch cultures containing 0.02% glucose,
1%  acetoin and 1% soy peptone. pAcoAmyE: High copy plasmid carrying the alpha-
amylase-gen under control of the acoA-promoter. The alpha-amylase activity was
measured in unpurified culture supernatant.

In comparison to strain 168, B. subtilis ATCC 6051 exhibits
favorable growth features in media with amino acids and peptide
mixtures such as soy peptone. Several sequence polymorphisms
that result in active enzymes, which are part of the amino acid
metabolism could lead to this phenotype. The glutamate dehydro-
genase (gudB) and the indol-3-glycerol phosphate synthase (trpC)
both have been described as inactive in strain 168, while their
variants in the strain 6051 were reported to be active (Belitsky
and Sonenshein, 1998; Henner et al., 1985). For the active gluta-
mate dehydrogenase variant a reduced generation time is reported
for growth on glutamate, proline and ornithine (Belitsky and
Sonenshein, 1998). An active TrpC allows continued growth after
the depletion of extrinsic tryptophan. The amino acid substitution
of the glutamate synthase (gltA) does not seem to effect growth
of strain ATCC 6051. No difference between the strains 168 and
6051 was  observed in media only supplemented with glucose, cit-
rate and glutamate as sole carbon and energy sources. Also the
ACT-domain-containing ymfK gene could play a role in the abil-
ity of strain ATCC 6051 to utilize amino acids more efficiently.
ACT-domains are characteristic for metabolic enzymes that are reg-
ulated by amino acids (Chipman and Shaanan, 2001). The array
datasets of the BSORF database revealed a slowdown-regulation
of ymfK in the stationary phase for LB (Kazuo et al., 2003), indicat-
ing that its function is required during exponential and transient
growth. A functional tuaABCDE operon allows B. subtilis ATCC
6051 to substitute phosphate-rich teichoic acid with phosphate-
depleted teichuronic acid under phosphate starvation conditions.
This feature enables the cells to keep an overall negatively charged
cell wall (Soldo et al., 1999), while at the same time utilizing the
released phosphate for cellular processes (Grant, 1979). This as well
is a preferable characteristic for a production strain since it allows
a more sophisticated response to phosphate starvation conditions.

The reduced competency of strain 6051 to take up DNA is most
likely linked to the frameshift in the two-component sensor kinase
ComP. The early termination leads to the loss of the kinase domain
and therefore to the inability to activate the response regulator
comA, which in turn activates the surfactin and competence operon
srfAA-srfAB-comS-srfAC-srfAD.  B. subtilis ATCC 6051 shows beta-
haemolysis and is, at a reduced rate, still transformable due to a low
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basal expression of the operon from its constitutive sigA promoter.
This hypothesis is supported by early characterizations of comP,
describing a lower but still remaining competency of comP inser-
tion mutants (Weinrauch et al., 1990). The comP mutation appears
to be stable. After all our chromosomal modifications, which would
select a reversion phenotype, the comP frameshift persists. Due to
its penultimate position, it is unlikely that the point mutation in
oppD has any effect on competence development. The low trans-
formation rate is another favorable property of production strains,
since it confers higher genomic stability.

The frameshift in the cardiolipin synthase is unlikely to have a
negative effect. It has been demonstrated that B. subtilis has a very
high tolerance toward modifications of the lipid bilayer headgroups
(Salzberg and Helmann, 2008). The cell membrane contains only
a small amount of anionic cardiolipins and their biosynthesis is
the last step of lipid modifications. Thus, no following biosynthesis
steps can be disrupted leading to a phenotype that probably lacks
anionic cardiolipins in the membrane.

A mutation in the riboswitch upstream of the 5-
methylthioribose kinase (mtnK) will most likely lead to mtnK
expression despite the presence of S-adenosylmethionine (Grundy
and Henkin, 1998), causing a redundant production of the
methylthioribose kinase. However, this futile synthesis is unlikely
to result in a problematic phenotype in a laboratory or production
environment, since the utilized media should supply sufficient
amounts of energy and no competing species are present. The
intact phosphopantheteinyl transferase in strain ATCC 6051 is of
interest for the heterologous expression of PKS and NRPS gene
clusters.

Besides the ability to swarm, the functional swrA gene results
in cells growing predominantly as individuals, while in domesti-
cated strains with a swrA mutation, such as strain 168, chain growth
can be observed (Chen et al., 2009). Long, filamentous cell aggre-
gates are much more likely to experience shear stress, which can
significantly reduce product formation rates (Wu et al., 2002b).

Investigating the possible effects of the discovered polymor-
phisms in available literature and databases showed the dynamic
character of bacterial genomes. Many scientifically sound studies
are in conflict with the available reference sequence. In contrast to
the published sequence of B. subtilis 168 with a disrupted tuaA, both
Soldo et al. (1999) and Lahooti and Harwood (1999) demonstrated
the tuaABCDE operon of their 168 strains to be fully functional and
created insertional mutants for functional characterization.

It was reported that strain ATCC 6051 is not able to sporulate
due to a mutation resulting in a stop codon in the kinA-mRNA
(Kobayashi et al., 2008). However, the sequencing and sporulation
assay of our ATCC 6051 strain revealed a fully functional KinA as
well as a sporulation phenotype. The same is true for the first pub-
lished sequence of the opp-operon from strain 168 (Rudner et al.,
1991) that matches the one of our B. subtilis ATCC 6051 sequenc-
ing and is in conflict with the published genome of B. subtilis 168
(GenBank accession no. NZ ABQK01000000).

4.2. Strain optimization

The product of the lytC gene encodes a major autolysin respon-
sible for cell wall turnover. As reported by Chen et al. (2009),
insertional mutations of lytC into an undomesticated strain did
not cause any cell separation defects. The reduced lysis in the
lytC mutant of strain ATCC 6051 led to higher cell numbers
and increased product formation (Fig. 4b). Both effects could be
observed at the beginning of the transition phase. Previous research
showed that stress by product secretion during heterologous over-
expression causes B. subtilis to induce sigD, which in turn increases
the levels of lytC. It could be shown that a sigD mutant resulted
in higher product formation (Lulko et al., 2007). It is tempting to

speculate that the strong induction of the acoA promoter after glu-
cose depletion leads to an induced lysis of a subpopulation of cells,
which could be responsible for an increased final OD and produc-
tivity of the ATCC 6051 lytC mutant culture. Spores are difficult to
remove from bioreactors and cause production costs to increase
(Spilimbergo et al., 2003). Therefore, the prevention of spore for-
mation is an important feature of a B. subtilis expression host. The
deactivation of SpoIIGA in this study resulted in the sustainable
inhibition of sporulation without negative growth effects. More-
over, during heterologous expression higher cell densities could
be reached in comparison to the wild type. However, the higher
cell densities in this mutant did not result in higher yields of the
overproduced amylase.

In summary, the genome sequencing of the undomesticated B.
subtilis strain ATCC 6051 and a comparison with the widely used
laboratory strain 168 indicate the suitability of strain ATCC 6051 as
an alternative expression host. This strain shows promising growth
characteristics, such as no auxotrophies and higher maximal optical
densities on complex media. This strain has already been applied in
a scale-down characterization of B. subtilis during fed-batch culti-
vations (Junne et al., 2011). To further evaluate the suitability of this
strain for protein overproduction processes more in depth analy-
ses of protease deficient mutants with different target proteins and
fermentation regimes are required.
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The article "Metabolic engineering of Bacillus subtilis
for growth on overflow metabolites" introduces you
to an example of metabolic engineering. Our expres-
sion host Bacillus subtilis was optimized in respect to
growth on overflow metabolites.
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Abstract 

 

Background 

The genome of the important industrial host Bacillus subtilis does not encode the glyoxylate shunt, 

which is necessary to utilize overflow metabolites, like acetate or acetoin, as carbon source. In this 

study, the genes encoding the isocitrate lyase (aceB) and malate synthase (aceA) from Bacillus 

licheniformis were transferred into the chromosome of B. subtilis. The resulting strain was closely 

examined in respect to growth characteristics and qualities as an expression host. 

 

Results 

It is demonstrated that the modified B. subtilis strain is able to grow on the C2 compound acetate. A 

combined transcript, protein and metabolite analysis revealed a functional expression of the native 

glyoxylate shunt of B. lichenifomis in B. subtilis. This metabolically engineered strain displayed 

improvements in the growth behavior of simulated glucose-controlled fed-batch cultivations as well 

as regarding activity patterns of an acoA-controlled expression system. 

 

Conclusions 

The glyoxylate operon (aceBA) of B. licheniformis can be functionally transferred to B. subtilis, 

thus giving this novel strain improved properties for industrial applications, such as growth on 

additional carbon sources and a greater robustness towards excess glucose feeding. The strain 

represents a basis to examine the seemingly self-contained regulation of the aceBA-operon for 

future studies outside of B. licheniformis. 

 

Keywords 

Bacillus subtilis, metabolic engineering, glyoxylate cycle, expression system, fed batch, acetate, 

glycolic acid 

 

 

Background 

 

The anaplerotic glyoxylate cycle is a variation of the citric acid cycle, which allows acetyl-CoA to 

be used for replenishing carbon for gluconeogenesis [1]. The isocitrate lyase of this shunt prevents a 

carbon loss by cleaving isocitrate into glyoxylate and succinate, and thus avoiding the 

decarboxylation of isocitrate and 2-oxoglutarate. Glyoxylate and acetyl-CoA are joined to malate by 
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the malate synthase, the second enzyme of the glyoxylate cycle, refilling oxaloacetate which is 

henceforth available for anabolic activities via the citrate cycle or gluconeogenesis. From a 

bioprocessing viewpoint, this ability is especially interesting for bacteria that previously grew under 

conditions inducing the excretion of C2 metabolites in the so-called overflow metabolism. In terms 

of B. subtilis such conditions include aerobic growth with excess glucose or anaerobic nitrate 

respiration [2, 3] and lead to the formation of acetate as well as acetoin and 2,3-butanediol. During 

depletion of the preferred carbon source (e.g. glucose), the excreted metabolites are converted into 

metabolically utilizable acetyl-CoA [4]. Since B. subtilis lacks the capabilities for conducting the 

glyoxylate cycle, it can only use the energy provided through reduction equivalents charged during 

the citric acid cycle. 

Excess glucose, and thus the overflow metabolism, should be avoided in bioprocesses as it leads to 

a decoupling of anabolism and catabolism. B. subtilis responds to this surplus energy by metabolic 

shifts to less efficient pathways and a variety of energy-spilling reactions [3]. For Escherichia coli it 

has been shown that the formation of overflow metabolites, especially acetate, hamper large scale 

fed-batch processes. Accumulated acetate has been observed to have adverse effects on target 

product formation and cell growth [5].  

In fact, mixing of incoming, highly concentrated feed solutions is insufficient for industrial-scale 

bioreactors and always gives rise to zones of excess carbon source [6]. Enabling B. subtilis to utilize 

the overflow metabolite acetate as a carbon source, through transfer of the glyoxylate cycle operon 

of its close relative Bacillus licheniformis [7], resulted firstly in an increased production of a 

recombinant reporter enzyme and secondly in a more robust growth behavior with excess glucose.  

 

Results 

 

Sequence and Genome Analysis 

Primer extension experiments with B. licheniformis showed that the transcript of the glyoxylate 

operon (aceBA) starts 231 bp upstream of the aceB gene with a potential promoter sequence at the 

position of 4,040,629 to 4,040,601 in the genome (personal communication A. Ehrenreich). 

Analysis of the 3’-end with the Vienna RNA package [8] revealed a potential terminator structure 

(4,037,415 to 4,037,434; –∆G=15.2) as determined by identifying the first temperature stable 

mRNA structure that is preceded by a poly-T region after the stop codon of aceA. The ribosome 

binding site (RBS) was determined by aligning the 16S rRNA sequences of B. licheniformis and 

examining their highly conserved 3’-end [9]. This analysis revealed that B. licheniformis uses the 
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same sequence as B. subtilis (5’-ACCUCC-3’) making the optimal Shine-Dalgarno sequence (SDS) 

on the mRNA 5’-GGAGGU-3’ (data not shown). For B. subtilis it has been found that the optimal 

translational initiation sequence consists of purine-rich regions with a spacer of 7-9 nucleotides 

between the SDS and the start codon [10]. A similar pattern is therefore assumed for its close 

relative B. licheniformis. Sequence stretches meeting these requirements can be found in front of a 

hypothetical protein sequence (RBS1: 4,040,515 to 4,038,510), aceB (RBS2: 4,040,338 to 

4,040,332) and aceA (RBS3: 4,038,731 to 4,038,726) making a manipulation of the existing RBS 

that are already compatible to B. subtilis superfluous (Figure 1A). First attempts of constructing 

plasmids containing the complete glyoxylate cycle operon of B. licheniformis failed with E. coli as 

alternate host. Transformation of the ligation reaction resulted in plasmids containing different 

fragments of the genes, but never the complete operon. It is likely that ORFs of the glyoxylate 

operon are expressed in E. coli and interfere with its metabolism. Therefore, we constructed the 

plasmids in such a manner that one plasmid contained only the aceBA genes without a promoter and 

another plasmid contained the native aceBA-promoter and the above mentioned hypothetical protein 

(Figure 1B). Both plasmids could be propagated in E. coli and the transformation of B. subtilis in 

this two-step-procedure worked well.  

The publicly available genome sequence of B. licheniformis was annotated in 2004 [7]. Since then, 

a large amount of novel sequences and annotations have been published, which places particular 

emphasis on the required updating of functional assignments for organisms to be examined. The 

genome of the utilized B. subtilis strain 6051HGW was recently published [GenBank:CP003329], 

accordingly. We reannotated the genome sequence of B. licheniformis DSM13 in the same manner 

as described for B. subtilis 6051HGW [11]. In short, the GenBank file of B. licheniformis DSM13 

[GenBank:AE017333] was imported into the GenDB 2.2 [12] pipeline and the resulting database 

was used to analyze the ORFs with JCoast [13]. 

The newly constructed strain B. subtilis ACE which contains the native glyoxylate operon of B. 

licheniformis in its chromosomal amyE locus showed a significantly (t-test p-value = 0.002) higher 

final maximal optical density than the wild type during growth on glycerol and acetate (Figure 2). 

The excreted metabolome of B. subtilis ACE shows a strong increase of glycolic acid in contrast to 

the B. subtilis wild type (Figure 3). In order to place this phenotype into the context of its genotype, 

the genes involved in glyoxylate and glycolate utilization of B. subtilis and B. licheniformis, as 

determined by their GenBank or KEGG annotation, were analysed in greater detail (Table 1). A 

BlastP search revealed a high homology between the two glycolate oxidase subunits of B. subtilis 

and B. licheniformis and determined a second related gene that is annotated as glycolate oxidase in 

other Bacilli such as Bacillus cereus [Genbank:ZP_04216670].  
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Growth 

In mineral salt medium containing a mixture of glycerol, acetate and acetoin as carbon sources, B. 

licheniformis reaches a maximal specific growth rate (µ) of about 0.48 h
-1

 (Figure 2). After the 

exponential growth phase the cells exhibit a diauxic growth with a reduced specific growth rate of 

about 0.11 h
-1

. At an optical density (OD at 500 nm) of 7.4, a part of the cell population lysed and 

the culture reached a final OD of 5.3. The glyoxylate cycle expressing strain B. subtilis ACE 

showed a similar growth pattern, but exhibited a reduced specific growth rate during the mid-

exponential phase (Figure 2). In the second phase of its diauxic growth, the mutant grows with a 

similar specific growth rate (µ ≈ 0.12 h
-1

) and reaches the same final OD as B. licheniformis. The B. 

subtilis wild type (WT) does not exhibit aforementioned diauxic growth. 

The growth comparison of the simulated fed-batch using 'EnBase Flo' revealed a clear distinction of 

growth patterns between the wild type and the glyxolate cycle-positive mutant (see Figure 4). B. 

subtilis ACE reached higher cell densities and is not negatively affected by the addition of excess 

glucose. In contrast, the wild type only showed stable growth without additional glucose. Both wild 

type cultures with additional glucose resulted in a strong lysis after 360 min incubation. All strains, 

except the wild type cells supplied with 0.2% and 0.4% glucose (Figure 4), featured a pronounced 

biofilm formation in the late growth phase (at about 1200 min). Additionally, B. subtilis ACE 

produced a red pigment. Biofilms and pigments are likely to marginally influence the exact 

determination of the optical density, but seem not to affect the overall trend. The absorption 

maximum of the red pigment is at 410 nm, while only a minor absorption can be observed at 500 

nm [14]. Care was as well taken not to pipette the biofilm but only the cells underneath. It should be 

noted that due to different path length and measurement method of the plate reader in comparison to 

a standard photometer, OD values cannot be compared 1:1. Final ODs of the cultures measured 

with a standard 1-cm path length photometer are indicated in the description of Figure 4. 

In order to further characterize the glyoxylate cycle-expressing B. subtilis strain, studies using an 

acetoin-induced promoter and a secreted alpha-amylase [15] as a reporter enzyme were carried out. 

Composition of the growth medium was consistent with that of the MSM medium used for 

metabolic analyses, but contained 0.5% acetoin for increased transcription of the acoABCL-

promoter. A similar growth pattern could be observed with a diauxic growth of the ACE-strain that 

leads to a higher final optical density in comparison to the wild type. Figure 5 depicts alongside the 

growth the amylase activity divided by the optical density highlighting an increased productivity of 

the novel B. subtilis strain using the glyoxylate cycle during growth on acetate compared to the wild 

type. The utilized acoABCL-promoter is tightly repressed during growth on glycerol [16] and active 
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during transient phase and stationary phase in the wild type as well as during growth on acetate in 

B. subtilis ACE. 

 

Expression Analysis 

The mRNA-quantification of the glyoxylate cycle-positive strain B. subtilis ACE indicates a basal 

expression of the aceBA-operon during exponential and late stationary phase (Figure 6). A 

significant induction (~7-fold) occurs during the transition phase of growth and the aceBA- 

expression slowly decreases again during growth on acetate. In B. licheniformis, aceB-mRNA is not 

detectable during the exponential growth phase, but is induced during the transition phase. 

Compared to B. subtilis ACE, fewer aceB-mRNA-molecules could be measured with B. 

licheniformis extracts and induction of the operon expression does not occur before the transition 

phase. In contrast to B. subtilis, B. licheniformis seems to generate increased amounts of aceB 

transcript during growth on acetate. The control, the B. subtilis WT, did not show any detectable 

mRNA signal in all experiments (data not shown).  

Analysis of the cytosolic proteome with 1-D-PAGE showed a significant isocitrate lyase (AceA) 

formation for all strains containing the aceBA operon from the onset of stationary phase onwards (t3 

& t4). No AceA-specific peptides could be identified in the negative control, the B. subtilis WT. 

Additionally, soluble cytosolic protein extracts of B. licheniformis and B. subtilis ACE cells during 

exponential growth and during growth on acetate were analyzed in order to find peptides of AceB 

and the hypothetical protein. However, no peptides could be detected for either in any sample. 

 

Metabolic Analysis 

The analysis of the extracellular metabolites showed a clear difference between B. subtilis and B. 

licheniformis (Figure 3). Most notably, the latter excreted pyruvate and metabolites of the 

tricarboxylic acid cycle (TCC), namely succinate, fumarate and 2-oxoglutarate, during exponential 

growth. During this first growth phase, glycerol was the main carbon source utilized by B. subtilis 

and B. licheniformis. Acetoin and acetate remained at their initial concentrations. Citrate was used 

only to a small degree by B. licheniformis and to a lesser extent by both B. subtilis strains. 

In contrast to growth on glucose [4, 17], neither of the Bacillus species excreted acetate or acetoin 

in detectable amounts with glycerol as their main carbon source. The TCC overflow metabolites 

seemed to be immediately reutilized by B. licheniformis after depletion of glycerol. The same holds 

true for acetate and acetoin.  

B. licheniformis stopped growth after acetate and acetoin had been completely metabolized. The B. 

subtilis ACE strain stopped growth after approximately one third of the supplied acetate had been 
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used. During growth on acetate and until the end of the cultivation, an accumulation of glycolic acid 

could be observed in both Bacilli using the glyoxylate cyle. While no glycolic acid could be 

detected in the B. subtilis WT. The final concentration in the mutant carrying the aceBA-operon was 

almost three times as high as that of B. licheniformis. Glyoxylate could not be detected in the 

supernatant of any strain. Besides glycerol, acetate and acetoin as carbon sources, the medium 

contained a small amount of citrate as an iron chelator. In contrast to the B. subtilis WT and B. 

licheniformis WT, the ACE strain stopped uptake of citrate at the same time as it stopped using 

acetate and arrested growth. 

2.3-butanediol accumulated in both B. subtilis strains yielding amounts that are comparable to 

levels of acetoin that was reduced in the wild type and ACE strain. The relatively small quantities of 

2.3-butanediol, excreted by B. licheniformis during growth on glycerol and acetate, were 

assimilated until the end of the cultivation. 

 

Discussion 

 

Growth and Metabolic Analysis 

In E. coli, the glyoxylate shunt plays a crucial role for the performance of fermentation and protein 

overproduction processes. The commonly used expression host E. coli BL21 exhibits an active 

glyoxylate cycle and therefore accumulates only little acetate during high cell density cultivations 

[18]. This study demonstrated that the transfer of the glyoxylate cycle into B. subtilis led not only to 

an optimized strain, but improved the activity of an acetoin-controlled expression system, which is 

based on the acoA-promoter [15]. B. subtilis ACE, containing the native glyoxylate cycle from B. 

licheniformis, shows enhanced growth on the overflow metabolite acetate and to a lesser degree on 

acetoin. A diauxic growth with a preferred utilization of glycerol over acetate can be derived from 

metabolic data of the C sources (Figure 2). The very similar specific growth rates of B. subtilis and 

B. licheniformis during the utilization of acetate indicate that the transferred pathway works with a 

comparable activity.  

Being able to use gluconeogenesis to replenish the metabolism with the carbon from acetate, allows 

B. subtilis ACE to be more productive during the acoA-controlled expression of the secreted 

recombinant reporter enzyme alpha-amylase (Figure 5). However, B. subtilis ACE failed to reach 

the same cell mass levels as B. licheniformis. A possible reason for its early growth arrest may be an 

accumulation of glycolic acid (see Figure 3). This small alpha-hydroxy acid has been described as a 

potent inhibitor of the isocitrate lyase of Pseudomonas indigofera [19] and could disable B. subtilis 
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ACE to continue utilizing acetate as a replenishing carbon source through its glyoxylate cycle. 

Glycolic acid was also formed in B. licheniformis, but to a much smaller extent. A close 

examination of the B. licheniformis ORF BL02138 with BlastP revealed a 70% identity to a 

glyoxylate reductase of Bacillus pumilus ATCC 7061. This glyoxylate reductase (gyaR) catalyzes 

the reaction between glycolate and glyoxylate while reducing/oxidizing NAD+/H. Enzyme 

reactions are always balanced, therefore a high glyocolic acid level and absence of glyoxylate 

promotes a reaction towards the glyoxylate. mRNA quantification profiles of the potential 

glyoxylate reductase gene gyaR (BL02138) of B. licheniformis illustrate a strong expression during 

exponential growth (t1) with an about two-fold decrease during transient and stationary phase (t2-

t4) (Figure 7). From these findings it may be concluded that in B. licheniformis, gyaR leads to a 

reduced accumulation of glycolic acid. Knock-out experiments in B. licheniformis or the functional 

transfer of the gene to B. subtilis ACE are required to gain further insights into its role for the 

glyoxylate cycle. B. subtilis and B. licheniformis both have two subsets of glycolate oxidases that 

allow them to utilize glycolate through oxidation to glyoxylate as a C source. The metabolic 

analysis along with the genomic examination of the genes involved in glyoxylate- and glycolic acid 

utilization point to a yet unrepresented importance of glycolic acid as a metabolite for B. subtilis 

and B. licheniformis. Both species are inhabiting soil habits [20] and thus might have both glycolate 

and glyoxylate from plant debris available [21] which they could metabolize with their sets of 

glycolate oxidases (Table 1). Glyoxylate levels seem to be relatively low and diminished by a fast 

turnover. Neither our measurements nor those of Schroeter et al. [22] were able to detect glyoxylate 

in B. licheniformis or B. subtilis ACE. Publications describing glyoxylate in their flux analysis, 

predominantly work with enzymatic assays of the isocitrate lyase rather than direct measurements 

of glyoxylate [23, 24]. A reason for this could be the high reactivity, due to its aldehyde group, and 

resulting toxicity of glyoxylate that seems to stimulate a fast intracellular turnover of glyoxylate 

[25]. Glycolic acid increases during growth of B. licheniformis and B. subtilis ACE. The less 

reactive alcoholic functional group of glycolic acid makes it a likely metabolite intermediate which 

glyoxylate is converted to. To fully elucidate these findings, analyses of intracellular metabolites 

and the involved key enzymes of the glyoxylate metabolism are required. 

The higher excretion rate of TCC intermediates through B. licheniformis during exponential growth 

and their rapid uptake during stationary phase might be responsible for the slow, yet increasing 

induction of the glyoxylate cycle compared to B. subtilis ACE (Figure 6). During sampling time 

point t2 and t3, the reacquired excreted metabolites of the TCC can provide the carbon normally 

made available later by the glyoxylate cycle (Figure 3). This additional excretion and later 

reutilization of C sources might be another factor responsible for the increased biomass formation 
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of B. licheniformis in comparison to B. subtilis ACE.  

The accumulation of 2.3-butanediol in B. subtilis during stationary phase is likely due to the activity 

of the acetoin reductase/2.3-butanediol dehydrogenase (bdhA) [26]. The remaining acetoin seems to 

block the reverse reaction that would transform the 2.3-butanediol back to acetoin. It has been 

reported that the presence of acetic acid leads to an increased production of 2.3-butanediol [27]. In 

contrast, B. licheniformis utilizes the entire acetoin resulting in low levels of remaining 2.3-

butanediol. The butanediol/acetoin reductase encoded by the budC (BL01177) gene of B. 

licheniformis, which irreversibly catalyzes the reduction of 2.3-butanediol to acetoin [28], is 

probably catalyzing this conversion. Interestingly, the subspecies B. subtilis subsp. spizizenii, which 

is of a different lineage than the used B. subtilis 6051HGW [29], encodes the same potential for 

acetoin metabolism as B. licheniformis (BSUW23_09960), highlighting both as potential donors of 

the butanediol/acetoin reductase for a further optimization of B. subtilis ACE. 

Within the scope of the proteome analysis, the presence of the isocitrat lyase (AceA) could be 

verified in the ACE-mutant and the positive control B. licheniformis. The absence of peptides for 

the malate synthase (AceB) was not unexpected, since the protein has so far eluded identification in 

several gel based studies of B. licheniformis (personal communication B. Voigt, [22]). With a 

molecular weight of about 5 kDa, the absence of peptides for the hypothetical protein can be 

explained by the difficulties of analyzing such small proteins with the utilized gel-based MALDI-

TOF mass spectrometry approach (personal communication D. Albrecht). 

The EnBase fed-batch showed a clear advantage of the glyoxylate active strain B. subtilis ACE in 

comparison to the wild type strain. Induction of a significant overflow metabolism by addition of 

glucose presumably resulted in the growth arrest of the wild type, while utilization of the glyoxylate 

cycle enabled B. subtilis ACE to exploit these metabolites for reaching increased cell densities. The 

formation of the red pigment revealed during these experiments has also been observed with 

previous B. subtilis EnBase cultivations (personal communication P. Neubauer, Biosilta). 

According to Canale-Parola et al. [14], the pigment is probably an iron-binding pyrazine compound 

called pulcherrimin. A method to impede pulcherrimin synthesis has been described and patented 

[30].  

During the acoA-controlled expression and secretion of the recombinant alpha-amylase, the 

glyoxylate-enabled strain displayed a much better performance while growing on acetate than the 

WT strain. The continued supply of metabolites led to a more than 3-fold higher productivity. 

Especially the previously described acoA-expression system [15] can benefit from this novel 

cultivation approach. The acoABCL-operon is repressed by PTS–sugars [31], but as demonstrated in 

this study also by the non-PTS carbon source glycerol. The cheap C-source glycerol in combination 
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with acetate therefore poses a strongly recommendable basis for an industrial process with a tightly 

controlled B. subtilis expression system. Another possible application of B. subtilis ACE may be an 

auto-inducing system that depends on phosphate limitation. As described by Dauner et al. [3], B. 

subtilis produces large quantities of acetate during chemostat experiments with high glucose and 

low phosphate levels. The increased ability of B. subtilis ACE to produce recombinant target 

proteins, while growing on acetate, would therefore be a highly suitable match for such an 

expression system. 

 

Regulation 

The diversion of isocitrate to succinate and glyoxylate instead of 2-oxoglutarate has to be carefully 

balanced in order to enable subsequent metabolite synthesis. E. coli achieves this balance of flux 

through a reversible phosphorylation of the isocitrate dehydrogenase (ICDH) by the isocitrate 

dehydrogenase kinase/phosphatase AceK [32]. Another example of posttranslational regulation has 

been identified in Salmonella enterica. Here, an acetylation of lysine residues regulates the activity 

of AceK, which in turn allows for phosphorylation of ICDH [33]. In the Gram-positive soil 

bacterium Corynebacterium glutamicum, the glyoxylate cycle is controlled by the positive 

transcriptional regulator RamA, while being repressed by its negatively regulating counterpart 

RamB in the presence of glucose. Additional cAMP-dependent negative regulation is achieved by 

GlxR and the postranscriptional regulator RNase E/G [34]. 22 of the currently 50 genomes of 

Bacillus species available at GenBank encode an isocitrate lyase. Nevertheless, relatively little is 

known about the glyoxylate cycle regulation of this genus. Voigt et al. detected an  induction of the 

glyoxylate operon in B. licheniformis during glucose starvation [35]. Yazedani et al. [36] showed an 

induction of the glyoxylate cycle of Bacillus megaterium WHO DQ 973298 as a reaction to γ-

radiation and interpreted this as a means to avoid free radical formation through the regular TCC 

and the following respiration chain. Also peroxide stress experiments resulted in an induction as 

observed by Schroeter et al. [22] which was suggested to moreover be attributed to an irreversible 

oxidation of the ICDH.  

The transcripts measured with the aceB probe in B. licheniformis and B. subtilis ACE indicate that 

the operon is to some extend self-regulated. A sharp increase of aceB mRNA at transition phase 

correlates with the beginning utilization of acetate. The hypothetical protein (BL02643) is essential 

for a functional transfer to B. subtilis ACE. Strain constructs missing this region of the operon fail 

to grow on acetate (data not shown). Many aspects of the regulation of the glyoxylate shunt of B. 

licheniformis still need to be elucidated. Extending the quantification of the aceBA mRNA to 

regions of aceA and the ORF for the hypothetical protein might give insights into a potential 
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regulation at the transcriptional level. Different mutants of the hypothetical protein in both B. 

licheniformis and B. subtilis ACE could substantiate its important role for a functional operon. The 

potential problem of glycolic acid accumulation in B. subtilis ACE could be eventually solved by 

the transfer of the glyoxylate reductase (BL02138) gene to B. subtilis. This might be needed to fully 

mimic the metabolic capabilities of B. licheniformis during use of the glyoxylate cycle in B. subtilis. 

 

Conclusion 

The aceBA operon of B. licheniformis is a self-contained metabolic entity that can be functionally 

transferred to B. subtilis. The obtained strain is able to grow with acetate as sole carbon source 

leading to enhanced growth and an improved production of a recombinant model protein. In 

addition, the glyoxylate cycle-positive B. subtilis mutant cells feature greater robustness towards 

excess glucose in fed-batch cultivations. 

 

Methods 

 

Construction of plasmids and strains 

Chromosomal DNA of Bacillus licheniformis MW3, which is a mutant of B. licheniformis DSM13 

[37], was used as template for the amplification of the aceBA-operon. Sequence information was 

derived from the published genome of B. licheniformis DSM13 [GenBank:NC_006322]. PCRs 

were performed with the Phusion polymerase. The utilized oligonucleotides are summarized in 

Table 2, while the constructed plasmids and used strains are listed in Table 3. 

The plasmid pACEBA was constructed by amplifying the aceBA operon without its predicted 

promoter region and the hypothetical protein. The PCR product and the pBGAB [38] plasmid were 

cut with XbaI and BamHI and ligated using T4-ligase. For integrating the native promoter and the 

hypothetical protein in front of the aceBA operon, the pBGAG plasmid was cut with SmaI and NotI 

and an erythromycin cassette from pMTL500 [39] was inserted yielding the plasmid pAMYSSE. 

Hereafter, this plasmid was cut with NarI and EcoRI and the PCR product resulting from the 

Prom1-primer pair was integrated via a modified sequence and ligation-independent cloning 

method [11]. Electroporation of the plasmids into E. coli was performed as previously described 

[40]. All utilized enzymes were purchased from New England Biolabs (Frankfurt a. M., Germany), 

oligonucleotides were synthesized by Life Technologies (Darmstadt, Germany). 

To obtain an aceBA encoding strain, B. subtilis 6051HGW was transformed via natural competency 

[41] using the linearized plasmid pACEBA. The clones were selected on neomycin and the positive 
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mutants were designated as B. subtilis ACE-P. To functionalize the operon, pProm1 was 

transformed in the same manner into B. subtilis ACE-P with erythromycin selection resulting in B. 

subtilis ACE. For examination of the expression of a reporter enzyme, B. subtilis ACE and B. 

subtilis 6051HGW were transformed with pSacAmyE yielding a wild type (B. subtilis acoAamyE) 

and a glyoxylate-enabled mutant (B. subtilis ACEamyE) that express and secrete an alpha-amylase 

under control of the acoA-promoter [15]. pSacAmyE was constructed by cutting pJK168 and 

pMJS2 [15] with XbaI and ligating the acoA-amyE fragment from pMJS2 into the sacA landing 

pads of pJK168. To ensure comparable alpha-amylase measurements, the native alpha-amylase of 

B. subtilis was disrupted by integration of the aceBA operon into the amyE-locus and an 

erythromycin cassette with plasmid pAMYSSE into the wild type strain. All plasmid constructs and 

chromosomal integrations were verified by sequencing. 

 

Cultivation 

Cultivations were carried out at 37°C and 250 rpm shaking in Erlenmeyer flasks with a volume of a 

maximum of one fifth of the flasks volume. Pre-cultures were inoculated from a cryo-stock and 

grown in LB medium for 5 h and then transferred into the appropriate medium for overnight 

cultures. Main cultures were inoculated from exponentially growing overnight cultures. The 

composition of the mineral salt medium-base and its trace element solution has been described 

previously [11]. 

In order to test fed-batch like conditions in a high-throughput manner, we cultivated the glyoxylate 

cycle enabled mutant in comparison to the wild type with 3 ml EnBase Flo Liquid (# EBLM500, 

BioSilta Oy, Oulu, Finland) medium in 24-deep-well plates. The EnBase system is based on the 

slow release of glucose from a polymer through the action of an enzyme, thus acting like a substrate 

feed pump [42]. The native amylase of B. subtilis (amyE) has been reported to interfere with this 

method (personal communication P. Neubauer). Therefore, we created B. subtilis amylase knock-

out strains (Table 3) for the EnBase cultivations. Cultures were supplemented with 0%, 0.2% and 

0.4% additional glucose to stimulate acetate formation and 1.5 U of enzyme (BioSilta Oy, Oulu, 

Finland). Plates were shaken at 300 rpm with an amplitude of 25 mm. Sample volume was 10 µl, 

with which the OD at 500 nm was determined in a 1:10 dilution in a Tecan infite M200 plate reader 

(Männerdorf, CH). 

 

RNA Analysis 

RNA samples were taken and prepared as previously described [43]. An additional treatment with a 

RNAse-free DNAse (#79254, Qiagen, Hilden, Germany) was performed followed by a purification 
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with the RNA Clean-Up and Concentration Kit (# 23600) from Norgen Biotek (Thorold, Canada). 

The aceB-mRNA-standard was created with the primers aceB-for and aceB-rev-T7 (Table 2) by 

using the DIG RNA Labeling Kit (SP6/T7) from Roche (Mannheim, Germany) and substituting the 

DIG-labeled nucleotides with unlabeled NTPs (Fermentas UAB, Vilnius, Lithuania). 

The samples were prepared for real-time RT-analysis as described by the supplier of the 

LightCycler® RNA Master SYBR Green I (#03064760001, Roche) with the primers aceB-for and 

aceB-rev (Table 2) and analyzed applying the Roche LightCycler as suggested by the manufacturer 

with an annealing temperature of 56°C. This method for bacterial mRNA quantification was 

described in greater detail by Tobisch et al. [44]. 

 

Protein Analysis 

The supernatant required for the enzyme assay of the alpha-amylase reporter was obtained by 

centrifugation of 2 ml culture at 10000x g for 5 min at 4°C. The resulting supernatant was 

transferred to a new tube and stored at -20°C until further processing. The amylase activity was 

determined by use of the Ceralpha Assay (Megazymes, Wicklow, Ireland). To stay within the linear 

range, 1:200 dilutions in the suggested buffer were prepared. Measurements were done with a 

Tecan infite M200 plate reader.  

For the cytosolic proteome, 8 ml of cells were harvested by centrifugation and washed twice with 

TE-buffer pH 7.5 and finally resuspended in 1 ml washing puffer and 2 mM PMSF (Carl Roth, 

Karlsruhe, Germany). Samples were transferred to cryotubes (Sarstetd, Nürnbrecht, Germany) filled 

with 0.25 ml glass beads (Sartorius AG, Göttingen, Germany) and the cells disrupted by bead-

beating for 30 sec. and a velocity of 6.5 m/s. After cooling for 5 min in ice water, this procedure 

was repeated twice. Cell debris was removed by 30 min centrifugation at 17000x g. The supernatant 

was stored at -20°C. 5 µg of protein mixture were separated by SDS-PAGE [45] and stained with 

silver-blue Coomassie [46].  

The bands were excised using a sterile scalpel and transferred into 96 well micro titer plates 

(Greiner bio one, Frickenhausen, Germany). The tryptic digest with subsequent spotting on a 

MALDI-target was carried out automatically with the Ettan Spot Handling Workstation (Amersham 

Biosciences, Uppsala, Sweden). The gel pieces were washed twice with 100 µl of a solution of 50% 

CH3OH and 50% 50 mM NH4HCO3 for 30 min and once with 100 µl 75% CH3CN for 10 min. 

After drying at 37
o
C for 17 min 10 µl trypsin solution containing 4 µg/ml trypsin (Promega, 

Madison, WI, USA) was added and incubated at 37
o
C for 120 min. For extraction gel pieces were 

covered with 60 µl 0,1% TFA in 50% CH3CN and incubated for 30 min at 40
o
C. The peptide-

containing supernatant was transferred into a new microtiter plate and the extraction was repeated 
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with 40 µl of the same solution. The supernatants were completely dried at 40
o
C for 220 min. The 

dry residue was resuspended in 0.9 µl α-cyano-4-hydroxy-cinnamic acid matrix (3.3 mg/ml in 

50%/49.5%/0.5% (v/v/v) CH3CN/H2O/TFA) and 0.7 µl of this solution was deposited on the 

MALDI target plate. The samples were allowed to dry on the target 10 to15 min before 

measurement by MALDI-TOF mass spectrometry. 

The MALDI-TOF measurement was carried out on the AB SCIEX TOF/TOF
TM

 5800 Analyzer 

(ABSciex / MDS Analytical Technologies, Darmstadt, Germany). This instrument is designed for 

high throughput measurement, being automatically able to measure the samples, calibrate the 

spectra and analyze the data using the TOF/TOF™ Series Explorer™ SoftwareV4.1.0. 

The spectra were recorded in a mass range from 900 to 3700 Da with a focus mass of 1700 Da. For 

one main spectrum 25 sub-spectra with 100 shots per sub-spectrum were accumulated using a 

random search pattern. If the autolytical fragment of trypsin with the mono-isotopic (M+H)+ m/z at 

2211.104 reached a signal to noise ratio (S/N) of at least 40, an internal calibration was 

automatically performed as one-point-calibration using this peak. The standard mass deviation was 

less than 0.15 Da. If the automatic mode failed (in less than 1%), the calibration was carried out 

manually. 

The five most intense peaks from the TOF-spectra were selected for MS/MS analysis. For one main 

spectrum 20 sub-spectra with 125 shots per sub-spectrum were accumulated using a random search 

pattern. The internal calibration was automatically performed as one-point-calibration with the 

mono-isotopic arginine (M+H)+ m/z at 175,119 or Lysine (M+H)+ m/z at 147,107 reached a signal 

to noise ratio (S/N) of at least 5. 

The peak lists were created by using GPS Explorer™ Software Version 3.6 (build 332) with the 

following settings for TOF-MS: mass range, 900–3700 Da; peak density, 20 peaks per 200 Da; 

minimum S/N ratio of 15 and maximal 65 peaks per spot. The TOF-TOF-MS settings were a mass 

range from 60 to Precursor - 20 Da; a peak density of 50 peaks per 200 Da and maximal 65 peaks 

per precursor. The peak list was created for an S/N ratio of 10.  

All peak lists were analysed using Mascot search engine version 2.4.0 (Matrix Science Ltd, London, 

UK) with a specific user sequence database and specific B. subtilis and B. licheniformis databases. 

 

1
H-NMR for extracellular metabolite analysis 

2 ml cell culture was sterile filtered rapidly into a 2 ml tube and stored at -20°C. 400 µL of the 

extracellular sample was buffered to pH 7.0 by addition of 200 µL of a sodium hydrogen phosphate 

buffer (0.2 mM [pH 7.0], including 1 mM TSP)) made up with 50% D2O to provide a nuclear 
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magnetic resonance (NMR)-lock signal. The samples were measured using 1H-NMR (600.27MHz) 

at a nominal temperature of 310 K (Bruker AVANCE-II 600 NMR spectrometer, Bruker Biospin 

GmbH, Rheinstetten, Germany) as described previously [47]. AMIX 3.9 was used for data 

processing and analysis. 

 

Software 

Graphs were created using R [48] and where applicable the ggplot2 package [49]. Graphs for 

metabolites were created with VANTED V2.1.3 [50]. Genome analysis was done with Geneious 

version 5.6.2 created by Biomatters (Auckland, NZ) available from www.geneious.com. Free 

Gibbs-Energy (-∆G) of mRNA structures was determined with UNAfold [51]. 
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Figures 

Figure 1 - Annotated aceBA-operon (A) and strain construction procedure (B) 

(A)The aceBA-operon with predicted binding regions: The operon is encoded on the lagging strand of B. licheniformis 

DSM13 (RBS: ribosome binding site). (B) Strain construction procedure: At first, the aceB and aceA ORFs without a 

promoter and a neomycin resistance cassette (Neo
R
) were integrated into the chromosome of B. subtilis by a double 

cross-over event into the amyE-locus. The resulting strain was transformed by a second homologous recombination 

event adding the hypothetical protein and the promoter region and selecting on the erythromycin resistance cassette 

(Ery
R
). This two-step procedure helped avoid the toxicity of the complete operon during the shuttling of the plasmids 

through E. coli. It also allows to easily exchange the promoter context for future functional characterizations of the 

operon. 

Figure 2 - Growth curve in MSM 

Growth curve of the B. subtilis WT, the B. licheniformis WT, and the B. subtilis mutant with the native glyoxylate 

operon (ACE) in mineral salt medium (MSM) containing 0.08 % glycerol, 0.2 % acetoin and 0.05 % acetate. t1-t5 

indicate sampling points. 

 

Figure 3 - Quantification of selected extracellular metabolites 

1
H-NMR quantified metabolites of added carbon sources and formed byproducts of the B. subtilis WT, the B. 

licheniformis WT and the B. subtilis mutant with the native glyoxylate operon (ACE). The corresponding sampling 

points are indicated in Figure 2. 

 

Figure 4 - Fed-batch cultivation with EnBase Flo 

wild type: B. subtilis wild type (WT) with a deleted alpha-amylase (B. subtilis ΔamyE); B. subtilis ACE (ACE): The 

glyoxylate-cycle positive mutant with the aceBA-operon integrated into the amyE-locus; Final ODs: WT 0% glucose: 

8.77; WT 0.2% glucose: 2.05; WT 0.4% glucose: 1.85; ACE 0% glucose: 15.18; ACE 0.2% glucose: 16.16; ACE 0.4% 

glucose: 16.84. 

Figure 5 - Growth and productivity of the B. subtilis ACE strain compared to the WT  

Productivity (amylase activity/optical density) of the glyoxylate-cycle positive B. subtilis ACE mutant in comparison to 

the wild type (WT). In both strains the native alpha-amylase gene is disrupted and a functional copy under control of the 

acoA-promoter is integrated into the sacA-locus. Exact time points of the samples for activity measurements are 

indicated in small letters. Medium: MSM + 0.5% Na-acetate, 0.08% glycerol, 0.5% acetoin.  

Figure 6 - aceB mRNA quantification through real-time-RT-PCR 

Length of the transcript: 300 bases. ACE: B. subtilis encoding the aceBA-operon; WT: Wild type. t1-t4 sample points 

corresponding to the growth curve of Figure 3. N=3, therefore the box plot does not show quartils. 

 

Figure 7 – gyaR mRNA quantification through real-time-RT-PCR 

Length of the transcript: 399 bases. t1-t4 sample points correspond to those of the growth curve of Figure 3; N=3, 

therefore the box plot does not show quartils. 
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Tables 
 
Table 1 - Analysis of enzymes involved in glyoxylate/glycolate-specific reactions of B. subtilis and B. licheniformis 

 
Gene B. subtilis 

locus tag 

B. licheniformis 

locus tag 

Current 

Annotation 

Proposed 

Annotation 

Identity Region 

Coverage 

E Reaction 

glcD BSU6051

_28680 

BL01799 glycolate oxidase 

subunit D 

glycolate oxidase 

subunit D 

80.43 100 0 glycolate + 

oxygen <=> 

glyoxylate + 

H2O2 

glcF BSU6051

_28690 

BL01798 4Fe-4S 

ferredoxin, iron-

sulfur binding 

domain 

glycolate oxidase 

iron-sulfur 

subunit 

72.89 99 0 glycolate + 

oxygen <=> 

glyoxylate + 

H2O2 

yvfV BSU6051

_34050 

BL03456 YvfV Fe-S 

oxidoreductase, 

glycolate/lactate 

utilization protein 

83.61 100 3.0E

-118 

 

yhcW BSU6051

_09240 

BL03169 HAD-superfamily 

hydrolase  

phosphoglycolate 

phosphatase 

83 98 2e-

130 

2-

phosphoglycol

ate + H2O 

<=> glycolate 

+ ortho-

phosphate 

gyaR Not 

present 

BL02138 D-isomer specific 

2-hydroxyacid 

dehydrogenase, 

NAD binding 

domain, D-isomer 

specific 2-

hydroxyacid 

dehydrogenase, 

NAD binding 

domain (Bl) 

glyoxylate 

reductase 

   glycolate + 

NAD+ <=> 

glyoxylate + 

NADH + H+ 

 

 

 

Table 2 - Oligonucleotide primers used in this study 
 

Name Sequence 5' → 3' Usage 

aceBAfor GATCGTCTAGAGTCTCCCTACCCCTTTACAT Forward primer for aceBA operon 

aceBArev GATCGGATCCAAGACAACCGGCCGGCCAAA Reverse primer for aceBA operon 

Prom1-for GAAAATGGCTAAAATTGGTTATGCACGACTCTACGAAT Forward primer for integration of native promoter 

Prom1-rev CGCAACGCGGGGAGGCAGACAAGGTATAGGGCGGGG 

ACCAAAATCGAACAGGCTTGC 

Reverse primer for integration of native promoter 

SLIC-Ery-

for 

TTATGCACGACTCTAGCCTGCAGGTCGACTGATAAGAC

GGTTCGTGTTCG 

Forward primer for EryR cassette 

SLIC-Ery-

rev 

TAATTAGACCGGTACCCGGGGATCCTCTAGCTCTTTAGC

TCCTTGGAAGC 

Forward primer for EryR cassette 

aceB-for CTGCCGCCGATCAGCACATGC Forward primer for mRNA-standard of aceB 

aceB-rev  CCCGCAAATTAACCTGGC Reverse primer for mRNA-standard of aceB 

aceB-rev-

T7 

TAATACGACTCACTATAGGGCCCGCAAATTAACCTGGC Reverse primer for mRNA-standard of aceB with 

T7-promoter 
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Table 3 - Strains and plasmids used in this study 

Ery
R
: erythromycin resistance cassette; Neo

R
: neomycin resistance cassette; amyE: alpha-amylase gene; PacoA: 

promoter of the acoABCL-operon; sacA: phospho-sucrase gene 

 
Strain Genotype Reference 

B. subtilis 6051HGW wild type Kabisch et al. 2012 

B. licheniformis MW3 ΔhsdR1, ΔhsdR2 Waschkau et al. 2008 

B. subtilis ACE ΔamyE::aceBA this study 

B. subtilis ACEProm1 ΔamyE::aceBA this study 

B. subtilis ΔamyE ΔamyE::EryR this study 

B. subtilis acoAamyE ΔamyE::EryR ΔsacA::acoAamyESSS this study 

B. subtilis ACEamyE ΔamyE::aceBAProm1SSE ΔsacA::acoAamyESSS this study 

E. coli DH10B F-mcrA,(mrr-hsdRMS-mcrBC)'80lacZ,M15, lacX74, 

recA1 araD139, (araleu) 7697 

Grant et al. 1990 

   

Plasmid Function Reference 

pBGAB plasmid for integration into the amyE locus with NeoR Mogk et al. 1996 

pACEBA aceBA chromosomal integration into the amyE locus 

without promoter 

this study 

pMTL500 source of ermB gene for erythromycin resistance Swinfield et al. 1991 

pAMYSSE plasmid for integration into the amyE locus with EryR this study 

pProm1 integrating the native aceBA promoter with the 

hypothetical protein 

this study 

pJK168 plasmid for integration into the sacA-locus J. Kumpfmüller  

(unpublished results) 

pMJS2 source of the PacoA-amyE construct Silbersack et al. 2006 

pSacAmyE integration of amyE under PacoA control copy into sacA-

locus 

this study 
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aceB (malate synthase) aceA (isocitrate lyase)hypothetical protein

RBS2 RBS3

- 35
- 10 terminatorRBS1 

native promoter

A

aceB (malate synthase) aceA (isocitrate lyase)
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native promoter
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aceB (malate synthase) aceA (isocitrate lyase)
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Step 2

Final
construct

B

Figure 1: Annotated aceBA-operon (A) and strain construction pro-
cedure (B)
(A)The aceBA-operon with predicted binding regions: The operon is
encoded on the lagging strand of B. licheniformis DSM13 (RBS: ribo-
some binding site).
(B) Strain construction procedure: At first, the aceB and aceA ORFs
without a promoter and a neomycin resistance cassette (NeoR) were
integrated into the chromosome of B. subtilis by a double cross-over
event into the amyE-locus. The resulting strain was transformed by
a second homologous recombination event adding the hypothetical
protein and the promoter region and selecting on the erythromycin
resistance cassette (EryR). This two-step procedure helped avoid the
toxicity of the complete operon during the shuttling of the plasmids
through E. coli. It also allows to easily exchange the promoter context
for future functional characterizations of the operon.
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Figure 2: Growth curve in MSM
Growth curve of the B. subtilis WT, the B. licheniformis WT, and the
B. subtilis mutant with the native glyoxylate operon (ACE) in mineral
salt medium (MSM) containing 0.08 % glycerol, 0.2 % acetoin and 0.5
% acetate. t1-t5 indicate sampling points.
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Figure 4: Fed-batch cultivation with EnBase Flo
wild type: B. subtilis wild type (WT) with a deleted alpha-amylase (B.
subtilis ∆amyE); B. subtilis ACE (ACE): The glyoxylate-cycle positive
mutant with the aceBA-operon integrated into the amyE-locus; Final
ODs: WT 0% glucose: 8.77; WT 0.2% glucose: 2.05; WT 0.4% glucose:
1.85; ACE 0% glucose: 15.18; ACE 0.2% glucose: 16.16; ACE 0.4%
glucose: 16.84.
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Figure 5: Growth and productivity of the B. subtilis ACE strain
compared to the WT
Productivity (amylase activity/optical density) of the glyoxylate-
cycle positive B. subtilis ACE mutant in comparison to the wild type
(WT). In both strains the native alpha-amylase gene is disrupted and
a functional copy under control of the acoA-promoter is integrated
into the sacA-locus. Exact time points of the samples for activity mea-
surements are indicated in small letters. Medium: MSM + 0.5% Na-
acetate, 0.08% glycerol, 0.5% acetoin.
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Figure 6: aceB mRNA quantification through real-time-RT-PCR
Length of the transcript: 300 bases. ACE: B. subtilis encoding the
aceBA-operon; WT: Wild type. t1-t4 sample points corresponding to
the growth curve of Figure 3. N = 3, therefore the box plot does not
show quartils.
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Figure 7: gyaR mRNA quantification through real-time-RT-PCR
Length of the transcript: 399 bases. t1-t4 sample points correspond to
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PA P E R I I I

Typical laboratory shaking flasks experiments are
very limited in respect to their capability to emulate
the situation in a larger scale bioprocess. The ar-
ticle "A two-component bioreactor system made of
commercial parts for bioprocess scale-down studies:
Impact of oscillations on Bacillus subtilis fed-batch
cultivations", describes the findings of a scale-down
experiment that allows the simulation of large indus-
trial processes.
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1 Introduction

It has been observed that in industrial-scale biore-
actors mixing of the incoming feed solution is not
sufficient to prevent the appearance of substrate
gradients [1, 2]. Hence, concentrations of the ingre-
dients of the feed solution are higher near the feed-
ing zone, causing an alternation of intracellular
fluxes and supporting the synthesis of (sometimes
unwanted) byproducts [3]. In contrast, other re-
gions of the bioreactor far away from the feeding

zone, are substrate depleted. Consequently, cells
are exposed to starvation conditions. Because the
cells are moving rapidly in the turbulent fluid flow
of the bioreactor, they are continuously exposed to
alternating environmental conditions between
substrate excess and starvation.

Multiple devices have been introduced to ex-
pose cells to oscillatory conditions in laboratory
simulators [4]. Different approaches have consist-
ed of either two stirred tank reactors (STR-STR), or
of a STR and a plug flow reactor (STR-PFR). Static
mixers were applied in the PFR module to support
the supply of sufficient oxygen to the liquid phase
[5, 6]. A two-compartment reactor was also applied
to observe effects of pH gradients near the acid/
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base addition in Escherichia coli and Bacillus sub-
tilis cultivations [7, 8].

Despite the industrial importance of B. subtilis
cultivations, the impacts of oscillating conditions
on the process yield and bacterial physiology in
scale-down approaches are very rare. In this re-
port, we describe the influence of large-scale con-
ditions in a newly designed two-compartment
scale-down reactor made of an STR coupled to a
PFR. Unlike the first systems, the PFR part is
equipped with five pH and dissolved oxygen (DO)
sensors as well as sampling ports. All reactor parts
are commercially available. The application is
demonstrated using a non-sporulating B. subtilis
strain with the focus on the dynamics within the
main carbon metabolism and the amino acid pool.
Our results obtained with the new reactor concept
are discussed with regard to new information
gained, and show that the tool is suitable for com-
bining systems biology and process optimization
approaches.

2 Materials and methods

2.1 The scale-down reactor concept

The scale-down reactor (Fig. 1) consists of a 10-L
stirred tank bioreactor (Biostat E, Sartorius SA,
Göttingen Germany) equipped with two disk stir-
rers and a mechanical foam destroyer at the top of
the stirrer shaft. Beside a pt-100 temperature sen-
sor, a pH sensor (65/90 VT) and a DO sensor (both
Mettler-Toledo Deutschland GmbH, Gießen, Ger-
many) were used at the STR for control purposes.
At the bottom, the STR module was connected to a
hose pump, operation range of 50–155 L/h.The tub-
ing inside the pump was made of Ponnprene F DN
19 (pump distributed by Lewa GmbH, Leonberg,
Germany). The tubing between the STR and the
pump was made of silicone rubber with an inner
diameter of 15 mm.The pump was connected to the
PFR part with a 32-mm tube coated with EPDM
(Reichelt Chemietechnik GmbH & Co, Heidelberg,
Germany).

The PFR part consisted of four static mixer
modules, each with working volume 0.25 L and di-
ameter 25 mm (Kenics series KM, distributed by
Lewa GmbH) (Fig. 1). The modules were insulated
with a polymer foam jacket to maintain the tem-
perature in the PFR module. Between each static
mixer module, spacers were mounted that were
equipped with three sample ports with an inner di-
ameter of 12 mm.At each spacer, an optical DO sen-
sor (Visiferm DO ARC 120) and a pH sensor (Po-
lilyte Plus ARC 120) (both Hamilton Inc., Bonaduz,

Switzerland) were applied to monitor the distribu-
tion of the corresponding parameter measured
along the height of the PFR. The DO sensor was
mounted so that the membrane reached to the in-
ner wall of the spacer, while the swelling part of the
pH sensor reached in the bulk of the fluid stream.
Prior to utilization, the pH and DO sensors were
calibrated using the software package ARC sensor
configurator V2.2 (Hamilton Inc.). Data from all
sensors were transmitted with a D/O converter
LabjackTM U12 (Meilhaus Electronic GmbH, Puch-
heim, Germany) and collected with the software
LabView® (National Instruments Inc., Austin, TX).
Calibration of the DO sensors was performed in ni-
trogen-sparged water (0% saturation of DO) and air
(100% saturation of DO), while the pH sensors were
calibrated at pH 7.0 and 4.0. The total working vol-
ume of the PFR part was 1.2 L [1.8 L including the
transfer from the STR to the PFR (0.15 L) and back-
wards (0.45 L)]. The system was sterilized with hot
steam for 40 min. To avoid backflow at the feed
pump, a back-pressure valve was integrated in the
feed tube. Aeration was possible above a rate of
0.1 vvm through a sintered inlet at the bottom, but
was not applied in this study. For cultivation exper-
iments, a pump rate of 1.78 L/min was used (corres-
ponding to ~1 min mean retention time in the
whole PFR part).

Figure 1. Scheme of the two-com-
partment reactor as described in this
study. (1) STR with a working volume
of 10 L. (2) Connection between 
the STR and a PFR module. A hose
pump pumps the fluid from the STR
into the PFR. The feed solution is 
introduced to the system between
the pump and the PFR module. 
(3) The PFR module is equipped with
static mixer modules. (4) A spacer
equipped with three ports is mount-
ed between each static mixer mod-
ule. One port is used for the DO
sensor, one for the pH electrode 
and one for manual sampling
through a membrane.
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2.2 Determination of the residence time
distribution

To characterize the PFR part with respect to its re-
tention time and plug flow behavior, extrusion ex-
periments with 5 mM H2SO4 were performed at dif-
ferent flow and aeration rates. The plug flow char-
acteristics were evaluated with the Bodenstein
number [9].The axial dispersion coefficient Dax can
be derived based on the obtained Bodenstein num-
ber Bo, the flow velocity u and the length L of the
observed distance:

(1)

The characterization of the fluid flow by pulse ex-
periments yielded a narrow residence time (τ) dis-
tribution. Residence times at the applied flow rate
of 1.78 mL/min for τport1 was 26 s, τport2 35 s, τport3
45 s, τport4 56 s, and τport5 62 s. The mean residence
time at the last port was comparably low due to the
fact that no other mixing module was located be-
hind this measurement point. However, the hydro-
dynamic pressure is the lowest at the upper sample
port, which likely influences the residence time
distribution and the disturbance of the plug flow
characteristics. The deviance between measure-
ments was below 5%.

The Dax values achieved ranged from 0.02 to
0.005 m2/s. Bodenstein numbers above 7 to 10 in-
dicate a plug flow behavior [5, 10]. This would re-
sult in Dax values below 0.015 m2/s. Hence, resi-
dence times above 30 s (port 2 and above) are char-
acterized by a dominating plug flow behavior.
Backmixing effects at port 1, which is located right
after the change of the flow direction at the en-
trance of the PFR module, might hinder the devel-
opment of an ideal plug flow behavior. However,
higher dispersion at the bottom can even be bene-
ficial when the introduced feed solution has to be
well distributed.

2.3 Determination of kLa values

The dynamic method (gassing out) was applied to
determine the volumetric oxygen transfer coeffi-
cient kLa.The kLa value was determined as follows:

(2)

In Eq. (2), ci,O2 denotes the measured concentration
of DO at measurement i, c*

O2 is the maximum solu-
bility of O2 under the applied conditions, and t the
time point of the measurement.
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The kLa values are higher at the top part of the
reactor. This increase is not linear but rises more
rapidly along the height of the PFR at the applied
flow rate: kLa1 = 19/h, kLa2 = 20/h, kLa3 = 28/h,
kLa4 = 41/h, and kLa5 = 56/h.The static mixers seem
to provide higher oxygen transfer at lower axial
dispersion. Values are approximately one tenth
lower than in usual stirred tank reactors for bio-
processes. However, when the PFR was directly
aerated from the bottom, DO was still measured for
E. coli cultivations up to OD600 = 80 (results not
shown). Oxygen depletion in the connecting tubing
and the hose pump between the STR and PFR can
be avoided if the oxygen saturation in the STR is
maintained at levels at least above 50% of satura-
tion under these cultivation conditions and a flow
rate above 1.7 mL/min.

2.4 Strain and culture conditions

As stress induction and spore formation are relat-
ed, it is possible that spore formation is initiated
just when cells are exposed to oscillating conditions
as performed in this study. Therefore, a B. subtilis
mutant strain was applied for experiments in which
a central modulator in the sporulation cascade,
SpoIIGA, was knocked out. The knockout was
achieved using a double-crossover procedure, lead-
ing to an insertion that disrupted the target gene
[11]. The SpoIIGA mutant strain B. subtilis AS3 did
not show any sporulation, in contrast to the wild-
type strain, which showed a rate of 98% in Difco
Sporulation Media (DSM). The growth of the mu-
tant remained comparable to that of the wild-type.
In contrast to the commonly applied Spo0A mu-
tants, the SpoIIGA mutant showed lysis rates simi-
lar to those of the wild-type strain.

The utilized mineral salt medium was applied as
described elsewhere [12].Two feeding phases were
applied: one used the in situ enzymatic substrate re-
lease method EnBase®-Flo [13] until a biomass con-
centration of approximately 4 g/L was achieved,and
the second used mechanical feeding of a concen-
trated feed solution containing 440 g/L glucose as
the main carbon source at a constant rate thereafter.
During the mechanical feeding phase, feed was
added at the top of the STR (reference experiment
under non-oscillating conditions) or at the entrance
of the PFR module in the two-compartment reactor.
A feed rate of 1 mL/min was applied. The pH was
controlled at 7.0 by adding a 25% NH4OH solution.
As antifoam agent 0.1‰ polypropylene glycol 3000
(Fluka AG, Buchs, Switzerland) was used. The tem-
perature was maintained at 37°C. The aeration rate
of the STR was set constant to 1 vvm. All experi-
ments were performed in duplicate.

Biotechnol. J. 2011, 6, 1009–1017 www.biotechnology-journal.com
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2.5 Sample preparation

For analysis, samples were taken from the STR and
from the five sampling ports in the PFR. As intra-
and extracellular analyses of different compounds
should be conducted, samples of the culture super-
natant and the suspension were taken. Intracellu-
lar concentrations were determined by the differ-
ential method. To sample the cell suspension, nee-
dles and membrane adapters were applied
(Monovette®, Sarstedt AG, Nümbrecht, Germany).
To extract the supernatant syringes equipped with
hydrophilic nitrocellulose filters (pore size: 0.8 µm,
diameter: 25 mm, Millipore Inc., Schwalbach, Ger-
many) were used. Subsequently, supernatant sam-
ples were immediately frozen at –80°C.

For analysis of the intracellular concentrations,
two different sampling methods were applied. In
the first method for preparing samples for the
amino acid analysis, cold methanol was added to
stop the metabolism of the cells. For cell disruption,
samples were thawed and diluted to an OD600 of
0.22 and sonicated for five cycles (each lasting 30 s)
with a 30-s break in between each cycle. Samples
for intracellular nucleotide and volatile fatty
acid/alcohol determination were prepared as de-
scribed elsewhere [14].

2.6 Analysis

The off gas was analyzed with an O2 and CO2 sen-
sor (Bluesense Gas Sensor GmbH, Herten, Ger-
many). The derivation of the specific oxygen up-
take rate (OUR) and carbon dioxide production
(CER) based on a gas balance of the input and out-
put flow was performed as described in [15]. Sug-
ars and volatile fatty acids/alcohols were analyzed
as published previously [12]. The quantification of
amino acids in the culture supernatant and culture
broth followed the methodology described in [16].

3 Results

3.1 Inoculation and feeding phase with in situ
substrate release

The preculture was cultivated to an OD600 of 0.2–0.3
before being inoculated into the bioreactor. The
preculture was grown in the same in situ release
fed-batch cultivation system EnBase-Flo as in the
bioreactor cultivation. After a short lag phase, a
maximum extracellular glucose concentration of
0.3 g/L was detected (see Supporting information,
Fig. S1). At 6 h before the start of the mechanic
feeding phase, the culture turned automatically to

the glucose-limited growth mode. An early initia-
tion of glucose-limited conditions (in this case 6 h
before the attachment of the PFR module) is ab-
solutely necessary to gain reliable results that re-
flect the conditions in industrial scale processes.
Otherwise the portion of cells grown under glu-
cose-sufficient conditions would be too large in the
early samples, leading to misleading results. How-
ever, the major importance of the application of an
in situ release system is the provision of glucose
during the transfer of cells between the STR and
the PFR module.While the STR runs under glucose
limitation, the substrate supply by external feeding
would not be sufficient to provide any substrate in
the connecting tubing.A strong starvation response
in the cells would be triggered, influencing all in-
tracellular measurements. Due to the in situ sub-
strate release (in addition to the mechanic feeding),
cells are never exposed to complete glucose starva-
tion.

Although high cell density cultivations are gen-
erally operated with an exponential feed, in this
study a constant feed rate was applied. This report
initially describes the behavior of a B. subtilis
sporulation mutant in a two-compartment reactor,
and different ratios of substrate to cell density (that
is amount of substrate provided per cell) can be ex-
amined. Hence, different conditions can be applied
in one experiment, evaluating which conditions
lead to impacts on the central metabolism of B. sub-
tilis cultivations. At the PFR inlet, a concentration
of 0.4 g/L glucose is achieved at the beginning of
the mechanical feeding phase. The excess glucose
concentration measured at the first sample port in
the PFR module decreases throughout the cultiva-
tion to values below 0.1 g/L.

3.2 Comparison of cultivations in the STR and in
the two-compartment reactor

In the PFR module, the online pH measurement at
the five sample ports indicated no significant
change in the pH throughout the cultivation. As-
suming that extracellular pH changes of 0.1 will not
lead to altered intracellular pH changes in bacteria,
this parameter seems too unimportant to have any
influence when the PFR module is applied.The on-
line DO measurement (Fig. 2) indicated low values
in the PFR, but oxygen was not depleted in the PFR
part throughout the cultivation. Hence, the oxygen
availability might be limited inside the cell, but it is
still continuously available from outside. These
conditions reflect those of the zone near the feed-
ing point in industrial scale fed-batch cultivations,
where the oxygen availability is also low in high cell
density cultivations – due to the large distance to
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stirrers and the lower portion of O2 in the gas phase
at the top of the reactor.

As depicted in Fig. 2, bacterial growth was hard-
ly altered when applying the two-compartment re-
actor concept. In contrast, the specific glucose up-
take rate was diminished by 10%.This led to the ac-
cumulation of glucose in the first hours of the me-
chanical feeding phase. Hence, the culture was no
longer operating under glucose limitation (also at
the STR module). Due to the constant feed rate and
the increasing cell concentration, the volumetric
glucose uptake rate increases. Finally, glucose-lim-
ited conditions were achieved after 20 h of cultiva-
tion. While only small changes in the extracellular

accumulation of acetic acid and lactic acid were ob-
served, ethanol was synthesized in larger amounts
under oscillating conditions. Final values were six-
fold higher than under non-oscillating conditions.
Ethanol is a main product of the fermentative me-
tabolism of B. subtilis [17]. In accordance, the res-
piratory quotient was slightly higher under oscil-
lating conditions (Fig. 3). Surprisingly, no accumu-
lation of other fermentative byproducts like acetoin
and butanediol were detected extra- or intracellu-
larly in any cultivation. Intracellular peak concen-
trations of ethanol were found in samples taken
from the top phase of the PFR module (Fig. 4).
Regarding the intracellular concentrations in 

Biotechnol. J. 2011, 6, 1009–1017 www.biotechnology-journal.com

Figure 2. Comparison of B. subtilis AS3 fed-batch cultivations in an STR (left) and in the two-compartment reactor (TCR, right) at a constant feed rate
(26.4 g/h glucose). (A) Cell dry weight (closed circles), specific growth rate (dashed line) and feed rate (straight line). (B) DO saturation at the STR (upper
black dashed line), DO at sensor 1 (black line), at sensor 2 (light gray line), at sensor 3 (black dotted line), at sensor 4 (dark gray line) and at sensor 5 
(gray dotted line). (C) Extracellular glucose polymer (closed circles), glucose (opened squares) and lactic acid (opened triangles) concentration in the STR.
(D) Extracellular ethanol (opened circles) and acetic acid (closed triangles) concentration in the STR. (Max. deviance at concentration measurements of 6%.)
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the STR, only pyruvic acid was found to be above
the detection limit (see Supporting information,
Fig. S2).When the extracellular glucose concentra-
tion was high (i.e., when no substrate limitation was
present), the intracellular pyruvic acid concentra-
tion in cells in the STR module of the two-com-
partment reactor was sixfold higher. In between
the first two measurements at the PFR module (3 h
of operation under oscillating conditions), higher
concentrations of pyruvic acid were seen already at
the first ports of the PFR (Fig. 5).

3.3 Impact of oscillatory conditions on the amino
acid synthesis

From the onset of the cultivation, two amino acids
(valine and tryptophan) were found in the super-
natant. Beside the amounts already present in the
inoculum and media, an accumulation of both
amino acids was observed under oscillating condi-
tions (Fig. 5A). If this observation was a result of
stronger cell lysis (which is doubtful due to the
even growth under the two different conditions) or
a stronger release due to an enhanced synthesis
was not clear. A stronger impact on the amino acid
synthesis was observed when measuring the intra-
cellular concentrations (Fig. 5B–G). Aspartate, as-
paragine and glutamine concentrations were di-
minished drastically at least during certain process
phases under oscillating conditions. In contrast,
arginine production was more than doubled. Since
aspartate and asparagine share the same precur-

Figure 3. Off gas analysis of B. subtilis AS3 fed-batch cultivations in an STR (left) and in the two-compartment reactor (right) at a constant feed rate
(26.4 g/h glucose). (A) Volumetric portion of O2 (black) and CO2 (gray). (B) Specific oxygen uptake qO2 (black), specific carbon dioxide release qCO2

(light gray) and respiratory quotient RQ (dark gray).

Figure 4. Intracellular volatile fatty acid and ethanol concentrations meas-
ured in the PFR module of the two-compartment reactor for B. subtilis AS3
fed-batch cultivations. Numbering performed in the order of ports from
the bottom to the top of the PFR module (max. deviance of 6%).
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sor, oxaloacetic acid, it is likely that the carbon flux
through the tricarboxylic acid cycle is not sufficient
to supply the demand for their production.As men-
tioned, the redirection of the carbon flux towards
ethanol (and to some extend also to lactic acid) pro-
duction might be one reason for this limitation.
Some carbon flux is redirected from the conversion
of glutamine to arginine. Both amino acids share

the precursor glutamic acid. The glutamine syn-
thetase (GS) and its expression are known to be
regulated strongly depending on the availability of
nitrogen, and depending on the concentration of
glutamic acid. Small oscillations of concentrations
of this intermediate and/or the presence of excess
nitrogen available might lead to a repression of GS
activity and, as consequence, a stronger arginine

Biotechnol. J. 2011, 6, 1009–1017 www.biotechnology-journal.com

Figure 5. Concentrations of amino acids of B. subtilis AS3 fed-batch cultivations in an STR (left) and the two-compartment reactor (TCR, right) – samples
were taken from the STR module. (A) Extracellular valine concentrations in the STR (open circles) and in the TCR (closed circles). (B) Extracellular trypto-
phan concentrations in the STR (open squares) and TCR (closed squares). (C) Intracellular aspartate concentrations in the STR (open circles) and TCR
(closed circles). (D) Intracellular glutamic acid concentrations in the STR (open squares) and TCR (closed squares). (E) Intracellular asparagine concentra-
tions in the STR (open triangles) and TCR (closed triangles). (F) Intracellular glutamine concentrations in the STR (open triangles) and TCR (closed trian-
gles). (G) Intracellular arginine concentrations in the STR (open diamonds) and TCR (closed diamonds). (H) Intracellular alanine concentrations in the
STR (open circles) and TCR (closed circles). Max. deviance of 7% among all data.
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production. This assumption is underlined when
considering the findings of the intracellular meas-
urements of amino acids in the PFR (Fig. 6). While
glutamine accumulated initially, an accumulation
of glutamic acid was observed at higher ports. A

possible inhibition of the GS by increased gluta-
mine concentrations might cause a redirection of
the fluxes towards asparagine synthesis [18]. The
general transcription factor TnrA activates nitrate
and nitrite utilization and transport in B. subtilis
[19, 20]. It is bound tightly to the inactivated form
of GS, mediating nitrogen assimilation.TnrA is also
bound to the non-inhibited form of GS, although
with a lower affinity [21].This might be problemat-
ic when cells are exposed to different nitrogen
availability at a rate faster than adaptation process-
es (response times) inside the cell (e.g., the intra-
cellular glutamine concentrations might change
more slowly than the oscillating environment).
Surprisingly, asparagine was produced in the PFR
module part, but finally reconverted in the STR
module, since an accumulation was not detected.
The dynamics that lie behind this observation re-
main unclear and have to be further examined.

The oscillating conditions have a profound im-
pact on the main carbon and amino acid synthesis.
Further studies also revealed changes in the nu-
cleotide levels, which are not discussed here. How-
ever, it is clear that the repeated exposure of sub-
strate excess under a reduced availability of DO
changes the amino acid composition of the cell.

As stated in the literature [3, 22], oscillating con-
ditions enhance the substrate uptake rate of E. coli
cultivations. This is differs greatly to observations
in this study with B. subtilis. Many regulatory me-
chanisms for carbon conversion have been identi-
fied in Bacillus sp. [23] Among the most prominent
ones is the catabolite control protein CcpA, which
mediates various regulatory mechanisms effecting
glycolysis [24], fermentative carbon conversion
[23] and ammonia assimilation [25]. To elucidate
the regulatory interactions of the process observed
more thoroughly, a dynamic metabolic flux analysis
based on the stoichiometric matrix of the main car-
bon metabolism and amino acid synthesis has to be
performed in future studies.

4 Concluding remarks

Due to the rapidly varying physiological conditions
(overflow metabolism, sporulation, carbon catabo-
lite repression) and the strong regulation of the
metabolic network, the systems biology of Bacillus
sp. is currently in the focus of many research proj-
ects.The link between common approaches in sys-
tems biology related to fundamental research and
the industrial needs of large-scale bioprocesses
can provide better insights into problems related to
scale-up, strain improvement and development for
production purposes. However, up to now, no suit-

Figure 6. Intracellular amino acid concentrations measured in the PFR
module of the two-compartment reactor at B. subtilis AS3 fed-batch culti-
vations. Numbering performed in the order of ports from the bottom to
the top of the PFR module (max. deviance of 5%).
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able tool capable of integrating systems biology ap-
proaches and scale-up issues in a scale-down reac-
tor has been commercially available. Data on dif-
ferent levels of interaction, combined with pro-
teomics and transcriptomics along the height of the
PFR module, will help us to gain a better under-
standing of the adaptation processes of the cell.The
impact on the regulatory network of a cell can be
further understood. For observations in a faster
time range, the described system could be connect-
ed to a rapid sampling unit, e.g., like the Bioscope
concept [26], closing the time gap between the
feeding point and the first sample port. The de-
scribed methodology, in combination with a strict
consideration of findings from computational fluid
dynamics in large-scale reactors for the design of
the experimental setup, will lead to advanced
process development for the industrial scale.

We kindly thank Hamilton (Bonaduz, Switzerland)
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a.1 abbreviations

acoA promoter of the acoABCL operon
amyE α-amylase from B. subtilis
B.C. before Christ
B. licheniformis Bacillus licheniformis
B. subtilis Bacillus subtilis
CcpA catabolite control protein A
CoA coenzyme A
CRE catabolite responsive element
E. coli Escherichia coli
h hour(s)
ITS internal transcribed spacer
in vitro in a test tube
min minute(s)
NaN3 sodium azide
NCBI National Center for Biotechnology Information, USA
PCR Polymerase Chain Reaction
Px promoter of gene x
PFR plug flow reactor
RNA-P DNA dependent RNA polymerase
STR stirred tank reactor
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a.2 appendix

Calculation for bacterial growth

Hypothetical, optimum doubling time for E. coli
Approximate mass of a E. coli Cell: 1× 1−12 137

Approximate mass of Earth: 5.9763× 1024

growth constant: k =
ln(2)

T
doubling time for 24 h (=1440 min): kt = k× 1440
mass after 24 h:m = m0 × ekt
e.g.:m = 1× 10−12 × e49.968

t =
ln(mearth) − ln(mE. coli )

k
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