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"We know more about the movement of celestial bodies that about the soil underfoot."

Leonardo Da Vinci
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Abstract

Endophytic bacteria, which populate plant tissues, can influence physiological processes in
plants. They also have antagonistic effects against many phytopathogens. Utilization of
these bacteria as a biological agent for protection of plants is an environmentally friendly
alternative to chemical methods. Moreover, since plants belong to the eukaryotic organ-
isms, antibiotics produced by endophytes may have reduced cell toxicity. Therefore, the
antimicrobial compounds isolated from endophytes have a big potential for the pharmaceu-
tical industry and agriculture.
Potato plants were chosen as source of endophytes due to their ability to protect them-
selves from a broad spectrum of phytopathogens. Several bacterial strains having antifungal
activities were isolated from potato tubers. One strain, which exhibited the strongest fungi-
cide potential, was characterized and identified as Bacillus subtilis subsp. subtilis. It was
deposited under the number DSM 21393 at the public collection of the DSMZ GmbH (Ger-
many). The substances exhibiting antifungal activities were purified and after structure
elucidation identified as the lipopeptide antibiotic fengycin. Due to its very strong fungi-
cide as well as bactericide and anti-cancer properties this antibiotic has a good potential
for applications in the pharmaceutical industry and agriculture. Furthermore, it exhibits
strong surface active properties, which makes it of great interest as biosurfactant. Despite
the great potential of lipopeptides, the industrial use of these antibiotics is still limited
due to their high production costs, which result primarily from low strain productivity and
difficulties in bioprocess design as well as downstream processing. Therefore, a further aim
of this project was the development of a cost-effective production process for fengycin.
Different complex substrates such as malt-, potato extracts and molasses as well as their
mixtures were used as culture media. The maximum fengycin yield of 325mgL−1 was ob-
tained in the optimized medium containing malt and potato extract. As the preparation
of potato extract for a larger cultivation scale is not practicable, a side-product of starch
production - potato fruit juice (PFJ) was used as an alternative. A fengycin yield up to
550mgL−1 could be achieved by applying this medium. The utilization of the medium con-
taining malt extract and PFJ led not only to an enhanced fengycin yield but also reduced
the production costs of fengycins.
Moreover, during the purification experiments it was seen, that another antibiotic family
called bacillaene was co-synthesized at high concentrations (up to 400mgL−1). This antibi-
otic having a broad spectrum of antibacterial activities belongs to the polyketide antibiotics.
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Abstract

Other cultivation parameters such as temperature and inoculum quantity were shown to
have influence on the cultivation process and fengycin yield. Moreover, it was shown, that
the aeration strategy during cultivation was a crucial parameter influencing the production
of both antibiotics fengycin and bacillaene. Thereby, a high aeration rate was favorable
for bacillaene synthesis whereas the limited aeration rate induced and even could enhance
fengycin synthesis rate. Moreover, process selectivity toward fengycin production could be
increased from 37% up to 82% by decreasing the aeration rate.
A key bottleneck for the application of lipopeptides on an industrial scale is the process de-
velopment under extreme foam formation. In this project an in situ product removal (ISPR)
strategy based on a foam collection was developed. The specialty of this system was the
combination of foam fractionation with an adsorption-desorption process on polystyrene
resins, which is more efficient than other commonly used ISPR techniques. Application of
this ISPR technique not only allowed for a stable and efficient cultivation of B.subtilis DSM
21393 under intensive foaming conditions without the need to add anti-foam agents but
also led to an increase in fengycin yield up to 1gL−1. Using the developed ISPR strategy
bacillaene yield could be also enhanced up to 550mgL−1.
Due to their low concentration, downstream processing of lipopeptides is relatively expen-
sive. A novel cost-effective method based on a removal and separation of biosurfactants
from the culture broth by compressing and harvesting of the liquid surface layer using a
new device called Flounder was investigated. The Flounder can be efficiently applied for
the separation and concentration of fengycin. The fengycin concentration in the collected
fractions was found to be four times higher than in the culture centrifugate. A separation of
fengycin from the less surface-active bacillaene could be achieved due to a stronger surface
activity of fengycin.
The process design for fengycin production from strain isolation via integration of an ISPR
technique and production in 60L scale up to downstream of the target product was shown
in this project. Thereby, the crucial production parameters for fengycin were determined.
The proposed bioprocess development strategy could be easily adapted for the production
of other lipopetides/biosurfactants.
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Zusammenfassung

Endophytische Bakterien besiedeln innere Pflanzengewebe und können physiologische Pro-
zesse in den Pflanzen beeinflussen. Außerdem haben viele Endophyten antibiotische Wirkung
gegen Phytopathogene. Damit stellen sie eine umweltfreundliche Alternative zu den che-
mischen Pestiziden dar und können als biologische Pflanzenschutzmittel eingesetzt werden.
Da die Pflanzen eukariotische Organismen sind, könnten die von Endophyten produzier-
ten Antibiotika eine niedrige Toxizität aufweisen. Dies alles macht diese Antibiotika sehr
attraktiv für die Anwendung in der pharmazeutischen Industrie sowie in der Landwirtschaft.

In diesem Projekt wurden Endophyten aus Kartoffelpflanzen isoliert. Die Tatsache, dass
Kartoffelpflanzen sehr resistent gegen eine große Bandbreite von Phytopathogenen sind,
macht diese zu einer interessanten Quelle von Endophyten. Es wurden mehrere bakterielle
Stämme mit antifungaler Wirkung gegen verschiedene Pilze aus Kartoffelknollen isoliert.
Ein Stamm, der das größte fungizide Potenzial aufwies, wurde charakterisiert und als Bacil-
lus subtilis subsp.subtilis identifiziert. Dieser Stamm wurde unter der Nummer DSM 21393
bei der öffentlichen Stammsammlung der DSMZ GmbH (Deutschland) hinterlegt. Die von
diesem Stamm produzierten antifungalen Substanzen wurden aufgereinigt und nach der
Strukturaufklärung als das Lipopeptid-Antibiotikum Fengycin identifiziert. Dieses Antibioti-
kum hat neben sehr starker antifungizider auch antibakterielle und Antitumor-Aktivitäten.
Außerdem weist Fengycin starke oberflächenaktive Eigenschaften auf, die es für die Anwen-
dung als Biotensid attraktiv machen. Trotz des großen Potenzials dieser Lipopeptide ist
ihre industrielle Anwendung sehr eingeschränkt. Die Hauptursachen dafür sind hohe Pro-
duktionskosten, die überwiegend durch eine niedrige Stammproduktivität, einen aufwendi-
gen Bioproduktionsprozess sowie kostspielige Aufreinigung entstehen. Ein weiteres Ziel der
vorliegenden Arbeit war deswegen die Entwicklung eines kosteneffektiven Produktionsver-
fahrens für Fengycin.
Als Kultivierungsmedien wurden verschiedene Substrate wie Malz-, Kartoffelextrakte und
Melasse sowie Kombinationen von ihnen eingesetzt. Die maximale Fengycin-Ausbeute von
325mgL−1 wurde in einem optimierten Medium aus Malz- und Kartoffelextrakt erzielt.
Da die Zubereitung von Kartoffelextrakt für einen größeren Kultivierungsmaßstab nicht
praktikabel ist, wurde ein Nebenprodukt der Stärkeherstellung - Kartoffelfruchtwasser -
als Alternative verwendet. Beim Einsatz dieses Mediums konnte eine Fengycin-Ausbeute
von 550mgL−1 erzielt werden. Die Anwendung des Mediums aus Malzextrakt und Kartof-
felfruchtwasser ermöglichte nicht nur eine erhöhte Fengycin-Ausbeute, sondern auch eine
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Zusammenfassung

Reduzierung der Produktionskosten. Im Laufe der Aufreinigung wurde festgestellt, dass der
isolierte Stamm B.subtilis DSM 21393 ein weiteres Antibiotikum, Bacillaene, in sehr hoher
Konzentration (bis zu 400mgL−1) synthetisiert. Dieses Antibiotikum gehört zu den Polyke-
tidantibiotika und hat ein breites antibakterielles Spektrum.
Desweiteren wurde gezeigt, dass andere Kultivierungsparameter wie Temperatur und Vo-
lumen des Inokulums das Kultivierungsverfahren und die Fengycin-Ausbeute beeinflussten.
Außerdem wurde festgestellt, dass die Belüftungsstrategie ein entscheidender Parameter ist,
der die Produktion von beiden Antibiotika, Fengycin und Bacillaene, sehr stark beeinflusst.
Dabei zeigte eine hohe Belüftungsrate einen positiven Einfluss auf die Bacillaene-Synthese,
während bei einer limitierten Belüftungsrate die Fengycin-Synthese induziert und sogar
erhöht werden konnte. Darüber hinaus konnte die Prozessselektivität bei den niedrigen Be-
lüftungsraten in Richtung Fengycin-Produktion von 37% auf 82% gesteigert werden.
Die größte Herausforderung für die Prozessenwicklung von Fengycin im industriellen Maß-
stab ist die Prozessführung unter einer extremen Schaumbildung. In der vorliegenden Arbeit
wurde eine in-situ-Strategie für die Produktabtrennung (ISPR), basiert auf der Abtrennung
des Schaums, entwickelt. Die Besonderheit dieses Systems besteht in der Kombination von
Schaumabtrennung mit der parallelen Adsorption von Fengycin auf einem Adsorberharz,
welches diese Technik viel effizienter macht als andere Schaumabtrennungsverfahren. Die
Anwendung dieser ISPR-Technik ermöglichte nicht nur eine stabile und effiziente Kulti-
vierung von B.subtilis DSM 21393 unter intensiver Schaumbildung ohne Zusatz von An-
tischaummitteln sondern auch eine Steigerung der Fengycin-Ausbeute auf bis zu 1gL−1. Die
Ausbeute von Bacillaene konnte dabei bis auf 550mgL−1 erhöht werden.
Niedrige Konzentrationen von produzierten Lipopeptiden stellen ein großes Problem bei dem
Aufreinigungsprozess dar und verursachen hohe Kosten. Im Rahmen dieser PhD Arbeit wur-
de eine neue kostengünstige Methode unter Verwendung eines Gerätes namens "Flounder"
für die Aufreinigung von Lipopeptiden untersucht. Das Aufreinigungsprinzip der "Flounder"
basiert auf dem Komprimieren und anschließend Absaugen der Biotenside-Schicht. Es wurde
gezeigt, dass diese Methode für die Abtrennung und Konzentrierung von Fengycin effektiv
ist. Die Konzentration von Fengycin in den gesammelten Fraktionen war viermal höher als
im Kulturüberstand. Dabei konnte Fengycin von dem weniger oberflächenaktiven Bacillaene
abgetrennt werden.
In der vorliegenden Arbeit wurde ein Prozessdesign für die Fengycinherstellung, von der
Stammisolierung über die Integration der ISPR-Technik und die Produktion im 60L Maß-
stab bis hin zur Aufreinigung vom Zielprodukt, entwickelt. Alle wichtigen Prozessparameter
für die Fengycinproduktion wurden dabei ermittelt. Die in dieser Arbeit vorgeschlagene
Bioprozessstrategie könnte für die Herstellung von anderen Lipopeptiden/Biotensiden ohne
großen Aufwand angepasst werden.
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Chapter 1

Introduction

Historically natural products have played an important role for people. Naturally occurring
enzymes have been used in beverages and food production for more than 8,000 years. For
example, beer is one of the oldest beverages produced from barley by using natural enzymes
and microorganisms and was already recorded in the written history of ancient Egypt and
Mesopotamia already at 6000BC. Since Alexander Fleming discovered penicillin produced
by Penicillium notatum and being able to kill Staphylococcus aureus in 1928, the microbial
drug era began. Using Fleming‘s method also other antibiotics such as chloramphenicol and
streptomycin were isolated. Till today more than one million natural compounds have been
discovered. Approximately 20-25% of them exhibit biological activity. Most of them were
isolated from plants, but more than 20,000 biologically active compounds were isolated
from microorganisms [Demain and Sanchez 2009].

Microorganisms inhabit the whole earth, from the soil and the waters to plants and its tissues
to animals and human beings. It is assumed that the relationship between endophytes and
their host plants might have begun hundreds of million years ago. As an evidence of this fact
was the discovery of the endophytes in the fossilized tissues of stems and leaves [Strobel
2003]. There are many examples in the mankind history for the utilization of plants for
medical purposes. For example, the sap of snake vine, Kennedia nigricans, has been used for
many years as bush medicine for the treatment of cuts, wounds, and infections by Australian
Aborigines [Strobel and Daisy 2003]. Investigation of these plants and their sap showed,
that these plants contained an endophytic bacterium Streptomyces sp. producing the
wide-spectrum antibiotics munumbicins. Now it is assumed that the healing processes of
indigenous people using different plants might be not only due to the plants themselves,
but also due to endophytic microorganisms existing inside the plants. Also many chinese
medical plants used for many years as an essential part of traditional chinese medicine
have been investigated and many endophytes producing a broad range of biological active
compounds were isolated.
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Chapter 2

State of the art

2.1 Endophytes as source of biological products

A few decades ago scientists discovered that plants were inhabited by huge numbers of
organisms known as endophytes. The first endophytes discovered by Anton de Bary in
1886 were fungal endophytes. He defined fungal endophytes as microorganisms which
colonize internal tissues of stems and leaves [Wilson 1995]. Today it is commonly agreed,
that all higher plants (nearly 300,000 plant species) are hosts to one or more endophytic
microbes [Strobel and Daisy 2003].

The endophytic microorganisms were detected in endorhiza, stems, leaves as well as in-
side reproductive organs of host plants [Rosenblueth and Martínez-Romero 2006],
[Compant et al. 2010], [Reinhold-Hurek and Hurek 2011]. The endophytic mi-
crobes belong mostly to fungi, bacteria and actinomycetes. Among the rhizospheric and
endophytic bacteria frequently occur α−, β−, γ− Proteobacteria, and the dominant groups
among them are Pseudomonas, Burkholderia, Azospirillum, as well as Firmicutes (Bacillus,
Paenibacillus etc.), Bacteroidetes (Sphingobacterium), and Actinobacteria (Streptomyces
etc.) [Rosenblueth and Martínez-Romero 2006].

All those colonize mainly lysed plant cells and intercellular spaces of the plant tissues [Ba-
con and White 2000], [Strobel 2003], [Compant et al. 2010]. Whether the endo-
phytes can inhabit living vegetal cells, is not clear due to the lack of experimental data. The
studies performed in the last decade showed, that endophytes can be transmitted vertically
(by seeds), especially in vegetatively propagated plants such as potatoes and sugarcane, or
horizontally by soil colonization or by vectors [Rosenblueth and Martínez-Romero
2006], [Hardoim et al. 2008]. In case of horizontal transmission, endophytes enter the
plant tissues mainly after soil colonization. Following rhizosphere colonization some com-
petent endophytes are able to attach to the plant roots (rhizoplane) and then colonize the
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interior root tissues. It was shown, that the main penetration points in the plant roots
for endophytes are the emergence points of lateral roots and also the zone of differenti-
ation and elongation near the root tip (Fig.2.1). In some studies it has been reported,

Figure 2.1: Root structure (cross section) with a scheme of colonization of plant
roots by endophytes. The root regions with high colonization density of endophytes are intercellu-
lar spaces in the epidermal and cortical regions. The local cell densities can reach up to 1010cells/cm3

[Reinhold-Hurek and Hurek 2011]. Other root regions such as the vascular (xylem) tissues are also
colonized by endophytes but at much lower densities. Due to the presence of endophytes in vascular tissues
the spreading of latter into shoots are possible [Compant et al. 2010].

that for some plants the root endosphere microbiota represent a part of the rhizosphere
inhabitants of lower diversity [Guttman et al. 2014]. The approximate distribution of the
culturable bacteria is summarized in Fig.2.2. The plant roots segregate 10-44% of the pho-
tosynthetically fixed carbon as products of primary and secondary metabolism [Guttman
et al. 2014]. These different carbon compounds will be used as a carbon source by diverse
rhizosphere and rhizoplane microorganisms. Therefore, soil rhizosphere and rhizoplane bac-
teria have distinct defense properties, because they have to survive in very competitive
environments. Thus, these bacteria are known to produce a broad range of different antibi-
otic compounds (well known are 2,4-diacetylphloroglucinol (DAPG), oomycin A, phenazine,
cyclic lipopeptide and others). Beside antibiotic activities also other properties support rhi-
zosperic bacteria by their survival in the rhizosphere and rhizoplane part of the soil. Among
these properties are chemotaxis (allows microorganisms to move towards the root exudates),
bacterial quorum sensing, siderophore production, production of specific compounds or en-
zymes (amino acids, lipopolysaccharides (LPSs), vitamin B1, NADH dehydrogenase 1, outer
membran protein), bacterial flagella, type IV pili [Compant et al. 2010], [Hardoim et al.
2008]. In comparison to root colonization the penetration process of the plant roots does
not require any active mechanisms. Therefore, in principle all rhizosphere bacteria can
switch their "life style" from rhizoplane/rhizosphere to endophytic [Hardoim et al. 2008].
Passive penetration may happen at cracks occurring for example by lateral root emergence
(Fig.2.1) or by invasion of pathogenic microorganisms. Only for some specific bacteria (e.g.
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Figure 2.2: Distribution of endophytes in different parts of soil and plant tissues.
The concentrations of colony forming units (CFUs) of culturable bacteria were shown per g of rhizosphere
soil or fresh weight [Compant et al. 2010].

nodulating bacteria), mainly residing in specific tissues such as nodules, some special prop-
erties as nod genes are advantageous [Compant et al. 2010]. For further spreading within
the host plant endophytic bacteria need some active mechanisms, such as cell-wall degrad-
ing enzymes to break the endodermal layer. Also some other properties as LPSs, flagella,
pili and twitching motility have been reported as important characteristics for colonization
of interior tissues [Reinhold-Hurek and Hurek 2011]. Thus, only few endophytes are
able to spread into aerial plant tissues of stems, leaves, flowers, and fruits (Fig.2.2). Some
endophytes were found in reproductive organs and in the seeds, that allows to make an
assumption for the transmission of endophytes also by seeds.

Despite of the huge amount of similar properties of endophytes and soil colonizing bacteria,
the endophytes reveal some specific properties. Additionally to the antibiotic compounds
they produce specific metabolites supporting the growth of the host plants or substances
needed for communication between host plants and endophytic microorganisms [Davies
et al. 2006], [Raaĳmakers and Mazzola 2012], [Fajardo and Martínez 2008],
[Monier et al. 2011].

Till today the dominating hypothesis of the interaction between endophytes and host plants
is "defensive mutualism". According to this hypothesis, endophytes protect host plants by
producing bioactive substances from herbivorous insects, mammals, disease-causing or-
ganisms and environmental stress [White and Bacon 2012]. Metabolites produced by
endophytes can induce the plant defense mechanisms. Moreover, endophytes produce some
toxins, virulence factors [Raaĳmakers and Mazzola 2012] or are involved in the pro-
duction of plant growth regulators/phytohormones as auxins, gibberellins, cytokinins, ab-
scisic acid, ethylene, jasmonates (important for plant growth and stress responses) [López
et al. 2008], [Glick 2012]. Some authors reported, that endophytes are able to synthe-
size the same substances as the host plants (phytohormones) or compounds which mimic
their biological effects [Hardoim et al. 2008], [Aly et al. 2013]. Still, it has to be
clarified, whether a horizontal gene transfer between host plant and endophytes occurs
during coevolution of both species. Also some nutrients for host plants such as nitrogen
(nitrogen fixation) or phosphorus (mobilizing) can be provided by endophytes. Endophytic
bacteria produce substances called siderophores participating in iron acquisition [Barry
and Challis 2009]. Moreover some metabolites in the plants can be produced only in
close interaction with endophytic bacteria. This was for example discussed for strawber-
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ries flavor. It was shown, that Methylobacteria may influence the quality and quantity of
the produced furanoids, which are responsible for typical strawberry fragrance [Verginer
et al. 2010]. Recently, it has been shown that some host plants cannot develop properly
by an absence of their associated bacteria. For example, the host plant Psychotria spp.,
Rubiaceae cannot develop without the endophytic bacterium Burkholderia kirkii, which, as
a nodule bacterium, is usually responsible for nitrogen fixation. But according to genome
sequence performed in this study the endophytic bacterium B. kirkii was assumed to bene-
fit the host plant by the production of secondary metabolites for protecting the host plant
against herbivores and pathogens [Carlier and Eberl 2012].

But in some cases endophytes do not exhibit defensive properties [Faeth 2002] and also
do not negatively affect the host plants that represent commensalistic relationship between
endophytes and host plants. Moreover, it was reported that some endophytic fungi can
become parasites under certain conditions and vice versa [Kogel et al. 2006]. Thus,
the relationship between host plants and endophytic microorganisms have a broad range
from mutualism through commensalism to parasitism [Kogel et al. 2006]. Therefore,
the exact physiological relationship between the endophytes and the host plants remains in
most cases obscure.

In spite of the fact, that the first discovery of endophytes reaches back to 1886, endophytes
obtained major attention after the discovery of paclitaxel (Taxol®), which was isolated from
the endophytic fungus Taxomyces andreanae from the Pacific yew tree Taxus brevifolia
(Taxaceae) [Stierle et al. 1993], [Stierle et al. 1995]. Taxol® is a multi-billion
dollar anti-cancer compound having activity against a broad range of tumor types (breast,
ovarian, lung, head and neck cancers as well as against Kaposi’s sarcoma) [Stierle et al.
1993], [Stierle et al. 1995]. Some important metabolites isolated from endophytic fungi,
which are clinically used, are summarized in Tab.2.1.

Endophytes produce a broad range of different substances. Today more than several thou-
sand substances having antifungal, antibacterial, insecticide, herbicide activities as well as
phytohormones have been isolated and described. These substances play an important role
in defense, competition and specific interaction with the host plant [Brader et al. 2014].
Also bioinsecticides, produced by endophytic microorganisms, slowly have started to oc-
cupy the insecticide market [Guo et al. 2008]. There are some reviews which summarize
known metabolites being produced by endophytic fungi [Aly et al. 2011], [Aly et al.
2013], [Mousa and Raizada 2013], [Gunatilaka 2006] and endophytic bacteria [Guo
et al. 2008]. Generally,the metabolic potential and interaction of endophytic fungi with
host plants is well investigated [Aly et al. 2011], much better than endophytic bacteria.

5



2. State of the art

Table 2.1: The most important clinically used substances isolated from endophytic
fungi

Substance Clinical
application

Plant host Endophytic
source

References

Vincristine chemotherapeutic
treatment of such
cancer types as
leukemia,
lymphoma, breast
and lung cancer

Catharanthus
roseus

Fusarium
oxysporum

[Zhang et al.
1999]

Camptothecin against ovarian,
small lung and
refractory ovarian
cancers

Camptotheca
acuminata

F.solani [Srivastava et al.
2005]
[Kusari et al.

2009]
Podophyllotoxin precursor for

anti-cancer drugs
such as etoposide
and teniposide

Podophyllum
species

Trametes
hirsuta
Phialocephala
fortinii

[Puri et al. 2006]

Hypericin against depression
and anxiety

Hypericum
species

Thielavia sub-
thermophila

[Kusari et al.
2008]

2.2 Endophytic bacteria as plant protection agents against

plant diseases and other applications in agriculture

About 3 billion tons of pesticides are applied each year in the world. How-
ever, despite this large amount of pesticides applied worldwide, pests, in-
sects, weeds and plant pathogens destroy about 40% of all crops [Peshin
and Dhawan 2009].

It has been estimated, that about 70,000 different pest species devastate agriculture crops
worldwide, 9,000 of them are insects and mites, 8,000 species are weeds and about 50,000
are plant pathogens [Peshin and Dhawan 2009]. For example, more than 700 plant
viruses are known, some of them such as cassava mosaic virus (CMV) damages a huge part
of cassava harvest in Africa every year [Legg et al. 2015]. A huge part of plant diseases are
caused by bacterial pathogens. Xanthomonas species, for example, are responsible for more
than 350 different blight diseases. Also nematodes and insects damage more than 14% of
the global crop yields. Fungal pathogens belong to particular serious plant diseases, due
to the synthesis of mycotoxins (aflotoxin, deoxynivalenol-DON, fumonisin associated with
esophageal cancer etc.) which are especially toxic for humans and animals [Mousa and
Raizada 2013]. Fungal infections are the major threats causing the huge damage of crops
and post-harvested vegetables and fruits [Droby et al. 2009]. Moreover, there are more
reasons why fungi may cause such huge damage for agriculture: the spores as an inoculum
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can be spread via huge soil surface, their latent period (time between infection and the
production of further infectious propagules) may be only few days [Strange and Scott
2005]. To the seriously fungal affecting pathogens belong Fusarium (F.graminearum causes
head blight), Aspergillus (A.flavus causes kernel rot), Rhizoctonia species (R.solani causes
crops and stem canker of potato) [Strange and Scott 2005].

The loss of food due to various pests is very crucial because according to the Population Ref-
erence Bureau from the actual 7.3 billion people worldwide [http://www.prb.org/], nearly
60% are undernourished [Peshin and Dhawan 2009]. The growing demand on agricul-
ture plants unfortunately increases the consumption of synthetic pesticides which have been
used for a long time for plant protection. The excessive use of chemical pesticides in the last
decades has caused serious environmental problems and also affects human health. It has
been estimated that about 26 million human pesticide poisonings occur every year, 220,000
cause deaths [Peshin and Dhawan 2009]. Thereby, the deaths from cancer and other
diseases caused by pesticides are not included in this estimation. Pesticides are a cause
of death for about 72 million birds (only in US) annually [Peshin and Dhawan 2009].
Other animals and fishes are also heavily affected through the application of pesticides, but
actually no data are available.

Moreover, the intensive utilization of agrochemicals has led to the development of resistance
to the applied chemical compounds by many pathogens. Therefore, modern agricultural
production systems require new methods for crop protection from pathogens. Thereby
it is important that the protection treatments must have a long-term effect and will not
adversely affect the crop and environment. The biggest ecological challenge for modern
agriculture is the development of environmental alternatives to the extensive use of chem-
ical pesticides. Utilization of beneficial microorganisms (biopesticides) and antimicrobial
substances produced by them is considered as one of the most promising methods for eco-
logical agriculture, which allows at least a supplementation to the existing crop protection
strategies [Fravel 2005]. There is no real definition of biopesticides, but generally, the
living organisms, mostly genetically modified crops, insects, nematodes and microorganisms
or natural products isolated from these organisms, that suppress pest population can be
defined as biopesticides. In this context, plant-associated bacteria including endophytic
bacteria play an important role. They provide plant growth, protect plants from diseases,
and support the remediation of organic and inorganic pollutants from the soil and wa-
ter [Mitter et al. 2013]. Moreover, plant-associated bacteria and pathogens share similar
environments in the rhizosphere and in the host plants; thus their defense mechanisms
against pathogens have been developed during a very long coevolution in plants and make
them excellent candidates for biocontrol [Ryan et al. 2008].

Generally, according to their beneficial interactions with plants they can be divided into
three groups:
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• plant growth-promoting bacteria (PGPB)

• biological control agents (BCAs) including bioinsecticides, biofungicides etc.

• Biofertilizer providing availability of nutrients to the plants and phytoremediation of
pollutants.

Plant growth-promoting bacteria (PGPB) The most studied PGPB belong to the gen-
era Azospirillum, Azotobacter, Bacillus, Burkholderia, Enterobacter, Klebsiella, Pantoea,
and Pseudomonas [Mitter et al. 2013]. There are many reviews where already known or
isolated PGPB and their plant-stimulating mechanisms as well as plant responses on their
activity (increasing plant high, biomass, yield, fruit weight and quality etc.) have been
summarized [Lugtenberg and Kamilova 2009], [Mitter et al. 2013]. Till today
elucidated mechanisms by which PGPB stimulate plant growth and provide nutrition are:

• increasing the availability of nutrients as iron and phosphate as well as nitrogen
fixation

• production of plant hormones and volatiles, synthesis of vitamins

• decreasing ethylene levels (production of 1-aminocyclopropane-1-carboxylate (ACC)
deaminase)

• support of photosynthetic efficiency in host plants

By nitrogen fixation atmospheric nitrogen N2 will be reduced to ammonia NH3 by nitro-
genases produced by nitrogen-fixing bacteria. These could be divided in some groups:
free-living (such as Azotobacter), establishing endophytic or epiphytic associations with
plants (Azospirillum), and bacteria forming tight symbiosis with host plants by colonization
of special organs such as root nodules [Mitter et al. 2013]. Many PGPB (for example
Actinobacteria, Gammaproteobacteria, and Alphaproteobacteria) can synthesize substances
having high affinity to iron, called, siderophores [Bendale et al. 2009]. They bind with
iron ferric-siderophore complexes which can be recognized via specific receptor proteins
(TonB-dependent receptors). The growth promotion effect on the plants might be indirect
as they deprive the pathogenic microorganisms of iron [Kloepper et al. 1980]. Also plants
were found to be able for the uptake of microbial ferric-siderophores complexes [Crowley
et al. 1988].

Phosphate is one of the most limiting elements for plant growth due to the limited soluble
form of phosphate in soil. Phosphate ions usually have negative charges, and as a con-
sequence of this, they quickly build insoluble mineral complexes in the soil which are not
available for plants. There are two mechanisms of solubilization of phosphate by PGPB:
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inorganic and organic [Rodríguez et al. 2006]. By inorganic solubilization PGPB produce
and release small organic acids such as gluconic, citric, lactic, propionic, and succinic. Their
hydroxyl and carboxyl groups bind the cations in phosphate mineral complexes by releasing
phosphate in soluble form [Chen et al. 2006c], [Vyas and Gulati 2009]. By the organic
solubilization the release of phosphate will be performed by the activity of three enzymes:
nonspecific phosphatase, phytase, and phosphonatase or C-P lyase [Rodríguez et al.
2006]. The strains of genera Pseudomonas, Bacillus, Rhizobium, Micrococcus, Flavobac-
terium, Burkholderia, Achromobacter, Erwinia, and Agrobacterium are till to date the most
investigated phosphate-solubilizing bacteria [Vyas and Gulati 2009].

Many plant-associated bacteria are able to synthesize plant growth regulators such as hor-
mones (mainly auxins, cytokinins, and gibberellins) and volatiles. Auxins play a central
role in plant development, indole-3-acetic acid (IAA) is the major occurring auxin. Genes
involved in the synthesis of IAA have been frequently detected in plant-associated bacteria.
It is assumed, that 80% of rhizobacteria may produce IAA [Khalid et al. 2004]. There is
evidence that synthesis of IAA by bacteria might be induced by signals of host plants [Mit-
ter et al. 2013]. The direct effect of IAA synthesized by PGPB has been shown in many
studies [Spaepen et al. 2007]. Moreover, beside direct effects of IAA on the plant growth,
IAA may also indirectly provide plant growth by a stimulation of nitrogen fixation and
P-solubilization [Imperlini et al. 2009], [Bianco and Defez 2010]. The synthesis of
other plant hormones, such as cytokinins (regulate cytokinesis in plants; they are involved
in the induction of seed germination, chlorophill synthesis etc.) and gibberellins (stimulate
plant growth in stems and leaves, flowering time and development of flowers and fruits
etc.) by plant-associated bacteria has been less investigated than the production of auxins.
Interestingly, the production of these hormones by plant-associated bacteria seems to be
organ-specific. Thus, gibberellins will be produced by root-associated bacteria, cytokinines
by leaf-colonized bacteria, whereas auxins are produced by bacteria isolated from any type
of plant organ [Pirttilä 2011]. Also the synthesis of vitamins, especially of the B-group
by PGPB has been seen as a mechanism to promote growth of some host plants [Ivanova
et al. 2006]. They may also have synergistic effects on other plant growth-promoting
mechanisms such as nitrogen fixation [Deryło and Skorupska 1993]. Recently, the
mechanism for growth promotion by the synthesis of volatiles by PGPB was analyzed. It
has been shown, that 2R, 3R-butanediol and acetoin produced by B.subtilis GB03 and B.
amyloliquefaciens IN937 increased the growth of Arabidopsis. Volatile compounds may
influence the signaling of cytokinin and ethylene [Ryu et al. 2003].

Ethylene is an important compound in the plant development. It is involved in the regulation
of cell size and cell division and also other processes in plants. Ethylene will be synthesized
in plants as response to biotic and abiotic stress. ACC is an immediate precursor of ethylene.
PGPB may play an important role in balancing the ethylene level in host plants due to the
production of ACC deaminase which degrades ACC to 2-oxobutyrate and ammonia. The
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suggested mechanism of ACC deaminase produced by PGPB is degradation of ACC directly
by its secretion by plant roots [Glick et al. 2007]. As a consequence, the ethylene level in
host plants will be decreased protecting plants from growth retardation due to a high level
of ethylene in plants.

Moreover, some researchers discovered, that plants inoculated with some PGPB and endo-
phytes showed increased chlorophyll content and photosynthesis activity. Such effects have
been seen by B.pumilus and Acinetobacter johnsonii for sugar beet [Shi et al. 2010]. Also
bacterization of Vitis vinifera L. cv. Chardonnay (grapevine) by Burkholderia phytofirmans
led to a 1.3 times higher CO2 fixation rate [Barka et al. 2006]. After genome sequencing
of this strain eight genes for carbonic anhydrase catalyzing reversible conversion of carbon
dioxide and water to bicarbonate and protons were identified [Mitter et al. 2013]. This
enzyme supports the increase of CO2 concentration in plants. It was assumed, that these
enzymes in PGPB might directly modulate concentration of CO2 in host plants [Mitter
et al. 2013].

Plant-associated bacteria as biological control agents (BCAs)

Another group of plant-associated bacteria (called BCAs) has the ability to protect host
plants from diseases. Some authors gave good overviews about those bacteria and their de-
fense mechanisms [Mitter et al. 2013], [Berg 2009], [Francis et al. 2010], [Tarkka
et al. 2009], [Zamioudis and Pieterse 2012]. In principle, control of phytopathogens
BCAs can be achieved directly or indirectly. The direct mechanisms can include:

• competition with phytopathogens for the colonization of rhizosphere and phyllosphere
of host plants by deprivation those pathogens of limiting nutrients, such as iron,
phosphorus.

• producing molecules interfering with pathogen reproduction systems, the production
of toxins as well as virulence factors

• antibiosis by synthesis of antibiotics and lytic enzymes

The indirect mechanisms affect the activation or alteration of plant defense and implication
of additional protective factors/bacteria by:

• inducing plant resistance

• stimulation of plant hormone synthesis

• implication on other organisms, which are able to protect host plants
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Competition for space and nutrients with pathogens is a fundamental protection mechanism
for many plant-associated bacteria. Thereby, such property of plant-associated bacteria as
chemotaxis toward nutrients play an important role in the occupation of nutrient niches in
the rhizosphere of host plants [Compant et al. 2005]. Competition for nutrients is one
important mechanism to diminish populations of pathogens. For example, for a especially
limited nutrient iron production of siderophores (described above) by plant-associated bac-
teria is an important mechanism. Another protective property of BCAs is biofilm formation
serving host plants as physical barrier to root pathogenic bacteria. Dense biofilms can be
build along roots by beneficial bacteria such as Pseudomonas or Actinobacteria [Ramey
et al. 2004]. Also endophytes can occupy inner tissues of host plants (for example Xylella
fastidiosa can occupy xylem vessels) to prevent plant infections [Hopkins 2005]. Many
bacteria use cell-to-cell communication systems in a density-dependent manner knowing as
quorum sensing to regulate many physiological functions such as biofilm formation, viru-
lence factor production, production of antibiotics, and sporulation [Fuqua and Green-
berg 2002]. This mechanism is also used by many pathogens to establish their population
in plants. The disturbance of the quorum signaling thereby is a mechanism of some BCAs
to protect host plants from infections. The most important signal molecules for quorum
sensing are homoserine lactones, which have been broadly used by phytopathogens such as
Agrobacterium spp., Dickeya spp., and Pectobacterium spp. Some BCAs have possibilities
to degrade these signal molecules enzymatically, for example Bacillus spp. by lactonases
or Variovorax paradoxus by acylases as well as by other bacterial groups using oxireduc-
tases [Fuqua and Greenberg 2002], [Czajkowski and Jafra 2009]. However, this
strategy might be critical due to some beneficial bacteria such as Rhizobia using also quorum
sensing for their regulation processes [Czajkowski and Jafra 2009].

A central role in almost all plant protection mechanisms play the secondary metabolites be-
ing produced by BCAs. Among them are lipopeptides, polyketides, phenazines, and pyrrolni-
trin, also surface and structural compounds such as lipopolysaccharides and flagellins, as well
as metabolic products such as ammonia, cyanide, and enzymes. The most important and
well investigated metabolites with antibiotic activity are amphisin, cyclic lipopeptides, 2,4-
diacetylphloroglucinol, hydrogen cyanide, oomycin A, phenazine, pyoluteorin, pyrrolnitrin,
tensin, and tropolone synthesized by bacteria of the genera Pseudomonas [Raaĳmakers
et al. 2002], [de Souza et al. 2003] as well as lipopeptides, kanosamine, oligomycin
A, xanthobactin, and zwittermicin A synthesized by Bacillus and Streptomyces [Ongena
and Jacques 2008]. Some reviews summarized all those antibiotics, their concentra-
tions, activities and target pathogens [Raaĳmakers et al. 2002], [Raaĳmakers and
Mazzola 2012]. Not only antibiotics but also lytic enzymes secreted by plant-associated
bacteria can be used to suppress the development of phytopathogenic infections. It was
shown, that chitinases, cellulases, and 1,3-β-glucanases as well as proteases secreted by B.
cereus, Stenotrophomonas maltophilia or Lysobacter enzymogenes might play an impor-
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tant role in the biological control of plant diseases such as root rot, damping off, caused
by R.solani, Phytophthora cinnamomi, P.fragariae as well as Pythium ultimum and other
fungi and oomycetes [Pleban et al. 1997], [Valois et al. 1996], [Kobayashi et al.
2005], [Dunne et al. 1997].

Beneficial bacteria can protect their host plants also indirectly, for example through acti-
vating resistance systems in the host plants. This induced systemic resistance (ISR) will
be developed after contact with an inducing agent, an allelochemical, a virus, or an or-
ganism, that make host plants resistant to infections [Bakker et al. 2007], [Van Loon
et al. 1998]. The systemic acquired resistance (SAR) occurs in plants after infection of
necrotizing pathogens. In comparison to this, the ISR occurs in plants after contact with
some plant-associated bacteria, especially with P. fluorescence and B.subtilis [Bakker
et al. 2007], [Zamioudis and Pieterse 2012], [Van Loon and Bakker 2005]. Broad
resistance systems are very effective against many phytopathogens and insect herbivores. In-
terestingly, SAR is dependent on salicylic acid, while ISR requires jasmonate and/or ethylene
signaling pathways [Bakker et al. 2007], [Zamioudis and Pieterse 2012], [Pieterse
et al. 1998]. The independence from salicylic acid signaling might be due to the synthesis
of salicylic acid by bacteria inducing ISR by themselves [Bakker et al. 2007]. It was
seen, that bacteria or their substances (allelochemicals such as siderophores and antibi-
otics, volatile compounds, flagella, lipopolysaccharides as well as many others) inducing
plant resistance did not lead to a strong transcriptome change of the treated plants as it
has been seen after pathogen infection. They prime the defense system of the plants for
a quick response to the pathogenic infections [Verhagen et al. 2004], [Jakab et al.
2005], [Jakab et al. 2001] [Conrath et al. 2002]. There is a huge number of ar-
ticles where mechanisms and applications of ISR for many plants are shown [Conrath
2011], [Gust et al. 2010], [Van Loon and Bakker 2005], [Zamioudis and Pieterse
2012]. It was also assumed, that epigenetic mechanisms involved in the development of
ISR might be transferred horizontally to the next generations [Slaughter et al. 2012].

Moreover, plant-associated bacteria can influence hormones which are essential for plant
development, that might lead to faster growth of host plants and regeneration of damaged
tissues/wounds allowing to minimize the risk of the phytopathogenic infections. Obviously,
many protection mechanisms such as ISR, stimulation of plant hormone synthesis have been
overlapping in nature and can be hardly separated from each over.

Phytoremediation

Growing human activities in many sectors such mining, industry, traffic, agriculture, and mil-
itary enhance the accumulation of organic and inorganic pollutants in the environment. Phy-
toremediation is a technology that uses living organisms/plants and their associated microor-
ganisms to remove or diminish toxic organics, metals, radionuclides from soil, surface-water,
and groundwater [Bolan et al. 2011], [Ma et al. 2011]. This ecological friendly and cost-
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effective technology is currently receiving rising attention worldwide [Glick 2010]. Plants
are able to remediate a huge amount of different contaminations by different processes
such as degradation, adsorption, absorption, accumulation, and volatilization. In this field
rhizospheric and endophytic microorganisms play a central role. Generally, they contribute
to the bioremediation process in two ways, degradation of pollutants and promotion of
plant growth. One of the most important degradation mechanisms of phytoremediation is
rhizodegradation, which means the degradation of organic pollutants by rhizobacteria. For
example a naphthalene-degrading strain of P.putida was shown to be able to naphthalene
remediation [Kuiper et al. 2002]. Some Pseudomonas and Pantoea sp. strains exhibit
strong activities for hydrocarbon degradation [Yousaf et al. 2010b]. Moreover, the rhi-
zospheric bacteria can mineralize organic contaminants and thus can avoid toxic impact
on host plants (many plants species are sensitive to high concentration of organic pollu-
tants) [Yousaf et al. 2010a], [Afzal et al. 2011]. Thereby, plant exudates can act
as inducer of microbial genes involved in the degradation of pollutants or as cometabolite
facilitating degradation processes [Olson et al. 2004]. Many studies published in the last
decade have shown applications of the rhizospheric and endophytic bacteria for bioremedia-
tion and for improving the remediation potential of their host plants [Mitter et al. 2013].
It was also found, that many beneficial bacteria are able to improve the phytoremediation
potential of plants by uptake of heavy metals [Rajkumar and Freitas 2008], [Kumar
et al. 2009]. Moreover, some plant-associated bacteria may modify plant metabolism in
order to increase the tolerance to high concentrations of heavy metals [Welbaum et al.
2004]. Additional to this, PGPB support plant growth in the contaminated soil [Glick
2010], [Rajkumar et al. 2009], [Weyens et al. 2009].

During the last 10 years more than 80 biological control agents have been commercialized
[Reddy 2015]. The most widely applied biopesticides have been summarized by [Reddy
2015] and [Fravel 2005]. Unfortunately, the synthetic pesticides have still a dominating
role in the global phytosanitary market (Fig.2.3). But the utilization of chemicals has
been declined since 2000 [Reddy 2015], [Peshin and Dhawan 2009]. The main reason
for these was not only an accumulation of their residues in the soil and cultivated plants
that leads to an increase of their environmental toxicity and has undesirable effects on
non-target organisms sharing the ecosystem. Also their efficacy has drastically decreased
due to the adaptation of pathogens. Another big problem is the homologation procedures
for new chemical products requiring more supplementary toxicological tests that increase
the production costs. At the same time alternative strategies such as the application of
biopesticides have been developed. The growth rate of their contribution is estimated
to be 10-15% per annum in comparison to 2% of the chemical pesticides [Ongena and
Jacques 2008], [Fravel 2005]. These biopesticides can find their applications in the
rapidly growing sector of organic farming where the conventional pesticides cannot be
used. Biocontrol agents can also be applied in combination with chemical pesticides, for
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example in a rotation system to reduce the amount of applied chemical pesticides and also
to develop pathogen resistance [Fravel 2005], [Compant et al. 2005]. There are some
succssefull applications of biocontrol agents based on Pichia guilliermondii. They have
been applied for postharvest protection of citrus in combination with chemical fungicides
in a portion 1:10 (chemical/ biologics fungicides). The effect was equivalent to the full
rate of chemical fungicides being used before [Droby et al. 1993]. Plant associated

Figure 2.3: Market share for biological control agents. The global market for phytosan-
itary products has reached about US$ 40 billion in 2009 [Peshin and Dhawan 2009]. The percentage
of biopesticides applied in the global market as biological control agents is relatively small, about 2.5%.
30% of biopesticides represent microorganism-based products (bacteria, fungi, viruses, yeasts). Bacil-
lus thuringiensis used to suppress insect pests has more than 70% of total sales [Ongena and Jacques
2008]. Other widely used bacterial strains are Bacillus subtilis strain GBO3 (Gustafson company, USA,
www.bayercropscience.com/gustafson), B. subtilis strain QST713 (Agraquest, USA, www.agraquest.com),
B. subtilis strain MBI713600 (Becker Underwood, USA, www.beckerunderwood.com), B. subtilis var amy-
loliquefaciens strain FZB724 (Abitep GmbH, Germany, www.abitep.de), B. licheniformis strain SB3086
(Novozymes Biologicals, USA, www.novozymes.com) and B. pumilus strain GB34 (Gustafson company,
USA).

bacteria which can be used as biocontrol agents belong to various genera like Agrobacterium,
Arthrobacter, Azotobacter, Bacillus, Burkholderia, Collimonas, Pantoea, Pseudomonas,
Serratia, Stenotrophomonas, and Streptomyces [Raaĳmakers and Mazzola 2012].
Among them Bacillus and Pseudomonas are the most studied and applied genera till to date
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(Fig.2.3) [Raaĳmakers and Mazzola 2012]. They have been applied to a wide range
of agricultural species to enhance growth, for example, by promoting seedling emergence,
plant biomass and disease control [Raaĳmakers et al. 2010].

2.3 Bacilli as biopesticides. Application of Bacilli in

agriculture

B. subtilis is the most commonly used and well-studied rhizobacterium. Many Bacillus
species are soil-inhabiting bacteria and exist as epiphytes or endophytes [Gardener 2004].
It was shown, that many bacteria species belong to Bacillus and Pseudomonas which primar-
ily colonize the rhizosphere and rhizoplane of plants and can migrate from root surface into
inside of the host plants [Rosenblueth and Martínez-Romero 2006], [Compant
et al. 2010]. It was already reported, that metabolites like lipopeptides from these bacteria
play an important role in the switch from rhizosphere to the endophytic lifestyle [Ongena
and Jacques 2008], [Raaĳmakers et al. 2010].

B. subtilis has the potential to produce more than two dozens of structurally diverse antimi-
crobial compounds. 4-9% of its genome is devoted to the synthesis of antibiotics [Stein
2005], [Chen et al. 2009a], [Rueckert et al. 2011]. This means, not plant-associated
Bacilli use about 4-5% of its genome to produce antimicrobial compounds, whereas plant-
associated Bacilli such as B.amiloluefaciens FZB42 can use 9% or even more of its genome
for such purposes [Chowdhury et al. 2015a]. In comparison to the plant-associated
bacteria only 6.4% of the Streptomyces avermitilis genome, a well-known producer of a
broad range of antibiotics, devotes antibiotica production [Chen et al. 2007].

The most known and widely used biopesticide comes from Bacillus thuringiensis to control
insect pest by cristalline inclusions containing σ endotoxins or Cry proteins [Pérez-García
et al. 2011]. This was the first applied biopesticide, which meanwhile makes up to 70%
of the worldwide biopesticide market (Fig.2.3) [Pérez-García et al. 2011], [Thakore
2006]. Besides the utilization as bioinsecticides several Bacilli have other properties allowing
their applications as BCAs against plant pathogenic fungi, bacteria and oomycetes as well
as biofertilizers.

The most powerful protection mechanism of Bacilli is direct antagonism via the synthesis
of antimicrobial substances. Among these substances, cyclic lipopeptides (LPs) have a big
potential for their utilization in the biotechnological and biopharmaceutical industry due
to their antimicrobial and surfactant properties. Lipopeptides, which include the surfactin,
fengycin and iturin families, have a broad spectrum of antifungal, antibacterial and an-
tiviral activities. It is commonly agreed, that compounds from fengycin and iturin groups
are responsible for antifungal activities by Bacillus-biocontrol [Koumoutsi et al. 2004].
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These antibiotics are synthesized by nonribosomal peptide synthetases (NRPSs) or hybrid
polyketide/non-ribosomal peptide synthetases (PKS/NRPSs) [Finking and Marahiel
2004]. Many published reports showed that each type of LPs have specific biological
functions and reveal different antibiotic activities [Jacques 2011], [Raaĳmakers et al.
2010], [Jacques 2011].

Another group of antibiotics from Bacillus species which provides strong protection against
bacteria is that of the polyketides (PKs) including e.g. difficidin, macrolactin and bacillaene
[Chen et al. 2006b], [Chen et al. 2009b], [Schneider et al. 2007]. PKs are synthesized
non-ribosomally similar to LPs on the modularly organized polyketide synthases [Chen et al.
2006b], [Moldenhauer et al. 2007]. It has been shown, that difficidin was efficient in
the suppression of the plant pathogenic bacterium Erwinia amylovora [Schneider et al.
2007]. Also bacilysin and ribosomally synthesized bacteriocins contribute to antibacterial
control [Chen et al. 2009b], [Scholz et al. 2014]. Bacilysin is a non-ribosomally synthe-
sized dipeptide consisting of anticapsin and alanine. This dipeptide showed antibacterial
activities against phytopathogenic bacteria like Erwinia amylovora [Chen et al. 2009b] and
Microcystis aeruginosa causing bloom in lakes and rivers [Wu et al. 2014]. Antibacterial
activities against Gram-positive bacteria, including Listeria sp. and others have been shown
by the bacteriocins mersacidin or amylolysin [Arias et al. 2013].

There are a lot of successful attempts for the utilization of Bacilli isolated from plant
tissue and plant rhizoplane, as BCAs against various soil-borne phytopathogenic bacteria
and fungi. For example, the suppression of root diseases, such as root rot on avocado,
damping-off on tomato, taking-all on wheat has been well documented [Cazorla et al.
2007], [Ongena et al. 2005b]. For example, Cazorla et al [2007] reported biocontrol
activity of B. subtilis strains isolated from avocado rhizoplane against the soil-borne fungal
pathogens like Fusarium oxysporum of tomato plants and Rosellinia necatrix of avocado.
In their study they showed, that the treatment of tomato seeds with cells of B.subtilis
strains significantly reduced the disease incidence (by around 40-53%). A similar effect was
observed by the treatment of avocado seeds with B.subtilis cells, where a reduction of the
disease incidence of up to 35% was achieved [Cazorla et al. 2007]. Ongena et al [2005]
showed that B.subtilis strain M4 had a huge plant protection activity against fungal diseases
in different pathosystems. It was shown, that the LPs, especially fengycins, produced
by this strain can be successfully used against damping-off of bean seedlings caused by
Pythium ultimum. A reduction of up to 44% was observed for bean seeds treated with
a cell suspension of B.subtilis M4 strain and with lipopeptide-enriched extracts [Ongena
et al. 2005b]. Also damping-off on tomato seeds caused by Pythium aphanidermatum was
significantlly reduced using this strain [Ongena et al. 2005a]. Another strain, B.subtilis
RB14 isolated from compost, has been used to supress dampfing-off for tomato seedlings
caused by Rhizoctonia solani [Asaka and Shoda 1996]. The authors showed, that the
protection effect was achieved due to secretion of lipopeptide antibiotics such iturin A and
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surfactin.

Also some reports were published where Bacillus strains were used to suppress foliar and
stem diseases such as cucurbit and strawberry powdery mildews. Reduction of more than
30% of cucumber anthracnose caused by Colletotrichum lagenarium was seen by treatment
with B.subtilis M4 [Ongena et al. 2005a]. Many B.subtilis strains isolated from the
surface of sclerotia (Sclerotia sclerotiorum) exhibited strong antifungal activities against
four common fungal pathogens of canola: Sclerotia sclerotiorum (stem rot), Rhizoctonia
solani (root rot), Alternaria brassicae (black spot), and Leptosphaeria maculans (black
leg) [Hou et al. 2006]. The inhibitory effect of these isolates was linked to the poduction
of the LP fengycin (A and B groups).

The postharvest treatment of typical postharvested infections such as green, gray and
blue molds could be eliminated using Bacillus-based fungicides. For example, treatment of
B.subtilis strain M4 against gray mold of apple caused by Botrytis cinerea during postharvest
showed a reduction of about 30% after 21 days of incubation [Ongena et al. 2005b].

These were only some examples for the application of endophytic or rhizospheric Bacilli as
BCAs. In most reports LPs are the key suppression mechanism in the biocontrol of Bacillus.
But not only LPs are responsible for plant protection by Bacillus strains. There are some
reports, where it has been shown, that also other metabolites like cell-wall degrading en-
zymes such as chitinases, glucanases and proteases, volatile compounds, hydrogen cyanide
etc. can support the protection. Also recently detected function of Bacillus as quorum
quenching contribute to the pathogen suppression. Furthermore, indirect protection mech-
anisms of Bacillus such as inducing a resistance response of host plants (ISR) for which
fengycins and surfactins play an important role [Ongena et al. 2007], [Choudhary and
Johri 2009], production of phytohormones [Tsavkelova et al. 2006] as well as biofer-
tilization (improving of bioavailability of essential compounds - phosphorus, iron etc.) [Hu
et al. 2013] contribute to the plant protection.

The successful results for the utilization of Bacilli as BCAs in vivo or in vitro research
experiments, already resulted in the ability of some biofungicides based on Bacillus on
the market (Tab.2.2). Thus, it can be concluded, that the aerobic spore-forming plant
associated bacteria genus Bacillus offer several advantages for biological plant protection:

• they produce different types of insecticidal, antimicrobial, and antiviral compounds.
They show also activities against nematodes.

• they can be used as biofertilizer and plant growth-promoting agents.

• they induce defense response by host plants.

• they are capable of sporulation that allows them to survive at different environmental
conditions.
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Table 2.2: Biofungicides based on Bacilli available on the market [Pérez-
García et al. 2011]

Trade name/
Manufacturer

Bacillus species Pathogens plant
diseases

Agricultural crop

Avogreen/
Stimuplant (South
Africa)

B.subtilis Cercospora spot Avocado

Ballad Plus/
AgraQuest (USA)

B.pumilus Rust, powdery mildew,
Cercospora, brown
spot

Soybean

Biobest/
Appliedchem
(Thailand)

B.subtilis Sheath blight, blast,
brown spot

Rice

Companion/
Growth Products
(USA)

B.subtilis Rhizoctonia, Pythium,
Fusarium,
Phytophthora,
Sclerotinia

Greenhouse, nursery
and ornamental crops

EcoGuard/
Novozymes
(Denmark)

B.licheniformis Dollar spot,
anthracnose

Turf

HiStick/ Becker
Underwood (USA)

B.subtilis and
rhizobial cells

Rhizoctonia,
Aspergillus, Fusarium

Soybean, peanuts

Kodiak/ Bayer
CropScience (USA)

B.subtilis Rhizoctonia,
Aspergillus, Fusarium,
Pythium

Cotton, legumes,
soybean and vegetable
crops

Larminar/
Appliedchem
(Thailand)

B.subtilis Alternaria,
Botryodiplodia,
Fusarium,
Phytophthora,
Corticium

Vegetables, fruit trees,
ornamentals, rice and
field crops

Rhapsody/
AgraQuest (USA)

B.subtilis Rhizoctonia, Pythium,
Fusarium,
Phytophthora

Turf and ornamentals,
vegetable and fruit
greenhouse crops

Serenade/
AgraQuest (USA)

B.subtilis Rusts, powdery
mildews, Botrytis,
Sclerotinia

Vegetable, wine, nut
and fruit crops

Sonata/ AgraQuest
(USA)

B.pumilus Rusts, powdery and
downy mildews

Vegetable and fruit
crops

Subtilex/ Becker
Underwood (USA)

B.subtilis Rhizoctonia,
Aspergillus, Fusarium

Field, ornamental and
vegetable crops

Taegro/ Novozymes
(Denmark)

B.amyloliquefaciens Rhizoctonia, Fusarium Tree seedlings,
ornamentals and
shrubs
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2.4 Lipopeptide antibiotics. Their features, synthesis,

and activities

Till to date the production of lipopeptide antibiotics by PGPB is the most promising mech-
anism for biological plant protection. Lipopeptides (LPs) can be classified in three main
groups: the iturin group which contains bacillomycines [Peypoux et al. 1985], bacil-
lopeptines [Kajimura et al. 1995] and mycosubtilines [Besson and Michel 1990],
the surfactin family which encompasses variants of esperin, lichenysin, pumilacidin and
surfactin [Peypoux et al. 1994], and the fengycin family which includes variants of
fengycins and plipastatins [Vanittanakom et al. 1986]. The structure characteris-
tics of these lipopeptides are given in Tab.2.3 and in Fig.2.4. Moreover, another LPs

Table 2.3: Structure characteristics of lipopeptides
Fatty acid Amino acid

Iturins one - C14-C17 3-amino-fatty
acid

seven amino acids - the 1st,
2nd and 3rd one being always
L-Asn, D-Tyr and D-Asn, the
others are variable (L-Asn D-
Tyr D-Asn L-Pro/Gln/Ser L-
Glu/Pro/Gln D-Ser/Asn L-
Thr/Ser/Asn)

Surfactins one - C12-C16 3-hydroxyl-
fatty acid

seven amino acids - the 3rd,
5th and 6th one being al-
ways D-Leu, L-Asp and D-
Le, the others are variable (L-
Glu/Gln L-Leu/Ile/Val D-Leu
L-Val/Ile/Leu/Ala L-Asp D-
Leu L-Leu/Val/Ile)

Fengycins one - C14-C19 3-hydroxyl-
fatty acid

ten amino acids - L-Glu D-
Orn (D or L)-Tyr D-aThr L-
Glu D-Ala/Val L-Pro L-Glu
(L or D)-Tyr L-Ileu

which do not belong to those three main groups have been isolated: kurstakins from
B.thuringiensis [Hathout et al. 2000], maltaciens from B.subtilis [Hagelin et al.
2007], polymyxins from B.polymyxa [Storm et al. 1977], surfactin-like bamylocin A from
B.amyloliquefaciens [Lee et al. 2007], and locillomycins from B.subtilis [Luo et al. 2014].
LPs consist of hydrophilic amino acids and a hydrophobic long-chain carboxylic acid. Due
to their amphiphilic structure they are surface active compounds. Therefore, they can form
micellae in aqueous media and monolayers at phase boundaries. This enables producing
LPs bacteria to grow on apolar substrates. Moreover, LPs show antibiotic activities. The
antibiotic activity of these substances can be generally explained by forming ion channels
by their penetration through cell membranes, which increases the permeability resulting in
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an uncontrolled loss of dissolved materials and subsequently the death of cells [Besson
and Michel 1990].

Figure 2.4: Structures of representative members of the three lipopeptide families
synthesized by Bacillus species. Source: KEGG PATHWAY Database [Kanehisa
and Goto 2000], [Kanehisa et al. 2015], [Kanehisa et al. 2016].

LPs can act in a synergistic manner. There are some studies, which describe interactions
of surfactin and iturin [Maget-Dana et al. 1992], surfactin and fengycin [Ongena
et al. 2007], iturin and fengycin [Romero et al. 2007], and bacillomycin D and fengycin
[Koumoutsi et al. 2004]. It is interesting, that fengycin and bacillomycin D operons
are placed close to each other on the bacterial chromosome of B.amyloliquefaciens FZB42
[Koumoutsi et al. 2004]. Some of the LPs have been used in clinical therapy [Katz and
Demain 1977].

Several Bacillus species were reported as producers of the LPs. For example, surfactins
as the most frequently produced LPs have been detected from many Bacillus strains such
as B.coagulans [Huszcza and Burczyk 2006], B.pumilus [Peypoux et al. 1999],
B.licheniformis [Peypoux et al. 1999]. LPs from the iturin group were detected in
B.subtilis [Bonmatin et al. 2003], B.amyloliquefaciens [Koumoutsi et al. 2004]. LPs
from the fengycin family were identified in B.cereus [Tsuge et al. 1999], B.thuringiensis
[Kim et al. 2004], B.subtilis [Jacques et al. 1999], and B.amyloliquefaciens [Koumoutsi
et al. 2004].

Most Bacillus strains producing LPs were isolated from rhizosphere and phyllosphere of
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different plant species [Sun et al. 2006], [Cazorla et al. 2007]. In a study, a distribution
of antimicrobial peptide genes (surfactin, bacilysin, fengycin, bacillomycin, subtilin and
iturin) in Bacilli isolated from the environment of Spain was investigated. Among 184
Bacillus strains isolated from aerial and rhizospheric plant parts as well as from soil most
strains harbored between two and four LP- genes (surfactin-, bacilysin-, bacillomycin-, and
fengycin- genes) [Mora et al. 2011]. Strains having five or six genes were extremely rare.

All members of the surfactin family are heptapeptides interlinked with a β−hydroxy fatty
acid to form a cyclic lactone ring structure [Peypoux et al. 1999]. Surfactin is a powerful
surfactant which exhibits emulsifying and foaming properties. Due to their amphiphilic
nature surfactins can easily anchor into lipid layers and interfere by this way with the
biological membrane. It has been shown that at low concentrations (surfactin-lipid mole
ratio - Rb ≤ (0.004) in the membrane) surfactins insert only in the outer layer (leaflet) of the
membrane. At a concentration of Rb 0.005-0.1 they provoke a transient permeabilization,
and at the concentration of Rb 0.1-0.2 they cause an irreversible pore formation due to
the insertion of a surfactin-rich cluster in the membrane. At higher concentrations of
surfactin (critical micellar concentration (CMC) of 9.4µM in 200mM NaHCO3 at pH 8.7)
complete disruption and solubilization of the lipid bilayer occurs [Carrillo et al. 2003],
[Heerklotz and Seelig 2007].

Interestingly, cholesterol in the phospholipid layer attenuates the destabilizing effect of
surfactins which shows that the susceptibility of biological membranes will be varied de-
pending on the sterol content of the target organism [Carrillo et al. 2003]. Therewith,
the antimicrobial activity of surfactin could be explained. The surfactins exhibit haemolytic,
antiviral, antimycoplasma and antibacterial activities, but do not show fungitoxicity.

Lipopeptides of the iturin group are also heptapeptides, like the surfactins, but they are
linked to a β−amino fatty acid which can have a chain length from 14 to 17 carbon atoms.
The biological activity of iturins differs to that of the surfactin group. They display strong
antifungal activity against many yeast and fungal strains. Their antibacterial activity is
very limited and they lack completely antiviral activity [Moyne et al. 2001], [Yu et al.
2002], [Hiradate et al. 2002], [Phae et al. 1990]. The antifungal activity of iturins
relies on their membrane permeabilization properties [Bonmatin et al. 2003]. However,
in comparison to surfactin which causes membrane disruption, the antifungal mechanism
of iturins is based on osmotic perturbation due to the formation of ion-conducting pores
[Aranda et al. 2005].

The third family of LPs contains two antibiotics: plipastatins and fengycins.
Fengycins are very promising antibiotics. They show huge antifungal activities [Ongena
et al. 2005b], [Sun et al. 2006]. Moreover, recent studies demonstrated that fengycins
possess also antibacterial, antiviral and anti-cancer activities [Huang et al. 2008], [Yin
et al. 2013], [Dey et al. 2015]. In comparison to the antifungal antibiotics form the
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iturin- group fengycins posses much lower hemolytic activity (more than 70-fold lower than
iturin [Vanittanakom et al. 1986]), which make them to interesting candidates for
pharmaceutical and industrial applications.

2.4.1 Fengycins

Antibiotics of the fengycin-group are decapeptides with a lactone ring and a β−hydroxy fatty
acid containing C14 to C19 carbons. The fatty acids can be either saturated or unsaturated.
Interestingly, plipastatins isolated from B. cereus have a chemical structure very close to that
of fengycin (only D- and L-Tyr are interchanged) [Nishikiori et al. 1986b], [Nishikiori
et al. 1986a]. However, plipastatins and fengycins exhibit drastically different biologi-
cal activities. Fengycins stimulate the enzyme phospholipase A2 [Vanittanakom et al.
1986], whereas plipastatins act as its inhibitors [Nishikiori et al. 1986b], [Nishikiori
et al. 1986a]. Fengycin inhibits filamentous fungi but not yeasts [Koumoutsi et al.
2004], [Vanittanakom et al. 1986], [Hofemeister et al. 2004]. Many reports have
been published, where the antifungal activities of fengycin against many plant diseases
caused by Aspergillus niger, Penicillium notatum, Rhizoctonia solani, Fusarium culmorum,
Botrytis cinerea and others have been shown in vitro [Vanittanakom et al. 1986], [Hu
et al. 2007], [Sun et al. 2006]. Also the application of both the Bacillus strains producing
fengycins and the purified extract of fengycins in vivo experiments showed huge antifun-
gal activity of fengycins [Ongena et al. 2005b]. Furthermore, fengycin is an important
player for the induction of plant system resistance [Ongena et al. 2005b], [Ongena and
Jacques 2008]. In a study performed by Ongena and coworkers [2005, 2008] it is shown,
that after treatment of potato tubers with fengycin extract compounds such as cinnamic-,
ferulic-, and chlorogenic acids as well as tyrosine involved in the protection mechanisms
of plants against pathogens were measured in much higher concentrations than for those
without fengycin treatment. These plant phenolics, which are involved or derived from
the phenylpropanoid metabolism, are stimulated together with activation of plant defense
reactions against pathogens or after physical damage such as wounding [Dixon et al.
2002].

Also strong surface activity has been measured by the application of fengycins. It was
shown, that fengycin forms micelles with a CMC of 1.2µM in PBS at pH 7.4 (was shown
for fengycin C16A) [Eeman et al. 2014]. Moreover, it can reduce the surface tension of
water to 12mNm−1 at the CMC [Deleu et al. 1999]. For example, surfactin which is
the strongest biosurfactant, lowers the surface tension of water from 72 to 27mNm−1 at a
concentration of app. 10µM [Peypoux et al. 1999].

The antifungal mechanism of fengycins is less known in comparison to surfactins and iturins.
The antibiotic activity of fengycins is attributed to their amphiphilic properties and affinity
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for lipid bilayers. Fengycins affect the cell membrane by altering its structure (membrane
packing) and the permeability [Deleu et al. 2005], [Deleu et al. 2008], [Deleu et al.
2014]. Interaction of fengycin with lipid monolayer dipalmitoylphosphatidylcholine (DPPC),

Figure 2.5: A model for the concentration-dependent perturbation of cell mem-
brane by fengycin [Deleu et al. 2008]. A. A model of cell membrane. B. At low fengycin
concentration, lower than 10µM (fengycin/lipid ratio - 0.002) fengycin molecules do not deeply anchor into
the hydrophobic core of the bilayer. It is assumed, that peptide part of fengycin is outside of bilayer and
does not affect its structure. The insertion of fengycin does not affect the phospholipid assembly. C. At
medium concentration, 133µM (fengycin/lipid ratio - 0.026) fengycin molecules are accumulated within the
bilayer and they begin to self-assemble. This leads to formation of large flat fragments. Moreover, fengycin
molecules may segregate at the edges of dipalmitoylphosphatidylcholine (DPPC) flat disks forming rim-like
structure, which stabilize the disk structure. D. At higher fengycin concentration, 2.425mM (fengycin/lipid
molar ratio - 0.5) the bilayer is completely broken into mixed micelles. The outer phospholipid layer may be
completely disrupted due to contact with fengycin molecules.

which was taken as a model membrane, was investigated in a study by Deleu et al. [2005].
It was shown, that fengycins interact with lipid monolayer in a concentration-dependent
way [Deleu et al. 2005]. When the molar ratio of fengycin was lower than 0.1, mor-
phological characteristics of the DPPC were not affected. At a molar ratio between 0.1
and 0.5 fengycin partially interacts with DPPC molecules reducing the formation of DPPC
condensed domains, which are important for membrane structure. Thus, fengycin interacts
with tightly packed phospholipid molecules and as a result fluidizes the lipid membrane.
At a molar ratio of 0.66 fengycin completely dissolved the lipid monolayer. Another study
investigated the mechanism of membrane perturbation by fengycin molecules using differ-
ent membrane models (monolayers, supported bilayers and vesicles) [Deleu et al. 2008].
The monolayer experiments performed in this study to investigate the kinetic mechanism of
fengycin insertion in DPPC showed that the onset of penetration occurred extremely quick,
and the equilibrium state was reached after ca. 30min. Such high insertion rate of fengycin
into the membrane can be explained by the small size of the fengycin peptide part and
its strong amphiphilic character. The mechanism of cell membrane perturbation proposed
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in this study is concentration-dependent and shown in Fig. 2.5. Interestingly, that in an
another study only 1µM free fengycin was mentioned to promote pore formation in 10% of
the lipid vesiceles [Patel et al. 2011].

The interaction of fengycins with cell surface was confirmed in a study by Kim et al. [2004].
Cell membrane changes were shown using scanning electron microscopy by treatment of
the fungi, bacteria and insects with a purified fengycin fraction for 12h.

Moreover, it is still to be investigated, if the presence of cholesterol molecules may support
the integration of fengycin molecules the cell membrane (Fig.2.6). It is generally important
to study, which effect have sterols on fengycin activity, because fungal outer membranes
differ from mammalian membranes by presence of cholesterol instead of ergosterols [Sur
et al. 2016]. It was already observed, that by addition of cholesterol, ergosterol, stig-
masterol and phosphatidyl choline, ethanolamine and serine to the medium in an agar
diffusion test to detect antagonistic activities of fengycins, caused a significant decrease of
inhibition zones. It was assumed, that fengycins may intensively interact with those lipid
molecules by building fengycin-lipid complexes, which may affect the antibiotic behavior of
fengycins. Interestingly, with an increase of fengycin concentration applied in these tests
the zone of inhibitions were also increased [Vanittanakom et al. 1986]. Also different
antibiotic activities of fengycins against filamentous and budding colonies have been de-
tected [Vanittanakom et al. 1986]. They differ from each over in the sterol content in
the cell membrane. Thus, the sterol content in the cell membrane seems to be an important
component influencing the antimicrobial behavior of fengycins.

Figure 2.6: A suggested inter-
action of fengycin with choles-
terol [Deleu et al. 2014]. The tyro-
sine residue may interacts with the secondary
alcohol group of cholesterol.

Fengycins contain four D-amino acids and ornithine - a non-proteinogenic amino acid.
Fengycin is usually produced as a complex consisting of two main compounds Fengycin
A and Fengycin B differing by the exchange of one amino acid (Tab.2.4). Recently, also
other fengycins such as Fengycin C, that contains D-allo-threonine instead of L-tyrosine at
position 9, have been detected (Tab.2.4) [Villegas-Escobar et al. 2013]. Another two
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groups of fengycins: Fengycin D and S contain D-Val instead of L-isoleucine at position
10 and D-serine instead of D-allo-threonine at position 4, respectively (Tab.2.4) [Sang-
Cheol et al. 2010], [Li et al. 2012]. The lipid moiety is more variable, it can consist of
anteiso-pentadecanoic acid (ai-C15), iso-hexadecanoic (i-C16), or n-hexadecanoic (n-C16).

Fengycin was first isolated and described in 1986 from B.subtilis F-29-3 by Vanittanakom
et al [1986]. They have isolated two fengycins called Fengycin A (with D-Ala at position 6)
and Fengycin B (with D-Val at the position 6) [Vanittanakom et al. 1986]. The FD mass
spectra of the isolated fengycin mixture indicated a molecular mass of 1541 dalton, whereas
the molecular mass of the component B was 1492. The FAB spectrum exhibited also the
peaks of higher and lower homologues (m/z = 1506 and 1478). The chemical structures
of the fengycins were suggested later in 1988 [Koch 1988] and could be confirmed and
elucidated in by J. Schneider et al. in 1999 [Schneider et al. 1999]. The chemical
structure of fengycin is shown in Fig.2.10. Physico-chemical properties of fengycins are
summarized in Appendix B.

Table 2.4: Composition of different fengycins

Position Fengycin
A

Fengycin
B

Fengycin
C

Fengycin
D

Fengycin
S

Fengycin
Abu

1 L-Glu L-Glu L-Glu L-Glu L-Glu L-Glu
2 D-Orn D-Orn D-Orn D-Orn D-Orn D-Orn
3 D-Tyr D-Tyr D-Tyr D-Tyr D-Tyr D-Tyr
4 D-allo-Thr D-allo-Thr D-allo-Thr D-allo-Thr D-Ser D-allo-Thr
5 L-Glu L-Glu L-Glu L-Glu L-Glu L-Glu
6 D-Ala D-Val D-Val D-Val D-Val D-Abu
7 L-Pro L-Pro L-Pro L-Pro L-Pro L-Pro
8 L-Gln L-Gln L-Gln L-Gln L-Gln L-Gln
9 L-Tyr L-Tyr D-allo-

Thr
L-Tyr L-Tyr L-Tyr

10 L-Ile L-Ile L-Ile D-Val L-Ile L-Ile
Abu: 2-Aminobutyric acid

2.4.2 Synthesis of lipopeptide antibiotics

Bacillus LPs are synthesized non-ribosomally on the large multi-enzymes complexes called
nonribosomal peptide synthetases (NRPSs) (Fig.2.7) [Schwarzer et al. 2003], [Steller
et al. 1999], [Finking and Marahiel 2004], [Wu et al. 2007]. These modular pro-
teins are the protein machinery for the synthesis of several hundreds of bioactive com-
pounds [Walsh 2004]. These megaenzymes consist of iterative functional units called
modules. Each module is responsible for incorporating one amino acid [Finking and
Marahiel 2004]. Generally, the number and order of these modules are collinear to the
sequence of amino acids in the certain LP (Fig.2.7). Each module is subdivided into several
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domains catalyzing one biochemical reaction. One domain comprises about 1,000 amino
acid residues. The basic set of domains within a module is usually represented by:

• A (Adenylate) domain, responsible for recognition and activation of amino acids

• PCP or T(Peptidyl-carrier-Protein or Thiolation) domain, responsible for thioesterifi-
cation of the activated amino acid

• C(Condensation) domain, catalyzing peptide bound formation between two amino
acids

• E(Epimerization) domain, responsible for substrate epimerization. This kind of substrate-
modifying-domain can be extended by hydroxylation, methylation and heterocyclic
ring formation-domains

• TE(Thioesterase) domain, is usually presented in the last module and catalyzes the
cleavage of the thioester bond between the nascent peptide and the last PCP-domain.
In most cases this domain is also responsible for peptide cyclisation.

Figure 2.7: Operons of surfactin and fengycin syntheses. Different modules will be com-
bined in large open reading frames (ORFs), which in the case of surfactin are designated as srfA-A, srfA-B
and srfA-C [Peypoux et al. 1999]. Fengycin is synthesized by NRPSs encoded by an operon with five
ORFs fenA-E [Steller et al. 1999], [Steller and Vater 2000], [Ongena and Jacques 2008].comS is a
gene located within the second reading frame srfA-B of srfA encodes a 46-amino-acid peptide ComS which
is essential for regulation of competence.

Generally, each module contains A, PCP or T and C domains. Also the first module contains
C-domain catalyzing N-acylation of the first amino acid of the LP molecule. Here, on the
first module a lipid molecule will be incorporated into the synthesized LP-molecule [Roong-
sawang et al. 2005]. The last module contains the TE domain responsible for cleavage
the LP-sequence from NRPS at the end and in most cases is responsible for cyclisation. It
has been shown, that the TE domain catalyzes the cyclisation of the assembled LP before
its hydrolytic cleavage; thus, a cyclic peptide will be released at the end [Samel et al.
2006], [Trauger et al. 2001]. It has been observed, that a corresponding linear molecule
form of a LP has in many cases much less biological activity. Therefore, it was assumed
that cyclisation may reduce the conformational freedom, provide stabilization of the LP and
ensure complementary of the LP with biological targets [Sieber and Marahiel 2003]. A
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second type of TE plays a role of reparing enzyme by its interaction with PCP or T domain
providing regeneration of phosphopantetheine cofactors [Koglin et al. 2008]. Moreover,
some NRPS-modules includes also E-domain determining the conformation (L oder D) of
the incorporated amino acid. Furthermore, phosphopantetheinyl transferase encoded by sfp
gene is important for the post-transcriptional activation of apo-proteins to holo-proteins by
the addition of the 4’-phosphopantetheinic cofactor [Steller et al. 2004].

Figure 2.8: Nonribosomal peptide synthetases versus ribosomal protein synthesis
machinery. A. ribosomal protein synthesis machinery B. nonribosomal peptide synthesis system. Data
were taken from [Finking and Marahiel 2004].

By comparison of the ribosomal protein synthesis and nonribosomal synthesis using NRPSs
(Fig.2.8) similarities in the synthesis mechanisms of both systems can be observed. Three
basic enzymes are important for the synthesis of proteins or peptides in both systems
(Fig.2.8A, B). The first enzyme aminoacyl tRNA(aa-tRNA) synthetase/ A-domain selects
and activates the cognate amino acid. The second enzyme (t-RNA/ PCP) has transport
functions to the next steps where peptide bonds will be formed (ribosome/C-domain). It is
assumed, that C-domain similar to the ribosome has an acceptor site which binds aminoacy-
lated cofactor (nucleophile) and a donor site harboring the cofactor of the upstream module
which is loaded with a peptidyl or aminoacyl group (electrophile) corresponding to A- and
P-site of a ribosome [Finking and Marahiel 2004]. However, the two protein synthesis
systems reveal essential differences. In comparison to the nonribosomal system the riboso-
mal machinery includes several proofreading mechanisms, which will be needed because of
the high precision in the protein synthesis in the primary metabolism. Moreover, ribosomal
synthesized proteins are based to a set of 20 amino acids, whereas several hundred substrates
are involved in nonribosomal peptide synthesis [Finking and Marahiel 2004]. In the
synthesis of fengycin five synthetases FenA-FenE are involved (Fig.2.9). These fengycin
synthetases are interlocked in the order FenC (287kDa)-FenD(290kDa)-FenE(286kDa)-
FenA(406kDa)-FenB(146kDa) by interaction of the C-terminal of an upstream enzyme
with the N-terminal of the downstream partner enzyme. These synthetases are encoded by
the five fengycin synthetase genes in the fengycin synthetase operon (Fig.2.9, Fig.2.10).
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Figure 2.9: Fengycin synthetase cluster. Five fengycin synthetases FenA-E (order of cataly-
sis: C-D-E-A-B) are shown. Each synthetase or ORF contains a different number of modules consisting of
distinct domains such as A, PCP, C and E. The linkage to the fatty acid (FA) occurs on the first module.
The activated amino acids will be linked to the PCP domain via a thioester bond to a phosphopantetheine
group which is covalently attached to a serine residue of each PCP domain. The peptide chain is growing
in an assembly manner by passage from one PCP domain to another PCP of the next module. The TE do-
main is located on the last module (FenB). The linear peptide is transferred onto catalytically active serine
residue of the TE domain, the formation of a lactone bond will be formed by interaction between carboxyl
carbon atom of the oxo-ester bond between L-Ile-10 and the active site serine residue with hydroxylate
group of the L-Tyr-3 shown with arrow [Samel et al. 2006].

Figure 2.10: Structure of fengycin IX. Source: KEGG PATHWAY Database
[Kanehisa and Goto 2000], [Kanehisa et al. 2015], [Kanehisa et al. 2016].
The structure of Fengycin IX or C16 fengycin A is shown. The dotted lines separate different fengycin syn-
thetases FenA-FenE (shown in boxes). The amino acids which are incorporated in the fengycin molecule
shown and additionally supplied with red numbers.

Regulation of LP biosynthesis Bacillus uses a two-component system and quorum sens-
ing for the regulation of LP biosynthesis [Duitman et al. 2007], [Sullivan 1998]. Quo-
rum sensing is one kind of regulation of gene expression in response to fluctuations in
cell-population density. Bacteria produce and release chemical signal molecules - autoin-
ducers. The concentration of these molecules increases as a function of cell density. Gene
expression will be induced if a minimal threshold concentration of autoinducers is exceeded.
Gram-positive bacteria produce processed oligo-peptides as autoinducers. The mechanism
of quorum sensing competence regulation in Gram-positive bacteria is shown in Fig. 2.11.
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Figure 2.11: Quorum sensing regulation model of competence in Gram-positive
bacteria (adapted from [Miller and Bassler 2001]). A peptide signal precursor locus
is translated into a precursor protein (black and white diamonds) that is cleaved (arrows) to synthesize
the peptide autoinducer signal peptide. This peptide is secreted via ATP-binding cassette (ABC) trans-
porter (gray protein complex in the membrane). The concentration of the secreted peptide autoinducer
or pheromone (ComX) increases as a function of cell density. For the detection of the autoinducer the
Gram-positive bacteria use two-component adaptive response proteins (ComA)- sensor kinase (ComP).
The detection mechanism is based on a phosphorylation/dephosphorylation cascade. Interaction with the
autoinducer peptide (ComX) initiates a series of phosphorylation reactions. First, the sensor kinase au-
tophosphorylates on a conserved histidine residue (H or ComP), then the phosphoryl group is transferred to
a cognate response regulator protein (D or ComA) that at the end lead to the phosphorylation of a regula-
tor proteins. The phosphorylation process will activate the response regulator that allows to bind DNA and
then starts the transcription of the quorum sensing-controlled target genes.

Bacteria use quorum sensing to regulate diverse physiological activities. These processes in-
clude symbiosis, virulence, competence, conjugation, antibiotic production, motility, sporu-
lation, and biofilm formation [Miller and Bassler 2001]. For example, Bacillus subtilis
uses a quorum sensing mechanism to choose between development of a competent state
and the sporulation process. Sporulation poorly occurs at low cell densities, even if the
bacterium is under strong starvation. Interestingly, that only 10% of the whole population
of B. subtilis become competent. The competent state is achieved at the transition be-
tween logarithmic and stationary growth phase [Grossman 1995]. Synthesis of LPs is also
regulated via two-component system and quorum sensing. Till to date the best investigated
system is the expression of surfactin genes that is initiated with increasing cell density via
quorum sensing. The synthesis of surfactin is especially conducted in the transition from
exponential to stationary growth phase. The synthesis of fengycin and iturin families occurs
even later in the stationary phase [Raaĳmakers et al. 2010].

Regulation of surfactin synthesis occurs via the two-component regulation system ComA/ComP
including autoinducer ComX and the phosphotase RapC (via CSF or PerC autoinducer).
The ComX is a 9 to 10 amino acid oligopeptide with an isoprenyl modification of the trypto-
phan residue [Ansaldi et al. 2002], [Hamoen et al. 2003]. The peptide ComX is encoded
by the gene comX but the machinery for secretion of this peptide is unknown [Magnu-
son et al. 1994]. This signaling protein is detected via the two-component ComP/ComA
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sensor kinase/response regulator pair [Magnuson et al. 1994], [Solomon et al. 1995]
(Fig.2.11, Fig.2.12). The activated ComA in its phosphorylated form (ComA-P) binds to
the promoter region of srfA inducing its transcription and surfactin will be synthesized.
Interestingly, comS, a small gene located within the second reading frame srfA-B of srfA,
encodes a 46-amino-acid peptide ComS which is essential for regulation of competence
(Fig.2.7). Phospho-ComA activates the expression of the comS gene; the ComS protein
increases the concentration of ComK protein by inhibiting the proteolytic degradation of
the ComK protein - a transcriptional activator that controls the expression of genes required
to develop the competence [Turgay et al. 1998], [van Sinderen et al. 1995]. Thus,
Bacillus sophisticatedly uses one quorum-sensing pathway for two different processes: com-
petence and surfactin production. Thereby, surfactin possesses lytic properties that may
support a release of potentially valuable genetic material from other microorganisms.

There is also the second regulation pathway to induce the transcription of srfA by RapC and
pheromone competence-stimulating factor (CSF). RapC is responsible for dephosphorela-
tion of ComA-P and as a result of this has a negative regulation effect on srfA [Solomon
et al. 1996]. Moreover, activity of RapC depends on intracellular concentration of the
second pheromone molecule CSF. It has been shown, that this pheromone is a pentapep-
tide and its amino acid sequence is similar to the C-terminal part of a secreted protein
PhrC (40 amino acids) [Solomon et al. 1996]. It is still unknown, how the PhrC will be
transformed in CSF. It is supposed that high concentrations of PhrC inhibit RapC. Thus,
when the concentration of PhrC increases, the activity of RapC is repressed and ComA-P is
accumulated which leads to an increase of srfA/comS expression [Solomon et al. 1996].
Moreover, the intracellular concentration of PhrC is regulated by other proteins such as
permease SpoOK, which transports PhrC across the cell membrane. It is still unknown,
why Bacillus uses two quorum-sensing pathways to regulate competence and also surfactin
synthesis.

It can be also seen (Fig.2.12), that the regulation of the surfactin synthesis is more complex,
for example the expression of srf genes may be modulated by other transcription factors
such as DegU (Mader 2002), AbrB and CodY [Duitman et al. 2007], [Serror and
Sonenshein 1996]. The regulatory cascade with AbrB, which is mainly involved in the
regulation of transition state of B.subtilis is also involved in the regulation of mycosubtilin
synthetase expression [Duitman et al. 2007]. For another member of the iturin family,
bacillomycin D, produced by B.amyloliquefaciens FZB42, the σA dependent promoter region
is activated by an interaction with DegU in the earlier stationary growth phase [Koumoutsi
et al. 2007].

There is very little information about the regulation system of fengycin biosynthesis. It has
been shown, that for a member of the fengycin family, plipastatin, degQ is required for the
expression of the plipastatin operon ppsABCDE [Tsuge et al. 2007]. It was also seen, that
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a nucleotide sequence in the promoter region, which is located between positions 55 and
39 called "UP element", is important for synthesis of the fengycin in B.subtilis F29-3 [Ke
et al. 2009].

Figure 2.12: Regulatory pathways involved in competence development of Bacillus
subtilis (adapted from [Hamoen et al. 2003]) The main pathways are indicated with solid
black lines. The dotted lines indicate other regulatory connections. The genes srfA, comK and rok are
schematically shown in boxes. The transcription factors which are bound to the promoter regions of these
genes are shown as circles. ComK is shown as complex ComK/MecA/ClpC/ClpP. The arrows indicate
positive and T-bars- negative regulations.

2.4.3 Interaction of lipopeptides with plant tissue and their role

as versatile weapons for plant disease biocontrol

LPs are involved in most of the defense mechanisms of plants against phytopathogens. An
overview of interactions of LPs produced by Bacillus with host plants in the context of
biological control of plant diseases is given in Fig.2.13. Most of their defense activities
are related to their physico-chemical properties as amphiphilic molecules. Reduction of
surface tension, modification of surface properties and perturbation of lipid bilayers are
some properties of surfactant molecules. However, these molecules have relatively low
CMC in comparison to many classical surfactants [Deleu et al. 2003]. Interestingly, that
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at a higher concentration than CMC molecules of different LPs aggregate differently. Iturin
molecules tend to organize lamellar vesicles instead of simple micelles [Grau et al. 2011].
The amphiphilic character is not the sole trait determining the biological activities of LPs.
Specific functions of the peptide moiety are also important.

2.4.3.1 Lipopeptide antibiotics as "spreaders" by facilitating root colonization

Plants create a beneficial environmental for microbes in the rhizosphere by excreting dif-
ferent substances from their roots [Bais et al. 2006]. Some of these substances can act
as chemical signals for motile bacteria such as Bacillus sp. to move to plant roots. This
process is called chemotaxis. Some studies have shown that LPs can influence the root
colonization of the producing strain [Ongena and Jacques 2008], [Bais et al. 2004]. In
several studies it was shown that LPs play an important role in root colonization of different
Bacillus strains that considerably reduce the colonization rate of the phytopathogenic bac-
terium Pseudomonas syringae [Bais et al. 2006]. Some researchers have also shown that
spreading of bacteria as a biofilm over the root surface occurs due to flagella-driven move-
ment of bacteria depending on the production of biosurfactants (especially surfactins) [Bais
et al. 2004], [Raaĳmakers et al. 2006], [Daniels et al. 2004].

Figure 2.13: Overview of lipopeptides interaction with host plants [Ongena and
Jacques 2008], [Jacques 2011].

2.4.3.2 Role of lipopeptide antibiotics in direct antagonism of phytopathogens

There are numerous reports displaying antimicrobial activities of LPs. The involvement
of iturins and fengycins in the antibiosis-based biocontrol activity of Bacillus strains was
observed against various pathogens in different plant species. It has been shown that iturin
A produced by B.subtilis RB14 is involved in damping-off (a seedling disease) of toma-
toes caused by Rhizoctonia solani [Asaka and Shoda 1996]. Also the closely related
mycosubtilin from B.subtilis ATCC 6633 reduces the seedling infection of Pythium aphani-
dermatum [Leclère et al. 2005]. A contribution of both iturins and fengycins was shown
in the control of phyllosphere diseases in the study of Romero et al. [2007]. They showed
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antagonism of B. subtilis towards Podosphaera fusca infecting melon leaves [Romero
et al. 2007]. Other scientists observed an important role of fengycin produced by B.subtilis
S499 in the protection of wounded apple fruits against gray mold disease caused by Botry-
tis cinerea [Jacques et al. 1999], [Ongena et al. 2005b]. The antagonistic effect
was demonstrated by treatment of fruits with lipopeptide-enriched extracts and by in situ
detection of fengycins in inhibitory amounts.

Figure 2.14: General scheme of ISR illustrating enhancement responsive capacity
of the host plant [Ongena and Jacques 2008].
ISR response mechanism contains three main steps. The systemic signal transduction is provided by se-
quential sensitization of jasmonic acid (JA) and ethylene. A positive regulator protein (NPR1) is required
to activate following unknown systemic signalization events. The mechanism of ISR is yet not fully elu-
cidated. There are some outstanding questions. No common peptide sequence has been found till now,
which can be detected by all three families of LPs or by other peptide products eliciting ISR activity such
as flagellins or pyoverdnis [Meziane et al. 2005], [Gómez-Gómez 2004], [Nuernberger et al. 2004].

2.4.3.3 Lipopeptide antibiotics as "immuno-stimulators" by reinforcing host re-
sistance potential

The protective mechanisms of LPs are based not only on hampering the pathogenic fungi
directly but also on inducing a systemic resistance of host plants [Asaka and Shoda
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1996], [Koumoutsi et al. 2004], [Ongena et al. 2005b], [Romero et al. 2004]. Several
studies have shown that the LPs have a key role in the protective interaction of Bacillus
species with plants by stimulating host defense mechanisms [Ongena and Jacques 2008].
They present a class of molecules which can be perceived by plant cells as signals to activate
the defense mechanism (ISR mechanism) (Fig.2.14). They do not afford the total protection
against phytopathogens but an induced systemic resistance(ISR)-based biocontrol system is
a long-lasting defense strategy and not conducive to the development of pathogen resistance
because of multiplicity of induced defense strategies. Especially, fengycin - and surfactin-
type LPs can interact with plant cells and thereby turn on an immune response through
the stimulation of an ISR phenomenon.

Table 2.5: Bacillus strains reported as plant systemic resistance inducers

Species/strain Pathosystem - Plant/Pathogenic microorganisms
B.subtilis sp. Cotton/Meloidogyne
GBO3 Cucumber/Erwinia, Arabidopsis/Erwinia
IN937b Tomato/Cucumber mosaic cucumovirus (CMV), Tomato mottle virus

(TMV)
S499 Cucumber/Colletotrichum, Tomato/Pythium, Bean/Botrytis
FZB-G Tomato/Fusarium
BacB Sugar beet/Cercospora
B.pumilus SE34 Tobacco/Peronospora, Arabidopsis/Pseudomonas, Tomato/Fusarium,

Phytophthora, CMV, TMV
T4 Tobacco/Pseudomonas,Arabidopsis/Pseudomonas
INR-7 Loblolly pine/Cronartium
203-6 Sugar beet/Cercospora
B.amyloliquefaciens
IN937

Tomato/CMV, TMV, Arabidopsis/Erwinia

EXTN-1 Tobacco/Pepper mild mottle virus (PMV), Cucumber/ Colletotrichum,
Arabidopsis/PMV

B.thuringiensis
Berliner

Coffee/Hemileia

B.mycoides BacJ Sugar beet/Cercospora
B.pasteurii C-9 Tobacco/Peronospora
B.sphaericus B43 Potato/Nematode
B.cereus B1 White clover/Nematode

The data were taken from [Ongena and Jacques 2008]

Plants have developed several inducible defense responses against attacks of pathogens.
The long-lasting response called as systemic acquired resistance (SAR) will be induced
through infection by a necrotizing pathogen [Durrant and Dong 2004]. Another de-
fense response is termed induced systemic resistance (ISR). ISR will be induced through
non-pathogenic rhizobacteria. This defense mechanism provides the host more resistance
to further pathogen invasion [Ongena and Thonart 2006], [VanLoon and Bakker
2006]. The protection obtained through ISR is non-specific regarding the nature of the
infectious agent. The ISR protection is spread to roots as well to leaves. Therefore, the
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ISR is effective against root-infecting pathogens and can reduce infections spreading on
foliage, flowers ant fruits.

The induction of plant defense of bean and tomato plants by surfactins and fengycins has
been demonstrated. It could show that the macroscopic disease reduction was related to
the induction of a plant defense response [Ongena et al. 2007]. Also B.subtilis S499
can stimulate the ISR in cucumber leading to protection against C.lagenarium [Ongena
et al. 2005a]. Some mechanisms for inducing ISR by LPs were investigated. In tomatoes,
LPs producing Bacillus strains stimulate two enzymes of the oxylipin pathway, a metabolic
route initiated by the lypoxygenase enzyme [Blée 2002]. It was also found that treatment
of potato tubers with purified fengycins led to an accumulation of plant phenolics involved
in the phenylpropanoid pathway [Ongena et al. 2005b]. This pathway is stimulated
concomitantly with the activation of plant defense mechanism [Dixon et al. 2002].

Most bacteria which have to be found as ISR inducer are Bacilli [Kloepper et al. 2004],
[Bent 2006] (Table2.5). Interestingly, each family of LPs possesses the ability to stimulate
different plant cells. Surfactin interacts with beans, tomatoes and tobacco but not with
potato, whereas fengycin can additionally interact with Solanaceae species.

2.5 Biosurfactants

LPs have well-recognized potential uses in biotechnology and biopharmaceutical applica-
tions because of their surfactant properties. They belong to one of the main classes
of biosurfactants [Desai and Banat. 1997]. Biosurfactants are showing extraordinary
strong surface activities. Biosurfactants find applications in a very wide variety of industrial
processes involving emulsification, foaming, detergency, wetting, dispersing or solubiliza-
tion [Cameotra and Makkar 2010], [Makkar and Rockne 2003], [Banat et al.
2000], [Georgiou et al. 1992]. [Rosenberg and Ron 1999]. Biosurfactants are used
also in agriculture for the hydrophilization of heavy soils to obtain good wettability for
the achievement of equal distribution of fertilizers and pesticides in the soils. For exam-
ple, two Bacillus strains producing an emulsifier, probably a glycolipopeptide, which was
able to form a stable emulsion in the presence of the pesticides have been detected [Pa-
tel and Gopinathan 1986]. Some biosurfactants produced by P. aeruginosa even have
the ability to solubilize toxic organic chemicals and increase the solubility and recovery
of hexachlorobiphenyl from soil slurries [Berg et al. 1990]. Naturally occurring surface-
active compounds have got attention some time ago because they offer several advantages
over chemical surfactants, such as low toxicity, inherent good biodegradability and ecolog-
ical acceptability, high selectivity and specific activity at extreme temperatures, pH, and
salinity [Makkar and Cameotra 2002]. Even though the interest in biosurfactants is
increasing (the global demand for biosurfactants is expected to achieve app. 480,000 tons
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by 2018), these compounds do actually not compete economically with synthetic surfac-
tants [Rangarajan and Clarke 2015]. One reason for this is the very complex and
expensive downstream processing. The success of biosurfactants production depends on
the development of cheaper processes and the use of low cost materials as well as on the
development of simple and inexpensive recovery techniques.

36



Chapter 3

Goal of this work

Initially, the goal of this project was the bioprocess development for a biological plant pro-
tection agent against fungal pathogens based on an endophytic bacterium isolated from
potato tubers. Potato plants were chosen as source of endophytes exhibiting antibiotic ac-
tivities due to their ability to protect themselves from a broad spectrum of phytopathogens.
During the last years it was shown, that a direct application of purified antimicrobial sub-
stances as biofungicides is more effective than biofungicides based on vital cells or their
spores as suspension, powder or granules. Therefore, the isolation and further structure
elucidation of the target antifungal substances were one of the aims of this project.

The structure elucidation showed, that the strong antifungal activities of the isolated en-
dophytic strain were attributed to the synthesis of the lipopeptide antibiotic fengycin. This
antibiotic exhibits not only strong antifungal but also powerful surface active properties
allowing it to be utilized as biosurfactant.

Various lipopeptides are not widely used in industry because of their high production costs,
which is primarily due to low strain productivity, difficulties in the bioprocess design and
downstream processing [Rangarajan and Clarke 2015], [Inès and Dhouha 2015],
[Coutte et al. 2017]. Therefore, a further aim of this project was the development of
a cost-effective production process for fengycin, including the optimization of cultivation
conditions such as medium, temperature and oxygen transfer rate. Also the establishment
of an in situ product removal strategy and the application of a novel downstream technique
named Flounder were in the focus of the bioprocess development.
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Materials and Methods

4.1 Bacterial strains

The strains used in this work were isolated from potato tubers. The isolated strains were
maintained as cryo-culture in a medium summarized in Table 4.1 containing 20% (v/v)
glycerol at -80◦C. Fresh bacterial culture was taken from frozen stocks for each experiment.

Table 4.1: Medium for bacterial cryo-culture
Compound Concentration [g L−1]
Peptone 15.6
Yeast extract 2.8
Glucose 1
NaCl 5.6

The fungal strains Penicillium sp., Alternaria alternata sp., and Helminthosporium sp., which
were used in this project as test cultures, were stored at +4◦C on the plates with a medium
summarized in Table 4.2.

Table 4.2: Medium for fungal strain library
Compound Concentration [g L−1]
Malt extract 30
Peptone from soybean 3
Agar 15

4.2 Cultivation media and solutions

All chemicals were purchased from Carl Roth GmbH (Karlsruhe, Germany) or Sigma-Aldrich
Deutschland GmbH (München, Germany), if not mentioned otherwise.
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The following media and solutions were used in this project. For preparation of all
media demineralized water was used. Buffer solutions were prepared in ultra-pure water.

Table 4.3: Nutrient agar
Compound Concentration [g L−1]
Beef extract 3
Peptone 5
Agar 15

Table 4.4: Nutrient agar for B.subtilis
Compound Concentration [g L−1]
Peptone from soybean 15
Yeast extract 3
Glucose 1
NaCl 5

Table 4.5: Mineral salt medium
Compound Concentration [g L−1]
K2HPO4 0.8
KH2PO4 0.2
NH4SO4 1
MgSO4 ∗ 7H2O 0.5
FeSO4 ∗ 7H2O 0.01
CaSO4 ∗ 2H2O 0.05
Glucose (Dextrose) 10

Table 4.6: Potato agar
Compound Concentration [g L−1]
Potato extract 1000mL
Agar 20

Table 4.7: Meat-wort agar
Compound Concentration [g L−1]
Beef extract 1.5
Peptone 2.9
Malt extract 7.5
Maltose 6.5
Dextrin 1.4
K2HPO4 0.5
NH4Cl 0.5
Agar 15
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Table 4.8: Wort agar
Compound Concentration [g L−1]
Malt extract 15
Maltose 12.75
Dextrin 2.75
K2HPO4 1
NH4Cl 1
Peptone 0.75
Agar 15

Table 4.9: Malt-/potato extract
Compound Concentration [g L−1]
Malt extract 30
Potato extract 500 ml

Table 4.10: Malt extract
Compound Concentration [g L−1]
Malt extract 60

Table 4.11: Molasses
Compound Concentration [g L−1]
Molasses 60

Table 4.12: Malt extract/Molasses
Compound Concentration [g L−1]
Malt extract 30
Molasses 30

Table 4.13: Potato extract/Molasses
Compound Concentration [g L−1]
Potato extract 500 mL
Molasses 30

Table 4.14: Phosphate buffered saline (PBS)
Compound Concentration [g L−1]
NaCl 8.18
KCl 0.2
Na2HPO4 ∗ 2H2O 1.77
KH2PO4 0.24

4.2.1 Preparation of potato extract

The potato extract was prepared from 200g of fresh potatoes already washed, peeled and
cut. The prepared pieces of potatoes were boiled in 1L water for 40min. After that the
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liquid was filtered through filter paper. Finally, the filtered solution was filled up to one
liter with sterile water.

4.2.2 Potato fruit juice

Potato fruit juice (PFJ) and potato protein liquid (PPL) were kindly provided by Mr. Brunk
from Emsland-Stärke GmbH (Kyritz, Germany). They were stored in plastic canister at
-80◦C.

Because of the high concentration of proteins especially in PFJ, which were coagulated
during the sterilization at 121◦C, they were temperature-treated before medium preparation.
The temperature treatment was performed in water bath at 100◦C for 30min. Then, the
precipitated proteins were filtered through Cellulose Filter Paper (Schleicher & Schuell,
Dassel, Germany). The permeate was used for medium preparation.

4.3 Isolation of the strains with antimicrobial activity

The strains were isolated from potato tubers. Ten potato tubers were sterilized (surface
sterilization) according to the procedure described by [Asis and Adachi 2003] and [Berg
et al. 1999] with slight modifications. The surface sterilization was performed as follows:
potato tubers were washed twice with tap water, sterilized with 70% (v/v) of ethanol for
1min and then with 5% (w/v) of sodium hypochlorite for 5 min. After further three-
times washing with sterile water the outer tissues were removed with a sterile knife. After
weighing the potatoe tubers were homogenized in a lab blender for 5min with 10mL of
sterile phosphate-buffered saline (PBS, pH 7.2) per gram of fresh material. The suspension
was centrifuged and the supernatant was taken for strain isolation. The serial dilutions were
prepared from this suspension and then plated onto nutrient agar medium (NA) (Table 4.3)
containing cycloheximide (100µg mL−1) to prevent fungal growth. The same procedure
was performed without the surface sterilization as a negative control to check the surface
contaminating microorganisms.

4.4 Identification and characterization of strains with

antimicrobial activities

For morphological studies the strains were grown at 37◦C for 48h on plates with the following
media: meat-peptone agar (NA medium), potato agar, meat-wort agar, wort agar, and LB-
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medium (Luria-Bertani medium). The Bacillus-like colonies were identified on the basis of
their morphology and Gram reaction after 48 or 72h of incubation.

Morphological and supplementary tests. Organisms were examined at 1000 x magnifi-
cation using optical microscopy for shape of cells, presence of chains and determination of
motility. The spores and sporangial morphology were observed in slides prepared from cul-
tures incubated for at least 2 days. Cultures were examined for shape spores, their position
in the sporangia and distension of the sporangia by the mature spores. Three categories of
spore shape were used: round, ellipsoidal and cylindrical. Three categories of spore position
were determined: terminal, subterminal and central or paracentral. Sporangia swelling was
only determined as positive if the distension was substantial.

Physiological characteristics were determined according to the procedures outlined in
[Logan and Berkeley 1984] and [Gordon et al. 1973] and identified according to
[Sneath et al. 1986] and [Holt et al. 1994].

Identification of the strain using 16S rDNA sequences was carried out by the company
"Biotecon Diagnostics" (Potsdam, Germany). The sequences were analyzed and compared
with 16S rRNA gene sequences in the public database of the NCBI Genebank BLAST
software (NCBI, USA)using EzTaxon server.

4.5 Isolation of phytopathogenic fungi

The phytopathogenic fungi for antibiotic tests were isolated from wheat seeds. The wheat
seeds were washed for about one hour with tap water. Then they were shortly disinfected
for 1 minute in 96% (v/v) ethanol. The disinfected wheat seeds were washed in sterile
water and were placed on sterile filter paper for drying. After that they were set on the
agar plate. The plates were incubated at 32◦C and 25◦C, each with and without light.

4.6 Isolation of lipopeptide and polyketide antibiotics

4.6.1 Adsorbent resin XAD

Amberlite XAD16 resin (CAS number: 104219-63-8, Sigma-Aldrich Chemie GmbH, Ger-
many) is a nonionic macroreticular resin that adsorbs and releases ionic species through
hydrophobic and polar interactions (Fig.4.1). Its high internal surface area can adsorb and
then desorb a wide variety of different molecules depending on the environment in which
they are used. The styrenic adsorbents (dipole moment of 0.4 debye) exhibit non-polar or
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hydrophobic behavior in polar solvents such as water and thus can adsorb organic molecules
with sparing solubility. The acrylic and phenolic adsorbents (dipole moments 1.83 debye
and 14.63 debye, respectively) exhibit slightly polar or hydrophilic properties in non-polar
solvents, such as hydrocarbons and so will adsorb molecules with some degree of polarity.
Three parameters affect binding capacity of a resin: the dipole moment, the pore size and

Figure 4.1: Chemical structure of Amberlite XAD16 polymeric adsorbent

the surface area. The material to be adsorbed must be able to migrate through the pores
to the adsorbing surface. There are different kinds of Amberlite resins. The characteristics
of the mostly used Amberlite resins are summarized in Table 4.15. The adsorptive capacity

Table 4.15: Characteristics of different Amberlite resins
Amberlite Matrix Surface

area
[m2/g]

Pore
diameter
[Å]

Application

XAD 4 Hydrophobic
polyaromatic,
styrene-
divinylbenzene

725 50 Removal of small hydropho-
bic compounds and surfac-
tants; widely used in pharma-
ceutical production

XAD 7 Acrylic ester 450 90 Adsorption of molecules up
to 60,000Da; insulin recovery,
metal ions, dry waste. Re-
moving relatively polar com-
pounds from non-aqueous
solvents

XAD 16 Hydrophobic
polyaromatic,
polystyrene,
apolar

900 100 Removal of hydrophobic
compounds up to 40,000Da;
separation of large organic
molecules, especially proteins

of Amberlite XAD resin for small molecules such as an antibiotic or peptide is 30 - 100mg
mL−1 of polymeric adsorbent. Amberlite resins are shipped as a water wet product con-
taining NaCl and Na2CO3 to retard bacterial growth. These salts must be washed out with
water from the adsorbent prior to use.
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4.6.2 Regeneration of XAD

The adsorber resin Amberlite XAD16 can be regenerated after usage. The regeneration
of Amberlite XAD16 was performed in a glass column. The regeneration performance is
shown in Table 4.16. The flow rate of regeneration solutions was five bed volumes per
hour. After regeneration the Amberlite XAD16 was washed with water until pH of 7 was

Table 4.16: Regeneration of the adsorbent resin Amberlite XAD16
Regeneration solutions Bed volume
90% Methanol + 10% 1N HCl 4
Acetone 4
NaOH 4
Water 4

reached.

4.6.3 Sephadex LH-20

The chromatography medium Sephadex LH-20 (Nr.17009002, GE Healthcare, Germany)
was used for gel filtration. Sephadex LH-20 is a cross-linked dextran that has been hydroxy
propylated to yield a chromatography medium with both hydrophilic and lipophilic character.
This chromatography medium was designed to purify steroids, terpenoids, lipids, and low
molecular weight peptides (up to 35 amino acid residues). Physico-chemical properties of
the Sephadex LH-20 are summarized in Table 4.17

Table 4.17: General physico-chemical properties and chromatographic perfor-
mance characteristics of Sephadex LH-20

Matrix Hydroxypropylated, cross-linked dextran
Bead form Spherical, porous
Average particle size:

Dry 70µm
In methanol 103µm

pH stability 2-13
Chemical stability Stable by using most aqueous and organic eluents.

Not stable below pH 2 nor using strong oxidizing eluents
Maximum linear flow rate 700cm/h
Recommended linear flow rate 60cm/h
Operating temperature 4◦C to 40◦C

Packing Sephadex column and cleaning

Amount of the required Sephadex medium was calculated with respect to its swelling in
different organic solvents (for methanol: 1g of dry Sephadex LH-20 for 4-4.3mL bed vol-
ume). Sephadex LH-20 was swollen for 4h in methanol at room temperature. Then a slurry
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of the settled medium and methanol in the ratio 75:25 was prepared and poured into the
column. The column was packed at 300cm/h until column bed reached a constant height.
Afterward the column was equilibrated with two column volumes of methanol.

After separation the column was washed with 2 column volumes of methanol and equili-
brated in a new solvent.

4.6.4 Adsorption columns

Three columns were used for isolation and purification of the antibiotics. The column
characteristics are summarized in Tab. 4.18.

Table 4.18: Characteristics of the applied columns
Parameter Column S Column M Column L
Dimensions [cm] 2.4 x 5 2.8 x 54 8 x 40
Bed volume of the column [mL] 22 350 2,010
Flow rate [mL/min] 1.7 0.75/0.5 166
Loaded solution [mL] 100 5 10,000

4.6.5 Protocols for the purification of fengycin and bacillaene

The protocols for isolation and purification of lipopeptide and polyketide antibiotics, which
were developed in this work, are summarized below.

4.6.5.1 Solvent extraction

For solvent extraction of antibiotics different polar solvents such as butanol, ethyl acetate
or cyclohexane were applied.

• Forty mL of a sample were transferred into a 50mL Falcon-tube

• The cells were removed from the culture by centrifugation at 10,000xg for 15min

• Five/ten or twenty mL (depending on the protocol) of cell-free supernatant were
transferred to a new 50mL Falcon-tube and the pH was adjusted with 1M sulfuric
acid or 1M sodium hydroxide solution to pH 4, 7 or 9.

• Add five/ten or twenty mL (depending on the protocol) of solvents (butanol, ethyl
acetate or cyclohexane)

• Shake for two hours on the rotary shaker
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• The solvent phase (butanol, ethyl acetate or cyclohexane) on the top was transferred
into a 50-mL round bottom flask. If the phase separation was not visible enough the
Falcon-tube was centrifuged at 10,000xg and 8◦C for 10min

• The solvent was distilled off on a rotary evaporator at 35◦C

• Then 500µL of methanol (HPLC gradient grade) were added to the round bottom
flask to dissolve the solid residue and the solution was transferred to a HPLC-vial.

• Further 500µL of methanol were added to the round bottom flask for washing and
the liquid was transferred to the same HPLC-vial.

• Finally, the sample was filtered through a Nylon or PVDV Filter and stored at -20◦C.

4.6.5.2 Solid-phase extraction

The isolation and purification of antibiotics using solid-phase extraction consisted of two
steps. First, the antibiotics were adsorbed on an Amberlite XAD16 resin and then the ad-
sorbed substances were eluted stepwise with 40%, 60%, 80%, 100% (v/v) methanol/water,
respectively. The eluates from the 80% and the 100% fractions were each concentrated in
a rotary evaporator and used for further processing. The isolation and purification protocol
is summarized below:

• Forty mL of a sample were transferred into a 50mL Falcon-tube

• The cells were removed from the culture by centrifugation at 10,000xg for 15min

• Twenty mL of the cell-free supernatant were transferred to a new 50mL Falcon-tube

• Then 2.5g of Amberlite XAD16 resin were added. After determination of the sorp-
tion capacity of the Amberlite XAD16 the amount of the applied Amberlite resin
was increased twice. Finally, 5g of Amberlite XAD16 were used for purification of
antibiotics.

• The tube was shaken for two hours on a rotary shaker

• The Amberlite XAD16 resin was removed from the culture liquid

• The supernatant was discarded and the adsorbed substances were eluted from the
Amberlite XAD16 resin

• For this purpose 20mL of distilled water were added to the Amberlite XAD16 resin
and then shaken on a rotary shaker for 30min
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• The distilled water was discarded and then 20mL of 40% (v/v) methanol were added
to the Amberlite XAD16 resin

• The tube was shaken on the rotary shaker for 30min. Then the methanol was dis-
carded. This procedure was repeated with 60%, 80% and 100% (v/v) methanol. The
60% fraction was discarded, while the 80% and 100% fractions were separately trans-
ferred to a round bottom flask and the solvent was evaporated in a rotary evaporator
at 35◦C. 500µL of methanol were added to dissolve the dried residues. The solutions
were transferred to HPLC-vials. Further 500µl were added to the bottom flasks for
washing and the solutions were transferred to the above mentioned HPLC vials

• Finally, the samples were filtered through a Nylon or PVDV filter and stored at -20◦C.

4.6.6 Calibration curves of fengycin and bacillaene

To prepare the calibration curve for fengycin the purified fraction of fengycin C17B (Fengycin
XII) was taken. Solid residue of fengycin was dissolved in 1mL of methanol and 500µL
purified water. After that the fraction was transferred into an Eppendorf tube, then closed
with a lid with many holes and freezed at -80◦C. After that the tube was lyophilized. To
calculate the amount of the fengycin the tube was weighed before and after lyophilization.
After calculation of the fengycin mass (0.8mg), the solid residue of fengycin was dissolved
in 1mL of methanol and a dilution range was prepared. The samples were analyzed with
HPLC. The obtained calibration curve is shown in Fig. 4.2.

Figure 4.2: Calibration curve for quantitative analysis of fengycin C17B (Val)

The calibration curve was fitted using software Table curve 2D v5.01. The calibration curve
could be fitted with equation 4.1. The coefficient of determination of this fit curve is
R2=0.99835.
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CFen = (A + 17.159)/103736.57 (4.1)

in which CFen is fengycin concentration in mg/20µL, A - peak area.

To calculate the amount of fengycins in cultivation sample the Eq.4.1 has to be extended
(Eq.4.2).

CFen = (A + 17.159)/103736.57 ∗ 50 ∗ 50 (4.2)

where the first factor 50 - is used to calculate the amount of fengycin expressed in [mg/mL],
and the second factor 50 - is used for calculation of the fengycin amount in a sample
expressed in [mg/L] (20mL of the cultivation sample were taken for purification). Thus,
using Eq.4.2 the amount of fengycin in cultivation samples can be calculated in [mg/L].

To prepare the calibration curve for bacillaene the B.subtilis DSM 21393 was cultivated
in malt-/potatoes extract media at 25◦C for 10h. Then the sample was purified using
XAD concerning protocol s. chapter 4.6.5.2 Solid-phase extraction on page 46. The HPLC
spectrum of the purified fraction is shown in Fig. 4.3.

Figure 4.3: HPLC - chromatogram of a calibration sample containing mostly
bacillaene A

It has to be taken into account, that this fraction was purified using only XAD adsorption
protocol and not additional techniques such as preparative HPLC. Therefore, small amounts
of impurities were also present. The obtained calibration curve is shown in Fig. 4.4.

The calibration curve was fitted using software Table curve 2D v5.01. The calibration curve
could be fitted with equation 4.3. The coefficient of determination of this fit curve is
R2=0.9983.

CBac = (A + 43.965)/29206.759 (4.3)
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Figure 4.4: Calibration curve for quantitative analysis of bacillaene A

in which CBac is bacillaene concentration in mg/20µL, A - peak area.

For the calculation of the amount of bacillaene in cultivation samples the Eq.4.3 has to be
extended (Eq.4.4).

CBac = (A + 43.965)/29206.759 ∗ 50 ∗ 50 (4.4)

where the first factor 50 - is used to calculate the amount of bacillaene in [mg/mL], and the
second factor 50 - is used for calculation of bacillaene amount in a sample in [mg/L] (20
mL of the cultivation sample were taken for purification). Thus, using Eq.4.4 the amount
of bacillaene antibiotics in cultivation samples can be calculated in [mg/L].

4.7 Cultivation and harvest

4.7.1 Cultivation in shake flasks

Cultivations were performed in 250mL shake flasks containing 50mL medium. All cultivation
media were supplemented with 1gL−1 CaCO3. The start OD was 0.2. Inoculation amount
was calculated through equation 4.5. Cultures were incubated at 25◦C in a rotary shaker
at 150min−1.

4.7.2 Preculture

Preculture of B.subtilis cultures was incubated in 1L-shake flasks with baffles in the cul-
tivation medium (see Table 4.9) at 25◦C on a rotary shake at 150min−1 for 24-36h. The
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shake flasks were filled up to 200mL. The pH in the shake flasks was adjusted to 7.3
before sterilization so that after the sterilization the pH dropped to 7.0. The preculture
was inoculated with the culture of B.subtilis growing at 25◦C on an agar plate (cultivation
medium) for two days. The preculture did not contain spores. The optical density of the
preculture was determined before inoculation of main culture (bioreactor). The starting OD
in the bioreactor was 0.25. According to this the inoculum amount was calculated through
following equation:

Inoculum amount =
0.25 ∗ Bioreactor volume

Measured OD of the preculture
(4.5)

4.7.3 Cultivation in a bioreactor

The bioreactor BIOSTAT E (Braun Biotech GmbH, Germany) was applied for cultivation
at a 6L/10L scale. The bioreactor consists of a stainless steel vessel with a double jacket,
which is designed as a heat exchanger. The heating or cooling of the bioreactor is achieved
by this double jacket. The bioreactor was assembled with two disk stirrers (the distance
between the two stirrers was 86mm) and four baffles. The mechanical foam destroyer was
additionally placed on the top of the shaft at the distance of 126mm from the upper stirrer.

The cultivation medium was sterilized in situ. Ten mL of a polypropylene glycol 2000
(PPG2000) antifoam (CAS Number: 25322-69-4, Sigma-Aldrich Chemie GmbH, Germany)
were added into the bioreactor before sterilization.

A platinum resistance thermometer Pt-100 was used for measurement and control of the
temperature in the bioreactor. An Ingold autoclavable pH electrode (Mettler-Toledo GmbH,
Giessen, Germany) was used for measurement of the pH, which was controlled by addition
of 3M NaOH or 3M H2SO4, respectively. The monitoring of dissolved oxygen was performed
with a DO sensor (Ingold AG, Urdorf, Switzerland). The DOT control in the bioreactor
was carried out through the stirrer speed and air supply. The bioreactor was equipped
with an exhaust gas cooler. The oxygen amount in the exhaust gas was measured with
Oxygor 6N (Maihak AG, Hamburg, Germany). The concentration of the carbon dioxide
was monitored with Unor 6 (Maihak AG, Hamburg, Germany). Cultivations were performed
at stirrer speed of 800min−1 and a temperature setting of 25◦C. Foaming was controlled
with chemical antifoam agent PPG2000.

For cultivation at 60L scale a Pilotfermenter Typ P 150L from Bioengineering AG (Wald,
Switzerland) was applied. This bioreactor was assembled with a pH sensor and DOT sensor
(Mettler-Toledo GmbH, Giessen, Germany).
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4.7.3.1 Determination of growing parameters

The specific growth rate is the slope in the logarithmic plot of biomass concentration and
calculated as follows:

µ =
ln(CDW2)− ln(CDW1)

t2 − t1
(4.6)

where CDW is cell dry weight and t is the time, at which samples are taken.

The doubling time of microorganisms is calculated by the equation:

td =
ln(2)

µ
(4.7)

4.7.4 Cell disruption

Before cell disruption biomass was harvested by centrifugation at 15,000 x g for 15min
at 4°C. The harvested cells were resuspended in 1/5 volumes of the original culture in
0.9%(w/v) NaCl. Then, cells were washed in 0.9%(w/v) NaCl two times and lyophilised.
After that, lyophilised biomass was resuspended in PBS (20mL PBS were added per 1g
biomass) and incubated with lysozyme (1mg mL−1) on ice for 60min. Afterwads the cell
suspension was vortexed with 8mL of 0.5mm glass beads three times for 5min. At the
end, cell debris was removed by centrifugation at 15,000 x g for 15min at 4◦C. Collected
supernatant (cell lysate) was used for further investigation.

4.8 Analytical methods

4.8.1 Offline measurement of optical densities

A photometer DU 640 (Beckmann) was used for measurements of the optical density.
Measurements were performed at 640nm. The 0.9%(w/v) NaCl solution was used as a
blank. The linear measured photometric range was till 0.4. The measured samples were
diluted with the 0.9%(w/v) NaCl solution if the optical density value was higher than 0.4.

4.8.2 Online measurement of optical densities

To determine optical density continuously an inline photometer EloCheck (biotronix GmbH,
Berlin, Germany) was used. This device could be connected to a bioreactor via an auto-
clavable bypass system. Technical data of online measurements are summarized in Tab.4.19.
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The recorded values were converted with a special equation to OD of 600 nm and cuvette
thickness of 1mm.

Table 4.19: Measurement characteristics of EloCheck
Wavelength 630nm
Optical thickness of cuvette 1.6 mm
Recording interval 1 measurement per 1 minute
Accuracy ±0.1% (approx. ± 0.01 at low OD)

4.8.3 Biomass determination

Determination of dry weight of biomass was performed by membrane filtration. A vacuum
filtration unit connected to a suction pump was used for this method. Before filtration the
cellulose acetate membrane filters were dried for three hours in the drying oven at 105°C,
after that cooled down in desiccator for 30min and finally weighed. The different dilutions
of the Bacillus culture were prepared and then 50mL of each dilution were centrifuged at
15,000 x g for 10min. The pellets were washed twice with distilled water, after that the
residues were vacuum filtered through a pre-weighted 0.2µm membrane filter. For dry cell
weight measurement the filters were dried in an oven at 105◦C until constant weight and
re-weighed after cooling in a desiccator. The measurement of dry weight for each dilution
was repeated three times. The dry weight of biomass was calculated as the difference of
filter weights before and after filtration.

The correlation curve between optical density and cell dry weight (CDW) is shown in the
Fig. 4.5.

4.8.4 Microscopy

The state of the culture was analyzed by microscopy. Therefore, the samples were dried
on a slide, heat fixed and stained with fuchsine. The stained cells were monitored using a
microscope (Hertel & Reuss Optik, Kassel, Germany) with oil immersion.

4.8.4.1 Schaeffer-Fulton method for staining endospores

Schaeffer-Fulton method was used to detect endospores by staining any present endospores
green, and any other bacterial bodies red [Bast 1999]. The green stain was malachite
green, and the counterstain was safranin, which stained any other bacterial bodies red.
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Figure 4.5: Calibration curve for cell dry weight vs optical density of B.subtilis
DSM 21393

Table 4.20: Solutions for Schaeffer-Fulton method
Solutions Compounds Amount
Malachite green solution

Malachite green 5g
Distilled water 100mL

Safranin counterstain solution
Safranin O 0.5g
Distilled water 100mL

The microorganism was air dried and heat fixed on a glass slide and covered with a square
of blotting paper or toweling cut to fit the slide. Then the blotting paper was saturated with
malachite green stain solution (Tab. 4.20) and steamed for 5 minutes, keeping the paper
moist and adding more dye if required. Afterward the slide was washed with tap water.
Finally, the slide was covered with safranin (Tab.4.20) for 30 seconds and then washed with
tap water again.

4.8.5 Antibiotics test

The antimicrobial effect of antibiotic substances is usually tested using the diffusion test.
There are different modifications of the diffusion test. The "Well Diffusion Method" [Perez
et al. 1990] and the "Disc Diffusion Method" [Bauer et al. 1966] were applied in this
work.
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4.8.5.1 The Well Diffusion Method

Fifteen mL of sterile potato agar containing 75µL of 50%(w/v) citric acid were poured
into Petri dishes. The agar was left to set and 0.3mL of a suspension of fungal spores
(2x109cells/mL) were distributed on the agar. Then, six wells of 6mm diameter were
stamped out. A drop of the soft agar was dropped into the well to seal the bottom. The
Bacillus cells were centrifuged at 13,000 x g for 15min. Forty µL of the supernatant were
taken for the test. Five wells were aseptically filled up with 40µL of antibiotic or supernatant
suspension, while an equal amount of pure medium or methanol was placed in the sixth well
as a reference standard/negative control. After an incubation at 25◦C for 48h the diameter
of the inhibition zones was measured. Finally, the results were recorded after a subtraction
of 6mm diameter of the wells.

4.8.5.2 The Disc Diffusion Method

The disc diffusion method was performed according to [Bauer et al. 1966] with slight
modifications. Autoclaved potato agar medium (15mL/Petri dish) and a suspension of
fungal spores (2x109cells/mL) were mixed gently and poured into Petri dishes. The cells
were centrifuged at 13,000 x g for 15min. Forty µL supernatant were taken for the test.
Assay discs were prepared from Whatman paper (Whatman,Limited, England). Discs con-
taining 40µL of supernatant were dried at room temperature for 30min. Soaked discs were
aseptically transferred on the medium surface to determine the antibacterial activity. The
plates were left at room temperature prior to incubation at 25◦C for 24h to allow diffusion
of the sample into the medium.

Finally, the results were recorded after subtraction of 6mm diameter of the discs. Control
discs containing sterile distilled water or medium were performed simultaneously with all
experiments to check the activity of sample solvent.

4.8.6 Determination of lipopeptide and polyketide antibiotics us-

ing HPLC

4.8.6.1 Preparative HPLC

The substances were separated using Agilent HP 1100 HPLC System (Agilent Technologies,
Waldbronn). The separation was performed on the RP-C18-column (Grom-Sil 300, ODS-
5, 10µm, 2 x 25 cm, Grom, Rottenburg). Elution was performed using two eluents (A:
acetonitrile + 0.1% formic acid and B: pure water + 0.1% formic acid). The gradient
program is shown in Tab. 4.21. The flow rate was kept at 15mL min−1.
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Table 4.21: Pump program for
the purification of antimicrobial
substances with HPLC

Time, min Acetonitrile in %
30 70
35 100
40 100

4.8.6.2 Analytical HPLC

The isolated substances were quantified in a reversed-phase HPLC. Two systems were
used: Agilent HP 1100 HPLC System (Agilent Technologies, Waldbronn) equipped with
a UV/visible diode array detector. As separation column, a Luna C18 column with a
size of 100 x 4.6 mm, 5µm (Phenomenex, Aschaffenburg, Germany) was applied. The
flow rate was held constant at 1.5mL min−1. The second system was: HP 1090 Liquid
Chromatograph System (Hewlett Packard Inc., Palo Alto, CA) equipped with UV/visible
diode array detector. As separation column a Pursuit XRs C18 column with a size of 150x4.6
mm (Varian Deutschland GmbH, Darmstadt, Germany) was applied. The flow rate was held
constant at 1mL min−1. As eluent, gradients of acetonitrile and double distilled water were
used (Tables 4.22 and 4.23). Formic acid (0.1% v/v) was added to the eluent for improving
HPLC analysis. The detection wavelength was set to 220nm. Peaks were integrated with
the software package Agilent ChemStation.

Table 4.22: Gradient program for Agilent HP1100
HPLC System

Time [min] Water [%] Acetonitril [%]
0 90 10
10 0 100
13.0 0 100
13.1 0 10
15 90 10

Table 4.23: Gradient program for HP1090 Liquid
Chromatograph System

Time [min] Water [%] Acetonitril [%]
0 90 10
13 0 100
13.1 0 100
15 90 10

Water was purified by means of a Barnstead Easy pure IIRF Ultrapure water system (Thermo
Fisher Scientific, Germany)

Resolution factor The quality of peak separation was measured by resolution factor Rf

between adjacent peaks (Fig.4.6).

55



4. Materials and Methods

Figure 4.6: Resolution factor between adjacent peaks.
tR1 and tR2 are the retention times of two adjacent peaks 1 and 2, respectively. W1 and W2 the widths of
two adjacent peaks 1 and 2, respectively.

To ensure the accuracy of quantitative analysis, the Rf value of the analyzed peak must
be larger than 1.5, unless otherwise specified. The Rf value was calculated by using the
following equation:

Rf =
2× (tR2 − tR1)

W1 + W2

(4.8)

where tR1 and tR2 are the retention times of two adjacent peaks 1 and 2, respectively, W1

and W2 the widths of two adjacent peaks 1 and 2, respectively.

4.8.7 Analysis of substances using HPLC-ESI-MS

Chemical structure elucidation was performed using HPLC-ESI-MS. HPLC Agilent 1100
HPLC System (Agilent Technologies, Waldbronn) coupled with ESI MS (QTrap 2000, Ap-
plied Biosystems, Darmstadt) was used in this project. A Jupiter 4u Proteo 90A 150x1 mm
column with a precolumn 30x1 mm (Phenomenex, Aschaffenburg, Germany) was used as
separation column.

The spectra were identified according to the methods summarized in following literature
[Williams and Fleming 1985], [Hesse et al. 1995], and [Clerc and Simon 1990].

4.8.8 Amino acid analysis

The determination of amino acids and fatty acids using GC-MS was performed by Mr.
Graeme Nicholson (Institute of Organic Chemistry, University of Tuebingen). A gas chro-
matograph (6890, Agilent, Waldbronn) connected to a mass spectrometer (5973 MSD,
Agilent, Waldbronn) was used for these analyses.
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Qualitative analysis. The composition and configuration of the amino acids were deter-
mined after hydrolysis in 6M HCl at 110◦ for 21 hours. The dry hydrolyzate was derivatized
to the N-(O-)TFA/ethyl esters and analyzed by chiral GC-MS on a 20m x 0.25mm Chi-
rasil L-Val capillary column. The constituent amino acids were identified by means of their
EI-mass spectra and their configuration was determined by comparison of their retention
times with those of amino acid standards.

Quantitative analysis. This analysis was performed by enantiomer labelling [Frank
et al. 1978]. For this purpose the hydrolyzate before the derivatization was split into two
aliquots. An enantiomer (50nM) of the expected amino acids was added to one part of the
hydrolyzate as internal standard. Both samples were parallelly analyzed. The quantification
of amino acids was based on the comparison of the peak area with that of the enantiomer.
The presence of both D- and L- amino acids made the use of L- and D- standards necessary.

4.8.9 Fatty acid analysis

Fatty acids were cleaved by methanolysis (0.8 M methanolic HCl at 70◦ for 1.75 hours).
The methyl esters were extracted with hexane. The next step was the trimethylsilylation
with BSTFA. Finally, the samples were analyzed using GC-MS with a DB-5 capillary.

4.9 Removal of surface-active substances with the Floun-

der

The Flounder (Halcyonics GmbH, Göttingen, Germany) was operated with 440 to 480mL of
supernatant or cell broth from flask culture, which had entered the late exponential growth
phase. The main operating parameters are summarized in Tab. 4.24.

Tabelle 4.24: Operating parameters of Flounder
Operating parameters Values
adsorption time 60s
stirrer speed 100min−1

removal time of concentrate 480ms

When the level of the liquid volume in the Flounder was below the tip of the suction needle,
cell-free centrifugate or culture broth was refilled. This limiting state was usually reached
at cycle numbers of about 400. The refill of another 40mL of original solution resulted
in a small increase in concentration of surface active compounds. This increase led to a
slight shift backwards in the separation characteristics of the equilibrium surface tension in
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dependence of the harvesting cycles. The extent of this shift could be estimated comparing
the separation characteristics before and after the refill. Experiments were stopped when
no fengycin was detectable in the collected fractions anymore.

4.10 Determination of surface tension

The surface tension was measured with a semiautomated tensiometer K10T (Krüss GmbH,
Hamburg, Germany) applying the de-Nouy-ring method [Lunkenheimer and Wantke
1981]. Measurements were performed at a constant temperature of 24◦C. The sample vessel
had a diameter of 75mm, which was appropriate for the experiments [Lunkenheimer and
Wantke 1981]. The surface tension of the concentrate was analyzed whenever a total
volume of 10mL of harvested solution was collected from the Flounder. Surface tension
in the Flounder was measured whenever a 10mL fraction was completed. Prior to surface
tension measurement, all samples were diluted with the same volume of double-distilled
water to reach a satisfying immersion depth for the ring.

4.11 Determination of adsorption parameters

To assess the adsorption parameters of the two antibiotics fengycin and bacillaene, their
experimental σe (experimental equilibrium surface tension) vs. log c (c-surfactant concentra-
tion) isotherms were evaluated by the Szyszkowski and Lagmuir adsorption equations [Lun-
kenheimer and Hirte 1992]:

∆σe = RTΓ∞ × ln(1 + c/aL) (4.9)

and
Γ = Γ∞/(1 + aL/c) (4.10)

where Γ and Γ∞ denote the surface concentration and saturated surface concentration,
respectively. The parameter aL represents the surface concentration, at which the surfac-
tant´s adsorption layer has reached the state of half saturation.

The standard free energy of adsorption ∆Gad
0 was calculated as:

∆Gad
0 = RT ln aL/cn (4.11)

in which cn = 1mol/dm3 is used as standard concentration. With respect to the term of
surface activity it should be considered that it is described as that surfactant concentration
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at which the adsorption layer of surfactant has reached the state of half saturation, i.e.
when c = aL (cf. Eqs.4.10). Thus, a surfactant has a greater surface activity with a lower
numerical value of its parameter aL.

To describe the efficiency of the Flounder technique, the partition coefficient K was calcu-
lated as follows:

K =
Concentration in harvested fraction

Concentration in bulk liquid
(4.12)

4.12 Data treatment

Curve fitting (splines) was performed using Matlab Version 7.0.1 (Mathworks Inc., Nattick,
MA), Sigma Plot.
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Chapter 5

Results

5.1 Isolation and identification of Bacillus strains

Several endophytic strains were isolated from potato tubers. All isolated strains were
tested on their antimicrobial activity against Penicillium sp., Alternaria alternata sp. and
Helminthosporium sp. (Fig.5.1). These phytopathogens were isolated from cereal seeds
(wheat, rye and barley) in the lab. They belong to the most widespread plant diseases
which cause root rot, core rot, early blight etc. [Logrieco et al. 2003], [Kabak et al.
2006], [Mazur et al. 2016]. For the detection of antibiotic activity a well diffusion method
was performed. Two strains, having the widest antimicrobial activity, were chosen for further
investigations (further on called strains No.9 and No.10, Fig.5.1).

The investigation of the morphological properties of these strains showed, that the strains
are Gram-positive, endospore-forming, motile rod-shaped bacteria with rounded endings
occurring alone, in pairs, or in long chains. They form oval endospores located centrally or
paracentrally in the cells. The spores do not swell the cells (Fig.5.3).

The strains exhibit similar cell morphology, but the colony morphology (shape, texture,
pigmentation of colonies) is different (Fig.5.2). Moreover, the strains have different colony
morphology depending on the used media. On the nutrient agar (NA) medium strain No.9
produced colonies with a diameter of 2.5mm. The colonies of the strain No.10 had sizes
of 3-4mm. The colonies of both strains were with irregular borders, slightly raised, with
undulate margins, off-white. The colonies of both strains had a dull, rough and dry texture
and were opaque. The biggest difference in the colony morphology of both strains was
that strain No.9 produced wrinkled colonies with a concentric ring around the edge of the
colony, whereas strain No.10 produced also wrinkled colonies but without a concentric ring
around the edge of the colony. The details of physiological characteristics are summarized
in Table 5.1.
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Figure 5.1: Antifungal activities of different isolated strains.
A. test culture-Helminthosporium sp., B. test culture-Alternaria alternata sp., C.
test culture-Penicillium sp.. Line I - the control plates, where wells were filled
up with medium. Line II- the test plates, where wells were filled up with the su-
pernatant of different cultures/strains. 6-12 are the numbers of different isolated
strains.

Figure 5.2: Different colonies of
isolated strains on the NA medium.
Strain No.9 produced wrinkled colonies with a
concentric ring around the edge of the colony.
Strain No.10 produced also wrinkled colonies
but without a concentric ring around the edge
of the colony.

Figure 5.3: Microscopic view
of strain No.9. Staining of
endospores

Thus, the results shown in the Table 5.1 suggest a great similarity of physiological and
biochemical properties between the isolated strains. Both strains grew very well in liquid
media containing glucose and mannitol. They can degrade gelatin fast and hydrolyse
starch but can neither uptake tyrosine nor hydrolyse casein or produce indol. The growth
of both strains was observed at +50◦C and by addition of 2% and 5% NaCl. The strains
strongly differed in the nitrate reduction, and in the utilisation of citrate and xylose. Acetoin
production was also different for both strains.
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Table 5.1: Physiological and biochemical characteristics of the
isolated strains

Characteristics Strain No.9 Strain No.10
Creation of spores + +
Gram staining + +
Motility + +
Cultivation temperature
Growth at +5◦C - -
Growth at +10◦C - -
Growth at +50◦C + +
Tolerance to NaCl
Growth in the addition of 2% NaCl + +
Growth in the addition of 5% NaCl + +
Growth in the addition of 7% NaCl + +-
Growth in the addition of 10% NaCl - -
Nitrate reduction - +-
Starch hydrolysis + +
Uptake of tyrosine - -
Gelatin liquefaction + +
Utilization of citrate + -
Utilization of glucose + +
Utilization of arabinose - -
Utilization of xylose + -
Utilization of mannitol + +
Utilization of propionate - -
Utilization of phenylalanine - -
Voges-proskauer test +- +
Casein hydrolysis test - -
Catalase + +
Indol production - -

"+" means strong reaction, "-" means no reaction, "+-" means weak reaction

It was not sufficient to identify the isolated strains using only the morphological, physiolog-
ical and biochemical characteristics. Therefore, genotypic information was used to identify
the strains. Since they have similar antimicrobial activities and their morphological, physi-
ological and biochemical characteristics were very similar, the genotypic identification was
performed only for the strain "No.9".

This was done using 16S rRNA sequences by "BIOTECON Diagnostics" (Potsdam, Ger-
many). The 16S rRNA (16S rDNA) gene sequences have been widely used for the iden-
tification of prokaryotes. The identification bases on pairwise nucleotide similarity values
of 16S rRNA gene sequences. Identification of the isolated strain was performed by se-
quencing of variable regions of 16S rDNA with the alignment using the BLAST-Search on
a web-based tool, named ExTaxon [Chun et al. 2007]. The nucleotide sequence of the
isolated strain (S. Appendix A, archive number 2333-1) showed a complete analogy to that
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of Bacillus subtilis ssp. subtilis. The identification of the isolated strain was proved using
gyrase A gene sequences by the DSMZ GmbH (Deutsche Sammlung von Mikroorganismen
und Zellkulturen GmbH, Braunschweig, Germany). A phylogenetic tree is shown in the
Fig.5.4.

Figure 5.4: Phylogenetic tree of the isolated strain based on gyrase A gene se-
quences

This strain was deposited at the public collection of the DSMZ GmbH and assigned the
following accession number:

DSM 21393 Bacillus subtilis subsp. subtilis.

5.2 Isolation of antimicrobial substances and their pu-

rification

Conventional methods for the isolation of target molecules from a culture mixture are
solvent extraction using solvents having different polarity or SPE using chromatographic
media [Razafindralambo et al. 1993], [Ongena et al. 2005b], [Hofemeister et al.
2004]. These approaches were used for the isolation of antimicrobial substances in this PhD
project. In previous experiments antimicrobial activities of the isolated strains were shown
by using the cell-free supernatant of the cultures. Therefore, it was assumed, that the
target antibiotic substances were secreted from cells in the cultivation medium. However,
in further isolation experiments both cell-free supernatant and disrupted cell lysate (called
biomass) were investigated.
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5.2.1 Pre-experiments to find out the suitable method of purifica-

tion

Solvent extraction is a basic method to separate microbial active compounds from a mixture
based on their preferential solubilities in a suitable solvent [Hofemeister et al. 2004].
Usually, these compounds will be extracted from an aqueous phase which is polar to an
organic phase (being less polar or non polar).

In this project solvents with different polarity were used for the extraction of antimicrobial
compounds from the culture supernatants. Cyclohexane, butanol and ethyl acetate were
chosen for extraction of the target antimicrobial compounds. The most important charac-
teristics of these eluents are summarized in Tab. 5.2. Moreover, the pH has a high impact

Table 5.2: Parameters of eluent

Eluent Eluting power, ε0 [Nuernberg
and Surmann 1991]

Boiling point [◦C]

Ethyl acetate 0.58 77
Butanol 0.39 117
Cyclohexane 0.04 81

on the extraction process. By changing the pH value, the polarity of compounds will be
changed as well as their solubilities in the solvents. Therefore, extractions were performed
at three different pH values: 4, 7 and 9.

Another approach which was used for the isolation of antimicrobial substances in this project
was SPE. As stationary phase an Amberlite resin XAD16 was chosen for the isolation of
target substances due to its high surface area and pore diameter. Amberlite XAD16 is
a nonionic macroreticular resin that adsorbs and releases ionic species through hydropho-
bic and polar interactions. This resin is normally used for the adsorption of hydrophobic
compounds of relatively low to medium molecular weight (molecular weight up to 40,000
Daltons). After isolation each fraction was analyzed on its antimicrobial activity using the
well diffusion test (Fig.5.5).

The results showed that the target molecules were successfully adsorbed on the Amberlite
resin (the zone of inhibition of the fraction containing 100% of methanol is comparable to
that of the supernatant before treatment). The antimicrobial activity was also observed
in the fraction containing 80% of methanol, in the other fractions (60, 40, and 20% of
methanol) no activity was detected.

In all fractions obtained after solvent extraction antimicrobial activities were detected. The
highest activity was found in the fractions of butanol (pH 4 and pH 7) and also in ethyl
acetate (pH 4). Zones of inhibition of these samples were bigger than those of the sample
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Figure 5.5: Zones of inhibition of the fractions purified during pre-experiments.
EE- ethyl acetate, CH-cyclohexane, and Bu-butanol. For the solvent extraction 5mL of
supernatant were taken. After extraction the solid residues were dissolved in 0.5mL methanol. For the
SPE 100mL of culture supernatant were taken. An adsorption column S with 20mL of bed volume was
used. The flow rate was set up to 5 bed volume per hour, that correspond to 1.7mLmin−1. The adsorbed
substances were eluted stepwise with 20%, 40%, 60%, 80%, 100% (v/v) methanol/water, respectively.
All fractions were collected for further analysis of the antimicrobial activity. The samples obtained after
SPE were analyzed without concentrating. Biomass - to detect the antifungal activity of the disrupted
cells (biomass) 100mL of the culture were taken. Biomass was harvested by centrifugation at 15,000 x g
for 15min at 4°C. Cell lysis was performed according to the protocol. The supernatant from cell lysis was
loaded on the column filled with Amberlite XAD16 and eluted with 100% of methanol (1mL was taken
to measure antibiotic activity). The antimicrobial activity of each sample was analyzed using a hole plate
diffusion method against Penicillium sp.

obtained after adsorption (XAD100). However, it has to be taken in account that the sam-
ples obtained after solvent extraction were 10-fold concentrated whereas the SPE-samples
were taken without concentration. Therefore, it can be considered that in the sample,
obtained after adsorption using XAD16 and elution with 100% of methanol (XAD100),
the concentration of target molecules was much higher than in the samples obtained after
solvent extraction. The adsorption using Amberlite resin XAD16 was chosen as isolation
approach for the structure determination of target substances. In the samples obtained
from biomass lysate only very small zones of inhibition were measured. This confirmed,
that the target antibiotic molecules were excreted in the cultivation medium.
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5.2.2 Purification

For the isolation of the target molecules the bacterium B.subtilis DSM 21393 was cultivated
in a 10L bioreactor. The cultivation parameters are summarized in Table 5.3. Previous
experiments performed in shake flasks showed, that maximum zones of inhibition were
detected after almost 60h of cultivation, after that the zones of inhibition remained almost
constant. Based on these data (s. Fig.5.32 and Fig.5.34 in the section Media optimization
on page 89) it was decided to limit the cultivation to 72 hours (Fig.5.6). An OD600 of 9
could be reached at the end of cultivation. Supernatant was harvested by centrifugation at
10,000xg for 30min and taken for further isolation procedure.

Table 5.3: Cultivation condition for B.subtilis DSM 21393
in a 10L bioreactor

Parameters Values
Medium Malt-/potato extract
Working volume 10L
Temperature 25◦C
pH without pH-control (at start of cultivation: 7)
Stirrer speed 500min−1

Aeration 1.0 (1.5) vvm

Figure 5.6: Cultivation of B.subtilis DSM 21393 in a 10L bioreactor.
The black vertical line shows the begin of sporulation. The pH and DOT values were recorded only at the
sampling times.
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5.2.2.1 Adsorption on XAD16

Ten L of the harvested supernatant were loaded on the Amberlite resin XAD16. All collected
fractions were tested on their antimicrobial activities (Fig. 5.7).

Figure 5.7: Zones of inhibition of the fractions purified using adsorption on
XAD16.
For the isolation of target substances on the XAD16 resin an adsorption column L with 200mL of bed vol-
ume was used. The flow rate was set up to 5 bed volume per hour, that correspond to 166mLmin−1. After
loading of 10L supernatant, the Amberlite resin was washed with 20L of water. Thereby, three fractions
were collected. After washing the XAD16 was eluted with 10L of 60% methanol (one fraction was col-
lected) after that with 10L of 100% methanol (ten fractions were collected, whereas fractions from one to
nine were 1L, the last fraction was only 500mL). All fractions were tested using the well diffusion test on
the antimicrobial activity against Penicillium sp. The supernatant which passed through the column was
also collected and tested on the antimicrobial activity (waste fraction). For the activity test 10mL from
each fraction were taken. The solvent was distilled off on a rotary evaporator and the solid residue was
dissolved in 0.5mL methanol.

The highest activities could be detected in the 100% methanol fractions (from two to nine).
These fractions were pooled. The methanol was distilled off on a rotary evaporator and the
solid residue was dissolved in 5mL of methanol. This pooled fraction was taken for further
purification steps.

5.2.2.2 Gel chromatography on Sephadex LH-20

The next step of the purification procedure was gel filtration (GF) on Sephadex LH-20. GF
allows to separate the molecules according to their sizes. The Sephadex LH-20 chromatog-
raphy medium is designed to separate and purify natural products, where the utilization of
organic solvents is important to maintain their solubility. This medium allows to separate
closely related molecular species. Moreover, this chromatographic medium exhibits unique
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selective chromatographic features due to hydrophilic and lipophilic properties of its matrix.
Therefore, it was decided to apply this medium during the intermediate purification step.

The pooled fractions from the Amberlite XAD16 purification step were loaded onto this
column and then eluted with methanol. The flow rate was 0.75mLmin−1. At the end of
the purification 64 samples were obtained, and 100µL from every second sample were taken
for the antimicrobial activity test. The results of the antimicrobial activity test are shown
in Figure 5.8(A). After purification on Sephadex LH-20, the fractions 18 to 32 exhibited

Figure 5.8: Zones of inhibition of the fractions purified with Sephadex LH-20. A.
Gel chromatography with 0.75mLmin−1. B.Gel chromatography with 0.5mLmin−1.
For purification on the Sephadex the column size "M" with a bed volume of 350mL was used. The effluent
was collected as 10mL fractions. Elutions were performed with methanol.

antimicrobial activity. Since only every second fraction was taken for the test, the samples
from 17 to 33 were kept for further investigation. These samples were pooled. The eluent
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was evaporated, then the solid substances were dissolved in 5mL of methanol.

It is known, that low flow rate improves the separation resolution. Therefore, it was decided
to purify the pooled fractions (5mL) again on Sephadex LH20 with a lower flow rate of
0.5mLmin−1 to achieve a higher degree of separation (Fig.5.8(B)). The highest antimicrobial
activity was observed in the fractions from 49 to 80. In other fractions, where some zones of
inhibitions could be detected, target molecules were present in relatively low concentrations.
Therefore, only the samples 49-80 were stored for the next purification steps.

5.2.3 Purification using preparative HPLC and structure elucida-

tion

At the end of the purification procedure reversed phase chromatography on the C18 column
was applied. Moreover, it was decided to use preparative chromatography which allowed
to collect the separated samples. These collected samples can be used for further analysis
such as mass spectrometry measurements and structure elucidation. The active fractions

Figure 5.9: Zones of inhibition of different fractions isolates using preparative
HPLC. The flow rate was adjusted to 15mLmin−1, the eluent was the mix of acetonitrile (35%(v/v))
and water (65%(v/v)) with an addition of formic acid (0.1%(v/v)) and ran with gradient. The samples
were collected every 12sec. The arrows show the fractions exhibiting antifungal activities.

obtained after the second Sephadex purification step were pooled; the eluent methanol
was evaporated, then the solid residue (M=0.12723g) was dissolved in 2.7mL of methanol.
Thereof, 450µL were taken for preparative HPLC (Series 1100, Agilent Technologies). All
collected samples were tested on the antimicrobial activity against Penicillium sp. (Fig.5.9).
The samples exhibiting antifungal activities (shown with arrows in Fig.5.9) were analyzed
with a mass spectrometer. In these samples molecules with the molecular masses m/z
[M+H] between 1461 and 1524 were found (Tab. 5.4). Each of these fractions was sepa-
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Table 5.4: Molecular masses of the isolated
samples detected by HPLC-ESI-MS

Samples Molecular masses m/z [M+H]
1 1463.6 1523.9
2 -
3 1477.9
4 1463.9 1477.9 1491.8
5 1477.9 1491.8
6 -
7 1461.9 1477.8 1491.8 1505.7
8 1477.8 1490.2 1505.8
9 1505.8
10 1505.8

Figure 5.10: Four separated fractions purified using preparative HPLC.
A. A HPLC-chromatogram showing 4 purified fractions. Mass spectra of the first fraction (B), the second
fraction (C), the third fraction (D), and the fourth fraction (E).

rated by preparative HPLC so many times until the complexity of the sample was minimized
to one main component per fraction. During this purification step the eluent gradient and
collection mode (time, and UV- based fraction collection) were changed in order to achieve
pure fractions. Finally, four fractions were obtained which showed high antimicrobial activ-
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ities and mostly contained one substance in a high concentration (Fig.5.10 A).
In a first fraction three main substances with m/z 558.3, 563.4 and 1491.8 (746.6 is dou-
bly charged ion, that correlated with 1491.8) were predominant (Fig.5.10 B). The second
fraction mostly contained one substance with m/z 1505.7 (single charged) 753.7 (doubly
charged) (Fig.5.10 C). One main peak with m/z 1475.7 (738.6 - doubly charged) was de-
tected in a fraction 3 (Fig.5.10 D). In a fraction 4 some peaks could be detected, most
important of them were with m/z 1490.2 (745.9) and 616.4 (Fig.5.10 E). The second

Figure 5.11: Mass spectrum of the purified fraction taken for structure elucida-
tion.
A. TIC- Total ion current; B. Mass chromatogram; C. TWC- total wavelength chromatogram.

Figure 5.12: UV-spectrum of the purified molecule (molar mass
[M+H] of 1505.8)

fraction contained a substance with molar mass [M+H] of 1505.7 (Fig.5.10 C) having the
highest antifungal activity. It was purified again using repeatedly preparative HPLC. At the
end a fraction containing a pure substance with a molar mass [M+H] of 1505.8 m/z was
obtained (Fig.5.11). In Fig.5.11 the purified substances with m/z of 1505.8 is shown. Only
one peak can be clearly seen at 6.7min on the TIC chromatogram in the Fig.5.11A. This
fraction was tested on the antifungal activity again and then was taken for structure analy-
sis. The UV-spectrum of the isolated substance is shown in Fig.5.12. The maximum at

71



5. Results

220nm indicates the presence of tyrosine molecules in the fengycin structure [Schneider
et al. 1999].

5.2.3.1 Amino acid and fatty acid analysis

The amino acid and fatty acid analysis of the isolated and purified fraction were kindly
performed by Dipl.-Ing. Graeme Nicholson (Institute of Organic Chemistry, University of
Tübingen) applying GC-MS. The spectrum of the qualitative analysis is shown in Fig.5.13.

Figure 5.13: Amino acids spectrum of the purified substance

Table 5.5: Qualitative analysis of amino acids

Retention time Amino acid Molar ratios/rounded mo-
lar ratios of amino acids

9.57 D-Val 0.68/1
13.05 L-Ile 0.89/1
13.23 L-Pro 1.16/1
15.01 D-alloThr 0.73/1
24.63 L-Glu 3.11/3
29.74 D-Tyr 0.45/1
30.30 L-Tyr 0.55/1
33.35 D-Orn 1.33/1

The identification of amino acids was performed by comparing the retention times of peaks
with those of standards. The results are shown in Table 5.5. The standards for the
quantitative analysis were prepared at a defined concentration. The molar ratios of identified
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amino acids could be determined using these standards by calculation of the peak areas
(Tab.5.5).

The clear visible peak at the retention time 36.88 did not belong to the amino acids. By
observing the fragmentation pattern (m/z) of this substance (Fig.5.14) it was concluded,
that this substance belongs to fatty acids and may be hydroxyheptadecanoic acid (Fig.5.15
B). The exact structure and position of the hydroxy group was proved by fatty acid analysis.
The analysis of fatty acids is usually performed by gas chromatography, where the fatty
acids will be normally separated and detected as methyl esters. The mass spectrometer was
connected as detector to the GC, that expanded the analytical possibilities of this method.
The fatty acids are fragmented in the GC-MS exhibiting the special MS-fragmentation.
Identification of the fatty acids occurs on the basis of the typical pattern for each fatty acid
MS-fragmentation. For this purpose the obtained mass spectra are compared to those of
the standards or to existing mass spectra in the WILEY spectral library.

Figure 5.14: The mass spectrum of fatty acid as O-TFA/ethyl ester

Figure 5.15: β-OH heptadecanoic acid.
A. Fragmentation of the β-OH heptadecanoic acid as O-TFA/ethyl ester; B. β-OH heptadecanoic acid.

So, the fatty acid analysis was performed by derivatization of the hydrolysate to the methyl
esters, extraction with n-hexane and trimethylsilylation with BSTFA followed by GC-MS.
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The mass spectra of the investigated fatty acid as the O-TMS/methyl ester is shown in
the Fig.5.16. The highest signal at m/z 357 (Fig. 5.16) corresponds to the molecular

Figure 5.16: The mass spectrum of fatty acid as O-TMS/methyl ester

Figure 5.17: Fragmentation of the β-OH heptadecanoic acid as O-TMS/methyl
ester

mass of the O-TMS ester of β-OH heptadecanoic acid without CH•
3 group (Fig.5.17 A).

The trimethylsulfonium ion causes the signal at 73 m/z (Fig.5.17 B). The mass 43 m/z
corresponds to the formula CH3−CH2−CH•

2 . The masses 57, 71, 85, 99, 110 on the mass
spectrum alkane- range CH3 − CnH

•
2n (Fig.5.15, 5.17 A). The presence of ion/fragments

m/z of 299 and 175 allows to determine the hydroxy group in the position 3 (Fig.5.17 A,
B). From the above described masses it could be concluded that the fatty acid corresponds
to the chemical structure: OH-C:17 with a hydroxy group in the position 3 (Fig.5.15B).

Thus, based on both the amino acid and fatty acid analysis and measured molecular mass
of the purified compound ([M+H] of 1505.8) the isolated substance could be identified
(Fig.5.18). It belongs to the lipopeptide antibiotic family fengycin. The exact name of the
isolated substance was found in the literature and in data banks (Tab.5.6).

74



5. Results

Table 5.6: MS analysis of Fengycin C17B performed in other studies

Elemental com-
position

ESI-MS
[M+H]/ [M-H]

Typical product
ions*(ESI/CID)

References

C75H116N12O20 1505.85/- [Monaci et al. 2016]
1506/- 994, 1108 [Sun et al. 2006]
1506/- [Li et al. 2013]
-/1504 [Schneider et al. 1999]
1506/- 994, 1108 [Hu et al. 2007]
1505.8/- [Koumoutsi et al. 2004]
1505.85/- [Stein 2008]

"*" The typical product ions 994 and 1108 occurred trough a neutral loses of [fatty acid+Glu+Orn]
and [fatty acid+Glu], respectively.

Figure 5.18: Structure of fengycin C17B (Fengycin XII).
L-Glu: L-Glutamic acid, D-Orn: D-Ornithine, D-Tyr: D-Tyrosine, D-allo Thr: D-allo-Threonine, D-Val:
D-Valine, L-Pro: L-Proline, L-Gln: L-Glutamine, L-Tyr: L-Tyrosine, L-Ile: L-Isoleucine.

5.2.4 Different fengycins and bacillaene

For one isolated substance having strong antifungal activity and presented in a high con-
centration the structure determination was done. But not only this substance had antimi-
crobial activity, several other fractions exhibiting antifungal activities were obtained during
the purification using preparative HPLC and analyzed with mass spectrometry. Six of these
fractions obtained in a high purification grade, which contained mostly only one compound,
are shown in Fig.5.19. Molecular masses of these isolated substances are summarized in
Tab.5.7.

The UV-absorbance spectra of all these substances are the same as for Fengycin XII. In the
literature similar molecular masses were found for different fengycins (Tab.5.7). It can be
assumed, that the purified substances, summarized in the Tab.5.7, are different fengycins.
Based on the molecular masses and retention times, it can be concluded, that fractions 1
and 2 contained the same molecules of Fengycin C16B (Fig.5.19, Tab.5.7). Also the peaks
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Figure 5.19: Purified fractions having strong antifungal activities.
A. An HPLC-chromatogram showing six purified fractions; B. The HPLC-chromatogram from A at a better
resolution.

Table 5.7: Molecular masses of the isolated and purified fractions shown in Fig.5.19

Fractions Retention
time

[M+2H]2+ [M+H]+ Substances
found in litera-
ture

References

1/
2

7.120/
7.173

746.6/
746.7

1491.7/
1491.8

Fengycin C16B [Sun et al. 2006]
[Ongena et al.

2005b]
3 7.411 753.7 1505.8 Fengycin C17B

Fengycin XII
[Sun et al. 2006]

[Vanittanakom
et al. 1986]

[Schneider et al.
1999]

4/
5

7.666/
7.698

738.6/
739

1475.7/
1476.6

Fengycin C16B* [Sun et al. 2006]

6 7.900 745.9 1490.2 Dehydroxyfengycin
C17B

[Li et al. 2013]

"*" contains one double bond in the fatty acid chain

measured in fractions 4 and 5 represented the same substance Fengycin C16B*.

In Fig. 5.20A an HPLC chromatogram of one purified cultivation sample usually measured
during cultivation of B.subtilis DSM 21393 is shown. In the Fig.5.20B peaks of this sample
were overlaid with HPLC peaks of the six purified fractions (Fig.5.19). Moreover, this
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cultivation sample was analyzed using a mass spectrometer. The mass chromatogram is
shown in Fig.5.21. It could be seen, that under the first double peak at 7.1/7.147min

Figure 5.20: HPLC chromatogram of a cultivation sample.
A. An HPLC-chromatogram showing one purified cultivation sample; B. An HPLC-chromatogram of the
cultivation sample showing here in "A" overlaid with six purified fractions form Fig.5.19.

(Fig.5.20B) two fengycins with [M+H] of 1477.6 and 1491.8 (Fig.5.21 in the middle, at
5.7 min) were overlaid (thereby fengycin with [M+H] 1477.6 was present in a much smaller
concentration), also peaks at 7.581/7.667min (Fig.5.20B) included two different fengycins
with [M+H] of 1475.7 and 1477.6 (Fig.5.21 in the middle, at 6.4 min) ((thereby fengycin
with [M+H] 1475.7 was present in much smaller concentration)). The last peak at 7.873min
(Fig.5.20B) contained two substances with [M+H] of 1490.2 and 1491.8 (Fig.5.21 in the
middle, at 6.72min), of which the latest was also in much smaller concentration. Only a
peak at 7.356min (Fig.5.20B) contained only one substance with [M+H] of 1505.8 (Fig.5.21
in the middle, at 6.1min) which was taken for structure analysis - Fengycin XII. According
to this mass chromatogram an integration table was summarized which was applied for
peak analysis in all experiments (Tab.5.8).

In Fig.5.20 can be seen, that some small peaks (e.g., at 6.902 and 6.976min) around the
huge and determinated fengycin-peaks were observed. The UV-spectra of these peaks
were similar to the typical fengycin spectrum. Due to their small concentrations these
peaks were not analyzed and calculated in the experiments. But it could be assumed, that
they also belong to the fengycin family. Moreover, during purification experiments several
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Figure 5.21: Mass chromatogram of a cultivation sample (Fig.5.20).
The underlined values are the [M+H] values of the peaks showing with arrows.

Table 5.8: Integration table of measured cultivation samples

Peaks Retention
time

[M+H] Substances

1/
2

7.100/
7.147

1491.8/
with minor 1477.6

C-16 Fengycin B
Val/
with minor C-17
Fengycin A Ala

3 7.356 1505.8 C-17 Fengycin B Val
(Fengycin XII)

4/
5

7.581/
7.667

1475.7/
with minor 1477.6

C-16 Fengycin B*
Val/
with minor C-17
Fengycin A Ala

6 7.873 1490.2
with minor 1491.8

dehydroxyfengycin
C17B
with minor C-16
Fengycin B Val

"*" contains one double bond in the fatty acid chain

substances having antifungal activity were isolated and analyzed using mass spectrometry
(S. Appendix B). In Tab.5.9 the molecular masses of these substances and the same masses
and corresponding names of those from the literature are summarized. It was seen, that
besides fengycin peaks some other peaks (at 8.18 and 8.41min in Fig.5.22) were detected
during cultivation experiments. Those peaks were analyzed using HPLC ESI-MS (Fig.5.23)
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Table 5.9: Molecular masses of substances which were detected during
purification experiments

[M+H] Substances References
1449.7 Fengycin C15A [Stein 2008]
1461.7 Fengycin C16A* [Sun et al. 2006]
1463.6 Fengycin C16A

(Fengycin IX)
[Koumoutsi et al. 2004]

1477.4 Fengycin C17A [Chen et al. 2008b]
"*" contains one double bond in the fatty acid chain

Figure 5.22: HPLC-chromatogram of a cultivation sample showing bacillaene an-
tibiotics.

and the detected molecular masses are summarized in Tab.5.10. It could be seen, that
the m/z detected in this project correlated with m/z of polyketide antibiotics bacillaene.
Moreover, the UV-spectrum of these molecules (Fig.5.24) shows a specific band pattern of

Table 5.10: Molecular masses of bacillaene which were detected during purification
experiments

[M-H] Molecular masses
detected in other
studies

Substances References

579 580 Bacillaene A [Patel et al. 1995]
741 ni Bacillaene B [Moldenhauer et al. 2010]

"ni" not investigated

a conjugated hexaene with individual bands at 343, 361 and 382 nm. This specific UV-
pattern reveals the hexaene polyketide antibiotic bacillaene (Fig.5.25) [Patel et al. 1995].

In most experiments more than 70% of the synthesized/measured bacillaene were not gly-
cosylated. Moreover, the peaks of the not glycosylated form of bacillaene could be properly
integrated in comparison to the glycosylated form.

Hence, it can be concluded, that the isolated strain B.subtilis DSM 21393 produces antifun-
gal substances belonging to the fengycin family and also antibacterial substance bacillaene
belonging to the polyketide antibiotics.
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Figure 5.23: Mass-spectrum of different bacillaene from the cultivation sample.
The upper graph shows the MS-spectrum of the bacillaene A. The middle graph shows the MS spectrum of
the glycosylated form of bacillaene- bacillaene B. The lower graph represents the total wave chromatogram
of the measured sample.

Figure 5.24: UV-spectrum of bacillaene

Figure 5.25: Chemical structures of bacillaene.
A. Bacillaene A has a double bond between C22 and C23. Dihydrobacillaene structure formula does not
contain this double bond. First dihydrobacillaene is synthesized on the polyketide synthase (PKS). Desatu-
ration to the bacillaene occurs in a post-PKS step, on the cytochrome P450 [Moldenhauer et al. 2007].
B. The glycosylated isomer Bacillaene B [Moldenhauer et al. 2010].
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5.3 Establishment of a protocol for the purification of

fengycins during cultivation

After the determination of the target antifungal substances being produced by B.subtilis
DSM 21393 a production process of these substances could be established. For this purpose
many cultivations had to be performed to find out the optimal cultivation and production
conditions of fengycins. An important point thereby was a huge amount of samples had to
be analyzed to see the changes in the fengycin synthesis under different cultivation condi-
tions. Therefore, a practicable method for the purification of fengycins during cultivation
had to be established. According to literature conventional approaches for the isolation of
polypeptide antibiotics are chromatography using different adsorbent resins, which is usually
performed in columns and the solvent extraction with different polar solvents [Razafind-
ralambo et al. 1993], [Hofemeister et al. 2004], [Stein 2008]. These methods were
applied in this project to isolate fengycins in the purification experiments. The aim was to
test these methods and adapt them for analyzing many cultivation samples and to establish
a purification protocol for fengycin.

5.3.1 Purification of supernatant using XAD16

The principal method for isolation and purification of lipopeptides found in the literature is
SPE using chromatographic media [Hu et al. 2007], [Ongena et al. 2005b].

The purification of fengycin was performed in a column filled with adsorbent resin XAD16.
The experimental parameters are summarized in Tab. 5.11.

Table 5.11: Experimental condition of the column adsorption with XAD16
Parameter Values
Bed volume of the column 100mL
Flow rate 41mLmin−1

Loaded solution 100mL

The elution was performed with methanol. It was already shown, that only the frac-
tions containing 80% and 100% methanol exhibited antimicrobial activities. Therefore, the
HPLC-chromatograms containing 80%, 100%, and also 60% (as control) of methanol are
shown in Fig.5.26. The arrows show the retention time, at which the fengycin peaks should
appear (as a control the purified fengycin samples were measured).

No fengycins could be detected in the fraction of 60% methanol. Many polar/hydrophilic
compounds were eluted with 60% of methanol (Rf between 3 and 6 min). Different medium
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Figure 5.26: Purification of fengycins using SPE on XAD16 performed in a col-
umn. The column was loaded with 100mL of the supernatant. After loading the column was washed with
the same amount of water and then stepwisely eluted with 20%, 40%, 60%, 80% and 100% of methanol.
60%, 80% and 100% of methanol fractions were collected and concentrated in a rotary evaporator at 35◦C.
Residuals were dissolved in 1mL of methanol and analysed with HPLC.

compounds like small proteins, amino acids and others secreted by B.subtilis metabolites
occurred among these compounds.

Several hydrophilic compounds could be detected also in the fraction of 80% methanol.
One part of fengycins was already eluated with 80% methanol and was clearly visible in the
chromatogram of the 80% methanol-fraction. However, many other substances were also
eluted from the XAD-column, that significantly affects the peak resolutions.

In the fraction of 100% methanol fengycin peaks could be clearly identified. Each fengycin
homologue was separated efficiently to calculate the peak area and then its concentration.
The resolution factors (Rf) of the Fengycin XII of 1.47 (left to the located peak) and of
1.54 (right to the located peak) were high enough to ensure the accuracy of quantitative
analysis (Rf value of the analyzed peak with the adjacent peak must be larger than 1.5).
The separation of other fengycins was also good enough. The peaks could be integrated,
to allow the calculation of concentrations of the isolated fengycins.

It was shown, that the purification of fengycins could be achieved by column chromatogra-
phy at the XAD-16 resin. Fengycin peaks were sufficiently separated using a 100% methanol
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fraction. However, the isolation of fengycins from fermentation samples and calculation of
fengycin concentrations using column chromatography is not practicabel, because only one
sample can be analyzed on a column at the same time. Therefore, the next step was the
development of an appropriate purification system to analyze many samples at the same
time. For this purpose Falcon tubes or glass flasks were used in this project.

Purification using Falcon tubes and glass flasks. Applying column chromatography,
100mL of the supernatant were loaded. This volume was definitely too high and could not
be used for the analysis of cultivation samples. Therefore, the first parameter to be defined
was the minimal sample volume, which can be taken for quantitative integration of fengycin
peaks and sufficient calculation of fengycin concentrations.

Different sample volumes between 10 and 100mL were tested to find out an optimal amount
of supernatant, which could be taken during the cultivation to analyze the fengycin content.
Falcon tubes (50mL) for small sample volumes of 10 or 20mL and 250mL Schott flasks
for 100mL of sample volume were used as reaction vessels for the experiments. Three
chromatograms of 100% methanol fractions with different volumes of the taken supernatant
are shown in Fig.5.27.

The peaks in the chromatogram from 100mL of supernatant are similar to those separated
on the column conforming similarities of adsorption behaviors in the column and in the
flask using a rotary shaker. The chromatogram of the fraction prepared from 20mL of
supernatant shows the same peak profile to that applying 100mL. The peaks are well
separated which is confirmed by resolution factors (Rf) higher than 1.0.

The fengycin peaks are also clearly visible on the chromatogram of the 10mL-fraction. In
comparison to the 100mL and 20mL fractions the 10mL fraction did not give good resolution
of all fengycin-peaks in the chromatogram. Therefore, the peaks of 10mL fraction could
not be correctly integrated. Hence, it can be concluded, that isolation of fengycins can be
successfully performed from 20mL of supernatant in a falcon tube using a rotary shaker.

5.3.2 Solvent extraction

Beside chromatographic methods solvent extraction has been very often applied during iso-
lation of lipopeptide antibiotics [Hofemeister et al. 2004], [Kim et al. 2004], [Chen
et al. 2008a]. Various polar solvents are usually used for the isolation of different lipopep-
tides. In this project was already shown, that butanol and ethyl acetate were successfully
applied to extract fengycins (Fig.5.5). Moreover, the pH value has a great influence on
the eluting power of solvents. Therefore, the extractions with butanol and ethyl acetate
were performed at pH 4.0 and 7.0. The HPLC-chromatograms of the extracted samples
are shown in the Fig.5.28. The braces show the retention time of fengycins.
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Figure 5.27: Purification of fengycins using SPE with XAD16 performed in the
Falcon tube and Schott flasks. Bed volume of Amberlite resin XAD-16, which was added to
the reaction vessels for adsorption of lipopeptides, was equal to the supernatant volume taken for an ex-
periment. The adsorption of lipopeptides was performed by shaking on the rotary shaker for two hours.
Elution was done with 20%, 40%, 60%, 80% and 100% of methanol. 60%, 80% and 100% of methanol
fractions were collected and concentrated in a rotary evaporator at 35◦C. Residuals were dissolved in 1mL
of methanol and analyzed with HPLC.

Extractions with butanol at pH 7 as well as at pH 4 provided a good isolation of fengycins.
The peaks are clearly visible and good separated. In comparison to the fraction eluted at
pH 7.0 more polar substances (between Rt of 3.5 and 6 min) were extracted with butanol
at pH 4.0.

Ethyl acetate at pH 4 was also a good extraction agent. Fengycin peaks are clearly present
on the chromatogram. However, a lot of other polar substances (Rt between of 3.5 and
6 min) were also extracted. Thus, the homologues of fengycin were not good enough
separated to achieve a good integration of the peaks. The extraction with ethyl acetate at
pH of 7.0 was less effective. Only few fengycin peaks were visible on the chromatogram.

Finally, it can be concluded, that butanol at pH of 7 may be the eluent of choice to extract
fengycins from culture supernatants.
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Figure 5.28: Purification of fengycins using extraction. For the extraction 5mL of super-
natant were taken. After extraction the solid residues were dissolved in 1mL methanol and analyzed with
HPLC.

It was shown that solvent extraction with butanol as well as adsorption on the XAD16
resin in a Falcon tube provided a good resolution of fengycin peaks and can be used
as purification methods for fengycins. However, the extraction with butanol has a huge
disadvantage because butanol had to be exchanged by methanol for HPLC analysis. This
step was not easy to handle, because butanol has a boiling point at +117◦C and could
not be easily evaporated on a rotary evaporator, such devices like freeze dryer had to be
used for this purpose. Therefore, the SPE on the XAD16 resin in a Falcon tube was the
method of choice to purify the fengycins from cultivation samples. Finally, a protocol for
the purification of fengycins based on the SPE on the Amberlite XAD16 resin in a falcon
tube was established. This was summarized in the chapter "Methods" 4.6.5.2 Solid-phase
extraction on page 46.

5.3.3 Determination of XAD sorption capacity

In order to test the sorption capacity of the applied amount of Amberlite resin, different
volumes of a supernatant from one cultivation sample (5, 10, 20 and 40mL) were taken,
purified using the established protocol (s. chapter 4.6.5.2 Solid-phase extraction on page
46) and analyzed using HPLC. Afterwards, concentrations of fengycins in every sample were
calculated and compared with each other.

In Fig.5.29 a distribution of fengycin C17-B in all collected methanol fractions for 10, 20
and 40mL is shown. The data for samples of 5mL were not evaluated due to very high
deviation of the peak areas in different repetitions. As expected no detectable peaks of
fengycin C17-B were found in the methanol fraction 60%. As it was already shown, most
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of the fengycins were eluted with 100% of methanol. In 20 and 40mL samples also the
80% methanol fractions contained parts of the fengycins. In the adsorption experiments
performed in a colum the calculation of fengycins in 80% methanol fraction was difficult
because the peak resolution was not good enough. In the adsorption experiments performed
in a falcon tube using 10, 20 and 40mL the peak resolution of fengycins was much better,
so that the calculation of fengycin concentrations was properly possible. In Fig.5.30 HPLC-
chromatograms for 20mL sample are shown. In the 10mL sample the fengycin peaks in

Figure 5.29: Concentrations of fengycin C17B in different methanol fractions after
elution.
For this purpose B.subtilis DSM 21393 were cultivated in a shake flask in malt-/potato extract medium at
25◦C for 72h. Afterwards different amounts (5, 10, 20 and 40mL) of B.subtilis DSM 21393 culture were
taken and purified using the protocol s. "4.6.5.2 Solid-phase extraction" with some differences. In this
experiment five eluted fractions (60%, 80%, 100% and the second and the third 100% (v/v) methanol)
were collected and analyzed using HPLC for every sample volume.

80% methanol fraction were hardly detectable. Therefore, they were not analyzed. By
comparing the 100% and 80% fractions of different sample volumes (10, 20 and 40mL)
it can be observed, that three samples showed different distribution profiles of fengycin in
80% and 100% fractions. In the 20mL sample the amount of fengycin C17-B in the 80%
fraction is half as much as in the 100% fraction. In comparison to this the 80% fraction of
40mL contained more than two-thirds of the 100% fraction. This distribution of fengycin
concentrations may indicate the saturation state of the applied amount of Amberlite XAD16
for 40mL sample. In the sample of 10mL volume the amount of fengycin in the 80% fraction
was hardly detectable.

The second fraction of 100% of methanol (in Fig. 5.29 marked as 100 (2)) in all sample
volumes contained only little amount of fengycin (for instance, in 10mL sample was less
than 6% of 100% fraction). The third fractions of 100% methanol did not reveal detectable
amounts of fengycin.
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Figure 5.30: HPLC chromatograms of the 20mL sample.
Four eluted fractions (60%, 80%, 100% and the second 100% (v/v) methanol) are shown. Purification was
performed according to the protocol s. chapter 4.6.5.2 Solid-phase extraction

The total amount of fengycins in all methanol fractions was calculated for each sample
volume and shown in Fig.5.31A. It can be seen, that with increasing sample volume also
the fengycin concentration per 20µl, which were injected by HPLC measurements, increased
almost linearly (Fig. 5.31 A), but only for 5, 10, and 20mL samples. In the 40mL sample
the concentration of fengycin increased just a little in comparison to the 20mL fraction.
This indicated that the sorption capacity of the applied XAD amount in the sample of
40mL was exceeded. Also Fig.5.31 B, where the fengycin concentrations in all samples
were calculated in mg/L, showed the same concentration values for the samples of 5, 10
and 20mL. But in the sample of 40mL the total concentration of fengycins was half as big
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as for the other samples.

Figure 5.31: Determination of the sorption capacity of XAD16.
Different amounts (5, 10, 20 and 40mL) of B.subtilis DSM 21393 culture were taken and purified using the
protocol s. chapter "4.6.5.2 Solid-phase extraction" with some differences. In this experiment five eluted
fractions (60%, 80%, 100%, the second and the third 100% (v/v) methanol) were collected and analyzed
using HPLC for every sample volume. A: Concentrations of all detected fengycins were calculated in mg
per µl for all applied sample volumes B: Concentrations of all detected fengycins were calculated in the
cultivation sample in mg per L for all sample volumes.

The aim of this experiment was to check if the sorption capacity of the applied XAD
amount was sufficient for the used amount of B.subtilis DSM 21393 culture. Based on
the obtained results it could be concluded, that the applied amount of the XAD resin was
enough for 20mL of culture supernatant but it was nearly at the limit of the sorption capacity
(Fig. 5.31A). Therefore, the amount of the XAD resin was increased twice. The amount
of fengycins in the second 100% fraction of methanol after eluation could be neglected.
Therefore, the established purification protocol contained only one eluation step with 100%
of methanol. For the calculation of the fengycin concentrations two fractions: 80% and
100% of methanol were analyzed.
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5.4 Bioprocess development for fengycins

One of the main aims of this PhD project was to establish a production process for the an-
tifungal substances called fengycins. A core of each bioproduction is a cultivation process
(upstream), during the cultivation process a target molecule is produced. Afterwards a
purification process (downstream) of the synthesized substances follows. The most impor-
tant parts of upstream processing are media development, optimization of the important
cultivation parameters such as temperature, pH, oxygen availability.

5.4.1 Media optimization

Media development is a very important part of the bioprocess development. The cultivation
medium should fulfill the following requirements:

• it should contain all necessary compounds to provide a good growth of the cultivated
microorganisms and a high production level of the target molecule

• it should not contain compounds affecting the purification process of the target mole-
cule

• it should be as cheap as possible

At the beginning of the optimization experiments complex media were chosen. Malt ex-
tract, potato extract, molasses and combinations of them were chosen for first cultivation
experiments. Malt extract was chosen as a carbon-rich source (Tab.5.12).

Table 5.12: The composition of malt extract
Compounds Percentage in %
Maltose 52.2
Hexoses (glucose, fructose) 19.1
Maltotriose 10
Sucrose 1.8
Other carbohydrates 3.8
Nitrogenous materials 4.6

Molasses are often used as substrate in many industrial bioprocesses (yeast production,
bioethanol production, production of glutamine, citric acid, also in the production of an-
tibiotics like penicillin and enzymes such as amylase) [Syed et al. 2008], [Bouallagui
et al. 2013]. From Tab.5.13 can be seen, that molasses contain not only C-sources but
also some N-sources like amino acids.
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Table 5.13: The composition of molasses
Compounds Percentage in %
Sucrose 50
Nitrogen 20
Salts, organic acids 10

Table 5.14: The composition of potatoes
Compounds Percentage in %
Carbohydrates 17
Proteins 2
Fat 0.1
Vitamins, inorganic minerals
and trace elements

0.9

Since the bacterium B.subtilis was isolated from potato tubers, potato extract (Tab.5.14)
was included as a substrate in the optimization experiments.

Growth curves of B.subtilis on the different substrates are shown in Fig.5.32. The lowest
biomass concentration (OD value of 2.7 after 22 hours) was observed in a medium con-
taining only potato extract. This can be explained by the lowest content of C-source in
comparison to the other media. This conclusion is confirmed through a slight decrease of
the pH from 7 to 6.7 in the first 20h of cultivation and followed by a strong increase of
the pH up to 8.2 after 40 hours (Fig.5.32). The pH increase was due to the change of
the available C-sources by the cultivated bacterium B.subtilis DSM 21393. After depletion
of the carbohydrates (as C-source) the nitrogen-containing C-sources such as amino acids
were utilized. Thereby, NH3 molecules were released and the pH shifted to the basic range.

The best growth of B.subtilis was observed in the medium containing two compounds,
malt and potato extracts. After 48h an OD of almost 15 was observed. The pH profile for
this cultivation was typical for the growth of microorganisms on a complex medium, which
contains different C-sources (carbohydrates and amino acids). The pH value dropped from
7.2 to around 5.0 during the first 20h of cultivation. This decrease is typical for the growth
of bacteria on carbohydrates as a C-source. After 20h of cultivation the pH increased
indicating the utilization of amino acids as a C-source.

Generally, it can be concluded, that media containing a mixture of two different complex
sources provided better growth conditions for B.subtilis.

Some microscopic images of the samples taken during the cultivation experiments are shown
in Fig.5.33. It could be observed, that after 6h of cultivation cells almost in all media
exhibited long rod form and built long chains, especially in malt-/potato extract medium.
This cell morphology is normal for Bacillus cells being in the exponential growth phase.
After 28h of cultivation the formation of endospores could be observed in some media
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Figure 5.32: Cultivation curves of B.subtilis on the different media.
Cultivations were performed in shake flasks at 25◦C on different media. The arrows show the begin of
endospore formation in different media.

(potato extract and molasses/potato extract). After 47-48h of cultivation the cultures
went into the stationary growth phase, which could be observed by the cell size (the cells
were getting smaller and did not build any long chains).

Parallel to the observation of the growth behavior of B.subtilis in the different media, a
well diffusion test was done to detect antimicrobial activity of the cultivated bacterium.
In Fig.5.34 can be seen that after 20h of cultivation only slight inhibition zones could be
measured in all media except potato extract. The isolated bacterium B.subtilis growing only
in potato extract did not exhibit any antifungal activity during the whole cultivation. The
strong increase of antifungal activity by B.subtilis was observed in malt-/potato extract,
potato extract/molasses, malt extract and molasses after 40h of cultivation. Afterwards the
antifungal activity of B.subtilis only slightly increased. It can be concluded, that the highest
antifungal activity was detected by B.subtilis growing in malt-/potato extract medium after
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Figure 5.33: Microscopic pictures of B.subtilis growing in different media.
The samples were taken after 6, 28 and 47h of cultivation. The samples were dried on a slide, heat fixed
and stained with fuchsine. Spores can be seen as unstained parts of the cells.

40-50 hours of cultivation.

The first screening experiments showed, that the medium containing malt and potato ex-
tract provided the best growth of the isolated B.subtilis and the highest antifungal activity
against Penicillium sp. and Alternaria alternata. In a further experiment a defined minimal
salt medium (MSM) based on glucose (Tab.4.5 on page 39) [Claus 1965] was tested
together with some complex media. In addition to MSM the following complex media,
which provided good growth and antifungal activities (malt-/potato extract, potato ex-
tract/molasses and molasses) as well as the potato medium, which did not show antifungal
activity, were analyzed.

Also in this experiment no detectable antifungal activity was found after 24h of cultivation.
The highest inhibition zones (about of 25mm for Alternaria alternata and about 18mm for
Penicillium sp.) could be measured for the malt-/potato extract after 48h of cultivation
(Fig.5.35). Also good antifungal activities were observed for potato extract/molasses and
molasses media. The culture growing only in potato extract did not show any antifungal
activity. These results fully confirmed the observations made in the last screening exper-
iments. For the defined MSM no antifungal activities neither against Alternaria alternata
nor against Penicillium sp. were detected.
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Figure 5.34: Zones of inhibition of B. subtilis culture growing in different media.
Cultivations were performed in shake flasks at 25◦C on different media. Penicillium sp. was used as a test
microorganism for well diffusion test. The black horizontal line indicates a diameter of wells, which were
stamped out from potato agar to test the antifungal activity of B.subtilis.

The MSM in its primary content was not appropriate for the production of antifungal
fengycins (probably some amino acids or trace elements are needed for the synthesis of
fengycins) and will need a lot of optimization attempts. Therefore, in further experiments
the complex medium containing two components, malt and potato extracts, and showing
the highest antifungal activities and good growth of B.subtilis in all screening experiments,
was applied. To finish the media optimization experiments concentrations of malt extract
and potato extract were optimized. Also one complex medium (Tab.4.4 on page 39)
containing peptone, yeast extract and glucose as main components, which is usually used
for cultivation of different Bacillus strains was included in the last experiment [Bast 1999].

The results of this experiment are summarized in Tab.5.15 and Fig.5.36. It can be clearly
seen, that the highest zones of inhibition were detected by culture growing in the medium
malt-/potato extract with concentrations of malt extract 30gL−1 and potato extract 500mLL−1

(based on the measured zones of inhibition). By taking a closer look at the obtained data
(Fig.5.36) it can be seen, that the concentration of malt extract of 30gL−1 seems to be opti-
mal, but potato extract can be applied in the concentrations between 500 and 1000mLL−1.
The complex medium which is often used for experiments described in literature for culti-
vation of different strains of Bacillus from Brast et al. [1999] exhibited lower antifungal
activity.
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Figure 5.35: Zones of inhibition of B. subtilis culture growing in MSM and com-
plex media.
Cultivations were performed in shake flasks at 25◦C on different media. Penicillium sp. and Alternaria
alternata were used as test microorganisms for the well diffusion method. The samples for antifungal ac-
tivities were taken after 24, 48 and 72 hours. Six wells were stamped out from the agar plate, which were
filled up with supernatants from B.subtilis growing in different media. Wells: 1- MSM, 2- malt-/potato
extract, 3- potato extract/molasses, 4- potato extract, 5- molasses, control- pure medium (all cultivation
media were tested on their antifungal activities).

Table 5.15: Composition of different cultivation media based on the malt- and
potato extract (MP)

Media labeling Malt extract [gL−1] Potato extract
[mLL−1]

Zones of inhibi-
tion [mm]

MP 1/0 30 0 17.5
MP 0/1 0 500 0
MP 1/1 30 500 25
MP 1/2 30 1000 23
MP 2/1 60 500 15
MP 2/0.5 60 250 10
MP 2/2 60 1000 15
MP 0.5/1 15 500 13.5
MP 0.3/3 10 1000 15
Complex medium
for B.subtilis

17
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Figure 5.36: Zones of inhibition of B. subtilis culture growing in different malt-
/potato extract media.
A. 3D-plot of the measured data. B. Contour plot of the measured data. Cultivations were performed
in shake flasks at 25◦C on different media. Alternaria alternata was used as test microorganism for well
diffusion method. The samples for antifungal activities were taken after 50h of cultivation.
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5.4.1.1 Medium for scale up experiments

It was found, that an optimal medium for the cultivation and the production of the an-
tibiotics fengycins was malt-/potato extract. But preparing potato extract according to
the protocol "4.2.1 Preparation of potato extract" on page 40 was not practicable due to
peeling and boiling of potatoes for a bigger scale. Therefore, as an alternative to potato
extract potato fruit juice (PFJ) was investigated. PFJ is a side-product in starch produc-
tion. In principle, it is produced in the similar way as potato extract. Also potato protein
liquid (PPL) was tested for its applicability for cultivation of B.subtilis DSM 21393. The
PPL is a side-product after protein recovery from PFJ through heat coagulation by steam
injection. It was assumed, that the PPL could be similar to a liquid, which can be obtained
after sterilization of PFJ during preparation of the cultivation medium. Therefore, at the
beginning it was decided to test the PPL as alternative to potato extract (Tab.5.16).

Table 5.16: Composition of different cultivation media based on the malt, potato
extract and potato protein liquid (PPL) tested for scale-up experiment

Media labeling Malt extract [gL−1] Potato extract [mLL−1]
Malt extract 30 0
Potato extract 0 1000
Potato protein liquid (PPL) 0 1000
Malt/potato extract 30 500
Malt/PPL50 30 500
Malt/PPL25 30 250
Malt/PPL75 30 750

These and also further cultivation experiments to establish a medium for scale-up experi-
ments were performed after the structure determination of the target antibiotic substance
fengycin was completed. Also the purification and analyzing protocols for fengycins and
bacillaene were established at this time. Therefore, the well diffusion test for analysis of
antibiotic activities could be replaced by measurements of concentrations of fengycins and
bacillaene (Fig.5.37).

In this experiment first samples were measured only after 96h. The highest concentration
of fengycins of 280mgL−1 was observed in malt-/potato extract medium. Also high con-
centration of fengycins (195mgL−1) was detected in malt extract after 96h of cultivation.
In the next hours of cultivation the concentrations of fengycins remained stable. The con-
centrations of bacillaene in both media were about 50mgL−1 and were decreasing in the
next hours of cultivation. In the medium containing malt and PPL (250mL/1L) maximum
of fengycin production was measured after 140h. The observed concentration of fengycins
(total concentration of 167mgL−1) was comparable with the concentration detected in the
malt extract. However, in the media containing higher concentration of PPL (here: 500
and 750mL per L) much less fengycins were measured. In medium with the PPL-portion

96



5. Results

Figure 5.37: Concentrations of fengycins and bacillaene during cultivation of
B.subtilis DSM 21393 culture growing in different media based on malt-, potato
extract and potato protein liquid (PPL).
Cultivations were performed in shake flasks at 25◦C. Medium compositions are summarized in Tab.5.16.
Data presented as bars represent total concentrations of fengycins and bacillaene. The data shown as lines
are concentrations of fengycin C17B and bacillaene A, which peaks could be precisely analyzed on the
HPLC chromatograms.

of 500mL the maximal concentration was about 110mgL−1 and measured much later, after
240h of cultivation. In the medium with 750mL of PPL only a small amount of fengycins
could be detected. The concentrations of bacillaene detected in this three media containing
different amount of PPL were between 50 and almost 100mgL−1. By taking a closer look
at the concentration profiles of fengycins and bacillaene in the media containing different
concentrations of PPL it could be assumed, that with increasing concentrations of PPL
in the cultivation medium the synthesis profiles of fengycin and bacillaene of B.subtilis
DSM 21393 occurred with delay. That could be explained by an inhibition effect of PPL
or an adaption of the culture to the new environmental conditions (the preculture for all
cultivations was prepared in the malt-/potato extract medium).

As expected no fengycins could be observed in the medium containing only potato extract
(in this medium no antifungal activity was measured before). Also the culture growing in
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PPL only did not exhibit detectable fengycin synthesis.

After that first experiment it could be confirmed, that the medium containing malt and
potato extracts provided the highest synthesis rate of fengycins. Also PPL in concentration
of 250mLL−1 supplied by 30gL−1 malt extract could be used for the production of fengycins.
Obviously, the concentration of PPL higher than 500mLL−1 probably caused an inhibition
of fengycin synthesis in B.subtilis DSM 21393.

In a further experiment PFJ was tested for growing of B.subtilis DSM 21393 and pro-
duction of fengycins and bacillaene. Media applied in this experiment are summarized in
Tab.5.17. In the previous experiment it was seen, that the concentration of PPL more
than 500mLL−1 did not provide high fengycin production. Therefore, in this experiment
the maximal concentration of PFJ was 500mLL−1.

Table 5.17: Composition of different cultivation media based on the malt, potato
extract, potato fruit juice (PFJ) and potato protein liquid (PPL) tested for scale-up
experiment

Media labeling Malt extract [gL−1] Potato extract [mLL−1]
Malt extract 30 0
Potato extract 0 1000
Malt/potato extract 30 500
Potato fruit juice (PFJ) 0 1000
Potato protein liquid (PPL) 0 1000
Malt/PFJ50 30 500
Malt/PFJ25 30 250
Malt/PPL25 30 250

As it was already observed in previous experiments the medium malt-/potato extract pro-
vided better growth conditions for B.subtilis DSM 21393 than malt extract (Fig.5.38A). The
cells growing in media based on malt and PPL showed good growth profiles (Fig.5.38B). It
was obvious that cells cultivated in PPL only went into sporulation phase much earlier than
those in other media containing additionally malt extract. By comparing growth curves
obtained in cultivation media based on malt extract and different amount of PPL it could
be concluded, that the culture growing in the medium with higher PPL portion had some
growth-delay at be beginning of cultivation (Malt/PPL50 in Fig.5.38B). The cells cultivated
in the medium with concentration of PPL of 750mLL−1 had the worst growth comparing
to other media.

Much better growth showed the cultures in media containing the PFJ in different con-
centrations (Fig.5.38C). At the beginning of cultivation they revealed very similar growth
profile. After 100h the culture growing in PFJ only went to the sporulation phase (decrease
of OD after 100h Fig.5.38C). Other cultures turned into the sporulation phase later, after
200h. The maximal biomass concentration was detected during the cultivation performed
in malt/PFJ 25.
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Figure 5.38: Growth curves of B.subtilis DSM 21393 culture growing in different
media containing malt-, potato extract, potato fruit juice (PFJ) and PPL.
Cultivations were performed in shake flasks at 25◦C in different media. Preculture was cultivated in malt-
/potato extract. A: Growth curves of B.subtilis DSM 21393 monitored in the media, which contained
malt- and potato extract; B: Growth curves of B.subtilis DSM 21393 growing in media containing PPL;
C: Growth curves of B.subtilis DSM 21393 which were observed in media containing PFJ; D: dissolved
organic carbon (DOC) values of the tested cultivation media.

Moreover, in the applied media the dissolved organic carbon (DOC) was measured (Fig.5.38D).
The samples were measured using ELEMENTAR HighTOC analyser (Hanau, Germany) at
Chair of Water Quality Control at Technische Universität Berlin. Before the measurement
the samples were filtered through 0.45mm filter and diluted to the required measurement
range. The DOC data correlated with growth curves of B.subtilis DSM 21393. The highest
concentration of DOC was detected in the media containing malt extract and PFJ in con-
centrations of 500 and 250mLL−1. Also the highest biomass concentrations were detected
in those media. The lowest DOC-content was in the potato extract, that correlated with the
smallest biomass concentration achieved in that medium. As expected the concentration
of DOC was in PFJ much higher than in PPL.

During this experiment concentrations of fengycins and bacillaene were measured (Fig.5.39).
By taking a look at the concentration profiles of fengycins and bacillaene in malt extract
and malt-/potato extract media it could be observed, that the highest increase of fengycins
occurred after 46h of cultivation. After that the concentrations remained stable. The
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Figure 5.39: Concentrations of fengycins and bacillaene during cultivation of
B.subtilis DSM 21393 culture growing in different media based on malt-, potato
extract, PPL and PFJ.
Cultivations were performed in shake flasks at 25◦C. Medium compositions are summarized in Tab.5.17.
Data presented as bars represent total concentrations of fengycins and bacillaene. The data shown as lines
are concentrations of fengycin C17B and bacillaene A, which peaks could be precisely analyzed on the
HPLC chromatograms.

concentration curve of bacillaene obtained with these media had a different profile. As in
the case for fengycins an increase of bacillaene concentrations was detected also after 46h,
but after that the concentrations of bacillaene were decreasing in the course of cultiva-
tion. The highest concentration of fengycins of 325mgL−1 was observed in malt-/potato
extract medium at 120h of cultivation. But already at 46h the concentration of fengycins
of 285mgL−1 was measured in this medium. In the medium malt extract the maximum
concentration of fengycins was smaller (230mgL−1).

In the media containing potato extract only small amounts of fengycins and bacillaene
could be detected. By comparison of PPL and PFJ it could be clearly seen, that Bacillus
culture growing in PFJ synthesized three times more fengycins than in PPL (in PFJ - almost
100mgL−1, in PPL - almost 30mgL−1). Maximum bacillaene concentrations in both media
were similar, about 100mgL−1, and were achieved as in malt and malt-/potato extract
media after 46h of cultivation.

100



5. Results

By taking a closer look at the cultures growing in media based on malt extract together with
PPL or PFJ it could be observed that in medium based on malt and PFJ much higher con-
centrations of fengycins were detected. Fengycin concentrations measured in malt/PFJ50
and malt/PFJ25 were the highest in this experiment. The maximum concentration in
malt/PFJ25 was about 507mgL−1, in malt/PFJ50 - 550mgL−1. But they were achieved
later than in malt or malt-/potato extract, for malt/PFJ25 after 123h and for malt/PFJ50
after 197h. The same delay-effect was already observed in the previous experiment applying
PPL. With increasing concentration of PPL the synthesis of fengycins occurred with some
delay compared to the malt or malt-/potato extract media.

It can be concluded, that the concentrations of fengycins were much higher growing in
malt/PFJ media than in malt and malt-/potato extracts. But the cultures growing in
media based on malt and PFJ achieved also much higher biomass concentration than in
other media. Therefore, the specific concentrations of fengycins detected in different media
were compared (Fig.5.40). As it was expected the specific concentration of all detected
fengycins was much higher in malt and malt-/potato extract at 46h of cultivation. For the
next samples taken after 120h of cultivation concentrations of fengycins in the media based
on the malt and PFJ were almost two times higher than those in media based on malt and
potato extract. As it can be seen in Fig.5.40, such high concentration was a result from
high biomass concentration and not from higher synthesis rate of each cell.

Figure 5.40: Specific concentrations of fengycins produced by B.subtilis DSM
21393 culture growing in different media based on malt-, potato extract, PPL and
PFJ.
Cultivations were performed in shake flasks at 25◦C. Medium compositions are summarized in Tab.5.17.

HPLC analysis of the collected samples showed, that the peaks occurring at the Rt of
fengycins have different profiles (amount of peaks and peak distribution) in media containing
PPL, PFJ and potato extract. In Fig.5.41 can be observed, that the number of peaks
representing fengycins in media based on malt and potato extract (Fig.5.41 A, B) was
different from the number of peaks obtained after measurement of samples based on malt
extract and PFJ (Fig.5.41 C). Also in the medium based on malt and PPL the peak
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profile on the HPLC-chromatogram is different from another peak profiles (Fig.5.41 D).
The identification of peaks for all samples was done based on the UV spectrum of each
peak and in comparison with the Rt of fengycin C17B (the structure analysis was done for
this compound), and also with other fengycins, which were purified using preparative HPLC
(Tab.5.8).

So, after the performed experiments it was seen, that with different media different spectra
of the synthesized fengycins could be obtained. It could be concluded, that the best
medium providing good growth and high fengycin production was malt/PFJ25. Using this
medium more biomass was produced and accordingly to this an almost two times higher
concentration of fengycins was achieved during the cultivation. However, the fengycin
synthesis occurred using this medium almost 70h later than for the malt-/potato extract
medium, which was the standard medium in this project. This production delay was caused
by a different composition of the preculture. All precultures were performed using the
malt-/potato extract only. In further cultivations in a bioreactor this production delay was
eliminated by performing two precultures, one using malt-/potato extract and the other
with malt/PFJ25.

5.4.2 Temperature

Another important process parameter besides the growth medium is the cultivation temper-
ature. All cultivations during medium optimization were performed at 25◦C. This temper-
ature was chosen because B.subtilis DSM 21393 is an endophytic microorganism and was
isolated from potatoes tubers. The usual environmental temperature for such endophytic
bacteria is below 30◦C (the optimal growth temperature for many Bacillus strains). To find
out the best temperature for an optimal growth of B.subtilis DSM 21393 and production of
the antifungal compound fengycin three temperatures were investigated: 25◦C, 30◦C and
37◦C.
For temperature screening three media which provided good growth and high antifungal
activities were chosen: malt-/potato extract at relative concentrations of 1/1, 2/1, 0.3/3.
The growth curves are presented in Fig.5.42. All cultivation curves exhibit similar trends of
behavior. Generally it can be concluded that the highest growth rates were achieved in all
tested media (5.42 A, B, C) at 37◦C within the first 24h of cultivation. The lowest growth
rates were at 25◦C. In all tested media the maximum of biomass was reached faster (after
48h of cultivation) in cultivations performed at 37◦C. The maximum amount of biomass at
25◦C and 30◦C was reached later (after 72h of cultivation).
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Figure 5.41: HPLC chromatogram of the B.subtilis DSM 21393 culture growing
in different media based on malt-, potato extract, PPL and PFJ.
A: represents the sample of malt extract, B: represents the sample of malt-/potato extract; C: represents
the sample of malt/PFJ25; D: represents the sample of malt/PPL25. The brackets show fengycin peaks.
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Figure 5.42: Growth curves of B.subtilis DSM 21393 growing in different compo-
sitions of malt-/potato extract media at different temperatures.
A. Medium "MP2/1" contains 60g of malt extract and 500mL of potato extract; B. Medium "MP1/1"
contains 30g of malt extract and 500mL of potato extract; C. Medium "MP0.3/3" contains 10g of malt
extract and 1000mL of potato extract.

The syntheses of the antibiotic fengycin at different temperatures were tested applying the
agar diffusion method (Fig.5.43).
After 24h of cultivation no activity was detected in all cultivation experiments. The highest
antifungal activity was measured (inhibition zones of ca. 23mm) at 25◦C after 72h of
cultivation. The antifungal activity at 30◦C was lower than at 25◦C (the inhibition zones
of ca. 15mm). The largest inhibition zones at 30◦C were already observed after 48h of
cultivation. No detectable activity was observed at 37◦C.

It can be concluded, that the temperature of 25◦C is definitely favorable for the production
of fengycins (the inhibition zones were about 25% larger than those at 30◦C). The maximum
antifungal activity at 25◦C was detected after 72h of cultivation, but the differences in the
antifungal activity after 48h and 72h of cultivation were marginal. The growth behaviour
of the B.subtilis DSM 21393 at 25◦C is slower than at 30◦C. The maximum amount of
biomass was achieved after 72h of cultivation (maximum biomass concentration at 30◦C
was reached after 48h) but the specific activity (the size of inhibition zone devided by OD)
at 25◦C is much higher than at 30◦C (Fig.5.44).

Thus, the temperature of 25◦C was taken for all cultivation performed in this project.
The largest zones of inhibition were achieved after 72h of cultivation. But the differences
between inhibition zones after 48h and 72h of cultivation were not very big. Moreover, the
maximum production rates of antifungal compounds were observed after 48h of cultivation,
which means the culture can already be harvested after 48h of cultivation.
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Figure 5.43: Zones of inhibition of B.subtilis DSM 21393 culture growing in dif-
ferent compositions of malt-/potato extract media at different temperatures.
A. Inhibition zones of B. subtilis culture growing at 25◦C; B. Inhibition zones of B. subtilis culture growing
at 30◦C. Alternaria alternata was used as a test microorganism for the well diffusion method. The black
horizontal line indicates a diameter of wells, which were stamped out from potato agar to test the antifun-
gal activity of B.subtilis.

5.4.3 Starter culture. Importance of the amount of the added

inoculum and culture age for main cultivation

It is known, that the physiological state of a starter culture strongly influences the main
cultivation and the production of the target compounds. For example, the length of the
lag-phase is directly dependent on the inoculum state. A growing culture at its exponential
phase has optimal conditions to be applied as an inoculum for a cultivation. Therefore,
cells for inoculation are taken from the exponential growth phase. Especially, for spore-
forming bacteria like Bacillus it is very important that the inoculation of the main culture
is performed prior to the formation of spores. That means, one of the most important
parameters for achievement of a good inoculation is the age of the pre-culture.

But not only the pre-culture age is important for an optimal inoculation, the inoculum
amount is also crucial for an effective cultivation process. If the main culture was inoculated
with a big volume of the pre-culture, a huge amount of different produced compounds and
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Figure 5.44: Zones of inhibition of B.subtilis DSM 21393 culture per OD growing
in different compositions of malt-/potato extract media at different temperatures.
A. Specific activity of B. subtilis culture growing at 25◦C; B. Specific activity of B. subtilis culture growing
at 30◦C.

metabolic products are transferred from the pre-culture to the main cultivation, that can
affect the main cultivation and production of the target compounds. Another problem
during the inoculation with a high cell amount might be an intensive consumption of the
dissolved oxygen, that could led to oxygen limitation. The other way around performing
an inoculation with a small pre-culture volume or a culture with a poor cell concentration
the length of the lag-phase can be extremely long or the cultivation will be completely
damaged.

Therefore, the culture age of the applied inoculum and the inoculum amount were investi-
gated. Usually, in the lab-scale experiments starter cultures are performed in shake flasks.
In this project the process optimization experiments were performed in a 10L bioreactor. For
this scale the pre-cultures were cultivated in shake flasks. The growth curves of B.subtilis
DSM 21393 cultivated in shake flasks were already taken. It was shown (Fig.5.32), that the
culture of B.subtilis DSM 21393 growing in malt-/potato extract medium at 25◦C had an
exponential growth phase till almost 40h of cultivation. After 42h of cultivation formation
of spores was already observed.

The cultures of two different ages (middle and later exponential phases) were investigated.
The advantage of the middle exponential phase is the physiological state of the culture,
the disadvantage - a relative small culture density. Thus, one culture was inoculated with a
pre-culture from the middle exponential phase (about 24h) and the second culture - from
the later exponential phase (after 35h). Also two different pre-culture volumes (amounts)
were tested. In first experiments the culture was inoculated with a relative low starting
optical density of 0.15.

It can be seen (Fig.5.45), that both cultivations ran similar. The OD, DOT-curves as well
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Figure 5.45: Cultivation curves of B.subtilis DSM 21393 growing in a 10L biore-
actor with an OD at start of 0.15.
Cultivation was performed using malt-/potato extract medium at 25◦C, pH was adjusted to 7. Vertical thin
line shows begin of growth phase. A: Inoculum age was 24h. B: Inoculum age was 35h.

as the CO2 and O2 in exhaust gas curves had similar profiles. Obviously, both cultures had
very long lag-phases. In the cultivation A, which was inoculated with pre-culture of about
24h the lag-phase was about 19h. In cultivation B, where the used inoculum was taken
from later exponential phase (35h) the lag-phase was about 24h.

In the following experiments the inoculum amount was increased and the start OD was
0.25 (Fig.5.46). Fig. 5.46 A clearly shows, that the lag-phase in cultivation A was much
shorter than in cultivations before. It was about 3.5-4h. In the cultivation B the lag-phase
was much longer, about 15h (the first vertical line in Fig.5.46B). But also during the next
10h (the second vertical line in Fig. 5.46B) the cell growth was quite slow. From these
experiments could be seen, that the OD of 0.15 at the cultivation start was too low, the
lag-phase took too many hours. The increased starting OD of 0.25 showed much better
results. In the cultivation where the inoculum was taken from the middle exponential
phase the lag-phase was about 3-4h. Concerning the pre-culture age it could be concluded,
that the cultures taken from late exponential phase (about 35-36h) caused much longer
lag-phases than the pre-cultures from the middle exponential phase.

Thus, for further experiments the pre-cultures were taken from the middle exponential phase
(20-24h) and the start OD was 0.25.
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Figure 5.46: Cultivation curves of B.subtilis DSM 21393 growing in a 10L biore-
actor with an OD at start of 0.25.
Cultivation was performed using malt-/potato extract medium at 25◦C, pH was adjusted to 7. Vertical thin
line shows begin of growth phase. A: Inoculum age was 25h. B: Inoculum age was 36h.

5.4.4 Cultivation in a bioreactor

After the optimization of cultivation media and temperature a cultivation process in a
bioreactor was established. A 10L bioreactor BIOSTAT E (Braun Diessel Biotech GmbH,
Germany) was used for these experiments.

It is known, that the cultivation process in a shake flask is different from a cultivation
procedure in a bioreactor. In a bioreactor such important parameters as pH and DOT
can be controlled. Moreover, some physical conditions such as aeration and mixing are
completely different in both systems. Therefore, when a process has to be transferred from
a shake flask to a bioreactor these parameters have to be immediately investigated. In a first
cultivation process the aeration rate was set up to 0.5vvm. The cultivation was performed
at 500min−1 (stirrer speed). Cultivation curves are shown in Fig.5.47. Cells started to
grow intensively just one hour after inoculation. This could be detected by cell morphology,
the cells were getting larger (Fig.5.47, see first bold line). The maximal growth rate was
achieved within the first 27 hours of cultivation which could also be seen by the minimum
of DOT curve at ca. 25h. Also the curve of the exhaust CO2 reached its maximum between
18 and 27 hours of cultivation. These parameters indicate exponential growing state of the
cells. After 70h of cultivation the maximum OD600 of 15 was reached. After 42h the cells
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Figure 5.47: Time course of (A) growth, inhibitory activity and (B) process para-
meter of B.subtilis DSM 21393 cultivated in a 10L bioreactor.
Cultivation was performed using malt-/potato extract medium (6L working volume)at 25◦C, pH was ad-
justed to 7. Vertical thin line shows begin of foam building. A dotted line defines additions of antifoam.
The bold black lines show the cell morphology.

began to build endospores (Fig.5.47, see second bold line).

This cultivation was performed at the same time as the establishment of purification method
for fengycin. Therefore, only the well diffusion method was performed to detect the synthesis
of the antimicrobial compound fengycin. In Fig.5.47 it can be seen that only some small
zones of inhibition (few millimeters) were detected after about 48 hours of cultivation. A
big increase of the inhibitory activity occurred between 48 and 72h (inhibition zones of
almost 20mm at 74h). During the next hours of cultivation the zones of inhibition did not
considerably increase. It could be clearly seen that the increase of the inhibitory zones was
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after the beginning of sporulation.

Later on, when the purification and analysis methods for fengycins had been established,
this cultivation was repeated (Fig.5.48). After few hours of cultivation the cells exhibited a
morphology usual for an exponential growth state (long rods, no chains within the first 20h
of cultivation - illustrated by the first green area in Fig.5.48 part A and after 20h long chains
were observed - shown by the second green area). The DOT and CO2 exhaust gas curves
indicated the same growing behavior, as observed in the first cultivation process (Fig.5.47)
the DOT curve exhibited the minimum and CO2 curve its maximum at 27h (Fig. 5.48 B)
that means the culture achieved the maximum growth rate at this time. After that cells
became smaller (short cells, no chains - see third green area in Fig.5.48 A). The maximum
amount of biomass with an OD600 of 15 was reached after 70h. In this experiment the optical
density of the culture was monitored offline using a spectrophotometer with medium and
water as blanks; both curves were very similar. Moreover, an on-line OD measuring device
Elocheck (Biotronix, Germany) was additionally applied in this experiment. The growth
behavior of B.subtilis DSM 21393 monitored on-line showed also the same behavior. Two
sharp increases of optical density at 22 and 25h of cultivation were caused by the addition of
antifoam. After 50h of cultivation the cells started to sporulate. In Fig.5.48 C can be seen,
that B.subtilis DSM 21393 produced different fengycins C17B, dehydroxyfengycin C17B,
C16B, and fengycin C16B (contains one double bond in the fatty acid chain) (C16B*).
The synthesis curves of different fengycins exhibited the same behavior.
The fengycin synthesis began between 50 and 68h of cultivation (Fig.5.48 C). The maximum
fengycin production rate was observed between 68 and 90h. The highest concentration
was observed for fengycin C17B, concentration of 65mgL−1 was achieved after 90h of
cultivation. Other fengycins dehydroxyfengycin C17B, C16B, and C16B* were produced in
smaller concentrations of 30, 45 and 29mgL−1, respectively. It can be clearly seen, that all
fengycin curves exhibited two-phase behavior. After the first sharp increase of the fengycin
concentrations between 68 and 90h, concentrations of fengycins slightly decreased within
next 70h of the cultivation. This could be explained by the very strong foaming at this time
interval. Fengycins belong to the surface active compounds causing foam formation. By
strong foam formation went a part of the fengycins to the foam phase that led to a decrease
of fengycin concentration in the culture media (bulk solution). After 160h only some foam
was observed, which may mean that a part of fengycins from the foam phase went back to
the culture medium (bulk phase). The measurements performed after 160h showed, that
the maximum total concentration of fengycins was 235mgL−1. In the last sample at the
end of cultivation the total concentration of fengycins was almost 300mgL−1. But this
measurement was recognized as an outlier due to a very big standard deviation between
the performed measurements.
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Figure 5.48: Time course of (A) growth, (B) process parameter and (C) concen-
trations of antibiotics of B.subtilis DSM 21393 cultivated in a 10L bioreactor.
Cultivation was performed using malt-/potato extract medium (9L working volume)at 25◦C, pH was ad-
justed to 7. Vertical dotted lines show begin of foam building. The bold black lines show the cell morphol-
ogy.
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Another antibiotic family bacillaene was detected already after 16h of cultivation. The
maximum concentration of 400mgL−1 was achieved after 40h, thereby the bacillaene A
was produced in a higher concentration of about 275mgL−1. Within the next hours of
cultivation the bacillaene concentration in the culture medium constantly decreased, which
can be explained by the fact, that bacillaene are highly unstable. The dotted lines in Fig.5.48
A show the beginning of strong foam formation. It can be seen, that these correlated at
the first time with the start of bacillaene synthesis and at the second time with the fengycin
production. Both substances are surface active substances and cause strong foam formation.

In Fig. 5.49 some parameters of these two standard cultivations were overlaid. As can

Figure 5.49: Overlaid time course of growth, process parameter as well as concen-
trations of antibiotics and inhibitory activity of two cultivations of B.subtilis DSM
21393 performed in a 10L bioreactor.
Cultivation A is shown in Fig.5.47; Cultivation B is shown in Fig.5.48.
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be seen in Fig.5.49 OD-, CO2 and O2 exhaust gas-curves of both cultivation are very
similar indicating a very similar cultivation procedure. A DOT-curve of cultivation A was
slightly lower than that of cultivation B. It could be due to higher stirrer speed adjusted
by cultivation A (500rpm). At cultivation B the stirrer speed was adjusted at 600rpm. As
expected the diagram of inhibition zones of cultivation A correlated with fengycin synthesis
curve of cultivation B. An increase of inhibition zones was observed at the same time as
the synthesis of fengycins started.

As a conclusion, it can be underlined, that the established cultivation procedure was very
robust. The cultivations performed at different times could be perfectly overlaid. The
biomass concentration achieved in a bioreactor was similar to that observed in a shake
flasks. The inhibition zones of fengycin in a bioreactor were similar to those in shake
flasks, about 20-25 mm. However, the start of fengycin production was a little different.
In the bioreactor it was about 24h later than in shake flasks (a huge increase of fengycin
concentration in shake flasks occurred between 24 and 48h and in the bioreactor between
48 and 72h).

5.4.5 Influence of the aeration rate during cultivation on the fengycin

synthesis

It is known, that the synthesis of antibiotic compounds by bacterial cultures is tightly linked
to the metabolic state of the cells, which is influenced by the environmental conditions such
as oxygen availability, nutrient compounds, temperature, pH etc.

In previous experiments it was observed, that a high production level of fengycins during
cultivation in a bioreactor was achieved after 70h of cultivation (Fig.5.48). Some parameters
of that cultivation are summarized in Fig.5.50. The maximum of the fengycin production
rate of 7.3mgL−1h−1 was achieved at 71h of cultivation (in the early stationary phase) and
the maximum of bacillaene synthesis of 17.5mgL−1h−1 occurred at 25h of cultivation (in
the middle of the exponential phase). The maximum growth rate was observed at 16h of
cultivation. A great increase of the antifungal activity in experiments performed in shake
flasks was observed between 24 and 48h of cultivation. This is almost 24h earlier than in a
bioreactor. The most important parameters, which distinguished the bioreactor cultivation
system from shake flasks were aeration and agitation. Therefore, it was decided to apply
different aeration conditions to influence the production profile of fengycins in the further
experiments.

In a first experiment the aeration rate at the beginning of cultivation was 0.5vvm - the same
as in the standard cultivation. Then after 21h of cultivation DOT value was reduced to 30%
for 4h and after that the aeration rate was decreased to 0.3vvm and remained constant till
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Figure 5.50: Growth and production parameters of the standard cultivation of
B.subtilis DSM 21393 grown in a 10L bioreactor (for more details see Fig.5.48).
Cultivation was performed using malt-/potato extract medium (9L working volume) at 25◦C; pH was ad-
justed to 7. The bold values indicate the maximums of fengycin and bacillaene synthesis rates. The regular
value indicates the maximum of specific growth rate.

the end of the cultivation. The DOT-controlling was achieved via changing the stirrer speed
and aeration rate. The cultivation curves of this experiment are summarized in Fig.5.51.
The growth profile of B.subtilis DSM 21393 in this experiment was similar to the standard
cultivation (Fig.5.52). Also the maximum growth rates of both cultivations are very similar
and were achieved after 16.1h in the standard and after 18.3h in the DOT-controlled
cultivations (Fig.5.53).

It is obvious, that between 21h and 25h of cultivation, where DOT level was decreased, the
measured CO2 in exhaust gas increased up to 2.1% (measured at 25h of cultivation). It was
six times higher in comparison to the standard cultivation (the maximal monitored value
was 0.35%). The concentration of bacillaene produced by B.subtilis DSM 21393 during the
DOT-controlled cultivation was lower than in standard cultivation. The maximum concen-
tration of 217mgL−1 detected in this cultivation was about half of the value of 397mgL−1

measured during the standard cultivation (Fig.5.52B). The maximum production rate of
bacillaene with 12.8mgL−1h−1 was also 1.4 times lower than in standard cultivation and
was achieved at 31h of cultivation (for the standard cultivation this was at 25h) (Fig.5.53B).
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Figure 5.51: Time course of (A) growth, (B) process parameter and (C) concen-
trations of antibiotics of B.subtilis DSM 21393 cultivated in a 10L bioreactor under
aeration limited conditions.
Cultivation was performed using malt-/potato extract medium (9L working volume) at 25◦C; pH was ad-
justed to 7. A,B: vertical bold black lines show the cell morphology. Vertical dotted lines show begin of
foam building. C: vertical lines show the DOT controlling time interval.
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Figure 5.52: Comparison of the standard cultivation and cultivation with 4h of
limited aeration.
Open symbols show the values of standard cultivation, close symbols show values of cultivation with 4h of
aeration limitation. A: growth curves and fengycin concentration-curves of the two cultivation systems. B:
growth curves and bacillaene concentration-curves of two cultivation systems.

Figure 5.53: Growing and production parameters of standard and DOT-controlled
cultivations.
A: parameters of the standard cultivation. B: parameters of the DOT-controlled cultivation (4h oxygen
limitation). The bold values indicate the maximums of fengycins and bacillaene synthesis rates. The normal
value indicates the maximum of specific growth rate.

Fengycin production profile in the DOT-controlled cultivation was also different from that
of the standard cultivation. The maximum fengycin concentration, which was measured
at the end of the DOT-controlled cultivation after 132h was 207mgL−1. In the standard
cultivation the fengycin concentration was 170mgL−1 at this time. Moreover, the synthesis
of fengycins in DOT-controlled cultivation began after 45h of cultivation, much earlier than
in standard cultivation (after 70h) (Fig.5.52A). However, the production rate of fengycins
in this cultivation is lower than in the standard cultivation (Fig.5.52A and Fig.5.53B).
Furthermore, in this experiment the diffusion test was performed to confirm the correlation
of the antifungal activity with synthesis of fengycins. It could be clearly seen, that the
increase of the inhibition zones correlated directly with the increase of the measured fengycin

116



5. Results

concentration in cultivation media (Fig.5.51).

Thus, it could be seen, that a decrease of the aeration rate for 4h during the exponen-
tial phase might influence the syntheses of fengycin and bacillaene. Thereby, bacillaene
production diminished almost to its half, but synthesis of fengycins could be started 25h
earlier.

For the next cultivation it was decided to decrease the aeration for a longer time and for
two times during a cultivation. The cultivation was started as a standard cultivation. The
aeration rate was set up to 0.5vvm. After 27h of cultivation the DOT was decreased to 30%
for 10h (first interval). After that the aeration rate was increased again to 0.5vvm fo 13h
and then, was completlly switched off for almost 11h (second interval). After the second
interval the aeration was increased first up to 0.5vvm for almost 4h and then reduced to
0.3vvm till the end of cultivation (Fig.5.54).

The culture of B.subtilis DSM 21393 started to grow after short lag-phase as is shown
in runs of the OD and DOT-curves (Fig.5.54A,B). After 14h of cultivation a strong foam
formation began which required to increase the stirrer speed up to 700min−1 and to add
an antifoam agent. During the following 12h addition of the antifoam agent was repeated
many times but the very strong foaming could not be reduced sufficiently. A further strong
increase of foam formation was observed between 30 and 37h of cultivation. The foam
filled all the head room of the bioreactor. It was observed, that some part of the cells was
transferred into the foam phase. As can be seen by the OD-curve, the measured OD values
strongly varied between 26h and the end of cultivation. Moreover, it was obvious, that
increases of the OD values correlated with short increases of the stirrer speed to reduce the
foam layer. The great increase of foam formation required even an increase of the stirrer
speed up to 900min−1 at 67h of cultivation. Fig.5.54A shows that the first increase of
foaming correlated with the begin of bacillaene synthesis at 14h of cultivation. The 2nd rise
of foaming was observed between 30 and 37h and could be related to the start of fengycin
production. Moreover, the oscillating profile of the measured fengycin concentration in the
cultivation media (Fig.5.54A) correlated somehow with the OD-curve and this could be also
explained by a strong foam formation.

By taking a closer look at the CO2-curve in exhaust gas could be seen, that the concentration
of CO2 achieved at µmax (at ca. 20h) a value of 0.35%. This value was comparabale with
that of the standard cultivation. The CO2 concentration rose up to 1.7% during the first
aeration limited interval. During the second aeration limited interval the CO2 value did not
increase because the B.subtilis DSM 21393 culture achieved now its stationary phase.

In Fig.5.55 OD-curves and two production curves of antibiotics, fengycin and bacillaene
of two aeration limited cultivations (Fig.5.51 and Fig.5.54) and the standard cultivation
(Fig.5.48) are compared. The OD-curves are similar for all three cultivations. The oscillating
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Figure 5.54: Time course of (A) growth, (B) process parameter and (C) concen-
trations of antibiotics of B.subtilis DSM 21393 cultivated in a 10L bioreactor under
limited aeration two times during a cultivation.
Cultivation was performed using malt-/potato extract medium (9L working volume) at 25◦C; pH was ad-
justed to 7. A: bold black line shows the start of sporulation; gray lines show the strong foaming; dotted
lines indicate addition of the antifoam agent B: vertical lines show the interval of the decreased aeration.
C: vertical lines show the first interval of the decreased aeration; dotted lines show the second interval of
the decreased aeration.

values of the cultivation with two aeration limited intervals could be explained by strong
foaming. However, the profile of these values was very close to those of the other two
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cultivations. Also µmax values of all three cultivations were reached at the time interval
between 16 and 20h (Fig.5.56).

Figure 5.55: Comparison of the standard cultivation and two aeration limited cul-
tivations.
The dotted lines indicate the aeration limited interval during the cultivation with 4h of limitation. The solid
lines indicate the first aeration limited interval of 10h during the cultivation with two intervals of limited
aeration A: growth curves and fengycin concentration-curves of three cultivations. B: growth curves and
bacillaene concentration-curves of three cultivations.

By taking a closer look at fengycin and bacillaene synthesis for all three cultivations, it
could be observed, that the highest bacillaene concentration of 397.9mgL−1 was measured
in the standard cultivation. In the cultivation with one aeration limited interval of 4h the
bacillaene concentration reached 217mgL−1, about half of the value measured for the stan-
dard cultivation. In the cultivation with two longer limitation intervals (each almost about
10h) the maximum concentration of bacillaene dropped to 42mgL−1 much smaller than for
the above mentioned cultivations (Fig.5.55B). The same correlation was observed for the
bacillaene production rates (Fig.5.56). The highest rate of 17.5mgL−1h−1 was reached in
the standard cultivation, whereas the lower values of 12.8mgL−1h−1 and 6.9mgL−1h−1 were
detected in cultivations with one and two intervals of oxygen limitation, respectively. The
production profiles of bacillaene for all three cultivations were similar. Maximum synthesis
rates of bacillaene of all three cultivations were archived between 22 and 31h of cultivation.
Interestingly, that the concentration of bacillaene detected in the culture broth during the
cultivation with two intervals of limited aeration decreased directly after the first interval
of 10h (Fig.5.55 and Fig.5.56).

By comprising the fengycin production curves of all three cultivations it could be concluded,
that the highest fengycin concentration of 235mgL−1 was reached in the standard cultivation
after 160h. This cultivation was the longest of all three cultivations. The other two
cultivations were proceeded till 130-135h. In Fig. 5.55A can be clearly seen, that fengycin
concentrations at this time were almost the same for all three cultivations (170mgL−1 - in
the standard cultivation and 196 and 207mgL−1 in two aeration limited cultivations).

The most important point was the start of fengycin synthesis. In the standard cultivation
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Figure 5.56: Growing and production parameters of the standard and DOT-
controlled cultivations.
A: parameters of the standard cultivation. B: parameters of the DOT -controlled cultivation (4h oxygen
limitation). C:parameters of the DOT -controlled cultivation (with two aeration limited intervals). The bold
values indicate the maximums of fengycins and bacillaene synthesis rates. The regular values indicate the
maximum of specific growth rate.

the first fengycin amount was measured between 48 and 68h. In comparison to that the
first detectable fengycin amount appeared in the cultivation with one limitation interval
between 41 and 45h, almost 24h earlier and in the cultivation with two limited aeration
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intervals already between 26 and 38h. The same relation can be seen in Fig.5.56, where
maximum fengycin production rate in the standard cultivation was achieved after 71h of
cultivation, whereas during cultivation with one and two aeration limited intervals this time
was reduced to 65.7 and 38.8h, respectively. Moreover, the maximum fengycin synthesis
rate observed in cultivations performed in shake flasks was reached also between 24 and 48h,
that is comparable to the cultivation with 10h of limited aeration during early stationary
phase (Fig.5.56).

For the obtained data it could be concluded, that the decreased aeration might induce the
fengycin synthesis and on the other side inhibits the bacillaene synthesis.

The influence of the aeration rate on the fengycin production could be seen during ear-
lier cultivations, where the production of the antifungal compound fengycin was detected
using the agar diffusion test. The results are summarized in Fig.5.57. Here a standard
cultivation (Fig.5.57A) was compared to a cultivation with two intervals of limited aeration
(Fig.5.57B). For the cultivation (B) OD values were higher than in the standard cultiva-
tion (A). These could not be directly compared with other OD-values, because during this
cultivation another photometer was used. For Fig.5.58A could be observed, that the huge

Figure 5.57: Comparison of the standard cultivation and an oxygen limited culti-
vation, where fengycin was detected using agar diffusion test.
A: standard cultivation. B: cultivation with two intervals of limited aeration. In the first aeration limited
interval between 22 and 26h DOT was set to 30% and then between 26 and 31h of the cultivation process
aeration was completely switsched off; The second interval was from 50h till the end of cultivation, where
DOT was set up again to 30%. Cultivations were performed using malt-/potato extract medium (9L work-
ing volume); at 25◦C, pH was adjusted to 7. Vertical dotted lines show begin of foam building. The bold
black lines show the cell morphology.
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increase of the inhibition zones during the standard cultivation was detected after 72h of
cultivation. In comparison to this, the cultivation with applied limitation of aeration the
maximum increase of the inhibition zones was measured 24h earlier, already after 48h.

Figure 5.58: Growing and production parameters of the standard and the DOT-
controlled cultivations, where fengycin was detected using agar diffusion test.
A: parameters of the standard cultivation. B: parameters of the DOT-controlled cultivation. The bold
values indicate the maximums of fengycins and bacillaene synthesis rates. The regular value indicate the
maximum of specific growth rate. The solid vertical lines indicate the first aeration limited interval, the
dotted vertical lines indicate the second aeration limited interval.

5.5 In situ product removal strategy using foam frac-

tionation. Foam control during performed cultiva-

tion

In all cultivations of B.subtilis DSM 21393 performed in a bioreactor by applying the
aeration system a vigorous foaming was observed. This happened due to the synthesis of
the surface-active compounds such as fengycins, bacillaene and also other compounds like
surfactins (were also detected in many experiments) by B.subtilis DSM 21393. The strong
foaming caused various problems in all cultivations. Many cultivations had to be stopped
because of a clogging exhaust gas filter and as consequence of this a huge increase of the
pressure in the bioreactor. Moreover, it was seen, that significant amounts of biomass and
product were removed from the reaction/cultivation environment according to the principle
of flotation that led to a reduction of productivity. Thus, it was of high importance to
eliminate the foaming in the cultivation system.
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5.5.1 Chemical antifoam agents and mechanical foam destroyer

First, several chemical agents were used to reduce the foaming during cultivations. Polypropy-
lene glycol 2000 and Silicone antifoam were used in the performed cultivations.

The efficiencies of these antifoam agents were tested and compared in this work. For this
purpose two Erlenmeyer flasks were filled with 200mL of the liquid culture of B.subtilis. The
bacterial cultures were brought to foaming using a magnetic stir bar. Then 100µL of the
antifoam agents were added in each flask and the decrease of foam layer was monitored. If
the foam was not reduced after the first antifoam addition or by a diminishing effect of the
antifoam the addition of 100µL of antifoam was repeated. An antifoam agent was added
until the foam was completely dissolved. The results showed, that the PPG 2000 was much
more efficient than Silicone antifoam (Tab.5.18). It could be observed that the foam layer
completely disappeared after the first addition of PPG 2000. In comparison to the PPG
2000 the addition of Silicone antifoam was not effective, even after a fourth addition of
Silicone antifoam the foam layer in shake flask decreased marginally.

Table 5.18: Comparison of two antifoam agents PPG 2000 and Silicone antifoam.
Addition of antifoam [µL] Foam level[cm]

Silicone antifoam PPG2000
0 5 5
100 5 0
200 5 0
300 4 0
400 3 0

The usage of chemical antifoam agents only is not sufficient in many cultivation processes
[Davis et al. 2001], [Lee and Kim 2004]. Moreover, the chemical antifoam agents have
several huge disadvantages such as cell toxicity, difficulties in their separation from the
reaction solution or lowering of the oxygen/mass transfer rate in the cultivation system [Lee
and Kim 2004].

One mechanical foam destroyer was developed and built within this project as an alternative
to chemical antifoams. This consists of perforated and twisted metal blades (Fig.5.59). The
principle of this foam destroyer based on tearing of the foam lamellae, acceleration of the
liquid from the foam lamellae and finally depositing the liquid on the reactor wall.

The application of this foam destroyer was very efficient. It could be seen by comparing
those cultivations where the developed antifoam destroyer was used and those without it
(Fig.5.60).

It could be seen, that in the cultivation A (Fig.5.60) using the foam destroyer the addition
of the chemical antifoam agent PPG 2000 was required three times. In contrast to this, in
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Figure 5.59: Antioam destroyer. Top and side view.

Figure 5.60: Comparison of a cultivation with the developed foam destroyer and a
cultivation which was performed without it.
A: Time course of growth and antibiotics fengycin and bacillaene of the standard cultivation applying the
the foam destroyer. B: Time course of growth and antibiotics fengycin and bacillaene of the cultivation
without the foam destroyer. The dotted lines indicate the addition of the antifoam agent PPG 2000.

cultivation B, which was performed without the foam destroyer, the PPG 2000 was added
much more often. Moreover, the foam layer in this cultivation (Fig.5.60, B) was so huge,
that a big part of the biomass and the target compounds fengycins were carried from the
cultivation media into the foam fraction. This could be especially seen in an oscillating
profile of the growth curve and also by fengycin concentrations.

After the development of the mechanical foam destroyer all cultivations were performed
applying them. Thus, the usage of the chemical antifoam agent was reduced to a minimum.

5.5.2 Foam fractionation

At the beginning of this project it was important to reduce the foam formation to enable the
cultivation experiments in the bioreactor. This was achieved using the developed mechanical
foam destroyer. But it was observed, that the produced foam contained major part of
the target compound fengycin. Therefore, it was decided to collect the foam during the
cultivation. In this way two challenges might be solved. First, foam could be removed
from the cultivation environment in order to perform the cultivation without any addition
of chemical antifoam agents.
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Figure 5.61: Experiment set-up to check the fengycin distribution in different
foam fractions and cultivation media.
Cells were removed from the culture by centrifugation at 10000 x g for 20min. The cell-free supernatant
was taken for the experiment. Foam was obtained by strong aeration of 100mL of the supernatant through
a sinter plate at the bottom of a cylindrical flask. The foam was sucked from the top of the cylinder by a
vacuum pump and fractioned in 10mL aliquots. A: experiment set-up. B: begin of the collection of the first
foam fraction. C: first fraction was collected.

Fractions Concentration of fengycins
[mgL−1]

supernatant 162.3
1 foam fraction 243.3
2 foam fraction 375.9
rest 0

Figure 5.62: Distribution of the fengycin concentration in the supernatant and in
the foam fractions.
For this experiment cells were cultivated in shake flask in the optimized malt-/potato extract medium
at 25◦C for 120h. To perform the antibiotic purification 10mL from each foam fraction or 10mL of the
centrifuged supernatant were taken. 10mL pure water were added to each sample. Then the purification
was done according to the protocol developed in this project.
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Second, the isolation of fengycin could be done in parallel to the cultivation, which could
save time and cost for downstream, and finally make the process more effective. The aim of
the following experiment was to figure out the distribution of the fengycins in the foam and
in the culture media. The experiment set-up is shown in Fig.5.61. In the first experiment
the culture supernatant contained no bacillaene. Fig.5.62 demonstrates the concentrations
of fengycin in the supernatant and in the collected two foam fractions as well as in the rest
of the supernatant, which remained in the flask after foam collection.
The collected foam fractions contained the whole fengycin amount, which could be pre-

Fractions Concentration of
fengycins [mgL−1]

Concentration of
bacillaene [mgL−1]

supernatant 82.5 169.7
1 foam fraction 432.9 916.9
2 foam fraction 198.9 289.5
3 foam fraction 50.7 80.1
4 foam fraction 15.8 33.7
5 foam fraction 0 0
6 foam fraction 0 0
7 foam fraction 0 0
rest 0 0

Figure 5.63: Distribution of fengycin and bacillaene concentrations in the super-
natant and in the foam fractions.
For this experiment cells were cultivated in shake flasks using the optimized malt-/potato extract medium
at 25◦C for 80h. To perform the antibiotic purification 10mL from each foam fraction or 10mL of the
supernatant were taken. 10mL pure water were added to each sample. Then the purification was done
according to the protocol developed in this project.

viously detected in the supernatant. In the rest of supernatant, after foam collection, no
fengycins could be measured. In the second experiment the supernatant was taken from
a culture at 80h of cultivation. In this supernatant also bacillaene could be detected. In
Fig.5.63 the distributions of fengycin and bacillaene concentrations are shown. The highest
concentrations of fengycin and bacillaene were detected in the first fraction. In the second
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and third fractions the concentrations of both antibiotics were substantially lower. In the
fourth fraction only small amount of them could be detected. In the further foam fractions
as well as in the rest of supernatant no fengycins and bacillaene were measured.
It could be shown, that the concentrations of fengycin and bacillaene in foam are much
higher than in the bulk cultivation medium. Moreover, they could be effectively collected
in the first foam fractions. Thus, this effect was used to design the production process of
fengycin.

5.5.3 Development of an integrated system for foam fractionation

and using this for fengycin recovery

The foam removing system developed in this project consisted of a foam collector (Fig.5.64,
A), which was filled with adsorbent resin Amberlite XAD-16. This flask was sealed with

Figure 5.64: Bioreactor set-up for removing of the foam from the cultivation
medium.
A: 3L glass flask was used as a foam collector. 700g Amberlite resin was added into the foam collector.
B: a branch metal pipe was connected to the lid of bioreactor to remove foam from bioreactor. Foam
was sucked via vacuum pump from the surface of the culture broth through this branch metal pipe and
transferred directly into the foam collector.

a rubber plug containing two holes assembled with two metal tubes. One short tube was
connected with a plastic pipe to the vacuum pump. The second long tube was connected to
the peristaltic pump, which transferred the liquid from the foam collector to the bioreactor
back (Fig.5.64). To avoid the transfer of the XAD-particles into the bioreactor a round
metal filter with small meshes was connected over this metal tube from inside.
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Figure 5.65: Time course of (A) growth, (B) process parameter and (C) concen-
trations of antibiotics of B.subtilis DSM 21393 cultivated in a 10L bioreactor with
an integrated foam removing system.
Cultivation was performed using optimized malt-/potato extract medium (9L working volume) at 25◦C; pH
was adjusted to 7. A: bold black lines indicate the changes in cell morphology; gray lines show the strong
foaming; regular black lines indicate the switched on/off regimes of the vacuum pump.
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This filter could be moved along the metal tube to setup the level of liquid which had to
be transferred back to the bioreactor (Fig.5.64, A). Additionally, to remove foam from the
bioreactor a branch pipe was connected to the lid of bioreactor (Fig.5.64, B).

In the next cultivations foam was continuously removed using a vacuum pump through
this branch metal pipe to the foam collector where target compounds were adsorbed on
adsorbent resins. The liquid volume containing cells accumulated in the foam collector was
transferred into the bioreactor trough the filter using a peristaltic pump. To achieve an
optimal adsorption equilibrium the foam collector was shaken using a lab shaker.

Samples Fengycins [mg/5L] Bacillaene [mg/5L]
Medium 831.1 1030.2
XAD from foam collector 3997.3 1723.8
Total amount 4828.4 2754

Figure 5.66: Fengycin- and bacillaene yields achieved in the cultivation with an
integrated foam removing system.
Amounts of antibiotics in crude cultivation media were calculated in 5L cultivation media, which were
harvested at the end of cultivation. Antibiotics on the XAD resin from foam collector were eluted from
adsorbent resin in the chromatographic column.

The cultivation curves of a cultivation performed using the developed foam removing system
are summarized in Fig.5.65. The cultivation was performed without DOT-control strategy.
The aeration rate was set-up on 0.5vvm. During the cultivation this had to be increased up
to 1.5vvm because of the light underpressure caused by the foam aspiration/sucking. The
vacuum pump was switched on as soon as some first foam was generated, normally after 13h
of cultivation. It was obvious, that CO2- and O2-values in exhaust gas from this time and
to the end of cultivation were not evaluable because almost whole stream of the aeration air
went through the bypass system before the vacuum pump. The cultivation run similarly to
the standard cultivation, the OD curve was similar to that of the standard cultivation. This
could indicate, that cells were not negatively influenced by transferring them to the foam
collector and back. Moreover, no antifoam was added during the cultivation. The synthesis
of bacillaene began after 12.5h of cultivation. The maximum concentration of bacillaene
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which was measured in the cultivation broth was 207mgL−1 after 37.5h of cultivation. Pro-
duction of fengycin started after 24h of cultivation and reached its maximum of 200mgL−1

between 45 and 60h of cultivation (Fig.5.65, A). Moreover, target antibiotics were isolated
and purified from cultivation broth and from adsorbent resin in the foam collector. Then,
the yields of bacillaene and fengycin were calculated. The data are presented in Fig.5.66.
At the end of cultivation, in the last sample, 160mgL−1 of fengycin were detected, which
means 831mg in 5L harvested cultivation broth. The amount of fengycin eluted from 700mg
adsorbent resin in the foam collector was about 4,000mg, almost 5 times higher than in
the crude culture medium. This showed, that the foam removal system was suitable for
removing fengycins from culture broth. Bacillaene yield was calculated based on the sample
taken after 37.5h of cultivation, where maximum of bacillaene concentration was detected.
In this sample 207mgL−1 of bacillaene were measured, which corresponds to 1030mg of
bacillaene in 5L medium. From XAD resin in the foam collector about 1724mg of bacillaene
were eluted. This value was 1.7 times higher than that from culture broth.

Figure 5.67: Comparison of the cultivation with an integrated foam removing sys-
tem with the standard cultivation
A: growth curves, fengycin and bacillaene concentration-curves of the standard cultivation. B: growth
curves, fengycin and bacillaene concentration-curves of the cultivation with an intagrated foam removing
system. C: calculated parameters of the standard cultivation. D: calculated parameters of the cultivation
with integrated foam removing system.

The cultivation with an integrated foam removing system was compared with the standard
cultivation (Fig.5.67). It could be seen, that OD profiles of the two cultivations were quite
similar. The maximum ODs reached in both cultivations after 68h were about 16 (Fig.5.67A,
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B). The maximum growth rates of 0.12 were detected between 8 and 18h of cultivations
(Fig.5.67C, D). The production curves of bacillaene were also similar. The maximum
of bacillaene production in both cultivations was detected after circa 40h of cultivation.
However, the maximum concentration of bacillaene measured in the cultivation with the
foam removing system was 206mgL−1 and in the standard cultivation about 396mgL−1. The
bacillaene production rates in both cultivations were similar (17.5mgL−1h−1 in the standard
cultivation and 16mgL−1h−1 - in the cultivation with foam removing system) detected after
23-25h of cultivation.

Curves of fengycin concentrations in both calculations had similar profiles. But maximum
fengycin production rate of 15mgL−1h−1 was achieved during the calculation with an inte-
grated foam removing system already after 31h of calculation, which is almost 40h earlier
than in the standard cultivation. Moreover, the maximum production rate of fengycins
7.1mgL−1h−1 in the standard cultivation was two times smaller and was detected after 71h
of cultivation.

For better comparison of the fengycins and bacillaene yields in two cultivations maximum
concentrations which were obtained in both cultivations were calculated (Fig.5.68). It could
be clearly seen, that the total concentration of fengycin measured in the cultivation with an
integrated foam removing system was 966mgL−1, almost 4 times higher than that in the
standard cultivation. The maximum concentration of bacillaene detected in the cultivation
with foam removing was also higher than that in the standard cultivation. However it was
only 1.4 times higher.

Figure 5.68: Maximal concentrations of fengycine and bacillaene yielded in the
standard cultivation and in the cultivation with an integrated foam removing sys-
tem (ISPR).

It could be concluded, that the developed foam removing system allowed stable and efficient
cultivation of B.subtilis DSM 21393 under intensive foaming conditions without the addition
of anti-foam agents. It could be shown that using this in situ product removal strategy
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a big increase in the yield of fengycin (four times higher than in the standard cultivation)
was achieved. Also bacillaene yield could be increased (1.4 times). Moreover, using this
integrated foam removing system the fengycin synthesis began 40h earlier than in the
standard cultivation (already after 24h).

5.6 Separation/Purification of fengycins based on their

surface active properties using a special device called

Flounder 1

In this project, a new method to remove and separate the target antibiotic fengycin from
culture broth and cell free supernatant by a special device called Flounder was applied
(Fig.5.69). This device was developed for removal of surfactant contaminations in solu-
tions [Priester et al. 1998], [Lunkenheimer 2002], [Prosser et al. 2004]. The
working principle of the Flounder is based on harvest of the liquid boundary layer contain-
ing the adsorbed surfactants from the surface of the chemical solution. This surface layer is
compressed in the neck of the flask. Then it is automatically harvested from the bottleneck
and collected for further application.

Flounder is an automatically operating, programmed apparatus. The main part of the device
is a special removable glass container (the glass flounder) which contains the solution that
has to be purified (Fig.5.70). The surfactant film is formed at the large liquid-air interface
of this flat container. This surfactant layer of the culture is compressed in the neck of the
flask from where it is automatically harvested and collected for further analysis.

Figure 5.69: Flounder.
Overview.

Figure 5.70: Flounder. The
custom-built glass flask.

In this work the ability to efficiently remove the biosurfactant fengycin from cell-free cul-
ture centrifugate as well as broth from B.subtilis DSM 21393 cultures was investigated.

1This part of the project was published [Glazyrina et al. 2008]
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Figure 5.71: Working principle of the Flounder.
The surfactant solution is kept in a flat glass container with a large surface area. In operation mode, there
are two alternative positions. The flask is fixed in a steel cage, which automatically changes between these
two positions. In the initial state, the flask is in a horizontal position allowing adsorption of surfactant. A
rotating stirrer bar is supporting the mass transfer from the bulk liquid to the surface. The glass container
is maintained in this position until the solution has almost reached adsorption equilibrium. This typically
takes several minutes. Due to the higher surface activity of the biosurfactant (shown in red color) com-
pared to the other compounds (shown in green color), the surfactant layer at the surface will contain a
high concentration of biosurfactant. After the certain setting time, the whole glassware is carefully tilted
so that the solution gently flows into the narrow neck of the container. Thus, the surfactant layer is dras-
tically compressed. In this position, the surface is aspirated in less than in a second with a thin capillary,
efficiently removing the surface layer. This process is repeated several times until nearly the entire surface
active compound has been removed. The aspirated material is collected in a separate container. A cycle is
finished when both the adsorption and the harvesting state have been passed. The time for adsorption can
be set by the user as well as the time interval of suction and the number of harvesting cycles.

Moreover, it was also of great interest to investigate the possibility to separate fengycin
and bacillaene, antibiotics exhibiting different surface active properties.

5.6.1 Adsorption parameters of fengycin and bacillaene

In order to estimate the possibility of the Flounder to purify and/or separate the two dif-
ferent surface active antibiotics fengycin and bacillaene, it is important to determine their
adsorption parameters. These parameters are usually derived from experimental equilib-
rium surface tension σe vs. the logarithm of the surfactant concentration c isotherms of
the surfactant. Biosurfactant activities of fengycin and bacillaene were determined by mea-
suring the changes in surface tension at the air/water interfaces. It was measured with a
tensiometer. The surface tension of distilled water was 72 mN/m, the presence of surface
active molecules like fengycins lowered this value.

The resulting experimental dependences of σe and log c are presented in Fig. 5.72.

The adsorption parameters derived from Eqs. 4.9 and Eqs. 4.10 as well as the free energy of
adsorption derived from Eqs. 4.11 (s. chapter 4.11 Determination of adsorption parameters
on page 58) are summarized in the Tab.5.19. Even though they were calculated from a
certain section of the whole experimental isotherm (σe vs. log c) without further surface
purification, they should represent a close approximation to the exact adsorption data. The
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Figure 5.72: Isotherms of the experimental equilibrium surface tension σe of
fengycin (open triangle) and bacillaene (close triangle) in dependence on their con-
centrations

data represented values containing reasonable molecular information, since they (molecular
area per molecule) well reflected the comparatively big molecular size of the both antibiotics.

Comparing the aL in Tab.5.19 it could be calculated, that the surface activity of fengycin is
considerably greater than that of bacillaene by almost two orders of magnitude. The ratio
of aL is:

r= (aL)feng / (aL)bac = 1.39×10−10 / 2.76×10−8 ∼= 1/50

Hence, at an equal adsorption at the air/water interface, only 1/50 of the concentration
of fengycin as compared to that of bacillaene is needed. In good accordance to these
findings, the free energy of adsorption is lower for fengycin (∆∆G0 = (-65.2)-(-52.6) =
-12.6 kJ/mol).

Table 5.19: Overview of adsorption parameters of fengycin and bacillaene

Parameter [unit] Fengycin Bacillaene
aL [mol/dm3] 1.39×10−10 2.76×10−8

Γ∞ [mol/m2] 1.99×10−6 2.31×10−6

A [A2/molecule] 83.4 71.9
∆G0 [kJ/mol] -65.2 -52.6
aL is the surface concentration, at which the surfactant´s adsorption layer has reached
the state of half saturation
Γ∞ is saturated surface concentration
A is a cross-sectional area per adsorbed fengycin/bacillaene molecule
∆G0 is the standard free energy of adsorption
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5.6.2 Separation of fengycins from cell-free centrifugate

Separation of fengycins was studied using cell-free centrifugate from flask cultures after 93h
of growth (stationary phase). In Fig.5.73, the time course development of fengycin concen-
tration in the fractions as well as in the remaining solution in the Flounder is shown. During
the first 200 harvesting cycles the concentration of fengycin in the fractions harvested with
a Flounder was four times higher than in the bulk solution. After 350 cycles, 50% (w/w)
of the original amount of fengycin within the centrifugate was collected in the harvested
samples. During further harvesting, the fengycin concentration difference between fractions
and centrifugate decreased to 0.003mmoLL−1. After 800 cycles 95% (w/w) of the initial
amount of fengycin was removed. Thus, the optimal operation mode of fengycin removal
was at the bulk concentration above 0.0015mmoLL−1 during the first 250 harvesting cycles.

Figure 5.73: Fengycin concentration in the cell-free centrifugate (open square)
and in the fractions harvested with the Flounder (close square). Dashed lines repre-
sent curve fits.

The separation of substances generally depends of their surface activity. When comparing
fengycin and bacillaene, the portion of fengycin was greater in the fraction throughout the
whole experiment Fig. 5.74.

At the onset of the experiment, substances with an even greater surface activity than
fengycin and bacillaene might be adsorbed. Hence, the separation of the two substances
was not accomplished at this point. The maximum separation was reached after almost
500 cycles. Bacillaene became unstable, its concentration fell below 0.002mmolL−1 after
475 cycles, even though samples were protected against UV radiation. At the onset of the
experiment, the initial concentration of bacillaene was 0.2mmolL−1. In fractions following
475 cycles, the bacillaene concentration was nearly undetectable, while the bacillaene con-
centration in the solution in the Flounder remained stable. Hence, the complete separation
of fengycin from bacillaene was achieved after 475 cycles. Fig. 5.75 shows the HPLC-
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Figure 5.74: Portion of fengycin in the total amount of fengycin and bacillaene
(% w/w) in the cell-free centrifugate (open square) and in the fractions harvested
with the Flounder (close square). Lines represent curve fits.

Figure 5.75: HPLC spectra of the purified samples taken from Flounder.
Peaks of fengycins (open triangle) and bacillaene (close triangle) in HPLC spectra of cell-free centrifugate
of culture broth at the early stationary phase (a), after a treatment with 100 harvesting cycles (c), of the
collected fraction after 100 harvesting cycles (b).
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chromatograms (spectra) of the following samples: a centrifugate of culture broth obtained
in the early stationary phase (a), a fraction harvested with the Flounder after 100 cycles
(b), and a sample from the solution in the Flounder after 100 cycles (c), respectively.

The chromatogram "a" shows that the first bulk sample in the Flounder at the beginning of
the experiment contained various substances. The peaks at 8.1 and 8.4 min and between
6.43 and 6.65 are bacillaene, the peaks between 6.9 and 7.9 min are fengycin homologues.
The first fraction removed from the Flounder after 100 cycles (b) mostly contained fengycins
and only few amount of bacillaene, the peaks of bacillaene are barely visible. Compared
with the first fraction, the spectrum of the bulk solution after 100 cycles (c) shows several
different peaks (similar to the spectrum a). The bacillaene peaks are clearly visible on this
spectrum.

5.6.3 Separation of fengycins from culture broth

When fengycins were extracted not from the cell-free centrifugate but from culture broth,
the concentration increase in the collected fractions was slightly lower. In the experiments
performed with a cell-free centrifugate the concentration of fengycins detected in the frac-
tions harvested with a Flounder during the first 500 cycles was four times higher (KF = 4)
than in the bulk solution. In comparison to that, a KF = 3.5 was achieved when using
culture broth containing bacterial cells. The partition coefficient for bacillaene, KB was
not severely influenced, remaining below 1 when using centrifugate or culture broth.

5.6.4 Change of surface tension during separation

In Fig.5.76 the dependence of the equilibrium surface tension values in the fractions together
with the corresponding values of the bulk solution in the Flounder is shown.

Prior to cultivation, the medium had a surface tension value of 52 mN/m, which indicates
the presence of surface active material. After cultivation, the surface tension dropped below
30 mN/m. Such a low value indicated saturation of the solution’s adsorption layer, possibly
already at a bulk concentration greater than its critical concentration of micelle formation.

The dependence of σe(j) of the bulk solution in the Flounder revealed some distinct plateau
values with a rising number of harvesting cycles. The feature of various plateaus in the
function σe(j) was striking. This behavior is characteristical for the separation of differ-
ent surface-active compounds using Flounder [Lunkenheimer and Miller 1987]. As
long as the solution’s σe(j)-value is constant the adsorption will be mainly determined by
the surfactant of greatest surface activity. Therefore, this component will be preferentially
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adsorbed. The repeated removal of the adsorption layer leads to a decrease of its concen-
tration and finally to an increase of the σe(j)-value up to a following plateau. Now, the
substance with the highest surface activity among the remaining components will determine
the σe(j)-value of the solution.

Figure 5.76: Surface tension σe in the fractions (close circle) and in the bulk of
the cell free centrifugate in the Flounder (open circle). Lines represent curve fits.

During the first 220 cycles a surfactant with a highest surface activity was adsorbed at
the surface boundary layer and then sucked off. The concentration of this surfactant
decreased in the next cycles so that not only the latter influenced the surface layer. Due
to this the σe(j)-value began to increase. By comparing Fig.5.73, Fig.5.74 and Fig.5.76
could be observed, that during the first 220 cycles the concentrations of fengycins in the
obtained fractions were at their maximum. That allowed to assume, that during these
first 220 cycles some fengycin homologues were adsorbed and separated. Moreover, in the
first 80 cycles another substance having an extreme surface activity and presented at a
small concentration was possibly removed. That could explain the initial increase of σe(j).
Between 220 < j < 475 cycles, another similar surface behavior followed consisting of an
increase of the σe-value and amounting into the second plateau value given by σe = 31,0
mN/m. It is evident that a further surfactant component had been removed via adsorption
during this interval. During the following processing stage, the component having the next
greatest surface activity is preferentially adsorbed as long as the interval is characterized
by a constant σe-value. This state is related to the narrow interval between 450 > j >
475 cycles. It becomes obvious, that in principle it is possible that additional intervals with
analogous constant plateau-values might be observed, provided the biosurfactant solution’s
boundary conditions would hold correspondingly. Within the last processing stage for j >
475 cycles, the most effective increase in the corresponding surface tension values occurs,
characterized by the steepest slope in dσe/dlnc. The surface tension of the solution in this
interval did approach another constant σe-value of 33.4 mN/m.
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The initial σe(j) dependence in experiments with centrifugate and culture broth contain-
ing the same initial concentration of fengycin did not show differences to the behavior
in Fig.5.76. The time course of the surface tension within the bulk culture broth was
decreasing during the first 300 cycles. The surface tension of the culture broth became
lower than in the centrifugate. The difference increased up to 1.5 mN/m during the ex-
periments. From OD measurements and microscopic observations, no cell lysis could be
detected. Since the cells in the Flounder were still viable, it was possible that additional
surface active substances were secreted.

5.6.5 Comparison of the separation procedure using foam fraction-

ation and Flounder

To evaluate the effectiveness of the separation and purification capacity of the Flounder,
the latter was compared with foam fractionation using the same supernatant (Fig.5.77).

Figure 5.77: Separation of fengycins and bacillaene using foam fractionation.
Fengycin and bacillaene concentrations in the collected fractions (close cycle) and (open square), respec-
tively. The straight line indicates fengycin concentration and the dashed line bacillaene concentration in
the supernatant. Seven fractions were collected using this method. The highest concentration of fengycin
and bacillaene was detected in the first fraction. In the second and third fractions, the concentrations of
fengycin and bacillaene were substantially lower. In the fourth and subsequent fractions, both substances
were absent.

The concentration of fengycins detected in the first foam fraction was higher than in the
first Flounder fraction (Fig.5.73). However, the separation of fengycin from bacillaene by
foam fractionation was not possible. The fengycin portion in the first foam fraction was
only 1.87 % of the total fengycin and bacillaene amount. In first fraction separated using
Flounder the portion of fengycin of the total amount of fengycin and bacillaene together
was with 7.8 % almost four times higher (Fig.5.74).

In Tab.5.20 partition coefficients of fengycin and bacillaene separated using Flounder and
foam fractionation are summarized. The presented data confirmed, that the concentration
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Table 5.20: Portion coefficients of fengycin and bacillaene in first fractions sepa-
rated using Flounder and foam fractionation

Methods Kf Kb

Flounder 4 0.55
Foam fractionation 5.5 6.7

of fengycins in the fractions separated using foam fractionation were higher than those
separated using Flounder. But at the same time the presence of bacillaene in the fractions
separated using foam fractionation much higher than that using Flounder (almost 12 times).
It can be explained by the fact, that using foam fractionation all compounds in and near
the surface layer of the liquid were separated, while the thickness of the harvested surface
layer in the Flounder was approximately 0.4mm.

Thus, it could be concluded, that the Flounder can be efficiently applied to separate and
concentrate fengycins from B.subtilis DSM 21393 cultures. The fengycin concentration in
the collected fractions was found to be four times higher than in the culture centrifugate.
50%(w/w) of the total fengycin amount were recovered after 300 cycles, 95%(w/w) after
800 harvesting cycles. A simultaneous purification with respect to bacillaene could be
observed. A separation of fengycin from the less surface-active bacillaene could be achieved
due to stronger surface activity of fengycin. The utilization of the culture broth containing
cells instead of centrifugate had only slight effects on separation efficiency. These results
demonstrated the possibility to separate and concentrate fengycin directly during cultivation
process without the use of extraction solvents or another separation methods.

5.7 Performance of scale-up for fengycin production

Scale-up is often the last step in the process development for every new bioprocess and/or
for new products. An investigation of scale-up conditions and physiological state of the cells
cultivated at larger scales is essential due to insufficient mass transfer conditions (oxygen
and mass transfer rate, mixing time etc.) and oscillation stress, which occur at the large
scale cultivations and negatively influence the cell growth of the cultivated microorganisms
and the production yield of target substances.

Almost all experiments during this PhD project were performed in malt-/potato extract
medium. But the preparation of potato extract for a bigger scale is not practicable. There-
fore, potato fruit juice (PFJ), a side-product of starch production, was chosen as alternative
substrate for potato extract. The media optimization experiments based on the PFJ were
summarized in chapter "5.4.1.1 Medium for scale up experiments" on page 96. The optimal
concentrations of PFJ and malt extract, which provided highest fengycin yield were defined.
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Based on the experiment performed under oxygen depleted conditions (DOT decreased
to 30% for 10h during the exponential growth phase) was shown, that the beginn of the
fengycin synthesis could be induced much earlier than for the standard cultivation conducted
under a constant aeration rate of 0.5vvm and constant stirrer speed of 600min−1. For
technical reasons it was not possible to perform cultivation at the similar oxygen depleated
conditions in a 150L bioreactor. Therefore, it was decided to primarily establish a standard
cultivation procedure in a 150L bioreactor.

Before starting experiments in a 150L bioreactor a cultivation with the medium based on
the combination of malt extract and PFJ was performed in a 10L bioreactor (Fig.5.78).
During the optimization experiments performed in shake flasks a growth delay was observed
in the cultures growing in the media based on malt extract and PFJ (Fig.5.39). The
potential cause for this was that the preculture had been grown in a different medium
(malt-/potato extract). The preculture for this experiment was prepared using the same
cultivation medium as for the main cultivation - malt extract/PFJ25.

In Fig.5.78 it can be seen, that after inoculation the cells immediately started to grow
without any growth delay. This was confirmed by µ-values (Fig.5.80A). The maximal growth
rate of almost 0.19 was detected between 8 and 17h after inoculation. The exponential
growth was also shown by cell morphology. After 15h of cultivation the typical long rods
in long chains were observed, characteristic for the exponential growth phase. After 20h
the cell morphology changed, no long chains were observed anymore, which was usually
monitored at the end of the exponential phase. This correlated with DOT and O2/CO2

values in exhaust gas. At this time also the minimal DOT value and maximal CO2 value in
exhaust gas were measured, after that the DOT value was increasing and CO2 content in
exhaust gas was decreasing.

Maximum OD of 20 was obtained between 45h and 90h of cultivation. After 90h the
OD was decreasing, which could be explained by the presence of only free spores and no
vegetative cells or cells with endospores in a cultivated culture. By looking at the antibiotic
curves (Fig.5.78 C) it could be concluded, that after 44h fengycin synthesis was induced. At
the same time strong foaming was observed (the second gray line in Fig.5.78A). After 166h
a total fengycin concentration of 269mgL−1 was measured. Synthesis of bacillaene began
earlier, 8h after inoculation (the first gray line in Fig.5.78A). The maximal concentration
of bacillaene of 67mgL−1 was detected after 22h of cultivation.

By comparison of this cultivation with the standard cultivation performed using the malt-
/potato extract medium it could be seen, that during cultivation performed in the scale
up medium based on the PFJ a higher biomass concentration was achieved (during the
standard cultivation a max. OD of 15 was measured, in the cultivation using malt and PFJ
an OD of 20 was observed, Fig.5.79). Also the maximum growth rate calculated in the
cultivation based on the PFJ was almost two times higher than the growth rate obtained

141



5. Results

Figure 5.78: Cultivation curves of B.subtilis DSM 21393 growing in a 10L biore-
actor in the medium based on the malt extract and PFJ.
Cultivation was performed using malt/PFJ 25 medium (8L working volume) at 25◦C, pH was adjusted to
7. Vertical gray lines represent foam formation, the bold black and dotted lines show the cell morphology.

during the standard cultivation (0.19 h−1 in malt/PFJ medium, 0.12 h−1 - in malt-/potato
extract medium in Fig.5.80).

Moreover, the total concentration of fengycin detected in the cultivation based on malt
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Figure 5.79: Comparison of cultivation performed in malt and PFJ with the stan-
dard cultivation performed in malt-/potato extract medium in a 10L bioreactor.
A: Cultivation was performed in malt extract/PFJ 25 medium; B: Standard cultivation performed in malt-
/potato extract medium. Both cultivations were run at 25◦C, pH was adjusted to 7.

and PFJ was higher than that achieved during standard cultivation. The maximum concen-
tration of fengycin amounted to 269mgL−1 in the malt extract/PFJ medium after 166h,
whereas for the standard cultivation the maximum concentration of fengycin of 235mgL−1

was detected after 212h. It was observed, that the fengycin synthesis during the stan-
dard cultivation began at 68h, 24h later than for the cultivation performed with malt
extract/PFJ (Fig.5.80). The big difference between both cultivations occurred for the
bacillaene synthesis. During the standard cultivation a concentration of almost 400mgL−1

was detected (Fig.5.79B), but during the cultivation performed in malt extract/PFJ medium
only 67mgL−1 were observed (Fig.5.79A). It can be summarized, that for fengycin produc-
tion the malt extract/PFJ medium achieved a higher biomass concentration without any
growth delay. Also the total fengycin concentration detected in this medium was higher
than that in the standard cultivation (Fig.5.81). But this medium was not optimal for
the production of bacillaene. Only 67mgL−1 were detected in malt extract/PFJ medium,
which means it dropped to sixth of the value when using the malt-/potato extract medium
in the standard cultivation (Fig.5.81). After establishment of the cultivation process in
malt/PFJ medium in the 10L bioreactor a cultivation in a 150L bioreactor was performed.
The calculation of the stirrer speed for the 150L bioreactor was done based on the constant
volumetric power consumption (P/V) (s. Appendix D).
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Figure 5.80: Growing and production parameters of the standard cultivation per-
formed in malt-/potato extract medium and cultivation performed in the scale-up
medium containing malt extract and PFJ in a 10L bioreactor.
A: Parameters of the cultivation performed in malt extract and PFJ; B: Parameters of standard cultivation.
The bold values indicate the maximums of fengycins and bacillaene synthesis rates. The regular values
indicate the maximums of specific growth rates.

Figure 5.81: Comparison of fengycin and bacillaene concentrations measured in
standard cultivation in malt-/potato extract and in cultivation performed using
malt extract and PFJ in a 10L bioreactor.

Parallel to the cultivation in the 150L bioreactor a cultivation in the 10L bioreactor at the
similar conditions was performed. The aim for performing two parallel cultivations in dif-
ferent scales was to compare fengycin yield at the defined scale-up parameter (stirrer speed
and aeration rate in the 150L bioreactor) by keeping the same physiological conditions of
the starter culture (the pre-culture and cultivation medium were the same in both cultiva-
tions). The cultivation parameters of these two cultivations are summarized in Tabs.5.21,
5.22.

The cultivation curves of these two parallel cultivations are presented in Fig.5.82. As it can
be seen in Fig.5.82 A I, II the OD curves of both cultivations exhibited very similar profiles.
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Table 5.21: Set-up parameters for cul-
tivation in a 10L bioreactor

Parameters Set points
Temperature 25◦C
Stirrer speed 600min−1

Aeration rate 3Lmin−1/0.5vvm
Working volume 6L
pH 7

Table 5.22: Set-up parameters for cul-
tivation in a 150L bioreactor

Parameters Set points
Temperature 25◦C
Stirrer speed 300min−1

Aeration rate 30Lmin−1/0.5vvm
Working volume 60L
pH 7

Figure 5.82: Comparison of cultivations performed in malt and PFJ in 150L and
10L bioreactors.
I: Cultivation was performed in 150L bioreactor with 60L working volume. II: Cultivation was performed in
10L bioreactor with 6L working volume. Both cultivations were run at 25◦C, pH was adjusted to 7.

The maximum OD of 18 was reached in both cultivations after about 70h of cultivation.
By comparing the specific growth rates calculated for both cultivations (Fig.5.83A, B) the
similarity of growth profiles could be confirmed by the specific growth rates calculated for
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both cultivations. The µmax of 0.13/0.14 was achieved during both cultivations after 11h
of cultivation.

The parameters, which have to be essentially monitored by scale-up experiments are DOT
profile and CO2 and O2 in exhaust gas. Based on these parameters it could be seen, whether
the required oxygen and mass transfer were achieved for the cultivation in the 150L biore-
actor. Before the experiment was started the stirrer speed was calculated for the 150L
bioreactor to provide the same cultivation conditions (the similar oxygen transfer) as in the
10L bioreactor. The calculated value was 360min−1. At the beginning of the cultivation in
the 150L bioreactor it was decided to set up a lower value of 300min−1. The aeration rate
of 0.5vvm was kept the same for both cultivations (Tab.5.21 and 5.22). In Fig.5.82B it
can be seen, that DOT value during the cultivation in the 150L bioreactor decreased much
more than in the 10L bioreactor (Fig. 5.82B I). This indicated, that an oxygen transfer
rate achieved in the 150L bioreactor was lower than in the 10L. The fengycin concentration

Figure 5.83: Growing and production parameters of the cultivations performed in
150L and 10L bioreactors.
A: parameters of the cultivation performed in 150L bioreactor; B: parameters of the cultivation performed
in 10L bioreactor. The bold values indicate the maximums of fengycin and bacillaene synthesis rates. The
regular values indicate the maximum of specific growth rate.

profiles during both cultivations showed great similarity. The maximum fengycin concentra-
tion of 273mgL−1 was measured in the 150L bioreactor after 150h of cultivation (Fig.5.82
I, A). But the maximum production rate of fengycin was detected already after 46h of
cultivation and it remained on a constant level between 46 and 71h of cultivation. During
cultivation in the 10L bioreactor the maximum concentration of fengycin of 230mgL−1 was
measured at the end of the cultivation after 90h. The production profile of fengycins in
the 10L bioreactor was different from 150L bioreactor. The maximum production rate was
13mgL−1h−1, about two times higher than in the 150L cultivation. But this high produc-
tion level remained constant only between 47 and 50h of cultivation. Afterwards it rapidly
decreased to 1.5mgL−1h−1. Despite different production profiles of fengycin in both cul-
tivations the concentrations achieved after 90h of cultivation (at the end of cultivation in
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the 10L bioreactor) were similar between 228 and 231mgL−1.

Maximum bacillaene concentration measured during cultivation in 6L scale (10L bioreac-
tor) was with 108mgL−1 slightly higher than in 60L scale (93mgL−1). But the maximum
concentrations for both cultivations were detected at the same cultivation time (after 26h
of cultivation). Also maximum production rates of bacillaene in both cultivations were sim-
ilar (18mgL−1h−1 in 150L cultivation and 13.5 mgL−1h−1 in 10L cultivation). They were
observed between 17 and 23h in both cultivations.

Thus, it could be concluded, that the scale-up of a cultivation procedure under standard
cultivation conditions from 6L (in 10L bioreactor) up to 60L (in 150L bioreactor) was suc-
cessfully performed. The fengycin and bacillaene yields were the same for both cultivations.
With the calculated value of the stirrer speed for the 150L bioreactor a good approximation
of the oxygen transfer conditions to that in 10L bioreactor could be achieved.

However, the concentration of fengycins obtained during cultivation in malt/PFJ medium
in both bioreactor scales (10 and 150L) was with about 270mgL−1 1.8 times lower than
that yielded during experiments performed in shake flasks. That clearly showed a potential
to increase the fengycin yield during cultivation processes in the bioreactor. This can be
achieved under further optimization of oxygen transfer rate in the bioreactor cultivations
(decreasing of DOT value to 30% or even lower during late exponential phase).

Interestingly, that during cultivation performed in malt/PFJ medium in a 10L as well as
in a 150L bioreactors the fengycin synthesis began at 44h, about 24h earlier than during
cultivation performed with malt-/potato extract medium. The similar effect was observed,
when the DOT was decreased to 30% during the exponential growth phase. In all these
cultivations a much lower bacillaene yield of 67-108mgL−1 in comparison to 400mgL−1

achieved during standard cultivation in malt-/potato extract was detected. This allowes to
make an assumption, that fengycin synthesis begins earlier if the synthesis of bacillane is
supprested.
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Chapter 6

Discussion

6.1 Potato endophytes as source of antibiotics

Endophytes existing in plants are important sources of antimicrobial substances, having an-
tifungal, antibacterial, antiviral, anticancer and other biological activities [Brader et al.
2014], [Guo et al. 2008] [Gunatilaka 2006]. Interestingly, 51% of biologically active
substances isolated from endophytic fungi were previously unknown. This can be compared
only with 38% of novel substances isolated from soil microflora [Strobel 2003]. Moreover,
since plants belong to the eukariotic organisms, antibiotics produced by endophytes may
have reduced cell toxicity. Generally, it can be summarized, that compounds synthesized by
endophytes fulfill all requirements for new antibiotics, chemotherapeutics and agrochemi-
cals: highly effective, low toxicity, minor environmental impact. Therefore, the antimicrobial
compounds isolated from endophytes have a huge potential for the pharmaceutical industry
and agriculture.

Endophytic bacteria in comparison to the soil bacteria are much less investigated for their bi-
ological potential so far. Several studies demonstrated, that growth-promoting potential of
endophytes for plants is much higher in comparison to the rhizosphere microorganisms [Re-
iter et al. 2002]. Moreover, plant associated microorganisms have potential to produce
some unique metabolites which will be needed for the communication between endophytes
and host plants (for example, signal molecules for the interaction with host plants). It was
reported, that bacteria living in close association with other organisms, for example some
phytopathogenic bacteria, reduced their genome [Moran 2002]. Also for some obligate
endophytic bacteria such as Candidatus Burkholderia kirkii was shown, that the endophytic
bacterium clearly revealed genome reduction in comparison to the non-endophytic bacteria
of this species [Carlier and Eberl 2012]. But it was also shown, that this genome
reduction did not lead to the lose of secondary metabolite production. For this bacterium it
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was shown, that it was able to produce a broad spectrum of substances having antibacterial,
antifungal or insecticidal activities [Carlier and Eberl 2012].

When searching for new and effective antimicrobial compounds, important sources could
be, for example, medical plants or plants which have been used for a long time for medical
purposes by indigenous people [Li et al. 2005], [Yu et al. 2010]. Special attention has to
be taken for the plants growing in unique environmental habitats, especially if the plants
exhibit strategies for the survival in a disease-rich environment (for example, mangrove
forest) [Strobel and Daisy 2003], [Yu et al. 2010]. Also the "old" plants having
a long-range established symbiosis between them and endophytic microorganisms inside
them may be of great interest as sources of new antimicrobial substances [Strobel and
Daisy 2003], [Yu et al. 2010]. During the last decades diverse endophytic strains have
been isolated from different plants and geographic places (summarized by [Rosenblueth
and Martínez-Romero 2006], [Yu et al. 2010]). Yu et al. [2010] summarized habitat
sources of different endophytic strains (Fig. 6.1). It can be clearly seen, that the biggest
part of the biologically active endophytic microorganisms were isolated from medical plants
and different crops.

Figure 6.1: Distribution
of biologically active en-
dophytes isolated from
different sources. Data
were taken from [Yu
et al. 2010].

Potato (Solanum tuberosum) is a member of Solanaceae family (tomato, pepper etc.),
belongs besides maize to one of the oldest cultured agricultural plants [Fiers et al. 2012].
Potato is after wheat and rice the third most important food crop in matters of human
consumption (http://cipotato.org). It has been estimated, that more than two billion people
worldwide will depend on potato by 2020 (www.potatogenome.ne). Many wild species of
potato have resistance to a wide range of pests and diseases and are tolerant to frost and
drought. Potato plants reveal huge adaptation ability. Moreover, potato juice has been
used for medical purposes in the traditional medicine, for example for stomach or wound
healing [Vlachojannis et al. 2010]. In 2011, a Potato Genome Sequencing Consortium
including members of 26 research institutes from different countries was very successful at
the sequencing of potato genome [Consortium et al. 2011]. It was very surprising, that
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the potato genome contained more than 39,000 genes encoding protein synthesis and more
than 800 genes responsible for resistance against many phytopathogens.

All these facts make potato plants a very promising source of new and powerful antimi-
crobial compounds. Therefore, potato tubers were chosen for the isolation of endophytic
microorganisms having antimicrobial activities in this project. The main motivation at the
beginning of the project was to find endophytes which could be applied as biofungicides for
plant protection.

Biopesticides based on B. thuringiensis against lepidopteran, dipteran, and coleopteran
larvae are the first and the most successful examples for the application as biological plant
protection agents. To date, more than one hundred of such bioinsecticides have been
developed [Pérez-García et al. 2011]. In comparison to those, only few biofungicides
based on Bacilli have been applied in agriculture. Therefore, the aim was the isolation
of endophytic strains having fungicide activities. As test organisms it was decided to use
the filamentous fungi Alternaria alternata sp., Helminthosporium sp. and Penicillium sp.
isolated from such cereals as wheat, rye, and barley. Alternaria alternata is a common
filamentous fungus causing leaf rots and leaf blights on over 380 host species of plants.
Moreover, it causes upper respiratory tract infections and asthma in humans [Denning
et al. 2006]. Penicillium sp. belongs to a post harvest phytopathogen causing huge damage
during storage [Logrieco et al. 2003]. Furthermore, Alternaria and Penicillium species
are fungi producing mycotoxins [Kabak et al. 2006]. Species of Helminthosporium like
H.papulosum and H.solani are responsible for blister canker on pear and apple and for silver
scurf on potatoes, respectively [Mazur et al. 2016].

For the isolation of endophytes from potato tubers a conventional approach including sur-
face sterilization and further cultivation of the isolated strains on different media was used.
All isolated strains were tested on their activities against the three phytopathogenic fungi.
The zones of inhibition were very large up to 30 mm in their diameters (Fig.6.2). Two of
the isolated strains having the highest activities were chosen for further identification. The
morphological, physiological and biochemical characteristics for these strains were investi-
gated. Since these two strains revealed only insufficient differences a genotypic identification
based on 16S rRNA gene sequence was performed only for one strain, which was used in
all further investigations in this project. This strain was identified as Bacillus subtilis and
was deposited at the DSMZ as B.subtilis DSM 21393.

As potato plants are highly promising sources for the isolation of endophytes producing bi-
ologically active compounds, some reports about screening of endophytes in potatoes have
been published [Khabbaz et al. 2015], [Cray et al. 2016], [Sessitsch et al. 2004]
etc. In a study from Manter et al. [2010] the bacterial endophytic community of potatoes
growing in a field at the Colorado State University, San Luis Valley Research Center, was an-
alyzed using two cultivation-independent molecular-based techniques: bacterial automated

150



6. Discussion

Figure 6.2: Zones of inhibition of two strains chosen for strain identifications.
Cultivation was performed in malt-/potato extract medium at 25◦C for 98h. Two holes on the left side of
both petri dishes were applied to test the strain No.9, two holes on the right side - for strain No.10. A:
amount of the culture supernatant pipetted in the holes was 40µL. B: amount of the culture supernatant
pipetted in the holes was 60µL.

ribosomal intergenic spacer analysis (B-ARISA) and pyrosequencing. It was estimated,
that about 477 ± 71 bacterial operational taxonomic units (OTUs) reside within potato
roots. Beneath them 238 known genera from 15 phyla were detected. However, it was
demonstrated, that bacteria belonging to Bacillus species represent only a small part of the
endophytic bacteria residing in potato tubers (less than 0.93% that correspond to Firmicutes
in Fig.6.3). Similar data are obtained for other studies where an endophytic community in
potato was analysed using cultivation-independent methods. For example, bacteria belong-
ing to α, β, and γ subgroups of the Proteobacteria as well as high-GC Gram-positives were
found to be dominant in the isolates from potato stems and roots. The most frequently
detected bacteria were different Pseudomonas strains [Garbeva et al. 2001], [Sessitsch
et al. 2002]. By using cultivation-based methods of analysis of the endophytic community
in plants including potato plants the most frequently isolated strains growing on differ-
ent media were Pseudomonas, Bacillus, Xanthomonas, Enterobacter, Agrobacterium, and
Actinomyces [Sturz 1995], [Garbeva et al. 2001].

It has been shown, that endophytes isolated from potato plants exhibit antagonistic activi-
ties against fungi such as Verticillium dahliae, Rhizoctonia solani, Sclerotinia sclerotium and
Phytophthora cactorum, and also against bacterial pathogens such as Streptomyces scabies,
Erwinia carotovora and Xanthomonas campestris [Sessitsch et al. 2004], [Reiter et al.
2002] [Berg et al. 2005]. The plant protection potential of these endophytes has been
in vitro related to the synthesis of antibiotics, siderophores, enzymes, and plant growth
hormones [Sessitsch et al. 2004]. In another study it was reported, that a combination
of three strains, Pseudomonas fluorescens Pf 9A-14, Pseudomonas sp. Psp. 8D-45 and
Bacillus subtilis Bs 8B-1, isolated from a potato field were applied to suppress damping-off
and root rot of cucumber caused by Pythium and Phytophthora and damping-off of radish
caused by Rhizoctonia solani [Khabbaz et al. 2015]. Also near complete inhibition of
pathogenic species of Fusarium and Phytophthora was achieved by applying an endophytic
strain Bacillus sp. JG12GB43 isolated from potato leaves [Cray et al. 2016]. Moreover,
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Figure 6.3: Distribution of the bacterial operational taxonomic units (OTU) resid-
ing within potato roots detected by pyrosequencing [Manter et al. 2010].

it was shown, that the presence of the endophytic strains having antibiotic activity strongly
decreased from outer layer of the potato tuber to the center of the tuber. It was investi-
gated using as test organisms such phytopathogens as Fusarium oxysporum, F.avenaceum
and Phytophthora infestans [Sturz et al. 1999].

Interestingly, the presence of phytopathogens affects the structure of endophytic microbiome
by inducing the colonization of the endophytes having higher antagonistic potential against
these phytopathogens [Sessitsch et al. 2004]. For example, it was shown, that in potato
plants infected with the blackleg pathogen Erwinia carotovora the diversity of the endophytic
community was significantly increased in comparison with uninfected plants [Reiter et al.
2002]. Moreover, almost 40% of the detected endophytic bacteria exhibited antagonistic
activity against that phytopathogen.

Nowadays, biological protection agents are used as bacterial or fungal culture in different
forms (as a liquid, powder or immobilized) [Bashan et al. 2014]. Application of biological
control agents based on the bacterial culture in field experiments have shown relatively
high inconsistency. The possible reason for this could be insufficient colonization in the
rhizosphere due to difficulties to compete with indigenous bacterial soil microbiome. For
example, for B.amyloliquefaciens FZB42 was shown, that the presence of vegetative cells
at the roots reduced after around 6 weeks after inoculation [Borriss 2015]. Secondly,
production of secondary metabolites is known to be induced under specific conditions or
might be quorum-sensing-dependent [Mitter et al. 2013]. Very different production
rates and profiles of LPs were observed in lab and in planta experiments [Nihorimbere
et al. 2012]. Also, biotic and abiotic stress has a big impact on the establishment of the
endophytic and rhizospheric communities [Sessitsch et al. 2002], [Reiter et al. 2002].
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Sessitsch et al. [2002] observed, that light deficiency leads to a decrease of diversity of
the endophytic microorganisms in potatoes. Moreover, in some cases the application of
biofungicides as bacterial cultures is not sufficient to protect already infected plants, where
a quick protection effect has to be expected. For example, Fusarium moniliforme is an
endophytic fungus growing on maize vegetative and reproductive tissues. But under some
biotic and abiotic conditions such as bad weather, insect or fungal attack this fungus causes
seedling blight, stalk rot and moreover, produces toxins (fumonisins) [Hu et al. 2007].
Chemical fungicides in this case are less helpful due to intercellular nature of this fungus.
Application of BCAs in form of culture of Bacillus spp. or Pseudomonas in principle is a
very promising alternative but in practice is not sufficient because this fungus has already
been well established in the plants. While treating with living organisms the establishment
of latest before they can combat phytopathogenic fungus is important and this factor is
time consuming. Therefore, the direct treatment with the target compounds, in this case
with LPs was an important strategy [Hu et al. 2007].

Therefore, one of the aims of this project was the isolation and the identification of antimi-
crobial (antifungal) compounds produced by the isolated strain.

6.2 Isolation of antimicrobial substances

For the purification of target antibiotics such conventional methods as extraction using
solvents with different polarities and solid-phase extraction (SPE) using chromatographic
media were tested. Resin Amberlite XAD16 was used as adsorbent due to its high adsorption
and total desorption capacities. As extraction agents solvents having different polarities
(butanol, ethyl acetate, and cyclohexane) were applied. Also both the culture supernatant
and biomass were investigated, to see whether the target antibiotic compounds belong to
extracellular or intracellular substances. The adsorption on the Amberlite XAD16 was shown
to be the most suitable method for the isolation of the target antibiotics. Subsequently, this
method was applied as a first purification step to capture the target molecules from 10L of
culture supernatant and at the same time to purify them from another bulk metabolites.
The scheme of the applied purification strategy is shown in Fig.6.4.

After the purification steps the fractions containing pure substances with strong antifungal
activities were obtained. These fractions were analyzed using LC-MS and after comparison
of the obtained m/z with data banks and literature it could be assumed, that the target
molecules may belong to the group of polypeptides. At the next step, a fraction with highest
concentration of the purified substance was taken for the amino- and fatty acid analysis
to elucidate the structure of this target molecule. The GC-MS spectra showed, that the
target molecule belongs to the class of lipopeptid antibiotics and could be identified as the
lipopeptide Fengycin C17B (Fengycin XII). The detected m/z pattern and UV spectrum
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Figure 6.4: Purification strategy applied to isolate the target antibiotics.
The first purification step (capture) was performed by applying the adsorbent resin Amberlite XAD16.
As next purification step (intermediate purification) a GF on Sephadex LH20 which allowed to remove
remaining impurities and obtain fractions containing molecules of similar size was used. And at the end
(polishing) the reverse phase chromatography using preparative HPLC allowed to get fractions, which
contained pure substances showing antifungal activities. Pictures were adapted from [Healthcare 2010].

of this substance confirmed the elucidated structure of the lipopeptide Fengycin C17B.
Based on the m/z measurements and UV-spectra other purified substances were assigned
as members of the fengycin group (Tab.6.1).

Moreover, during the purification experiments further fengycin isomers such as fengycin
C15A, C16A, C16A*, C17A were also detected. But the concentrations of these fengycins
were much lower than those summarized in Tab.6.1.

Table 6.1: Isolated and purified homologues of fengycin

Homologues [M+H] Retention
time [min]

Relative proportion
[%]

C-16 Fengycin B Val 1491.8 7.100 26
C-17 Fengycin B Val 1505.8 7.411 44
C-16 Fengycin B* Val 1475.7 7.666 14
Dehydroxyfengycin
C17B

1490.2 7.900 16

"*" contains one double bond in the fatty acid chain

It was observed, that biological activity of LPs (e.g. for iturins) is dependent on the
composition of the peptide cycle and the length of fatty acid chain [Peypoux et al.
1978], [Maget-Dana and Peypoux 1994]. It was assumed, that isomers with long
aliphatic chains could possess higher antifungal activities due to stronger interactions with
biomembranes [Jacques et al. 1999], [Leenders et al. 1999], [Akpa et al. 2001]. In this
project were detected fengycins with relatively long fatty acid chains (C16, C17). Moreover,
the isolated strain synthesized fengycins from group B in much higher concentrations than
fengycins from group A. This corresponds to the typical pattern of many fengycins producing
Bacillus strains. Typically, the cultivated strains produce one group of fengycins in much
higher and other in much smaller concentrations [Hofemeister et al. 2004], [Wang et al.
2004], [Villegas-Escobar et al. 2013]. Moreover, frequently isolated fengycins belong
to fengycin A [Schneider et al. 1999], [Eeman et al. 2009a]. Fengycins from group
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B containing D-Val have been usually observed in much smaller concentrations than from
A [Ongena et al. 2005b], [Hu et al. 2007], [Chen et al. 2008b]. B.subtilis DSM 21393
strain isolated in this PhD work synthesizes fengycin B in much higher concentrations than
form A, which makes them unique among other fengycin producing Bacilli. Moreover, the
isolated strain synthesized under applied cultivation conditions LPs mostly from fengycin
family, that can significantly reduce purification costs.

Furthermore, a purification protocol using the adsorption process on the Amberlite resin
XAD following an elution with methanol was established. This protocol allows the quick
and simple isolation of the target substances and is, therefore, suitable for a huge amount of
cultivation samples. After the purification of the culture samples using the established pro-
tocol the obtained fractions contained lipopeptide and polyketide antibiotics, which could
be properly analyzed by HPLC. In comparison to the method, which was established in this
work, other methods described in literature are more complicated and have many purifi-
cation steps including separation using different chromatographic strategies (gel filtration,
anion/cation-exchange, hydrophobic interaction), ultrafiltration and electrophoresis [Hou
et al. 2006], [Hu et al. 2007]. A method for isolation of fengycins including precip-
itation with 6M HCL at pH 2.0 and subsequent extraction with methanol, ethanol or
methanol/chloroform mixture (2:1, v/v), which was described in many reports, may be
applied for the similar purpose [Vanittanakom et al. 1986], [Kim et al. 2004], [Chen
et al. 2008a]. But this method on the other side has the disadvantage such as over-night
precipitation, which is time consuming. Hence, almost all methods described in the lit-
erature are either time consuming or labor intensive and are not suitable for commercial
application.

6.2.1 Fengycins

Fengycins are very promising LPs generally produced by B. subtilis strains. Fengycins pos-
sess very strong antifungal activities, even stronger than another antifungal LP iturin [Singh
et al. 2014]. In the literature the minimum inhibitory concentrations (MICs) of fengycins
were found. For Fusarium oxysporum it is about 1.85µg [Ongena et al. 2005b]. In
another study they are in a range of 0.4-9.0µg for different fungal pathogens [Vanit-
tanakom et al. 1986]. It has been investigated, that fengycins could be sufficiently
applied against not only soil-born, foliar but also against post-harvest pathogens (for ex-
ample, against gray mold caused by Botrytis cinerea of apple) [Ongena et al. 2005b].
Recently, it was demonstrated that fengycins have also antibacterial [Huang et al. 2008],
antiviral [Huang et al. 2006], [Fracchia et al. 2012] and anti-cancer (inhibiting activity
in vitro and in vivo against the human lung cancer cells) activities [Yin et al. 2013], [Dey
et al. 2015]. It is important to note, that fengycins are lees toxic for erythrocytes than
iturin and surfactin (hemolytic activity of fengycin is 70 times lower than that of iturin and
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40 times lower than that of surfactin) [Vanittanakom et al. 1986], [Deleu et al. 2005].
The antibiotic activity of fengycins is based on their amphiphilic structure. The molecules
of fengycin interact with phospholipid molecules and also possibly with sterols in the cell
membrane of pathogens, which leads to membrane disruption. This mechanism does not
allow microorganisms to develop resistance against it [Sur et al. 2016]. This all makes
fengycins very attractive not only for agricultural application but also for pharmaceutical
industry. For example, recently some reports were published, where a possible application
of fengycins in dermatology were studied. These studies showed, that fengycins are able to
diffuse through the extracellular lipid matrix of stratum corneum to the epidermis, where
microbe skin diseases proliferate and induce infections [Eeman et al. 2009a], [Eeman
et al. 2009b], [Eeman et al. 2014].

6.2.2 Bacillaene

Another antibiotic substance that was isolated in high concentrations from culture broth
of B.subtilis DSM 21393 was bacillaene. Bacillaene belongs to the class of polyketide an-
tibiotics. Till today the known polyketide antibiotics which are synthesized by Bacillus are
bacillaene [Patel et al. 1995], difficidin/oxydifficidin [Wilson et al. 1987], [Chen
et al. 2006b] and macrolactin [Schneider et al. 2007], [Chen et al. 2007]. It
seems that macrolactin and difficidin are unique antibiotics produced by B.amiloliquefaciens
FZB42 [Chowdhury et al. 2015a]. But bacillaene is produced by some strains of
B.amiloliquefaciens and B.subtilis [Hofemeister et al. 2004].

Bacillaene (also called bacillaene A) has been discovered in culture broth of B.subtilis
isolated from soil in 1995 [Patel et al. 1995]. The structure elucidation of bacillaene was
only performed in 2007 due to its poor stability at room temperature and in light presence
[Butcher et al. 2007]. Bacillaene is a highly unsaturated enamine acid having an open
structure what makes it unique among the group of polyene antibiotics [Butcher et al.
2007]. Bacillaene is moderately stable at -20◦C and when protected from light [Patel et al.
1995]. In the presence of air rapid oxidation of bacillaene was observed [Nonejuie et al.
2016]. Physico-chemical properties of this antibiotic were investigated by Patel et al. [1995].
In many studies a broad spectrum of antibacterial activities both against Gram-positive
and Gram-negative bacteria, for example, against E.coli, Klebsiella pneumoniae, Proteus
vulgaris, Staphylococcus aureus etc., were shown [Patel et al. 1995]. Bacillaene inhibits
the prokaryotic but not eukaryotic protein synthesis. No activity against Saccharomyces
and Candida species was observed [Patel et al. 1995], [Chen et al. 2007]. Early studies
suggested, that bacillaene inhibits protein synthesis at the level of initiation of protein
synthesis [Patel et al. 1995]. Recently, it was observed that bacillaene may belong to
molecules inducing translation arrest leading to mistranslation or premature termination.
Therefore, Nonejuie et al. [2016] suggested, that bacillaene blocks translation elongation.
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Moreover, studies performed with E.coli showed that this antibiotic acts as a bacteriostatic
agent [Patel et al. 1995]. Tests performed to investigate the inhibition of protein synthe-
sis showed, that bacillaene at a concentration of 0.75µgmL−1 inhibited more than 85% of
the incorporation of a radio-active labelled amino acids. At a concentration of 1.5µgmL−1

inhibition was more than 95% [Patel et al. 1995]. Interestingly, bacillaene is extremely
effective against hyper-permeable strains of E.coli (MIC was less than 1.0µgmL−1). There-
fore, Patel et al [1995] suggested, that bacillaene hardly crossed the outer cell membrane
of procaryotic cells [Patel et al. 1995].

Bacillaene is synthesized on the membrane-anchored hybrid type PKS/NRPS coded by
pksX gene cluster in B.subtilis and pks1 gene cluster in B.amiloliquefaciens [Chen et al.
2006b], [Chen et al. 2007]. This PKS belongs to the family of trans-acyltransferase (AT)
PKS type I [Piel 2002]. The synthesis of bacillaene has some noteworthy characteristics
such as on-line β- carbon branching, which is performed by conversion of a keto-function
into a carbon branch. Some double bonds will be introduced by non-canonical bimodules.
Moreover, cytochrome P450 is involved in introducing the double bond to bacillaene, which
failed by dehydrobacillaene [Moldenhauer et al. 2007]. Till now little is known about
the regulation of bacillaene synthesis. Recently, a study, in which competition between
B.subtilis and S.coelicolor was investigated, showed the main regulator of pks expression are
Spo0A (through its repression of AbrB) and CodY [Vargas-Bautista et al. 2014]. Also
other regulators such as DegU, ComA and ScoC are involved in the regulation of bacillaene
synthesis [Vargas-Bautista et al. 2014]. Former studies showed, that a membrane
protein YczE may influence the expression of pks [Hofemeister et al. 2004], [Chen
et al. 2007].

Besides bacillaene (called bacillaene A) and dehydrobacillaene a glycosylated isomer of
bacillaene, called bacillaene B was described [Moldenhauer et al. 2010]. It was detected,
that bacillaene A is much more active than its glycosylated form. The minimal cytological
concentration of bacillaene to inhibit the growth of E.coli was with 2µM almost 10-fold
lower than that of bacillaene B [Nonejuie et al. 2016]. In this project both bacillaene
A and the glycosylated form (bacillaene B) were detected. But almost three-fourths of
the total amount of bacillaene produced by B.subtilis DSM 21393 was not glycosylated
(bacillaene A).

PKSs possess a giant organelle-like structure having a diameter of more than 0.1µm, which
can be observed even by using a cryo-electron microscopy [Straight et al. 2006]. The size
of this PKS complex with 2.5 MDa is similar to that of ribosomes [Butcher et al. 2007].
Remarkably, that the synthesis of bacillaene requires quite much genetic and metabolic
resources of cells, which suggests, that bacillaene might play an important role in the
development of Bacillus cells [Butcher et al. 2007]. In addition to its antibiotic activities,
it was assumed, that bacillaene may play a role of a signal molecule that regulates interaction
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of Bacillus with other microbial species. Recently, it was shown, that bacillaene acts as
a molecule, which protects Bacillus from predation by Myxococcus xanthus [Müller
et al. 2014]. The possible protection mechanism of bacillaene is in a transient inhibition of
predation of M.xanthus, which provides for B.subtilis sufficient time to form special biofilms,
called megastructures. Interestingly, Bacillus strains lacking ability to synthesize bacillaene
formed these megastructures more rapidly. Moreover, the purified bacillaene did not affect
the growth of predator M.xanthus. Another study showed, that bacillaene inhibited the
production of prodiginnes by Streptomyces coelicolor [Straight et al. 2006], [Straight
et al. 2007], [Yang et al. 2009] and strains mutated in bacillaene synthesis are more prone
to the lysis by Streptomyces [Barger et al. 2012].

Generally, in recent years a new discussion about the main protection mechanisms of the
PGPBs was started. The reason for this was the fact, that the antimicrobial activities of
the PGPBs were detected mostly in vitro experiments. For example, polyketides having an
antibacterial effect such as bacillaene, macrolactin and difficidin have been till now never
detected in the vicinity of plants [Debois et al. 2014], [Chowdhury et al. 2015a].
In comparison to them the LP antibiotics, especially, surfactins were measured in situ
in relatively high concentrations. The other LPs as bacillomycin D and fengycin were
observed in concentrations much smaller than those of surfactins [Nihorimbere et al.
2012], [Debois et al. 2014], [Chowdhury et al. 2015b]. This fact led to the question:
what is the function of PKs if they are not synthesized at planta. It has been assumed,
that antibiotics produced at sublethal concentrations may play a role as signal molecules
[Fajardo and Martínez 2008].

6.3 Process optimization

After isolation and identification of the target antifungal compounds, fengycins, the estab-
lishment of an effective cultivation process allowing to obtain high yields of fengycins was
a further focus of this PhD thesis.

Optimization of cultivation conditions is a basic requirement to improve the overall process
economics for the production of such biotech-products as antibiotics. It is known, that
the synthesis of antibiotics is closely linked to the metabolic conditions of the cells. The
metabolic state of the cells can be directly influenced by nutrient availability (type of carbon
source and its supply) and other environmental conditions such as major and minor mineral
compounds, pH, temperature, oxygen availability etc. [Bender et al. 1999], [Duffy
and Défago 1997], [Duffy and Défago 1999], [Compant et al. 2005]. Moreover,
it has to be taken into account, that the regulation of gene expression of the LPs is
determined by quorum sensing and, therefore, is biomass/growth dependent. There are
many studies describing effects of different substrates (e.g. sugars, nitrogen source and trace
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elements) and physicochemical conditions (e.g. oxygen availability, temperature and pH)
on LP synthesis by Bacillus strains [Peypoux et al. 1999], [Jacques et al. 1999], [Guez
et al. 2008], [Cosby et al. 1998].

6.3.1 Medium optimization

An optimal medium is a basic and essential step in every bioprocess development. In this
PhD project it was decided to apply a complex medium during cultivation of B.subtilis DSM
21393 for the production of fengycins. The utilization of a complex medium has a huge
advantage, namely, it comprises most important growth elements such as macronutrients,
trace elements, amino acids, vitamins etc. not requiring many optimization attempts. The
disadvantages of a complex medium have also to be taken into consideration. To those
belong possible variations between performed cultivations and compounds influencing the
further purification process.

Thus, such complex media as malt extract, molasses, potato extract and combinations of
them were tested for the production of fengycin. It was seen, that all media containing
two components provided good growth of B.subtilis DSM 21393 (OD600 between 10 and
almost 15 were achieved, the highest was measured for malt-/potato extract). But the
synthesis of the detected fengycins using the well diffusion test showed different antibiotic
activities observed for those media. The highest zones of inhibitions (up to 25mm) were
detected in the medium containing malt and potato extract. Such different fengycin-
production profiles could be due to the different contents of N-sources and, especially,
amino acids in each of the tested media. It was reported that amino acids can play a
role of precursors and can influence the yield and also the structure of the LPs [Besson
et al. 1987], [Islam et al. 2012]. For example, it was shown, that L-threonine has
an effect on a pattern of surfactin-isomers. L-threonine added to the Landy medium (a
mineral medium, which was applied in many studies performed to investigate the synthesis
of LPs, especially fengycins [Landy et al. 1948], [Akpa et al. 2001], [Koumoutsi et al.
2004], [Hofemeister et al. 2004]) led to the synthesis of isomers with longer fatty acid
chains [Akpa et al. 2001]. Also ammonium salts were reported to have an influence on
the synthesis of LPs [Besson et al. 1987], [Yaseen et al. 2016]. Interestingly, in the
study from Yaseen et al. [2016] the glutamic acid in Landy-medium was partially replaced
by ammonium sulfate allowing to increase the fengycin yield. In another study L-glutamic
acid was exchanged by ammonium chloride in the applied Landy-medium leading to a
complete reduction in the production of bacillomycin L; two other LPs - plipastatin A and
B [Volpon et al. 2000] were produced instead. Also additions of ammonium chloride
and urea significantly enhanced the fengycin yield in the study from Yaseen et al. [2016].
In a review from Rangarajan and Clarke [2015] media formulations investigated for LP
production were summarized. It could be seen, that a predominant number of the applied
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chemically defined media contained NH4NO3 (dual nitrogen source) as N-source, where the
nitrate consumption occurred after ammonium consumption. Furthermore, under oxygen-
limited conditions ammonium consumption ceased; nitrate was used both as N-source and
as final electron acceptor.

A defined mineral medium (MSM) containing glucose as C-source and the usual salt content
similar to the Landy-medium was also tested during the optimization experiments in this
project. Interestingly, no inhibition zones were observed in this medium. The differences
between these two media were various N-sources (in this study - ammonium sulfate, in
Landy medium - glutamic acid) and such trace elements as Mn, Cu and K were omitted in
the applied MSM [Bast 1999], [Landy et al. 1948]. Ammonium sulfate based on the data
from literature (described above) should have a positive effect on the fengycin production.
But the absence of the trace elements Mn, Cu, and K seems to be the critical point for
successful fengycin synthesis. Thus, it could be concluded, that trace elements may have
an important effect on the fengycin synthesis. The importance of trace elements for the
synthesis of fengycin and other LPs was observed in several studies. It was shown, that the
level of the available carbon source as well as trace elements, in particular zinc, effected
the genetic stability of bacteria and consequently the synthesis rate of antibiotics [Duffy
and Défago 2000]. In other studies it was observed, that concentrations of especially
such metal ions as Mn2+, Mg2+ and Fe2+ played a crucial role in the LP-production [Zhao
et al. 2013], [Zhao et al. 2014]. For example, Mg2+ ions are present in the active site of
Sfp-type phosphopantetheinyl transferase (PPTase), an important enzyme for LP-synthesis
[Reuter et al. 1999]. Mn2+ ions are needed for the synthesis of nitrate reductase, an
important enzyme for nitrate assimilation [Huang et al. 2015]. Fe2+ was shown to be
a cofactor for various enzymes for LP synthesis [Wei and Chu 1998]. Also other metal
ions like Zn2+, Ca2+ and K+ were shown to be important for iturin A production [Zhao
et al. 2014]. Thus, it can be concluded that the establishment of a cultivation process
for fengycin production based on a defined mineral medium requires many optimization
attempts. Similar results have been shown for other antibiotics such as mycosubtilin. It
was shown, that the expression of mycosubtilin synthetase is lowest in minimal medium and
highest in rich medium [Duitman et al. 2007]. After analysis of many media investigated
by various researchers for the production of LP fengycins it was concluded, that a complex
medium, optimized using Plackett-Burman Design by Jacques et al. [1999] was the most
efficient to achieve a high fengycin yield [Akpa et al. 2001], [Ongena et al. 2005a],
[Villegas-Escobar et al. 2013]. It was shown, that increasing the concentrations of
peptone, yeast extract, salts of Mn and Mg as well as trace elements in that medium led to
almost five-times higher LPs (surfactins and iturins A) production [Jacques et al. 1999].
Similar results were achieved by other authors using media that contained yeast extract,
malt extract or/and peptone [Hu et al. 2007], [Chen et al. 2008a], [Zhao et al. 2013].

For comparison, another complex medium, that was very often used for cultivations of
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Bacillus was also tested in this study [Bast 1999]. This complex medium showed also
good antifungal activity (zones of inhibition were up to 17mm). But the activity measured
using supernatant obtained after growing B.subtilis DSM 21393 in this medium was much
lower than that of the medium based on malt and potato extracts optimized in this PhD
project (zones of inhibitions up to 25mm). Moreover, the optimized medium contained
only two compounds, making the media preparation quite simple and more cost effective.

Not only N-sources and trace elements have crucial influence on the yield and pattern of
the LP synthesis. There are many studies, where the influence of carbon sources in the
media on the type and yield of LP production were described [Duffy and Défago 2000],
[Singh et al. 2014]. It was shown, that the maximum surfactin yield could be obtained in
media based on citrate and malate as C-source. In comparison to that fengycin and iturin
productions were higher in media based on glucose, fructose and maltose [Nihorimbere
et al. 2012]. Singh et al. [2014] investigated such carbon sources as dextrose, sucrose,
lactose, maltose, sorbitol and glycerol in terms of their influence on the yield and type of such
LP as surfactin, iturin and fengycin produced by B. amyloliquefaciens AR2. They showed,
that all three LPs were produced in a MSM supplied by dextrose, sucrose and glycerol.
But by replacing these C-sources with maltose, lactose and sorbitol led to exclusive iturin
production. Moreover, the best reduction of surface tension and the highest antifungal
activities were observed in the media containing sucrose and dextrose, where surfactins and
fengycins were presented in much higher concentrations.

Such complex substrates as molasses, malt extract and potato extract used in this study
contained different C-sources and N-sources. Thus, malt extract contained mainly mal-
tose (more than 52.5%) and hexoses (19.1 %), whereas molasses contained sucrose (about
50%). These carbohydrates were shown to have positive effect on the synthesis of LPs.
In comparison to those substrates the potato extract has only 17% carbohydrates. But
obviously, some other components (for example, nitrogenious compounds or trace elements
like Fe, Ca, Mg, Zi and Cu or the vitamins B1, B2 and C [Fox and Bala 2000]), positively
influenced the fengycin yield. It was seen in this study, that B.subtilis DSM 21393culture
growing exclusively in potato extract revealed poor culture growth and no antifungal ac-
tivities. But additions of potato extract to the above mentioned media, malt extract and
molasses, enhanced antifungal actvities of B.subtilis DSM 21393.

Interestingly, the effects of the different media components or environmental conditions
are strain dependent. For example, in the study of Yaseen et al. [2016] they investigated
the influence of C- and N- sources in medium on the fengycin yield. It was shown, that
expression of fengycin promoter by B.subtilis BBG21 (a spontaneous mutant of B.subtilis
ATCC 21332) was significantly influenced by C- and N- sources in a medium. They applied
mannitol as carbon source and observed a 10 fold increase of fengycin production. But they
have shown, that this increase could not be monitored for every Bacillus strain, because the
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applied Bacillus strains had different fengycin promoters. Thus, only one promoter from
B.subtilis BBG21 could be regulated by different environmental conditions such as carbon
and nitrogen source and oxygen availability [Yaseen et al. 2016]. It was observed, that
UP element sequence was crucial for the expression of the fengycin operon and the fengycin
yield and that a point mutation in this region led to an increase or decrease of fengycin
production [Yaseen et al. 2016], [Ke et al. 2009].

Thus, it can be concluded, that the optimal medium, which provided the best antifungal
activities, was malt-/potato extract. The concentrations of these components after opti-
mization experiments were: malt extract - 30gL−1 and potato extract 500mLL−1. Almost
all experiments during this project were done using this medium. But before starting scale
up experiments it was important to replace the potato extract with a similar substrate,
which did not require such an extensive preparation (peeling and cooking of potatoes) as
potato extract. As alternative it was decided to apply potato fruit juice (PFJ).

Experiments performed with PFJ as a component of cultivation medium showed, that
the fengycin yield, which could be achieved during these cultivations, was much higher
than that during cultivation performed with potato extract. The fengycin concentrations
obtained in the media containing malt extract and different concentrations of PFJ were with
506 - 548mgL−1 nearly two times higher than those in media containing malt and potato
extract (325mgL−1) and in malt extract only - 230mgL−1. Moreover, the B.subtilis DSM
21393 culture growing in malt/PFJ medium could reach higher biomass concentrations, an
OD600 of about 23 was measured at the end of cultivation. In malt-/potato extract maximal
OD600 of about 13 could be detected. However, the utilization of PFJ as cultivation medium
without an addition of the malt extract led to a lower fengycin yield (only 96mgL−1 were
measured at the end of such a cultivation).

Moreover, different pattern of fengycin isomers was detected in media that contained either
potato extract or PFJ. Such effects have been observed in other studies. It was seen, that
in different media very different isomers may be obtained. Thus, using the rich medium
optimized by Jacques et al. [1999] only one isomer of bacillomycin L was produced in high
concentration but in Landy-medium various isomers were detected [Akpa et al. 2001].

Successful utilization of PFJ, potato process effluents or potato peels as major components
for cultivation media were shown for the production of different LPs [Thompson et al.
2000], [Noah et al. 2002], [Noah et al. 2005], [Das and Mukherjee 2007], [Makkar
et al. 2011]. In a study from Fox and Bala [2000], they observed, that B.subtilis ATCC
21332 was able to grow and synthesize biosurfactants in a medium containing only potato
extract prepared in a similar way as PFJ. In another study fengycins were synthesized in a
medium that contained sweet potato residues [Wang et al. 2008].

The high cost of production is still a limiting factor for most LPs. This is due to the high
cost of substrates and a low yield of target compounds [Fravel 2005]. It is estimated,
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that substrate costs account for 10-30% of the total bioproduction costs for most biotech
products [Rangarajan and Clarke 2015]. Therefore, utilization of low-cost agro-based
byproducts such as PFJ can considerably minimize the production costs of LPs.

Summarizing it can be said, that the utilization of a medium containing malt extract
and PFJ at optimal concentrations after optimization experiments 30gL−1 and 250mLL−1,
respectively, led not only to an enhanced fengycin yield but also to a reduction of the
production costs for fengycins.

6.3.2 Temperature and pH

It is known, that besides an optimal growth medium other cultivation parameters such as
temperature and pH are crucial for the production of antibiotics. The influence of the
different cultivation temperatures on the fengycin synthesis was investigated in this project.
Three temperatures were chosen to see the temperature effect of the fengycin production:
25◦C, 30◦C and 37◦C. It was observed, that the temperature of 25◦C was definitely favorable
for the fengycin synthesis (the inhibition zones were about 25% larger than those at 30◦C).
Interestingly, that no zones of inhibition were observed at 37◦C.

Effect of the cultivation temperature on the synthesis of LPs was shown by various research
groups [Jacques et al. 1999], [Nihorimbere et al. 2012], [Zhao et al. 2014], [Yaseen
et al. 2016]. For example, surfactin and iturin syntheses were investigated between 27◦

and 40◦C. The best production rates of these antibiotics were achieved at 30◦C [Jacques
et al. 1999]. In another study iturin A production was tested between 10◦ and 50◦C [Zhao
et al. 2014]. It was seen that the maximum concentrations of iturin A could be obtained at
29.5◦C. In most of the studies performed in order to investigate the temperature effect on
the fengycin production, a temperature range between 24◦ and 30◦C was chosen [Vanit-
tanakom et al. 1986], [Hou et al. 2006], [Singh et al. 2014], [Yaseen et al. 2016]. It
was also observed, that the expression of LP-genes may be enhanced at lower temperatures.
For example, it was shown, that expression of srfA (surfactin) was significantly lower if the
growth rate was increased [Nihorimbere et al. 2009], [Nihorimbere et al. 2012].

Thus, a temperature of 25◦C was an optimal for the production of fengycin by B.subtilis
DSM 21393. The higher synthesis rate of fengycin at such low temperature could be
explained by the endophytic nature of the applied strain B.subtilis DSM 21393. The usual
environmental temperature for such endophytic bacteria is below 30◦C and the results of
this project confirmed this relationship.

It was shown, that the pH also had a significant effect on the production of LPs. It was
shown, that the expression of surfactin synthetase is pH-dependent [Cosby et al. 1998].
The effect of the pH was not investigated in this study, pH of 7 was chosen for cultivation
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of the isolated B.subtilis DSM 21393. This pH was seen as optimal for fengycin synthesis in
various studies, where the production of fengycin was examined [Wang et al. 2004], [Chen
et al. 2008a], [Singh et al. 2014]. Moreover, several authors investigated the effect of pH
on the LP synthesis. For an LP bacillomycin was observed, that its maximum yield was at
pH 7.0-7.6 and much lower at pH 6.0 [Landy et al. 1948]. In another study was shown,
that the synthesis of such LPs as surfactin and iturin was much higher at pH 7.0 (tested
between 5.5 and 8 with 0.5 steps) [Jacques et al. 1999]. Other authors investigated a pH
range between 2 and 12 for the synthesis of LPs. Below a pH of 5 no zones of inhibition
were observed. At pH 6 the highest antifungal activity was observed [Zhao et al. 2013].
For iturin A production a pH range from 4 up to 8 was investigated. The maximum yield
was achieved at 6.45 [Zhao et al. 2014].

6.3.3 Establishment of the cultivation process in a bioreactor

It is known, that the pre-culture age and its amount for inoculation of the main culture are
important parameters to ensure a stable and reproducible cultivation process. Two different
pre-culture ages and applied inoculum amounts were investigated in this project. It was
seen, that the pre-culture taken from the late exponential phase caused much a longer
lag-phase of the main culture than those from the middle exponential phase. Furthermore,
two different amounts of the applied pre-cultures, calculated via start OD600 of the main
cultures, OD600 of 0.15 and 0.25 were investigated. It was seen, that the cultivation
performed at a start OD600 of 0.15 had a lag-phase of about 20h, compared to the lag-
phase of the cultivation that started at an OD600 of 0.25 being with 3-4h almost five-times
shorter. Thus, the further cultivations were performed with a start OD600 of 0.25.
Interestingly, influence of the inoculum quantity was investigated for another LP - iturin
A [Zhao et al. 2014]. It was shown, that applying an optimal inoculum amount more than
four times higher antibiotic yield could be achieved. The inoculum amount was investigated
in a range between 3 and 11%(v/v). It was clearly shown, that the maximum iturin A yield
of 45mgmL−1 was achived at the inoculum amount of 5%. In other experiments iturin A
yield was at an inoculum rate of 7% - about 20mgmL−1, two times lower. Otherwise it
was even much lower - about 10mgmL−1. Also in another study the inoculum amount was
included as an important parameter in optimization experiments for process development
of fengycin [Rangarajan et al. 2015].

Cultivation performed in a 10L bioreactor using the optimized malt-/potato extract medium
and under optimal cultivation parameters such as temperature and inoculum amount showed
good growth of the B.subtilis DSM 21393. An OD600 of 15 was achieved, which was com-
parable to that observed during the cultivation in shake flasks. This biomass yield is in the
range of that obtained for another LPs producing strains [Lee and Kim 2004], [Yeh et al.
2006] or even higher. Time courses of the two detected antibiotics, fengycin and bacillaene
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showed, that the polyketide bacillaene was synthesized during the exponential phase. The
maximum concentration of almost 400mgL−1 was measured after 40h of cultivation (earlier
stationary phase). In the following hours of cultivation the concentration of this antibi-
otic constantly decreased due to its high instability. It was shown, that a rapid oxidation of
bacillaene occurs in the presence of air [Nonejuie et al. 2016]. Similar time courses of the
bacillaene synthesis were already observed by other researches. Moldenhauer et al. [2010]
showed, that bacillaene was synthesized in the early exponential phase. Chen et. al. [2006]
detected, that the maximum yield of polyketide was calculated after 12h of cultivation in
LB-agar medium. It has to be emphasized, that the B.subtilis DSM 21393 strain is a high
producer of bacillaene (max. concentration achieved in this project was 400mgL−1). In
comparison to that, a maximum concentration of bacillaene of 100-200mgL−1 was found
in the literature [Moldenhauer et al. 2007].

The target antibiotic fengycin was synthesized later than bacillaene, in the early stationary
phase. It was shown by several researchers that the synthesis of bacillaene requires many
energy and resources from cells. It may be one of the reasons for such "time delay" in
the synthesis of fengycin by B.subtilis DSM 21393. Similar behavior was observed in other
studies, where Bacilli synthesized different families of LPs. For example, in the study of
Yassen et al. [2016] was shown, that the fengycin promoter expression began after 24h
of culture, at the end of the log phase. For other LPs was observed, that surfactins will
be mostly produced in the transition from the exponential phase to the stationary phase,
fengycin synthesis is delayed to early stationary phase, and iturins will be accumulated
later [Koumoutsi et al. 2004], [Lin et al. 1998].

Interestingly, the synthesis of fengycin in shake flasks began after 24h (between 24 and
48h) of cultivation, much earlier than in a bioreactor. Moreover, fengycin yield which was
achieved in a bioreactor was with 235mgL−1 also lower than in a shake flasks (325mgL−1).
Generally, it can be concluded, that the established cultivation process was very robust.
Cultivations performed at different times could be perfectly overlaid.

6.3.4 Influence of the aeration rate on the antibiotic synthesis

By comparing of cultivations performed in shake flasks and in a 10L bioreactor it was
observed, that the maximal fengycin synthesis rate during cultivation in shake flasks was
achieved between 24 and 48h of cultivation. In contrast to that, the maximum fengycin
production rate observed during cultivations in a bioreactor was reached much later, at 71h
of cultivation. These two cultivation systems mainly differ from each other in their agitation
and aeration mechanisms. It was concluded, that the applied aeration strategy (0.5vvm and
600min−1) in the first bioreactor cultivations was not optimal for the synthesis of fengycins.
Moreover, it is known, that the oxygen availability or limitation is one of the most impor-
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tant factor influencing the production of many secondary compounds produced by bacteria,
especially, antibiotics [Vardar and Lilly 1982], [Suphantharika et al. 1994], [Desai
and Banat. 1997], [Kempf et al. 1997]. The influence of the dissolved oxygen on the fer-
mentative antibiotics production was investigated for several microorganisms [Kempf et al.
1997], [Rangarajan and Clarke 2015]. It was shown, that decreasing the O2 supply
to a DOT value of 30% and even lower during the fermentative production of gallidermin,
which belongs to a group of polycyclic bacteriocins called lantibiotics, by Staphylococcus
gallinarum biomass formation was reduced to 65% compared to that obtained under op-
timal oxygen supply. However, the antibiotic gallidermin increased by more than 50% at
the same time. This strategy was used in the procees development for gallidermin - the
biomass formation occured under oxygen saturation and then a prolonged production phase
began after switch to a carefully directed shift to oxygen limitation [Kempf et al. 1997].

Thus, it was decided, to change the aeration strategy during cultivation in a bioreactor in
order to simulate the cultivation performance in shake flasks. It was assumed, that B.subtilis
DSM 21393 culture growing in shake flasks may drop to the oxygen limitation or to oxygen
depleted phase during its exponential growth. Therefore, in a further cultivation performed
in a bioreactor the aeration during exponential phase was reduced to a DOT of 30% for
4h, afterwards the aeration rate was reduced to 0.3vvm till the end of cultivation. It was
seen, that the growth behaviours were similar during the standard and the DOT-controled
cultivations. Similar OD600 of about 15 and µmax of 0.12 at 16 or 18h during standard
and DOT-controled cultivations were achieved, respecivelly. The fengycin concentrations
detected at the end of the cultivations were also similar (about 210mgL−1 were measured
after 132h of cultivation). But the maximum synthesis rates detected in both cultivations
were different. The maximum synthesis rate of fengycins in the cultivation with 4h of
reduced oxygen supply during exponential phase was measured at 65.7h of cultivation, that
was earlier comparable to the 71h achieved in the standard cultivation. Moreover, the
oxygen supply showed to have a strong influence on the synthesis of the second antibiotic
bacillaene. During standard cultivation bacillaene concentration was with 400mgL−1 almost
two times higher than 217mgL−1 meassured during DOT-controled cultivation.

Thus, it was seen, that the reduction of the oxygen supply led to the induction of fengycin
synthesis by the cells. It was decided to extend the reduction of the oxygen supply (DOT
of 30%) during the exponential growth phase to 10h, and the aeration rate was decreased
during these 10h to 0.05vvm. It was seen, that all three cultivations (the standard cultivation
and cultivations performed with 4h and 10h of depleted oxygen supply) exhibited similar
growth behaviours of the cultivated B.subtilis DSM 21393, OD600 of 15-17, µmax of 0.12-
0.14 between 16 and 18h were achieved. This fact led to conclusion, that the limitations
did not negatively influence the cell gowth. Furthermore, the maximum concentrations of
fengycins achieved in all three cultivations were similar (about 210mgL−1 were detected
after 132h of cultivation). But the maximum fengycin synthesis rate in the cultivation with
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10h of oxygen depleted supply was measured at 38.8h much earlier than for the standard
(71h) as well as for the cultivation with 4h of depleted aeration rate (65.7h). Now, the
fengycin synthesis (maximum synthesis rate) was similar to that achieved in shake flasks,
where it was measured between 24 and 48h. Hovewer, the maximum fengycin concentration
obtained during cultivation in shake flasks was with 280-325mgL−1 somewhat higher than
that achieved in a bioreactor (210- 235mgL−1).

In contrast to fengycin, bacillaene synthesis was negatively influenced by decreasing the
aeration rate. The maximal concentration of bacillaene almost 400mgL−1 was measured
during standard cultivation, where no decrease of aeration was performed. In contrast to
this much smaller concentration of bacillaene (217mgL−1) was detected during cultivation
with 4h of reduced aeration rate and only 40mgL−1 were observed when the aeration was
reduced for 10h.

Similar effects for a decreased oxygen supply on the synthesis of LPs were observed by
other authors. In a study B.amiloliquefaciens S499 was cultivated under oxygen depletion
conditions by flushing of nitrogen instead of oxygen through the bioreactor [Nihorimbere
et al. 2012]. It was shown, that specific synthesis rate of LPs increased twice. But the
production of biomass was very low (final density was OD600 of 0.9 in comparison to OD600

of 2.2. under non oxygen limited conditions), that negatively influenced the total yield
of the LPs. It was also observed for the LP mycosubtilin, that mycosubtilin synthetase
expression is dependent of oxygen concentration [Guez et al. 2008]. In this study authors
showed, that the decreasing of oxygen transfer rate (OTR) from 20 to 7mmol O2 l−1

h−1 (measured by respiration activity monitoring system - RAMOS) achieved by different
filling volume ratios in shake flasks led to almost 25-fold increase of mycosubtilin yield.
Moreover, it was seen, that the ratio of oxygen availability influenced also distribution of
C16 and C-17 mycosubtilin homologues, that allowed authors to make an assumption about
interfering of oxygen metabolism with synthesis of fatty acids. Interestingly, that the effect
of oxygen availability on the mycosubtilin synthesis was observed by a wild type B.subtilis
ATCC 6633 strain, having natural Pmyc promoter, whereas another strain BBG100 having
constitutive PrepU promoter OTR had no effect on mycosubtilin synthesis. Similar effects
of the OTR were shown for fengycin synthesis. In the study from Yaseen et al. [2016]
the influence of the OTR (they used two cultivation conditions: Erlenmeyer flasks were
filled up to 10 and 33%) was detected. Under cultivation conditions with lower OTR the
fengycin yield was more than 2 times higher [Yaseen et al. 2016]. But it was not for all
tested strains. Only B.subtilis BBG21 having one mutation in the UP promoter region was
sensitive to the changes of oxygen rate. Other tested strains B.subtilis ATCC 21332 and
B. amiloliquefaciens FZB42 did not have any differences in the fengycin yield under those
different cultivation conditions. The same strain B.subtilis BBG21 was used in another
study, where influence of oxygen transfer coefficient kLa on the surfactin and fengycin
production was investigated in shake flasks [Fahim et al. 2012]. It was cleraly detected
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the positive effect of the high kLa on the surfactin production (investigated between kLa
of 144 and 288h−1), surfactin concentration was increased up to 2gL−1 at the highest
achieved kLa. In contrast to surfactin a maximum concentration for fengycin of 300mgL−1

was achieved at much lower kLa of around 36h−1. Interestingly, the fengycin concentration
significantly decreased at kLa values higher and lower of that. A huge increase of fengycin
production at lower kLa such as kLa of 28h−1 was observed by other authors [Coutte
et al. 2010]. In another study, where a modified rotating discs bioreactor was applied,
maximum concentration of fengycin was obtained at the kLa value of 7.9h−1, whereas at a
slightly higher kLa value of 10.4h−1 a decrease of fengycin production was observed. And
at a low kLa of 2.9h−1 fengycin synthesis was decreased almost two times [Chtioui et al.
2014].

The negative effect of too severe oxygen depletion was observed by several authors. For
example, in the study from Guez et al. [2008] was seen, that very low OTR led to the dra-
matical drop of mycosubtilin synthesis (also a reduction of fenD expression was observed).
In a study of Fahim et al. [2012] no surfactin and fengycin production was observed at a
kLa lower than 10h−1. Similar effect was observed in this project. A cultivation performed
with a depleted aeration (DOT of 30%, aeration rate of 0.05vvm from middle exponential
phase till the end of cultivation) showed very low culture growth and no antifungal activities
were detected during this cultivation (see Appendix C).

But not for all LPs the decrease of oxygen rate positively influences their yield. It was shown,
that a decrease of stirring rate led to the two times lower surfactin and two times higher
iturin production [Hbid et al. 1996]. For surfactin it was shown, that an enhanced surfactin
production occurred at an increasing oxygen transfer rate [Yaseen et al. 2016], [Fahim
et al. 2012]. In another study a higher production of LPs such as surfactin and iturin was
observed at better shaking velocity [Jacques et al. 1999].

Generally, it can be concluded, that a low kLa values (low oxygen supply) are favorable
for the synthesis of fengycin, and for synthesis of fengycin even small changes in kLa
values between 2.9 and 7.4h−1 led to the big changes in fengycin yield. It was reported,
that the fengycin operon could be regulated via such environmental conditions as medium
composition and oxygen supply [Hussein 2011].

Recently, an aeration strategy when changing a submerged aeration during the biomass
production phase to the surface aeration during LP-production phase was investigated
[Rangarajan et al. 2015]. A significant increase of the LPs yield and selectivity toward
the production of fengycin (about 74%) could be achieved in that study. A similar strategy
was applied in this study (s. Appendix C), but now antifungal activity was measured during
this cultivation.

For this project it can be concluded, that the applied strategy to reduce the aeration rate
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during the exponential phase was successful in order to increase the selectivity of the pro-
duced antibiotics toward fengycin synthesis (bacillaene synthesis was prohibited at the lower
aeration rate). Furthermore, by decreasing the oxygen supply the fengycin synthesis could
be induced (maximal production rate was detected much earlier, at 38.8h of cultivation).
But still somewhat lower fengycin concentration was detected in a bioreactor in comparison
to the shake flasks. That is the reason to perform further optimization experiments to find
out an optimal aeration strategy for fengycin synthesis (for example, longer depletion phase
at different aeration rates).

6.4 An in situ product removal strategy using foam

fractionation for fengycin production

Lipopeptides exhibit not only antimicrobial activities but also excellent surface active prop-
erties and can be used as biosurfactants in many industrial areas including all application
fields of chemical surfactants such as agriculture, food production, cosmetics and also spe-
cial fields like pharmaceutics, oil recovery and bioremediation [Marchant and Banat
2012], [Gudiña et al. 2013]. But their surface active properties cause big foaming prob-
lems during LP production. Foaming creates such undesirable effects as stripping of the
product, nutrients, and cells into the foam, and can crucially disturb the control of a culti-
vation process. Many authors observed high fluctuations in cell numbers and activities due
to an excessive foam formation [Noble et al. 1994], [Boyles and Lincoln 1958], [Lee
and Kim 2004]. Lee and Kim [2004] showed, that intensive foaming during cultivation of
Bacillus sp. GB16 led to stripping the cells into the foam at the ratio 1:1 in the culture
broth and in the foam. Cells in the foam do not have any contact with the substrate, which
consequently causes a decrease in productivity. Moreover, the foam stabilizing effect of
cells presented in the foam was observed [Davis et al. 2001], [Lee and Kim 2004].

In case of strong foaming it is common to operate bioreactor vessels with an excess of head
space, which raises the cost of the bioreactor vessel and lowers the process economy because
the vessels can only be partially applied for production [Davis et al. 2001]. Therefore, sup-
pression of foam is often necessary during cultivations. It is commonly achieved by applying
chemical antifoams. But the usage of chemical antifoams has many disadvantages namely
reducing the oxygen transfer rate, causing cell toxicity and difficulties in their separation
from the reaction solution, and creating adverse effects on the cell physiology [Vardar-
Sukan 1998], [Lee and Kim 2004]. Lee and Kim [2004] showed, that the cell growth of
Bacillus sp. GB16 was inhibited to 50% by adding antifoam (500mgL−1 of 204 from Sigma
or 50mgL−1 of LS-300 from Dow-Corning, Midland, MI).

A vigorous foaming during the cultivation of B.subtilis DSM 21393 producing fengycins
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was also observed in this project. Some cultivations had to be terminated because of the
clogging exhaust gas filter following by a big increase of the pressure in the bioreactor.
Moreover, oscillating profiles of biomass and fengycin time courses were observed during
several cultivations, that evidenced a significant removal of biomass and product from the
reaction/cultivation environment into the foam. Some chemical antifoam agents as Silicone
antifoam and PPG2000 were used in the first cultivation experiments, whereas PPG2000
was much more effective. However, the utilization of the PPG2000 was not sufficient in
the performed cultivations. The added amount of PPG2000 during cultivations performed
in 9L working volume was between 200-300mL. It was also observed, that the repeated
addition of the antifoam, especially during early exponential phase prohibited cell growth
and led to the break-off of the cultivation.

A mechanical foam destroyer consisting of two perforated and twisted metal blades was
developed and used within this project as an alternative to chemical antifoams. In compari-
son to the most widely used mechanical antifoam devices including rotary devices, cyclones,
jetstreams of liquid or air, and ultrasonic devices, this foam destroyer had a simple design
and did not require high operating cost [Deshpande and Barigou 2000], [Takesono
et al. 2003], [Delvigne and Lecomte 2010], [Gallego-Juárez et al. 2015]. The
application of this mechanical foam destroyer allowed to perform cultivations and to reduce
the addition of the chemical antifoam PPG2000 to a minimum (only 3mL in comparison
to 300mL were added when using the developed mechanical destroyer).

As it was observed by several researchers, the foam generated during production processes
of LPs contained a major part of the synthesized LPs. For example, Coutte et al. [2010]
detected, that only a concentration near CMC (20mgL−1) of fengycins could be measured
in the culture broth of B.subtilis ATCC 21332. Moreover, during vigorous foaming even
no fengycins were measured in the culture broth. The whole produced fengycin amount
(43mgL−1) was recovered from foam [Coutte et al. 2010].

In this project it was observed, that the produced foam contained major part of the target
compound, the fengycin. Therefore, it was decided to collect the foam during the culti-
vation. This allowed to remove the generated foam from the cultivation environment in
order to perform the cultivation without any addition of chemical antifoam agents. Such
techniques called in situ product removal (ISPR) is a valuable strategy enabling to imple-
ment the first downstream step during the cultivation process that could save time and
cost for downstream, and finally make the process more effective. Moreover, this strategy
allows to remove the inhibitory product from the reaction environment as soon as it is
formed [Stark and von Stockar 2003].

The foam removing system developed in this project consisted of a branch pipe which was
connected to the lid of the bioreactor to remove foam from the bioreactor via vacuum pump
and foam collector, which was filled with adsorbent resin Amberlite XAD16. Culture broth
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with cells could be transferred from the foam collector to the bioreactor back. To avoid
the transferring of the XAD-particles into the bioreactor a special round metal filter with
small meshes was developed.

Foam fractionation technique has been already applied during production of LPs. This
technique was first proposed by Cooper et al. [1981], where foam was collected in a
collector-vessel in the air-exhaust line during the cultivation of B.subtilis ATCC 21332. This
allowed the eight-fold increase of surfactin yield from 0.1gL−1 up to 0.8gL−1 [Cooper et al.
1981]. This technique was also applied in other studies for the production of surfactin and
other biosurfactants [Kim et al. 1997], [Davis et al. 2001]. However, Davis et al. [2001]
observed, that during continuous foam fractionation a big amount of cultivation medium
was transported together with foam into the foam collector, that resulted in the break-off of
the performed cultivation already after only 11h. This problem was partly solved in another
study, where in addition to a foam collector a cell recycling via pumping a portion of liquid
from the bottom of the foam collector back into bioreactor and a surfactin precipitation
tank filled with acid to precipitate surfactin from the collected foam were integrated [Yeh
et al. 2006]. A more sophisticated system to retain cells in the cultivation medium was
developed for continuous rhamnolipid production [Heyd et al. 2011]. The biomass was
immobilized in magnetic calcium alginate beads and then separated from the foam via
high-gradient magnetic separation.

It was shown, that not only biomass but also trace metals, especially the divalent ions Fe2+,
Ca2+, and Mg2+ due to their affinity to the LPs are enriched in the foam [Rangarajan
and Sen 2013]. Thus, the application of a recycling system to return the solution containing
cells and trace elements from a foam collector vessel seems to be very important.

Another problem during in situ foam collection is a very slow collapse of the collected foam
in a collection vessel, requiring a large volume of such reservoir [Davis et al. 2001]. For
this reason a special system was developed, which included a separate foam fractionation
column connected to a collection vessel with integrated propellers allowing to brake the
foam just at the entrance of the collection vessel [Chen et al. 2006a]. A 1.5-times higher
surfactin yield was obtained using that ISPR technique [Chen et al. 2006a]. Moreover,
based on the foam removal strategy a fed-batch cultivation approach for the production of
the LP mycosubtilin was developed [Guez et al. 2007]. Thereby 100% of mycosubtilin
could be recovered by foam fractionation.

Also other in situ removal techniques such a in situ adsorption of the produced LPs were
shown to be suitable for surfactin [Liu et al. 2007] and fengycin [Villegas-Escobar
et al. 2013]. Liu. et al. [2007] proposed a fermentation process for surfactin production
with in situ product adsorption onto activated carbon in an external adsorption column. In
a study from Villegas-Escobar et al. [2013] 4% Amberlite XAD 16 resin was added to the
cultivation medium after 24h of cultivation and after 5 days of cultivation the Amberlite
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resin was recovered from culture broth. The further isolation of fengycins was performed
from this resin in the colum by elution with methanol.

The foam fractionation system developed in this project allowed to eliminate the above
mentioned difficulties of the in situ foam fractionation. Thus, the specialty of this in situ
foam fractionation system is a combination of the foam fractionation with a simultaneous
adsorption process of the target substances like fengycin or bacillaene on polystyrene resins
in a foam collector, which allowed to perform the first step of the further downstream process
already during cultivation and to obtain high concentration of the target antibiotics on the
Amberlite resin. Moreover, the liquid residue containing cells and nutrient compounds
but almost no fengycin and bacillaene were easily pumped back to the bioreactor. This
allowed to keep the constant working volume of the bioreactor and to reduce the volume
of the vessel for foam collection. Furthermore, the foam was easily broken via contact with
Amberlite resin in the foam collector by permanent shaking. This all makes the in situ foam
fractionation system easy to use and more efficient than the other ISPR-techniques.

Applying the developed ISPR techniques allowed a four-fold increase in the fengycin yield,
with a maximum concentration of fengycin of 1gL−1. Also the maximum production rate of
15mgL−1h−1 was more than two times higher than that of 7mgL−1h−1 observed during the
cultivation without ISPR. Moreover, this maximum production rate was achieved after 31h
of cultivation much earlier than in the standard cultivation (after 71h). In all performed
cultivations it was clearly seen, that B.subtilis DSM 21393 at first synthesized the polyketide
antibiotic bacillaene, which required a lot of resources from cells. After a sharp decrease in
the bacillaene synthesis, the production of fengycin began. It was clearly seen in experiments
performed with different aeration rates, where decreasing aeration rate negatively influenced
the bacillaene synthesis and as possible consequence of that the synthesis of fengycins
began much earlier. In the experiments with the implemented foam fractionation system
bacillaene was still synthesized but also removed from the culture broth, inducing fengycin
synthesis. Until now very little is known about the physiological function of bacillaene.
Few experiments showed, that bacillaene may act as signal molecule on the intra species
level. It was shown, that bacillaene is a key molecule in the protection of Bacillus cells
from predator Myxococcus xanthus. It was also shown, that co-cultivation of Bacillus and
the predator Myxococcus xanthus Bacillus strains mutated in bacillaene synthesis (non
produced bacillaene) started to build a spore-filled megastructure, which protect Bacillus
from predation much earlier [Müller et al. 2015].
In this project due to the bacillaene removal from the culture broth, cells, in order to protect
themselves before sporulation, might induce the synthesis of the antifungal antibiotics such
as fengycins earlier.

In comparison to fengycin, bacillaene yield was only 1.5 higher than that without the ISPR-
system. Also maximum production rates of bacillaene achieved during cultivation with or
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without foam fractionation were similar. The developed foam fractionation system was very
effective to recover fengycin from culture broth. A 5 times higher fengycin amount was
measured on the Amberlite resin than in the culture broth. For recovering bacillaene this
ISPR-system was less effective, only 1.7 times higher bacillaene amount was detected on
the adsorber resin at the end of cultivation.

It has to be underlined, that this ISPR technique was the first attempt to develop an in
situ foam removing system for fengycin production.

6.4.1 Other process strategies for fengycin production and maxi-

mum fengycin yields achieved in other studies

The developed production strategies to enhance LPs yields can be mostly divided in two
groups: first were based on the foam fractionation and the second, where foam is suppressed
by different strategies.

The first group was already discussed. Another group includes LP intensification processes
such as membrane bioreactors, utilization of cell immobilization and other strategies based
on the critical parameters such as oxygen availability or certain nutrient compounds (Tab.6.2).

Membrane based bioreactors were developed in a study from Coutte et al. [2010]. A
conventional bioreactor was connected to an external aeration module containing hollow
fibers made from polyethersulfon or polypropylene, where the culture flowed inside and air
outside of these fibers or vice versa (Tab.6.2). The strategies applying cell immobilization,
where bacteria are grown as biofilms either on solid particles distributed in a bioreactor or
on the surface of the bioreactor, for example on the rotating disc contactors, was shown to
be effective for fengycin production [Chtioui et al. 2012], [Chtioui et al. 2014]. The
foamless process development of LP was proposed by Lee and Kim [2004], where H2O2 as
an oxygen source was used. Moreover, vegetable oil and Ca-stearate were added to the
system as antifoam agents and also oxygen vectors.

The comparison of the maximal fengycin yield of 1gL−1 achieved in this project with those of
other process intensification strategies showed, that the bioprocess for fengycins developed
in this study is one in of the most effective and provided high fengycin yield.

6.5 Application of Flounder as a downstream technique

for the recovery of fengycins

For many bioprocesses the major cost (more than 60%) during the whole production process
occurs during downstream process operations where the target product should be separated
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Table 6.2: Fengycin yields archived in several studies

Strains Conditions Fengycin
yield
[mgL−1]

Reference

B.subtilis ATCC 21332
bubbleless membrane re-
actor
with external aeration via
hollow fibers

393 [Coutte et al. 2010]

B.subtilis ATCC 21332 foam free modified rotat-
ing discs bioreactor

787 [Chtioui et al. 2014]

B.subtilis ATCC 21332 foam free rotating discs
bioreactor

838 [Chtioui et al. 2012]

B.subtilis ATCC 21332 under controlled oxygen
supply

300 [Fahim et al. 2012]

B.subtilis BBG21***
(spontaneous mutant
of B.subtilis ATCC
21332)

carbon source: mannitol
nitrogen source:
urea/NH4Cl
oxygen limitation

480 [Yaseen et al. 2016]

B.subtilis M4 optimized complex
medium

450 [Ongena et al. 2005b]

B.subtilis F29-3 carbon source - mannitol
nitrogen source - NaNO3

soybean meal

3500* [Wei et al. 2010]

B.megaterium MTCC
8280

two-phase batch cultiva-
tion: first phase- under
high oxygen supply, sec-
ond phase- oxygen limita-
tion via surface aeration

3952** [Rangarajan et al. 2015]

"*" fengycin purification method contained several discrepancies
"**" a turbidimetric method was used for the determination of concentrations
"***" a strain, which overproduces fengycins

and purified [Coutte et al. 2017]. The reasons for this are the requirement of a very
high product purity that needs several purification steps and often high dilution rates of the
target product in the reaction environment that makes the downstream process ineffective
[Woodley et al. 2008].

The most commonly used biosurfactant recovery techniques are: extraction with solvents
(chloroform-methanol, butanol, ethyl acetate etc.) [Cirigliano and Carman 1985]; [Li
et al. 1984], precipitations with acids or ammonium sulfate [Kuyukina et al. 2001];
[Mukherjee et al. 2006]; [Javaheri et al. 1985], foam fractionation [Noah et al.
2002]; [Davis et al. 2001]; [Cooper et al. 1981], ultrafiltration [Sen and Swami-
nathan. 2005]; [Mulligan and Gibbs 1990], the adsorption-desorption processes on
polystyrene resins or activated carbon [Reiling et al. 1986]; [Dubey et al. 2005], and
crystallization [York and Firoozabadi 2008], [Tulloch et al. 1967]. Coutte et al.
[2017] recently published a summary of the purification methods developed and applied
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for LPs (Tab.6.3). The above mentioned purification techniques exhibit several disadvan-

Table 6.3: A summary of the purification techniques applied for lipopeptides
[Coutte et al. 2017]

Purification tech-
niques

Lipopeptides Possibility of
continuous
coupling with
production

Lipopeptide
recovery [%]

Lipopeptide
Purity [%]

Acid precipitation Surfactin No 97 55
Foam extraction and
fractionation

Surfactin
Mycosubtilin
and Surfactin

Yes
Yes

70-100
100

NC
NC

Adsorption Surfactin
Fengycin
Iturin

Yes
Yes
Yes

20-60
NC
NC

78
77
68

Ultrafiltration Surfactin
Mycosubtilin
and Surfactin

Yes
Yes

90
95

95
80-95

Hybrid acid precip-
itation and ultrafil-
tration

Surfactin
Fengycin

No
No

87
NC

85
95

Hybrid salting-out
and ultrafiltration

Surfactin No 80 60

Hybrid adsorption
and ultrafiltration

Surfactin Yes 95 88

Ultrasound-assisted
extraction

Iturin A and
Fengycin

No 100 NC

Liquid membrane
extraction

Surfactin and
Fengycin

Yes 75-97 NC

NC- not communicated by the authors

tages such as high complexity (purification using hybrid methods) as well as release of
hazardous wastes (extraction with organic solvents or acids) or causing high downstream
costs (ultrafiltration, chromatography).

The new separation technique applied in this project based on the surface active properties
of the LPs called Flounder could be used as an effective, cheap and environmentally friendly
alternative.

6.5.1 Flounder

Primarily, it was developed for the removal of surface-active impurities from surfactant so-
lutions [Lunkenheimer et al. 2004], [Lunkenheimer et al. 1987]. This method was
successfully applied for the removal of surfactant contaminations in solution [Priester
et al. 1998], [Lunkenheimer 2002], [Prosser et al. 2004]. It was shown that the sur-
factants generally contained traces of their more surface-active parent components. These
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trace impurities influenced the surface properties of the surfactant solution. Therefore, the
surfactants should be additionally purified to obtain the state of "surface-chemical purity".
In the above mentioned publications the surface-chemical pure surfactants were obtained
due to the removal of surface-active impurities using the Flounder. The Flounder was also
successfully applied for the isolation of the native surface film of human bronchoalveolar
lavage fluid [Winsel et al. 2004], [Winsel et al. 2003].

The enrichment of surface active compounds at an air/liquid-interface using Flounder opens
a new way for the separation and/or extraction of specific surface active compounds from
a solution. This is of particular interest for LPs, which are produced in relatively low
concentrations and often being present as complex mixtures.

In this project the ability to remove fengycin efficiently from cell-free culture centrifugates
as well as from broths of B. subtilis cultures was investigated. Moreover, the possibility to
separate the lipopeptide antibiotic fengycin from the polyketide antibiotic bacillaene using
the Flounder techniques was of special interest in this project. The obtained results showed
that fengycin could be successfully concentrated in the collected fractions. The fengycin
concentration in these fractions was four times higher than in the culture centrifugate.
Moreover, fengycin due to its stronger surface activity could be separated from the less
surface-active bacillaene. Furthermore, a stepwise increase of the equilibrium surface tension
in the centrifugate from 29 to 33 mN/m indicated a fractionated separation of different
surface active compounds.

The harvesting of the biosurfactants adsorption layers using the Flounder is an alternative
approach to such a common purification technique as extraction. The partition coefficient
K for LPs in aqueous two-phase systems ranges between 2 and 5 [Drouin and Cooper
1992], [Kuboi et al. 1994], [Sinha et al. 2000]. These are comparable values to Floun-
der experiments. In contrast to two-phase systems, no phase partitioning compounds are
necessary. The presence of cells only slightly influences the separation efficiency in Floun-
der experiments, which is in contrast to extraction procedures, where cells can halve the
mass transfer [Pursell et al. 2004]. Also the comparison of Flounder with foam frac-
tionation, performed as not in situ modus, showed, that foam fractionation allowed to get
fractions with higher concentrations of the fengycin and bacillaene but could not provide
the separation of the two antibiotics.

Thus, the Flounder can be a good alternative to the conventional purification techniques
(extraction, precipitation etc.) as well as to the new purification methods (hybrid methods,
ultrafiltration etc.). Usually Bacillus strains produce several LP families, which makes the
purification/separation procedure especially difficult and expensive. The utilization of the
Flounder for this purpose could be a good and cost-effective alternative. Additionally, in
screening processes, the Flounder can be a valuable technique whenever low surfactant bulk
concentrations lead to difficulties in further analytical procedures.
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6.6 Performance of scale-up for fengycin production

The last step in the process development of the biological products is scale-up. Several
authors showed, that during cultivation in a larger scale the biomass and product yields
as well as the cell viability may be essentially decreased in comparison to the small scale
cultivations [Enfors et al. 2001], [Hewitt and Nienow 2007]. The reasons for these
are different mass transfer conditions (oxygen and mass transfer rate, mixing time etc.) and
oscillation stress, which occur at large scale cultivations. Therefore, it is very important,
first to define the parameters for scale-up and then to investigate the metabolic state
of the cultivated cells under oscillating conditions using such techniques as scale down
simulators [Neubauer and Junne 2010], [Junne et al. 2011].

There are some criteria or parameters to perform scale-up. The most common are volumet-
ric power consumption and oxygen transfer rate (kLa) [Marques et al. 2010]. But also
some other criteria such as constant Reynolds number (Re), constant impeller tip speed and
equal mixing as well as recirculation time are used to achieve a successful process transfer
to a larger/industrial scale [Marques et al. 2010].

The most important and applied scale up parameter is power input per volume (P/V),
which will be kept constant. The scale-up of the fengycin production process in this project
was performed based on the constant volumetric power consumption (P/V). Moreover,
almost all experiments during this PhD project were performed in malt-/potato extract
medium. But for a larger scale as a 10L bioreactor the preparation of potato extract is
not practicable. Therefore, potato fruit juice (PFJ), a side-product in starch production,
was chosen as an alternative substrate for potato extract. The cultivation performed in a
medium containing malt extract and PFJ showed good fengycin yields up to 550mgL−1 in
shake flask experiments. It is important to mention, that a cultivation medium can account
for 10-30% from the overall process [Mukherjee et al. 2006]. The utilization of the
PFJ, a side-product from starch production, can sufficiently reduce the production cost for
fengycin.

A cultivation process with depleted oxygen conditions could not be realized because of
the technical reasons in a 150L bioreactor. Therefore, it was decided first to establish a
standard cultivation procedure in the 150L bioreactor. A cultivation using the scale-up
medium containing malt and PFJ was first performed in the 10L bioreactor.

The applied malt/PFJ medium was not optimal for bacillaene synthesis, which could be
seen in a relatively poor bacillaene yield. Only up to 100mgL−1 were yielded in those cul-
tivations. This was almost about 25% of that for malt-/potato extract medium (Tab.6.4).
In contrast to bacillaene the fengycin yield was somewhat higher for the medium containing
PFJ. Bacteria usually produce several secondary compounds. It has been shown, that the
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Table 6.4: Growth parameters as well as fengycin and bacillaene yields achieved in different
reactor vessels and different media

Parameters Shake flasks 6L scale (10L bioreactor) 60L scale (150L
bioreactor)

Medium MP M/PFJ MP M/PFJ PFJ
OD 13 (46h) 20 (200h*) 15 (70h) 20 (70h) 18 (72h)
µmax 0.16(10h) 0.14(10h) 0.12(16h) 0.19(8-16h) 0.14(11h)
Fengycin yield
[mgL−1]

325 550 235 269 273

Start of fengycin
synthesis [h]

≤46 ≤70 68 44 40

Bacillaene [mgL−1] 100 100-200 395 67-92 108
MP- malt-/potato extract
PFJ- potato fruit juice
time in bracket - time at which the corresponding value was achieved
"*" - a different composition of the pre-culture

conditions being favorable for the production of one compound must not nesessarily be
optimal for the production of others [Duffy and Défago 1999], [Jackson 1997]. For
some compounds it is challenging to find a medium composition optimal for the produc-
tion of various target compounds. So for example P.fluorescense CHA0 in the presence of
glucose as carbon source induced production of DAPG and repressed synthesis of pyolute-
orin [Schnider-Keel et al. 2000].

The good scalability of the performed cultivations could be seen in similar fengycin/bacillaene
yields achieved in 10L and 150L bioreactors (Tab.6.4.)

Interestingly, the fengycin synthesis during cultivation in malt/PFJ medium performed in
bioreactors began at 44h, about 24h earlier than during the cultivation performed with
malt-/potato extract medium. The same effect was seen during cultivation under applying
a diminished aeration rate (DOT was decreased to 30% during the exponential growth
phase). A possible reason for this could be the much lower bacillaene yields of 67-108mgL−1

(Tab.6.4). In comparison to this 400mgL−1 were achieved during standard cultivation in
malt-/potato medium. A study from Müller et al. [2014], [2015] showed, that bacteria
like Bacillus are able to demobilize their protection mechanisms much earlier as seen in this
study (fengycin synthesis began eralier) if the bacillaene was not produced or its production
was repressed.

While comparing the fengycin yields achieved during bioreactor cultivations and in shake
flasks, it could be seen, that the maximum detected concentrations of fengycin in bioreactors
were lower than those in shake flasks. This clearly shows a potential to increase the fengycin
yield during cultivation processes in a bioreactor. This could be achieved under further
optimization of the oxygen transfer rate in the bioreactor cultivations (decreasing of DOT
value to 30% or even lower during late exponential phase).
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It has to be underlined, that this cultivation was a first attempt to show the fengycin
synthesis on a higher scale than 10L. The production of LPs was extensively studied in batch
mode at a scales between 100mL in shake flasks and 10L in a bioreactor, whereby the focus
was on the optimization of the media compounds and other cultivation parameters, such as
pH, temperature etc. [Rangarajan and Clarke 2015]. Almost all cultivation processes
and process intensification strategies in order to produce LP fengycin were performed at
the lab-scale [Rangarajan and Clarke 2015].

The maximum concentration of fengycin achieved in this project was almost 1gL−1 in exper-
iments performed with the integrated foam fractionation system. Thereby, the cultivations
were performed in malt-/potato extract medium and under conditions without oxygen de-
pletion. The comparison of the data summarized in Tab.6.4 allows to make an assumption,
that by applying in situ foam fractionation system in cultivation performed in malt/PFJ
medium and under oxygen depleted conditions the fengycin yield could be increased twice
up to 2gL−1 or even higher.
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Conclusions

The main goals of this project were achieved. It was shown, that potato plants harbored
diverse endophytic Bacilli producing antibiotic substances - fengycin and bacillaene. A
cost-effective bioprocess design for production of LP fengycin with a product yield up to
1gL−1 was developed. The main results of this work are summarized:

• Several bacterial strains having strong antifungal activity could be isolated from
potato tubers. One of them, which was chosen for further investigation, was identi-
fied as B.subtilis and was deposited under number DSM 21393 Bacillus subtilis subsp.
subtilis at the public collection of the DSMZ (GmbH, Germany).

• Substances having antifungal activities could be purified and after structure determi-
nation identified as lipopeptides called fengycins. The structure elucidation could be
performed for one fengycin homologue, that was synthesized at the highest concentra-
tion - Fengycin C17B (Fengycin XII). Other fengycins were also produced at slightly
lower concentrations: Dehydroxyfengycin C17B and C-16 Fengycin B Val in saturated
and unsaturated form. Fengycins C15A, C16A (in saturated and unsaturated form),
and C17A were detected in much lower concentrations.

• Another group of antibiotics which belong to the polyketide antibiotics called bacil-
laene was detected during purification experiments. Both antibiotics of this group,
Bacillaene A and its glycosylated form (Bacillaene B) were produced by the isolated
strain B.subtilis DSM 21393. Thereby, Bacillaene A was synthesized in much higher
concentrations.

• A purification protocol based on the solid phase extraction using Amberlite XAD16
suitable for analysis of large number of samples was established.

• A bioprocess could be developed for the production of fengycin, starting from the
optimization of media and cultivation conditions via the establishment of a cultivation
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process using an in situ product removal (ISPR) strategy by foam fractionation till a
downstream process using a unique device called Flounder.

• Different complex media (malt extract, potato extract, molasses and combinations
thereof) were tested. Malt-/potato extract medium (malt extract: 30gL−1 and potato
extract: 500mLL−1) provided the highest fengycin yield. Cultivation performed in
shake flasks in malt-/potato extract yielded 285mgL−1 of fengycins after 46h of culti-
vation (maximal concentration of 325mgL−1 was measured after 120h of cultivation).
During cultivations in a 10L bioreactor maximum concentration was 235mgL−1. For
a bigger scale the preparation of potato extract was not practicable. Therefore, a
side-product from starch production, potato fruit juice (PFJ), was used. Fengycin
yield up to 550mgL−1 could be achieved by applying growth medium containing malt
extract and PFJ.

• Polyketide antibiotic bacillaene was detected in high concentration up to 400mgL−1

in malt-/potato extract medium during cultivation in a 10L bioreactor. This concen-
tration is till now the highest detected concentration of bacillaene.

• The optimal temperature to achieve a high fengycin yield was found to be 25◦C. Also
the optimal amount of pre-culture was set up at an OD600 of 0.25.

• It was detected, that aeration strategy during cultivation is a very important factor for
the production of antibiotics like fengycin and bacillaene. The high aeration rate was
favorable for bacillaene synthesis whereas the limited aeration rate induced and even
increased the fengycin synthesis rate. Experiments were performed by decreasing
aeration rate during exponential phase to a DOT value of 30%. The 10h limited
aeration interval led to a decrease in bacillaene concentration down to 40mgL−1. In
comparison to this, the maximum concentration of fengycin remained the same as
during the standard cultivation. But the maximum fengycin synthesis rate detected
at 33h during the aeration limited cultivation was less than half the time of the 71h
during the standard cultivation. Moreover, the process selectivity toward fengycin
production could be increased from 37% up to 82% by decreasing the aeration rate.

• A mechanical foam destroyer consisting of perforated and twisted metal blades was
developed and built within this project as an alternative to chemical antifoams. The
application of this mechanical foam destroyer allowed to perform cultivations and to
reduce the addition of the chemical antifoam PPG2000 to a minimum.

• In this project an in situ product-removal (ISPR) strategy based on foam collection
was developed. The specialty of this system was the combination of the foam frac-
tionation with the adsorption-desorption process on polystyrene resins, which is more
efficient than other commonly used ISPR techniques. Using this ISPR technique
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fengycin yield was increased up to 1gL−1. This allowed a stable and efficient cultiva-
tion process of B.subtilis DSM 21393 under intensive foaming conditions without the
need to add anti-foam agents. It could be shown that using this ISPR strategy a big
increase in the yield of fengycin (four times higher than in the standard cultivation)
was achieved. Also bacillaene yield could be increased (1.4 times). Moreover, using
this integrated foam removing system the fengycin synthesis began 40h earlier than
in the standard cultivation (already after 24h).

• A novel device Flounder could be efficiently applied to separate and concentrate
fengycin based on a removal and separation of biosurfactants from the culture broth
by compressing and harvesting of the liquid surface layer. The fengycin concentra-
tion in the collected fractions was found to be four times higher than in the culture
centrifugate. Of the overall fengycin, 50%(w/w) were recovered after 300 cycles,
95%(w/w) after 800 harvesting cycles. A simultaneous purification with respect to
bacillaene could be achieved. The utilization of the cell containing culture broth
instead of centrifugate had only slight effect on the separation efficiency. These
results demonstrated the possibility of separation and concentration of fengycin di-
rectly from the cultivation without the use of extraction solvents or other separation
methods. Since the Flounder application does not involve any solvents, the method
can be assumed to be cost effective compared to the liquid extraction systems and
precipitation.
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Outlook

The bioprocess design for the production of fengycin established in this project allowed to
achieve a maximum of fengycin yield up to 1gL−1. But during optimization experiments it
was seen, that this fengycin yield could be increased at least two times or even more. For
this purpose a further optimization can include the following steps:

• The medium suitable for a larger scale cultivation based on malt and PFJ should be
further investigated. Such techniques as statistical experimental design (full factorial
design, Plackett Burman design) or artificial neural network (ANN)- coupled medium
optimization techniques [Chen et al. 2015] should be used during those optimization
steps of the cultivation medium.

• Temperatures between 25◦C and 30◦C should be investigated.

• It was seen, that the aeration had a crucial influence on the fengycin synthesis. The
limitation of the performed aeration to a DOT value of 30% for 10h during the expo-
nential phase positively influenced the fengycin production by inducing the fengycin
synthesis at 33h of cultivation instead at 71h during the standard cultivation proce-
dure. However, it was observed, that some lower concentrations of fengycin were still
detected in the bioreactor cultivations in comparison to the shake flasks. This is a
reason to perform further optimization experiments to find out an optimal aeration
strategy for fengycin synthesis (for example, longer depletion phase at different aer-
ation rates during exponential growth phase). Furthermore, the investigation of the
influence of the oxygen transfer rate on fengycin synthesis could be performed in a
scale down simulator, such as the connection of a stirrer tank reactor to a plug flow
reactor, where different oxygen limitation conditions can be simulated [Neubauer
and Junne 2010], [Junne et al. 2011].

• Before transferring this production process to a larger scale the in situ foam frac-
tionation system has also to be upscaled. To intensify the foam removing process a
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second foam removing tube can be integrated.

• The purification of fengycin homologues using Flounder can be further investigated.
This can be useful for the separation and purification of fengycins from other LPs
exhibiting higher surface activity than bacillaene. This could be very relevant for
many Bacillus strains producing several families of LPs.

• Furthermore, a combination of foam fractionation with the Flounder system to achieve
higher fengycin yield as pure substance could be investigated.

• The production yield of fengycins can be further increased by changing the batch-
cultivation conditions to a fed-batch mode. For this purpose the sporulation gen
Spo0A of B.subtilis DSM 21393 should be knocked-out and then a non-sporulating
mutant could be taken for the fed-batch process.

• Molecular detection approaches such as application of specific primers could be ap-
plied during optimization of the cultivation conditions of the fengycin synthesis rate.
For fengycin detection some specific polymerase chain reaction (PCR) primers were
designed to detect the presence of the fenD gene of the fengycin operon [Rama-
rathnam et al. 2007].
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Appendix A

The sequence of the isolated strain "Nr.9"

>3529187.seq - ID: 2333-M13-FP on 2008/4/4-7:43:11 automatically edited with Phred-
Phrap, start with base no.: 42 Internal Params: Windowsize: 20, Goodqual: 19, Badqual:
10, Minseqlength: 50, nbadelimit: 1

gcaagTCGAGCGGACAGATGGGAGCTTGCTCCCTGATGTTAGCGGCGGAc GGGTGAGTAA-
CACGTGGGTAACCTGCCTGTAAGACTGGGATAACnnng GGAAACCGGGGCTAATACCG-
GATGGTTGTTTGAACCGCATGGTTCAAACA TAAAAGGTGGCTtcgGCTACCACTTACA-
GATGGACCCGCGGCGCATTAGC TAGTTGGTGAGGTAACGGCTCACCAAGGCAACGAT-
GCGTAGCCGACCTGA GAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTC-
CTACGGG AGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAAC
GCCGCGTGAGTGATGAAGGTTTTCGGATCGTAAAGCTCTGTTGTTaggGA AGAACAAG-
TACCGTTCGAATAGGGCGGTACCTTGACGGTACCTAACCAGA AAGCCACggctAAct
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Appendix B

Lipopeptide antibiotic fengycin and its properties

Physico-chemical properties of fengycin

Fengycin is a colorless powder. It is soluble in polar organic solvents, e.g., methanol, ethanol
and dimethylformamide, slightly soluble in dichlorometane and tert-butanol, insoluble in
water, acetone and diethylether. The melting temperature of fengycin is 188◦C, whereby
its color is changing to red [Vanittanakom et al. 1986].
Fengycin is highly stable, no loss of activity was observed at -18◦C within five months.
However, the stability of fengycin decreases at a pH below 4 after two days. As a solid
residue fengycins are stable at room temperature for months, dissolved in methanol - for
weeks and in weakly acidic and alkaline solutions - for several days [Vanittanakom et al.
1986].

Fengycin structure harbors three amino acids which can be protonated or deprotonated
depending on pH (Fig.B.1). At neutral pH fengycin has two negatively charged glutamic
acids and one positively charged ornithine.

Figure B.1: Chemical structure of fengycin C17B showing the charges of amino
acids.
L-Glu: L-Glutamic acid, D-Orn: D-Ornithine, D-Tyr: D- Tyrosine, D-allo Thr: D-allo- Threonine, D-Val: D-
Valine, L-Pro: L-Proline, L-Gln: L-Clutamine, L-Tyr: L-Tyrosine, L-Ile: L-Isoleucine. Line circles show the
charges of amino acids, which can be protonated/deprotonated.

Some antimicrobial activities of fengycins are summarized in Tab.B.1.
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Table B.1: Antimicrobial spectrum of fengycin
Strains Diameter of inhibition

[mm] or MIC [µgmL−1]
References

Absidia carymbifera 26.1mm±1.88 [Sun et al. 2006]
Alternaria alternate 17.9mm±1.0 [Hu et al. 2007]
Alternaria kikuchiana 10µgml−1 [Vanittanakom et al. 1986]
Aspergillus niger A01 20.4mm±0.67 [Sun et al. 2006]
Aspergillus niger A02 22.4mm±0.71 [Sun et al. 2006]
Aspergillus ficuum 28.9mm±2.03 [Sun et al. 2006]
Aspergillus oryzae 24.1mm±1.52 [Sun et al. 2006]
Botryodiplodia theobromae 11.2mm±0.76 [Sun et al. 2006]
Botrytis cinerea(tomato phy-
topathogenic fungus)

24.2mm±1.43 [Sun et al. 2006]

Colletotrichum musae 12.5mm±0.4 [Hu et al. 2007]
Conidiobolus coronatus 3.16µgml−1 [Vanittanakom et al. 1986]
Endomycopsis 18.9mm±1.04 [Sun et al. 2006]
Erysiphe graminis hordei(rice
sheath slight)

17.3mm±1.44 [Sun et al. 2006]

Fusarium culmorum(tomato
phytopathogenic fungus)

29.6mm±2.23 [Sun et al. 2006]

Fusarium graminearum 12.8mm±0.5 [Hu et al. 2007]
Fusarium oxysporumf
sp.niveum

8.0mm±1.2 [Hu et al. 2007]

Fusarium moniliforme 12.0mm±0.2 [Hu et al. 2007]
Fusarium sp. 10µgml−1 [Vanittanakom et al. 1986]
Mucor wutungkiao 24.9mm±1.34 [Sun et al. 2006]
Magnaporthe grisea(rice
blast)

21.1mm±1.45 [Sun et al. 2006]

Penicillium expansum 13.6mm±0.86 [Sun et al. 2006]
Penicillium italicum(apple rot
fungus)

19.68mm±1.33 [Sun et al. 2006]

Penicillium notatum 16.4mm±1.28 [Sun et al. 2006]
Physalospora piricola 14.9mm±0.4 [Sun et al. 2006]
Phytophora capsici 14.4mm±0.4 [Hu et al. 2007]
Pythium ultimum strong [Ongena et al. 2005b]
Pyricularia oryzae 1.0µgml−1 [Vanittanakom et al. 1986]
Rhizoctonia solani 10.4mm±0.4 [Hu et al. 2007]
Rhizoctonia solani 3.16µgml−1 [Vanittanakom et al. 1986]
Rhizopus arrzus 19.7mm±1.55 [Sun et al. 2006]
Rhizomucor miehei 10µgml−1 [Vanittanakom et al. 1986]
Sclerotinia sclerotiorum 14.4mm±1.0 [Hu et al. 2007]
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During purification experiments several substances having antifungal activity were isolated
and analyzed using mass spectrometry (Fig.B.2). It was assumed, that these substances
may belong to the antibiotic family fengycin.

Figure B.2: Mass chromatogram of a fraction obtained during purification
A. represent simply charged ions; B. represent doubly charged ions
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Appendix C

Influence of too low aeration rate during cultivation on the fengycin

synthesis

Figure C.1: Time course of growth and process parameter of B.subtilis DSM
21393 cultivated in a 10L bioreactor under too low aeration rate.
Cultivation was performed using malt-/potato extract medium (9L working volume) at 25◦C; pH was ad-
justed to 7. Vertical bold black lines show the cell morphology. Vertical thin lines show begin of foam
building and addition of antifoam agent. At the beginning of cultivation the aeration flow rate was set up
0.5vvm. After 26h of cultivation the DOT control of 30% was switched on and the flow rate was decreased
to 0.05vvm till the end of cultivation.

During experiments for optimization of the aeration flow rate in order to achieve a good
fengycin yield a cultivation was performed, where the aeration flow rate was decreased to a
very low value at 26h of cultivation till the end of cultivation (Fig.C.1). Only poor growth
and no fengycin synthesis was observed during this cultivation. This allowed to make the
conclusion, that this aeration rate was too low for an optimal growth and a good antibiotic
production by B.subtilis DSM 21393.
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Appendix D

Calculation of stirrer speed for a 150L bioreactor by performing the

scale-up

Scale-up will be performed based on the following criteria such as power input per volume,
kLa, mixing time etc. The most important and applied scale up parameter is power input per
volume (P/V), which will be kept constant. To scale up the cultivation process established
for a 10L bioreactor to a 150L bioreactor the aeration rate was kept constant, but the
stirrer speed for 150L bioreactor had to be calculated in order to achieve similar conditions
as in a 10L bioreactor. The stirrer speed for a 150L bioreactor was calculated based on the
constant volumetric power input.

Power input into the bioreactor (P ) can be calculated from the equation for the Newton
number:

Ne =
P

n3d5ρ
(D.1)

where, n is stirrer speed, d is diameter of stirrer and ρ is medium density. The bioreactor
volume (V ) can be calculated by the following equation:

V = π
D2

4
H (D.2)

where, D is the diameter of a bioreactor and H is the bioreactor height. Making the
assumption, that all parameters H, D and d will be similarly increased (using the same
factor) to perform scale up, the following correlation for V can be obtained:

V ∼ d3 (D.3)

Combining of Eqs.D.3 in a Eqs.D.1 gives:

P

V
∼ n3d2 (D.4)
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Appendix

The scale-up criterium is:

P

V
= const (D.5)

The insertion of Eqs.D.4 into Eqs.D.5 gives:

n3
smd2

sm = n3
lard

2
lar (D.6)

where, nsm, nlar are stirrer speeds and dsm, dlar are diameters of the stirrer in small and
large biorectors, respectively.

The stirrer speed for a large bioreactor can be calculated from Eqs.D.6 as follows:

nlar

nsm

= 3

√
(
dsm

dlar

)2 (D.7)

For 10L and 150L bioreactors are: dsm= 0.08m, dlar= 0.150m and nsm = 600min−1. Then,
applying Eqs.D.7 nlar will be calculated as 360min−1.
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