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ABSTRACT

e-POLY-L-LYSINE PRODUCTION IN STATIC AND AGITATED CULTURES
WITH DIFFERENT OPERATION MODES

Biopolymers have expanded in the global industry over the past two decades, because of its
usage areas, durability, and price. Most of the biopolymers can be collected and/or extracted
from natural sources. However, some of them are produced by microorganisms.
Homopolymers are polymeric molecules in which one type of chemical repeat unit or
monomer is repeated many times. Homopolymers are the most difficult to produce and due
to high cost. e-Poly-L-Lysine (e-PL) is a natural food preservative and high yield
antimicrobial agent produced from a fermentation process using Streptomyces albulus. e-PL
is a homopolymer of L-lysine, one of the basic amino acids and is a lysine straight chain
polymer. e-PL contains 25-35 L-lysine monomer which is linked by e-amino bond coupled
with a e-amine to L-lysine. In this study, it was aimed to compare e-PL production using
Streptomyces albulus under static and agitated cultures. Beyond that a different operation
mode with 3 different strategies were studied. In semi-continuous operation mode
experiments glucose feeding, pH control under sugar free media and glucose feeding with
pH control strategies were studied. High Performance Liquid Chromatography (HPLC) was
used for determination of &-PL. Also, biomass, sugar, and nitrogen contents were followed
by cell dry weight, sugar analysis based on DNS method, and Nessler’s reagent, respectively.
The antimicrobial activity of the produced e-PL was tested. Based on results, it was found
out that the production with agitation was more efficient than static one. According to the
results of the study, the amount of e-PL produced by agitated culture is 3 times higher than
the static culture. According to semi-continuous operation mode results, glucose feeding
strategies production result was 0.33g/L, in second strategy which was pH control with sugar
free media, the production amount was 0.51g/L for the third strategy which was glucose
feeding with pH control, the production amount was 0.45g/L at most. The novel result of the
study is that production with static culture can be increased with different surface

area/volume ratio.



OZET

£-POLY-L-LiZIN URETIMININ STATIK VE KARISTIRMALI KULTURLERDE
FARKLI OPERASYON MODLARI iLE YAPILMASI

Biyopolimerler kullanim alanlarindan, dayanikliliklarindan ve fiyatlarindan dolay1 kiiresel
endiistrideki son yirmi yilda biliylime gostermistir. Biyopolimerlerin ¢ogu dogal
kaynaklardan toplanabilir ve/veya ekstrakte edilebilir. Ancak, bazilart mikroorganizmalar
tarafindan tretilir. Homopolimerler, bir tiir kimyasal tekrar {initesinin veya monomerinin
bir¢ok kez tekrarlandigi polimerik molekiillerdir. Homopolimerler {iretilmesi en zor olanidir
ve maliyeti yiiksektir. e-Poly-L-Lisin (e-PL), Streptomyces albulus kullanilarak yapilan bir
fermantasyon isleminden iiretilen dogal bir gida koruyucusu ve yiiksek verimli
antimikrobiyal maddedir. e-PL, bazik amino asitlerden biri olan L-lisinin bir
homopolimeridir ve bir lisin diiz zincir polimeridir. e-PL, bir e-amin ile L-lisine, e-amino
bagi ile baglanmig 25-35 L-lisin monomeri igerir. Bu ¢aligmada, Streptomyces albulus
kullanilarak e-PL {iretiminin statik ve ajite edilmis kiiltiirler altinda karsilastirilmasi
amaglanmistir. Bunun 6tesinde, 3 farkli stratejiyle farkli bir operasyon modu incelenmistir.
Yar siirekli calisma modunda, glukoz beslemesi, sekersiz ortamlarda pH kontrolii ve glukoz
beslemesi ile pH kontrol stratejisi incelenmistir. e-PL tayini i¢in Yiiksek Performansli Sivi
Kromatografisi (HPLC) kullanildi. Ayrica, biyokiitle, seker ve azot igerigini sirasiyla hiicre
kuru agirhigi, DNS ydntemine gore seker analizi ve Nessler reaktifi ile takip edildi. Uretilen
e-PL’nin antimikrobiyal aktivitesi test edildi. Elde edilen sonuglara gore, ajitasyonlu
tiretimin statik iiretimden daha verimli oldugu tespit edildi. Calismanin sonuglarina gore,
ajite edilmis kiiltiirlin Urettigi e-PL miktar statik kiiltiirden 3 kat daha fazladir. Yari-stirekli
calisma modu sonuglarina gore, glukoz besleme stratejisi ile yapilan tiretim sonucu 0.33 g/L,
sekersiz ortam ile pH kontrolii olan ikinci stratejide 0.51 g/L, pH kontrol ile glikoz beslemeli
ticlincii strateji igin tiretim miktar1 0.45 g/L’dir. Calismanin 6zgiin sonucu, statik ylizeyli

iretimin farkli ylizey alani/hacim oraniyla arttirilabiliyor olmasidir.
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1. INTRODUCTION

1.1. &POLY-L-LYSINE

Today, polymers are produced by microorganisms with high efficiency. Homopoly
(aminoacid) and homooligo (aminoacid) are the most difficult to produce and are the most
rare species that deserve the most attention. Subspecies of homopoly can be sorted the into
poly(e-L-lysine) (e-PL), poly(c-glutamicacid) (c-PGA), poly(c-L-diaminobutanoic acid),
and poly (L-diaminopropionic acid) (PDAP) [1-3]. e-PL is a homopolymer, represented by
peptide bonds between the alpha-carboxyl and e-amino groups of L-Lysine. Today, -PL is
useful for many fields and is an interesting research topic. These fields can be listed mainly
as food industry, medicine, material engineering and electronics. The practices in these areas
are continuing for every living thing and increasing our quality of life day by day [4-6]. ¢-
PL can be produced easily by many microorganisms. The microorganism which obtained
the title of specific producer by providing the most efficient production results is
Streptomyces albulus. The production results of the studies collected were shown in Table
1.1

Due to the antibacterial and antimicrobial properties of &-PL, it has been preferred by many
researchers. As an example it has been a novel discovery by experimenting with rats made
by Hiraki in 1995 and 2000. Experiment has been shown us the food preservative and food

additive properties of e-PL [7,8].

Table 1.1. Efficiency comparison of microorganisms that are e-PL producer

Strain Production Molecular Key Process References
(g/L) Weight (kDa)
S. albulus S410 48.30 3.2-45 pH control Kahar et al.
strategy (200D)[9]




S. albulus 20.2 1.5-45 Pulsed feeding Jiaetal.
TUST2 strategy (2009)[10]
Streptomyces 35.24 421 Agro-industrial Ren et al.
sp.M-Z 18 by-products (2014)[11]
applications
Kitasataspora 34.10 5.05 Continuous Zhang et al.
sp. MY 5-36 immobilization (2010)[12]
Bacillus subtilis 0.0763 - Medium El-sersy et al.
sp. optimization (2012)[13]
S. noursei 1.99 <10 DO control Bankar and
NRRL. 5126 strategy Singhal
(2011)[4]

In previous studies, researchers have tried several methods to increase production. pH
control, cheap raw material application, bioreactor trial and cell immobilization are among

those methods.

1.1.1. Structure of e-PL

e-Poly-L-Lysine (g-PL) is a homo-polymeric compound which contains 25-30 lysine
monomers linked at the e-amino groups [7,14,15]. It is a biodegradable, nontoxic, and water
soluble substance. It is secreted in different amounts by the filamentous bacteria
Streptomycetaceae [5,16]. A positively charged hydrophilic amino group and a hydrophobic
methylene group is present in e-PL in water. This leads it to have unusual and useful cationic
properties. e-PL is not like proteins and a-poly-L-Lysine (a-PL) in that the amide linkage in
e-PL is between the e-amino carbon and the carbonyl group while the amide linkage in a-PL

is found between the a-amino carbon and the carboxyl group [17,18]. Lysine, which is an



amino acid, has a positively charged g-amino group, which results in a polymer of lysine
residues to be positively charged in considerable amounts. In a hydrophilic environment, the
carboxyl and amino groups realign themselves in the direction of the outside of a globular
structure, while the hydrophobic methylene groups are aligned to the inside of the globular
complex. In 1977, Shima and Sakai (1977) realized &-PL produced by Streptomyces albulus
ssp. Lysinopolymerus strain 346 [18]. Dragendorff’s reagent activates in the existence of
alkaloid substances, alerting the researchers that a molecule of interest was existent. Due to
this, many early researches refer to €-PL as the DP (Dragendorff’s Positive) substance,
before the structure was determined and named. Conventional industrial polypeptide and
poly-amino acid synthesis regimes cannot properly form the necessary € bonds, leading to
the practice of e-Poly-L-Lysine being produced through fermentation with bacteria and
subsequently extracted. Prihardi Kahar has established a protocol for the efficient
fermentation of Streptomyces albulus strain 410 using pH control, and has subsequently

refined her data through investigation of production of &-PL in and Airlift Bioreactor [9,19].

H

W,
HM COHOH

Figure 1.1. Chemical Structure of e-PL

1.1.2. Production of e-PL

After the discovery of the &-PL, the active work became more active and determined by
Shima and Sakai in 1977. Shima and Sakai (1977) have an important place in the formation
of new production paths with the &-PL aerobic fermentation they have isolated [18]. In these
trials, wild type of Streptomyces albulus 346 was used. Shima and Sakai (1977) carried the
development even further with their experiments, and they observed e-PL with fermentation
at pH 5.9. e-PL build-up was realized on the culture medium when cell growth reached the
stationary phase and the pH of the media decreased to 3.0-5.0 which was prerequisite for -

PL production. The extension of 1-lysine to the culture medium was not improve the



production of &-PL in fermentation. Then they examined the production substrates with
resting cells using &-PL, CeH120s and (NH4)2S04 [20-22]. ¢-PL deposition was observed
under acidic pH values and 4-5 g of e-PL was formed. When cultured with culture cells, e-
PL has an e-PL-degrading enzyme in the pH range of 4.9-5.9, showing S. albulus, which is
rapidly degraded.

These studies were accelerated by Hiraki's work in 1999 [23]. To enhance &-PL efficiency,
S-(2-aminoethyl)-1'cysteine plus glycine-resistant mutants were acquired, which improved
productivity. Kahar brought a different point of view to this field in 2001 [9]. Kahar (2001)
argued that the most important point of g-PL production is pH control mechanism. He
divided the optimized fermentation into 2 phases. Increased &-PL production at pH 2 with
pH 3.9. An expansion in the pH of the culture medium was observed due to glucose
consumption resulting in degradation of the produced &-PL. In this structure, the &-PL
efficiency in a fed batch culture was increased from 5.8 g/L to 49.2 g/L. In another study,
the e-PL production was achieved in the air lift bioreactor and compared with the jar
fermenter to decrease the cost of production counting down-processing of &-PL. The
production amount of e-PL was comparable in both fermenter but the power utilization was
higher in the jar fermenter. In addition, infiltration of intracellular nucleic acid-related
substances into the culture medium in the air-lift bioreactor was fewer than that of the jar
fermenter and therefore lowered the cost of downstream processing [14,24,25].

Banker and Singhal (2010) reported that the aeration and agglomeration of fermentation
fluid enhanced the production of e-PL, cell mass formation and glycerol use. From literature
it could be understandable that agitation at 300rpm and 2.0 vvm results in producing larger
amounts of e-PL as it is related to the growth[4]. Alternative e-PL producers, such as
Streptomyces griseofuscus [26-28], Streptomyces aureofaciens [29-31], Kitasatospora sp.
PL614 [10,32,33], were isolated from soil. In order to increase productivity, several
statistical methods were used to enhance the environment for the production of &-PL. In
2006, Shih and Shen used the response surface method to optimize the production of e-PL.
In another experimental design, the Plackett-Burman design was used to determine and
choose the most important cultural variables, and more advanced processes were used for
further optimization [13,34]. For better production of e-PL, metabolic precursors such as
amino acids, TCA acid cycling intermediates and cofactors have been investigated. After 24

hours of citric acid addition and 48 hours of medium, L-aspartate has a notable effect on the



production of e-PL [35,36]. Other components such as manganese, iron and cobalt increase
¢-PL efficiency and are the most effective metal iron among them [37,38]. &-PL production
with immobilized Kitasatospora sp. 5-36 cells using inert supports such as bagasse, synthetic
sponge, macro-porous silica gel and loofah sponge was examined. Immobilized cells can be
utilized 6 times, and therefore this approach has been established to be a encouraging tool
for industrial applications [13,39].

In 2014, Chheda introduced a unique invention and gave a new perspective to &-PL
production. In his study, Chheda e-PL production using Bacillus cereus has put a lot of
microorganisms into production path [40]. Chheda isolating Bacillus cereus from the soil,
using 25 mL medium in 100 mL Erlenmeyer flasks, produced at 32°C at pH of 6.8. In 2012,
El-Sersy successfully managed the production of &-PL using M3G medium in 100 mL
Erlenmeyer flasks by isolating Bacillus subtilis from seawater [13]. Xia and Xu brought a

new point of view and achieved successful co-production trials [3].

1.1.3. Purification and Characterization

e-PL is a cationic homopoly(amino acid). Shima and Sakai in 1991, Lee in 1998 were
isolated and purified from the culture medium by ion exchange chromatography on an
Amberlite IRC-50 (H + form) column at pH 7.4 [16,41]. Medium was centrifuged then
supernatant was administered to the Amberlite IRC-50 column and washed successively
with 0.2 N acetic acid and water. Afterwards eluting with 0.1 N hydrochloric acid, the eluate
was neutralized with 6 M sodium hydroxide, colored with activated charcoal and evaporated
to a small volume. Finally, pure material (hydrochloride) was collected by precipitation like
an off white powder by the addition of a mixture of ethanol/diethyl-ether (2:1). This material
was further purified to a homogeneous homogeneity by column chromatography on CM-
cellulose and gel filtration on Sephadex column [42,43]. As a result of studies, e-PL could
be further characterized by amino acid analysis [28,44]. In 2002, Nishikawa and Ogawa also
Saimura’s works identified the molecular weight of -PL by gel filtration on a Sephadex
column. Even though shorter lengths of e-PL have been reported, it has been shown to
consist of 25-30 components, mostly with a molecular mass of about 4000 g/mol [24]. In

2000 Hiraki’s work proved us, the e-PL showed high water solubility and stability, the e-PL



solution was boiled at 100°C for 30 minutes, or autoclaved (DAIHAN Scientific MaXterile
60, Korea) at 120°C for 20 minutes [23].

1.1.4. Applications

e-PL is used in many field. It has proved its usability in food preservative [45], emulsifying
agent [46], dietary agent [22], Interferon Inducer [17], drug delivery carrier [47], gene
delivery carrier [27,39,43], hydrogels [48,49], bioelectronics and biochip [17], hydrogels

and water absorbing materials [22,50].

People's awareness of food safety and requirements has increased gradually. The use of
chemicals as preservatives has become very difficult and natural preservatives have
increased in recent years both at home and abroad. The interest in antibacterial and safe new
products has increased. Non-toxic natural preservatives have now become a hot research
topic and are not only harmless to humans but also to nature, and there has been a tendency
towards the naturalization of conservatives. g-poly-I-lysine (e-PL) is a kind of peptide bond
that binds the carboxyl group and the amino group [51]. &-PL has a wide range of
antibacterial properties, requiring only a small amount. Poly-L-lysine has broad spectrum
antibacterial properties and inhibits gram-positive bacteria [52]. It has an inhibitory effect
on fungi even when its concentration is less than 100 pg/ml. Stable under hot, acid and alkali
conditions. It does not affect the taste of the food and can be used in food industry as a
preservative and the production scale has increased considerably. It can be used in cakes and
bread products because it effectively inhibits heat resistant Bacillus [53]. In addition, it can
act as a preservative in cold consumption products such as milk and cream, and it can be
used in combination with other substances to achieve high efficiency and preservation.
ADME study findings and no determined toxicity in safety studies makes e-PL usable as a
food additive [45]. Studies in rats did not show a toxicity to neurological functions,
reproduction system and immunological functions. For two generations no ill effects were
observed in embryos. Due to these finding and its antibacterial properties, €-PL is now
industrialized as a food additive. For example spraying or dipping the fish with a
concentration of 1000-5000 ppm results in a preservative effect. It is also used in Japan in

staple foods such as rice and noodles as a preservative [51].



One of the issues of €-PL is its interaction with proteins and acidic polysaccharides which
can lead to decrease in antimicrobial activity. Due to its bad emulsifying effects it has a
limited application in starchy foods but its emulsifying effects can increase when it is
conjugated with dextran with Maillard reaction. This can result in a emulsifier with a better
functionality than commercially used emulsifiers [54]. The conjugated PL-dextran is not
effected by high salt concentrations and high pH making it useful as a food additive, an

emulsifier and antibacterial agent.

Obesity is one of the serious diseases in the world than can lead to health issues such as
diabetes, hypertension and atherosclerosis. A way to treat this disease is limiting the
absorption of dietary fat in the intestines by ingesting natural products that accomplishes the
mentioned effect. e-PL is found to have a lipase inhibitory effect and suppressive roles on
postprandial hypertriacylglycerides [15,55]. At a concentration range of 10-1100 mg/L &-PL
can inhibit lipase activity and work as a breaker in emulsions and interaction of e-PL with
bile salts is responsible for lipase inhibitory effects. The observed effects of e-PL on rats on
postprandial hypertriacylglycerides showed that when it is administered intragastrically at
an amount of 15 mg/kg it showed a significantly lower plasma triacylglycerol. This suggests
that e-PL can decrease dietary fat absorption from the small intestines with its lipase

inhibitory activity.

Irradiation of &-PL with y beams can change it into a hydrogel. This hydrogel can be
produced from 10 percent (by weight) e-PL (liquid) when 85 kGy or more irradiation was
applied. The water amount of the produced hydrogel is related to the dosage of the rays as
the increasing doses of y radiations decreased the water content. The swelling of the e-PL
hydrogel is also related to the pH [56,57]. Low pH causes the gel to swell due to the ionic
interactions with the amino groups and high-pH causes gel to collapse. High water binding
capacity of these gels can be achieved by cross-linking e-PL with polysaccharides resulting
in a huge water absorbing capacity, gel power and swelling rates. Usage of the hydrogels
with these properties are thought to have many applications in agriculture, food and medical

industries.

Due to its polycationic properties in alpha and epsilon form, due to its water solubility,
biodegradability and biocompatibility, PL has pioneered great innovations in many areas. In
the area of health, efficacy of some interferon inducers, antiviral and antitumor agents can

be boosted using a-PL. In addition, it increases drug transport by decreasing resistance of



drugs and hematocytes, liposomes and so on. It has been observed that organelle fusion
increases its efficacy[58]. To this end, the use of a-PL drug delivery systems in human, in
particular for the gene have been studied by various scientists. Recently, e-PL has been
utilized in enzyme immobilization. Enzyme sensors or enzyme reactors was used for
clinical analysis in this area. Synthetic double-stranded RNA polyriboinosynic-polydigidic
acid was effective as an endogenous interferon activator. The antifolate agent is among the
common drugs used for the treatment of methotrexate (MTX), sarcomas, human leukemia
and other disease. Nonetheless, due to the insufficiency of MTX transport, resistance to
methotrexate has been encountered in many cases. Cellular uptake was increased by the
conjugation of MTX to a-PL and offers a new way of dealing with drug resistance associated
with insufficient transport. MTX conjugated 60,000 Mr fragments of a poly-a-(D-lysine)
and o-PL having molecular weights of 3100 to 130000 and assesed their cellular uptake and
growth [59]. The data also showed that, the intracellular release rate of the active drug after
conjugate uptake in methotrexate-resistant cells was the comparable in size as the rate of
uptake of the free drug by competent cells. Thus, resistance to drugs can be reduced when
PL was used as a method of transport as a result of its poor transporting properties. Some
researches have shown that o-PL is a potentially flexible drug carrier due to that cells are
readily taken, drug carries many functional amino groups to which it can be covalently
bound, that has a wide molecular size which may be adjusted to specific demands, target
cells are readily degradable and non-toxic. In addition, a covalently conjugated drug to the
a-PL carrier may leave a pharmacologically active additive which has a higher efficiency in
the cells than the free drug. Since hopes for human gene therapy was expressed, the use of
genetic materials as therapeutic agents for the modification of the somatic cellular genotype
has been made for a wide range of diseases [28,60]. Various technigques have been discovered
for introducing genes to mammalian cultured cells, but in vitro transfection activities have
not been successfully applied in vivo. The use of retroviral or adenoviral vectors for in vivo
transfection have various disadvantages, with inadequate success rate. Repeated use of the
delivery system have been hampered by adenoviral vectors that have a large immunogenicity
and have possible viral associated toxicity, including oncogenic effects through retroviral
vectors, endogenous virus recombination and splicing mutagenesis, including viral
replication via oncogenic effects can be given as an example for these disadvantages..
Because of these, non-immunogenic non-viral vectors consisting of self-assembled

components are interesting alternatives to viral processes for gene therapy [61-63]. The



investigation of cationic polymer-based gene delivery vectors came as a result of the
speeding development of non-viral gene delivery vectors. Cationic polymers have been
shown to complex with plasmid DNA via ionic interactions, thus DNA was defended from
nuclease degradation and has worked as a platform to gain better the cellular yield of DNA.
It is commonly accepted that o-PL is strongly bound to DNA to ensure that the DNA
molecule is compressed [64-66]. However, there are some down sides that causes DNA to
experience problems that restricts its use as a gene carrier in vivo due to the stoichiometric
complex consisting of a-PL. Therefore, the a-PL is customized with varying substances to
control and improve complex features. Recently, lactose bound to the PEG-PL block
polymer and specifically formed a Lac-PEG-PL carrier to target hepatoma cells. The
complex that is formed among novel Lac-PEG-PL carrier with plasmid DNA and act as an
efficient gene carrier with better solubility and less toxicity than that of a-PL. Various
modifications of a-PL have been reported in the literature for precise cell targeting and better
delivery of genes in vivo. Modified PEG-PL copolymer as well as gene distribution. In
addition to gene distribution, the modified PEG-PL copolymer has also been used efficiently
as a carrier for cis-diamindyloroplatin, an antineoplastic agent frequently utilized in treating
tumors of head, ovaries and neck. Preparation of PL-PL adsorbents and the utilization of
endotoxins in the selective removal of cell products employed as drugs in the immobilization
of glucose oxidase on a PL-modified polycarbonate membrane are among the other uses of
PL or its derivates in biomedical fields [40,67] to be used as a glucose sensor. Recently,
Micro or Nano-capsules that consists of a-PL or its derivatives have been tailored to
encapsulate cell lines that are convenient for delivery of ocular drug or in vivo delivery of
bioactive molecules. Since these capsules are semi-permeable and biocompatible, the
continuous secretion of the required therapeutic agents by the encapsulated cells can be very

important.

1.1.5. Microorganisms Used In The Production of &-PL

Bacillus sp. are flat or even close to the rod and they are resistant to rough conditions [68].
They are generally gram positive and have mobile peritric flagella [69]. They are aerobic
and facultative anaerobes. In a lot of them oxygen is an electron acceptor and endospore
form. Vegetative cells are 0.5 x 1.2 to 2.5 x 10 um in diameter[70]. Bacillus Colony

morphology of the genus is diverse. Generally they are cream or white colored colonies and
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a few types of yellow, orange, pink and black color pigmented colonies are also present [71].
B. mycoides colonies grown in rhizoid agar spread on the medium, Bacillus' s thermophilic,
mesophilic and psychrophilic species are found. They can survive at very high temperatures
and their optimum growth conditions are around 35-37°C and pH 7 [72]. They grow quite
well on the medium and utilize carbon as source of organic acid, sugar and containing
alcohol; as a source of nitrogen they develop very well [73]. The Bacillus genus is capable
of forming spores under inappropriate conditions. Spores can be cylindrical, oval, round or
kidney shaped. In addition, spores can settle in the cell centrally or sub terminally [74]. Cell
wall of Bacillus, surface layer that completely covers the cell surface it forms paracrystalline.
Bacillus' usually contain carbohydrate capsules [54]. Typical habitats are soil despite being
in nature as wide as milk and can be obtained from a variety of media such as water and
food. They produce catalase and acid but do not form gas [75]. Some types of Bacillus are
important as proteolytic enzymes and some Bacillus can be used in cheese making [76].
Some species are also pathogenic to insects. Several species of Bacillus produce antibiotics
from the polypeptide class. Antibiotic formation was observed when there was a sporulation

stage in cultures [77].

According to a study by Turnbull, the diagnosis of Bacillus species and for the determination
of differences between species, sports and sporangium morphologies are essential [78].
Accordingly, the Bacillus were grouped in 3 groups. The first group is divided into two as
Bacillus A and B in themselves. It's both sporangia was not swollen in the group. Spores are
elliptical or cylindrical shape and centrally or terminally located. The difference between
group A and group B is that in group A cell width is less than 1 um and in B subgroup it is
greater than 1 um. To A subgroup B. megaterium [79] and B. cereus, for example; B.
licheniformis[80], B. subtilis, B. pumilus, B. firmus and B. coagulans may be given. The
second group of Bacillus species sporangia swollen. Spores are elliptical, centric or terminal.
Examples of Bacillus species in this group include B. polymyxa, B. adventures, B. circulans,
B. stearothermophilus, B. alvei, B laterosporus and B. Brevis [69,70,81-83]. In the third
group of Bacillus species are in subterminal or terminal position. For example, B. sphaericus
is an example of this group. Most bacteria in this genus are not pathogens. Two in humans
and animals bacillus These are B. antracis and B. cereus. Bacillus anthracis called anthrax,
shepherd in humans and animals is the causative agent of the disease [20,67,70,84,85].

Disease of B. anthracis spores damages skin, mucous membranes and enters the lungs
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through respiratory tract to cause damage. B. anthracis' spread from there to meninges
through the bloodstream and they tend to multiply there. According to the entrance location,
B. anthrac can cause skin anthrax, lung anthrax, intestinal anthrax and causes septicemia. B.
subtilis powder are found in soil, fertilizers, plants and animals with milk. It is effective in
the breakdown of milk beverages, bread, vegetables and fruits. Some of this substance, called
subtilin is obtained from the culture supernatants of B. Subtilis and it has been shown that it
has an inhibitory effect against bacteria. Bacteria are actually saprophytes as a result of direct
penetration into the tissue and especially the eye Panophthalmia can cause eye
inflammations such as piridoxilate [86-89]. B. subtilis's nutrients are also suspected to cause
poisoning. Factors such as nitrogen source, carbon source, oxygen level, milk components
affects the development of B. cereus in milk. At the same time the development of B. cereus
milk also depends on the pH and temperature during processing. Because their spores stay
alive in pasteurized milk, they cause milk to degrade at room temperature. B. cereus can lead
to diarrhea, nausea-vomiting, different kinds of food poisoning [73,90-92].

The genus Streptomyces is part of the phylum actinobacteria (or actinomycetes) which
includes other genera such as Mycobacterium, Corynebacterium, Nocardia, Rhodococcus
and Frankia. They are gram-positive, sporulating and filamentous bacteria. At the ecological
level, they are ubiquitous of the soil and are often recognized as part of consortia bacteria
involved in the decomposition of organic components such as chitin or cellulose. As such,
they have a prominent role in composts [93] and in forest ecosystems [62] for the realization
of the carbon cycle. This bacterial genus is mainly known and studied for its capability to
produce a large amount of secondary metabolites. It has been estimated that 53 percent of
known antibiotics are produced by actinomycetes, of which 40 percent by species of
Streptomyces [62,66]. Along with the production of antibiotics, Streptomyces bacteria are
responsible for producing a broad enzymatic repertoire. The production metabolites are
regulated during their development cycle. The life cycle of Streptomyces is atypical with
different cell stages compared most bacteria [94-96]. Its cell cycle begins with a spore that
sprouts and gives hyphae. The hyphae develop radially and form a branched network called
vegetative mycelium. Many stimuli and in particular a limiting nutrient concentration induce
a difference morphological union of vegetative mycelium to aerial mycelium. This
mycelium is composed unbranched hyphae [4,97]. The differentiation of the latter ends with
an asynchronous septation and by the formation of spore chains that are the form of
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resistance and dissemination bacteria. [98-100]. Along with the morphological
differentiation is set up a biochemical differentiation, with a high activity of secondary
metabolism and in particular the production of antibiotics during differentiation of vegetative

mycelium into aerial mycelium[66,101-104].

1.1.6. Production Technologies

To understand E-PL production, it is necessary to know the concept of fermentation.
Fermentation technologies should be handled on a subject and production basis. Alcohol,
acetic acid and lactic acid fermentation are the basis of this subject. Then it would be correct
to examine in terms of production strategies. Alcohol fermentation is defined as the
decomposition of ethyl alcohol and carbon dioxide in the anaerobic environment by the
yeasts of sugars. Alcohol fermentation includes ethyl alcohol and carbon dioxide as well as
substances such as glycerin, acetaldehyde and acetic acid [105-107]. Garcia-Parrilla et al.
(2011) states that gluconic acid bacteria, such as gluconobacter japonicus, returned the
glucose in the fruit to gluconic acid, followed by the preservation of the sweetener fructose
gluconic[108]. Composition of investigations showed that 11 anthocyanin compounds have
been identified and the amounts of these compounds are present and the main compounds of
pelargonidine 3-glucoside and derivatives thereof have been identified. In addition, during
the gluconic fermentation, the anthocyanin composition must be protected by the
preservation of the anthocyanin, the gluconic fermentation and the beverages having higher
antioxidant activity than the beverages associated with alcohol fermentation. Ohya et al.
(2005) aimed at improving the alcohol producing power of Saccharomyces cerevisiae
[109,110]. The functionality protocol that appeared in the RIM15 gene was inserted into the
unidentifiable region of 50 of the RIM15 promoter of the glycogenogenic gene (PCK1). At
the end of the study, the strain of PCK1 promoter was shown to show a better alcohol
fermentation in the area where the RIM15 gene was deleted from repeating water at
repetitive and excessive times. Soto-Cruz et al. (2013) Agave duranguensis's alcoholic
fermentation is obtained from the selection of domestic yeast and of the agave plant in the

inside of the juice of agave plant [111,112].

Acetic acid fermentation is defined as the conversion of fermentable sugars by yeasts into

ethanol and conversion with acetic acid bacteria into acetic acid and water. In order to
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increase the efficiency of acetic acid production, Gullo et al. (2012) aimed to perform acetic
acid fermentation by working in combination with static and immersion fermentation with
acetic acid bacteria which are not capable of producing cellulose with alcoholic and sugary
substrates[113]. At the end of the study, 8.00-9.00 percent (w/v) acetic acid concentration
was obtained and the medium suitable for the development of the selected starter culture was
determined prior to submerged fermentation provided by small scale batch fermentation and
static fermentation before submerged fermentation. Mounir et al. who researched to increase
the efficiency of acetic acid, isolated the acetic acid bacteria from the fruits of apple and
cactus, aimed at the simultaneous production of heat resistant acetobacter strains and
gluconic and acetic acids during the fermentation of the bioreactor acetic acid [114]. As a
result of their research, acetic acid bacteria isolated from cactus fruits were obtained with
7.64 percent (w/v) acetic acid bacteria isolated from the apple, and 10.08 percent (w/v) acetic
acid concentration was obtained from cactus. It has also been found that acetic acid bacteria
isolated from cactus fruit can simultaneously produce acetic acid and gluconic acid and are

less susceptible to ethanol depletion.

Lactic acid fermentation is a type of fermentation in which the glucose is converted into
acetic acid, lactic acid, ethyl alcohol and CO2 by heterofermentative lactic acid bacteria in
an environment without oxygen. In a study, it was aimed to identify the lactic acid bacteria
obtained from the cherry plant, the selection of the mixed endogenous starter culture and the
preparation of the protocol for the processing of cherry puree added from the roots by
infusion [53,114]. The research was finalized by determination that the selection of
autochthonous lactic acid bacteria and the addition of root infusion to provide acceptable
product, preservation of the nutritional, antioxidant and sensory properties of the product

and an alternative technological option in the processing of sweet cherries.

The batch culture is known as a closed system under the aseptic conditions at the beginning
of the medium, which is usually added under aseptic conditions to the bioreactor in which
inoculum, the medium and nutrients are added. During cultivation, it is theoretically stable,
practically insignificant changes in the culture volume, a low base/acid solution to keep the
pH at an aimed level from the feed rate and culture by sampling or sampling by air/gas
sampling, usually due to the small values of the complete working volume of the bioreactor
are ignored [34,115]. Generally, a certain amount of live cells are added to the bioreactor

which has sterile media at the start of batch cultivation. Following the inoculation, the cell
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growth follows the regular growth curve that was divided into four main phases [116]. Since
the delay phase is an weak phase of the culture, although cells are metabolically active, they
adapt their enzymatic devices to a new habitat, there is no notable increase in biomass
amounts, substrate utilization, or product synthesis, it is desired to decrease this phase it as
much as possible. Concentration of microorganisms in the inoculum, the status they are in
physiologically, inoculation composition and medium used for growth are the main factors
that increase the time of delay phase. The exponential (logarithmic growth) stage, swift cell
proliferation, is characterized by a fixed specific growth rate that is identical to the maximum
specific growth rate of the culture under conditions without growth restriction. At the finish
of the exponential phase (when aerobically grown cultures results in a quick increase in
dissolved oxygen concentration) nutrients are used up by the cells which leads to a
continuous decrease in specific growth rate and a passage to a stationary phase where growth
is stopped and endogenous carbon are used and energy reserves. This step is crucial for the
synthesis of secondary metabolites. Because of the simplicity of the operations in batch

mode, many industrial bioreactors uses this method. [4,117-119].

The fed batch group culture can be explained by a half-open system. In that system single or
added feeders are aseptically and consecutively blended into the tank when being contained
in the product. Thus, the volume of water in the bioreactor increases during the process
[34,61,109,115]. The capability to lengthen product synthesis, to obtain superior cell
densities are among the advantages that fed batch cultures have over batch cultures. These
advantages result in increased concentration of the produced biomass, the ability to result in
a higher yield or fertility by the extension of controlled successive nutrients. The fed series
is effectively utilized in processes where substrate inhibition or catabolic printing is wanted.
The effect which this situation to be expected to beaten is called Crabtree effect (suppression
of high concentrations of yeast respiratory enzymes) with glucose, feeding the remaining
substrate in the batch process, using a safe concentration in batch mode [120]. By feeding
the substrate progressively, the production of ethanol with yeasts can be eradicate under
aerobic conditions where large amounts of cell density is needed. An increased production
rate can be reached with a high and constant specific growth rate by controlling exponential
feeding of the substrate. The cell metabolism may be improved by consecutive provide of
the nutrients and in situations where a increased culture water viscosity is desired and

continuous dilution of the media can beat the problems related to infuse and oxygen transfer.
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In the world of science there are a number of protocols for adding a substrate to the
bioreactor. The correct selection of nutrient feed rate could cause significantly increase
culture performance as it affects cellular growth rate, cell physiology and product formation
odd.

The continuous system which the nutrients are aseptically and continuously combined to
system and the culture medium is removed simultaneously is called a continuous culture
system. In this process due to a constant feed and feed rate the volume of the culture medium
constant. [23,110,121]. Frequently, continuous culture is used synonymously for a
chemostat described by a constant specific growth rate of cells, which is controlled by the
presence of the limiting feeder, even though there are other types of continuous processes
such as a particular turbid state, which are equal to the dilution rate or nutristat could be
used. The capability to adapt the optimum setting for a long term and a high yield synthesis,
the capability to assure constant quality, and decreasing the unprofitable reactor operation
periods are among the leverages that continuous culture have over batch mode. Despite these
leverages, there are a number of issues that prevent the widespread use of continuous
process. Those problems are the risk of increased contamination in the medium due to the
pumped in and out of the reactor, the risk of genetic mutations in the production type in a
long-term action and extra financial aids that may be wanted for technical expectations
[19,63,110].

The classification as “dynamic” culture systems distinguishes them from “static” culture
systems without fluid movement. An example of a "static™ culture is a standard culture flask
or plate. The static culture condition requires more space and labor. Different culture
circumstances, like shaking flasks, mixers, air lift reactors, rotational disc reactors and
modified air lift or gas lift bioreactors, have been used for the production of e-PL under
agitation conditions. The most widely used bioreactors are the stirred tank reactor and the
air lift reactor. Bioreactors carry out synthetic action including livings and biochemical
active substances under different oxygen conditions. Airlift bioreactors were identical to
bubble column reactors, a small diversity in that it includes a drawing tube. An air lift
bioreactor comprising an inner draw tube is referred to as an air lift bioreactor comprising
an inner loop, while an air lift bioreactor comprising an outer draw tube is announced an air

lift bioreactor comprising an outer loop.
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By selecting the culture conditions, the substances to be added and the species of
microorganism to be used, it is possible to control and increase the important properties of
biopolymers and biosynthesis such as molecular weight and structure. Microorganisms can
synthesize e-PL extracellularly in two seperate ways. The first is the static culture used to
obtain cellulose films or membranes on the interface between air and liquid medium. The
other one is agitated culture in which the chemical e-PL is distributed as fibrous structures
throughout the culture medium. The agitated culture may be carried out in an orbital shaker,

electromagnetic shaker or bioreactors.

Seeding in static medium does not provide high &-PL yields compared to cultivation in
agitated culture. There are some disadvantages in &-PL production that hinder parameter
control to make yields more difficult in static cultures. Therefore, it is difficult to control pH,
cell growth and control of the inclusion of reagents during seeding, and these parameters are
known to be critical for determining optimum yield conditions. In static culture, &-PL
production is straight forward and inexpensive and can be grown in bottles and containers.
Nonetheless, due to the biosynthesis time of up to 7 days, it is not suitable for commercial
scale manufacturing. However, growing in agitated culture has increased yielding efficiency

and good capability to be manufactured on a industrial rate.

1.2. AIM OF THE STUDY

In this study, it was aimed to compare e-Poly-L-Lysine production using Streptomyces
albulus under static culture and agitated culture. Beyond that a different operation mode with
3 different strategies were studied. In semi-continuous operation mode experiments glucose
feeding, pH control under sugar free media and glucose feeding with pH control strategies
were studied Techniques used in this study were chosen among the production techniques
that are present in the literature. Sugar, ammonia determination and biomass contents were
followed by cell dry weight, sugar analysis based on DNS method, and Nessler’s reagent,

respectively. Concentrations and purity was analyzed with reversed phase HPLC method.
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2. MATERIALS AND METHODS

2.1. CHEMICALS AND MICROORGANISMS

All chemicals were purchased from Sigma Aldrich St. Louis, Missouri, USA. Streptomyces
albulus DSMZ40492 was purchased from DSMZ (Deutsche Sammlung von

Mikroorganismen und Zellkulturen).

2.2. CELL PREPARATIONS

Streptomyces albulus DSMZ40492 were cultivated on Nutrient Agar and inventories were
used for the experiment. The cell is used as a result of two activation. In first activation liquid
culture was prepared by inoculation at a ratio of 1:10, 2 days later inoculation is done again.
The stock was thawed prior to using. Frozen stock was generated with DMSO (Dimethyl
sulfoxide) in certain proportions. The culture was prepared before the experiments.

2.3. EXPERIMENTAL METHOD

2.3.1. Agitated Culture Experiments

After several trial experiments, agitated culture experiments began when the method was
fixed. In the 144-hour experiment, e-PL, biomass, ammonia concentration, glucose
concentration and pH measurements were followed. In this experiment M3G media was
used. M3G Medium (g/L) contains: Glucose, 50; yeast extract, 5; (NH4)2SOa, 10; KH2PO4,
1.36; KoHPO4, 0.8; MgS04+7H20, 0.5; ZnSO4+7H,0, 0.04; and FeSO4+7H-0, 0.03. pH
6.8. pH adjusted with 6M NaOH. After sterilization, inoculation was performed at 5 percent.
In the rotating shaker, a measurement was taken every 6 hours in the experiment at 30°C for
144 hours. The experiment was repeated following specific standards. In repeating
experiments amount of Erlenmeyer flasks and parallel groups was increased. In new

experiment, Streptomyces albulus was used. In total, 24 pieces 250 mL Erlenmeyer flask
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was used and M3G medium was used for Streptomyces albulus. Incubation was left at 30°C
in the rotating shaker at 150 rpm.

Optical density measurement was performed at 600nm. The protocol followed in this study
was as follows. Samples taken from Erlenmeyer flasks were placed in the cuvettes (ISOLAB,
Germany) and measured. Blank was used as dH20. Cell dry weight was measured according
to the protocol. The filter paper which has 0.2um pore size (Sartorium Stedim) was left to
dry for 2 nights and passed through the vacuum filtration system (ISOLAB, Germany) with
5ml sample. The full and empty weight of the filter paper was measured. The filter papers
were dried at 60°C. In order to measure pH, 5 mL sample was taken to 15mL falcon and
measured by pH meter (Mettler Toledo S220).

Intermittent measurements were made for 144 hour in agitated culture experiment. pH
measurements, cell dry weight measurement, optical density measurement and e-poly-L-
Lysine measurement were performed. A total of 18 pieces of 250 mL Erlenmeyer flask for
5 percent Streptomyces albulus inoculation was made and was left in rotating shaker at 150
rpm 30°C for 144 hour. At last standard e-poly-L-Lysine measurements were done. g-poly-
L-Lysine concentrations determined in the experiment are as follows; 0.1 g/L, 0.075 g/L,
0.05 g/L, 0.025 g/L and 0.01 g/L. After preparation, the concentrations were measured with
HPLC.

2.3.2. Static Culture Experiments

In static culture experiments, experimental setup was prepared according to Surface
area/volume ratios of Erlenmeyer flasks. Measurement method of Erlenmeyer flask is given
in Table 2. After the measurement, the results of the Surface area/volume formula are in the
Table 2. Surface area/volume ratio of 3 rates were selected by the result of trial experiments.
In new experiment, 0.2 S/V, 0.7 S/V, and 1.2 S/V, was used and measured for 144 hours. In
this experiment, Streptomyces albulus was used with 5 percent inoculation rate. e-PL, pH,
biomass, sugar, and nitrogen contents were followed. The number of measuring cups used
in the experiment was 207 in total with 3 parallel groups. The M3G media was used for this

experiment.
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Table 2.1. Surface area/volume ratios of erlenmeyer flasks for e-PL production

250mL-Erlenmeyer Flask 500mL-Erlenmeyer Flask
Added

Volume Diameter | Height | S.Area S/V Diameter | Height | S.Area S/V
(mL) (mm) (mm) | (mm?) | Ratio (mm) (mm) | (mm?) | Ratio
5281,0 | 1,056 8494, | 1,698

50 82 18 17 203 104 14 867 973
4656,6 | 0,465 8011, | 0,801

100 77 28 26 663 101 20 847 185
7542, | 0,502

150 98 27 964 864

For glucose determination assay, sodium potassium tartrate solution was prepared.
Afterwards, 96 mM 3,5-Dinitrosalicylic Acid Solution was prepared. Then, the samples were
diluted and mixed at 1:1 ratio. The results were measured at 540nm with UV-visible
spectroscopy. These protocols were based on Enzymatic Assay of o-AMYLASE
(Sigma)[122]. For determination of ammonia concentration, Nesslerization
spectrophotometric method followed. For ammonia concentration determination, Rochelle
salt solution was prepared according to protocol. 5ml sample diluted with 5ml dH20
afterwards 100ul Nessler reagent and 100ul Rochelle salt solution was added. Mixture was

waited at room temperature for 15 minutes and absorbance was measured at 425nm.

2.3.3. HPLC Measurements

e-PL measurement was performed by HPLC system (Shimadzu, Japan). Sample was taken
with syringe and filtered with 0.20um filter (Sartorius Stedim Minisart) to glass vials
(ISOlab,Germany). ODS-120-T 25 cm x 4.6 mm was used as the column. The mobile phase
was prepared as a mixed phase. 6.80 mL of H3PO4 per 1000 mL of water and 23:2 ratio of

acetonitrile. Flow rate was 0.8 mL/min and measurment done at 215nm in UV detector.
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Figure 2.1. e-PL standard (P8920-Sigma) prepared at different concentrations measured
with HPLC at 215nm.

2.3.4. Semi-Continuous Operational Mode and Production Strategies

In semi-continuous operational mode experiments 3 different strategies was determined and
Streptomyces albulus was used. In the first strategy, glucose feeding was done with 50
percent volume change. Every 12 hour 25ml sample was collected and 25ml M3G media
was added. In the second strategy, sugar-free medium was used to control pH. In this
strategy, the pH was kept about 3. Also this was done with 50 percent volume change like
first strategy. In the third strategy, the pH was increased from 1 to 3. They were fed with
normal medium. These experiments were conducted with 3 parallel and control groups of
each strategy. M3G medium was used in this study. Samples was incubated at 30°C at
150rpm. Experiments lasted for 144 hour.

Table 2.2. Semi-continuous operational mode strategies.

Semi-continuous operational mode strategies;

1- Glucose Feeding in every 12 hours with 50 percent volume change.

2- pH control strategy with sugar-free media. Every 12 hours with 50 percent volume change.

3- Glucose Feeding with pH contol. Every 12 hours with 50 percent volume change.
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2.3.5. Antimicrobial Activity Assay

The antimicrobial activity of the produced e-PL was tested by the antimicrobial activity
assay. The lethal dose from the generated e-PL was administered by dilution and as in one.
Selected cells are Pseudomonas aeruginosa(ATCC 15442), Listeria monocytogenes(ATCC
19115), Escherichia coli(ATCC 10536) and Yersinia enterocolitica(ATCC 27729). Cells

were brought to 107 cfu/mL with saline solution and the experiment was performed.

2.3.6. Statistical Analysis

The experiments were carried out in 3 parallel and 2 repetitions. Student t-test was used for

statistical analysis.
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3. RESULTS

In this study, e-PL production was performed by using static and agitated culture methods.
Streptomyces albulus microorganism was used for production. Measurement methods were
determined based on previous studies. Beyond that a different operation mode with 3
different strategies were studied. In semi-continuous operation mode experiments glucose
feeding, pH control under sugar free media and glucose feeding with pH control strategies
were studied. HPLC was used to measure e-PL. In the follow-up study, Biomass
measurement, pH measurement, sugar concentration determination, ammonia and cell
growth were monitored. Further e-PL measurements was performed with HPLC due to

accurate results.

3.1. BATCH MODE PRODUCTION FOR &-POLY-L-LYSINE

In batch mode production, agitated culture and static culture production were divided into

two categories.

3.1.1. Agitated Culture Production For g-Poly-L-Lysine

Optical Density measurement was given in Figure 3.1. At the 144" hour OD measured as

8.5. This means that S.albulus did not enter the stationary phase.
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Figure 3.1. Optical density measurement of S.albulus for e-PL production.

Figure 3.2 shows the Dry cell weight measurement of Control group. At the 144" hour CDW
measured as 3.17g/L. During 144 hours DCW increased by 2.5¢/L.
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Figure 3.2. Dry cell weight measurement of S.albulus for e-PL production.

As shown in Figure 3.3 experiment started with 6.8 pH. At the 144™ hour pH was around

3.5. Ongoing decline is associated with increased biomass.



24

pH

-20 0 20 40 &0 80 100 120 140 160

Time (h)

—g— S.albulus

Figure 3.3. pH measurement of S.albulus for -PL production.

Ammonia concentration was shown in Figure 3.4. Experiment started with 0.34g/L. At 144"

hour ammonia concentration was measured as 0.06g/L.

Ammonia Concentration (g/L)
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Figure 3.4. Ammonia concentration of S.albulus for -PL production.

At Figure 3.5 Glucose concentration was shown. Consumed glucose concentration is near
25¢/L.
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Figure 3.5. Glucose concentration of S.albulus for e-PL production.

Production of e-PL was given in Figure 3.6. Production of e-PL was measured as 1.06g/L at
120" hour. At the 0™ hour there was 0.1g/L &-PL. At the 144" hour production decreased to
1.01g/L. Significant increase occurred between 24 and 36 hours. After 120" hour decrease

was observed.
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Figure 3.6. e-PL production measurement for S.albulus in agitated culture experiment.
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All results affecting production factors are given in Figure 3.7. The results are interrelated.
E-PL production increased while ammonia concentration decreased. Cell dry weight and
optical density with pH drop are inversely proportional. This result confirms the increase in

biomass. The amount of sugar used and the increase in production are proportional as well.
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Figure 3.7. Results of agitated cultured e-PL production.

3.1.2. Static Culture Production For e-Poly-L-Lysine

e-PL production was carried out in static culture with 144 hour measurements in this part of
the experiment. Optical density, pH measurement and dry cell weight measurement were

performed. Results are available in Figure 3.8., Figure 3.9., Figure 3.10. and Figure 3.11..

The first static culture experiment can be seen in Figure 3.8. Three different S/V ratios were
used. 0.2, 0.7 and 1.2 S/V ratios were selected based on statistical data. Cell growth showed

an uniform appearance. The cell line measurements were finalized with 0.4 for 0.2 S/V ratio,
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0.6 for the cell line with 0.7 S/V ratio and 0.7 for the cell line with 1.2 S/V ratio was. The
measurement was made with UV-visible Spectroscopy at 600 nm. At the end of 144 hours,

the results were accurate.

Absorbance {nm)
=

P
J
=
a

Figure 3.8. Optical density measurements for Streptomyces albulus in static culture

experiment using three groups with different S/V ratio.

Beginning of production and microorganism growth in relation to the changing pH graph is
seen at Figure 3.9. At the end of production, the amount of pH, which is about 6, decreased

t0 5.6, 5.1 and 4.9 respectively.

Dry cell weight, cell growth and e-PL production results were parallel and confirms the
obtained results. The cell dry weight was performed for 2 g/L to 6 g/L for the 1.2 S/V cell

line at Figure 3.10. Streptomyces albulus was used in this experiment.

e-PL production by static culture was measured by HPLC. Three different S/V ratio cell lines
were used in this experiment. These ratios are 0.2, 0.7 and 1.2. In this part, e-PL production,
optical density measurement and sugar determination were performed. The microorganism

used was Streptomyces albulus.
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Figure 3.9. pH measurements of Streptomyces albulus in static culture experiment using
three groups with different S/V ratio.
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Figure 3.10. Dry cell weight measurements of Streptomyces albulus in static culture

experiment using three groups with different S/V ratio.
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As can be seen in Figure 3.11, e-PL production in static culture yielded similar results at 0.2
and 0.7 S/V ratios. When the S/V ratio increased to 1.2, the highest amount of e-PL was
observed. When compared statistically, error rate of 1.2 S/V was higher than parallel groups.

HPLC was used in the final analysis of this experiment.
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Figure 3.11. Measurement of e-Poly-L-Lysine with static culture production.

As shown in Figure 3.12, optical density measurements at 600nm were shown. The results
showed uniform growth for all cell lines and showed the highest cell growth for 1.2 S/V.
Following this, 0.7 S/V ratio cell line and 0.2 S/V ratio line showed growth.

Figure 3.13 shows the results of the determination of sugar. The production has changed in
the right proportion. The results are statistically acceptable. Compared to the production, 0.2

S/V cell line showed the least variation in sugar determination.
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Figure 3.12. Optical density measurement of g-Poly-L-Lysine with static culture

production.
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Figure 3.13. Glucose concentration of e-Poly-L-Lysine with static culture production.

Ammonium concentration of e-Poly-L-Lysine with static culture production was given in
figure 3.14, Ammonium concentrations which measured at 425nm are shown. The largest

change was observed in the group with 1.2 S/V ratio.
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Figure 3.14. Ammonium concentration of e-Poly-L-Lysine with static culture production.

3.2. PRODUCTION OF ¢-PL WITH SEMI-CONTINUOUS OPERATION MODE
INCLUDING STRATEGIES

In this part, the production of &-PL with semi-continuous operation mode, biomass, sugar,

and nitrogen contents results was shown.

Figure 3.15 shows the results for 3 different strategies. For the 1% strategy at 144'" hour OD
was measured as 3.2. For the 2" strategy at 144" hour OD was measured as 0.86 and for the
3" strategy at 144" hour OD was measured as 0.51. This result was obtained for 3 parallels

at every strategy.

At Figure 3.16 Dry cell weight measurement can be seen. For the 1% strategy at 144™ hour
CDW was measured as 3.18g/L. For the 2" strategy at 144" hour CDW was measured as
1.9 g/L. For the 3" strategy at 144" hour CDW was measured as 1.6g/L.
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Figure 3.15. Optical density measurements for semi-continuous production of e-PL.
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Figure 3.16. Dry cell weight measurements for semi-continuous production of e-PL.

At Figure 3.17 pH measurements for experiment are given. At 1% strategy experiment started
with 6.8 pH. At the 144" hour the pH was 5.82. For the 2" strategy experiment stated with
pH 6.8 and continued with pH 3. At the 144™ hour the pH was measured as 2.92. For the 3"
strategy experiment started with pH 6.8 and continued with pH 3. At the 144" hour the pH

was measured as 2.8.
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Figure 3.17. pH measurements for semi-continuous production of e-PL.

At Figure 3.18, ammonia concentrations of 3 strategies are given. For the 1% strategy,
ammonia concentration was increased slightly. At 144™ hour ammonia concentration was
measured as 0.22g/L. For the 2" and 3" strategies ammonia concentration was slightly
decreased. It was measured as 0.09g/L for 2" strategy and 0.07g/L for 3" strategy at 144"

hour.
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Figure 3.18. Ammonia concentration for semi-continuous production of &-PL.
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In Figure 3.19, glucose concentrations for 3 different strategies are given. For the 2"
strategy, since the experiment continued with sugar free M3G media glucose was consumed.
For the 1%t and 3" strategies, experiments was continued with normal media, so at 144" hour

glucose concentrations was measured as 39.25g/L for 1% strategy, 40.26g/L for 39 strategy.
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Figure 3.19. Glucose concentration for semi-continuous production of e-PL.

In Figure 3.20, e-PL measurement for semi-continuous production was shown. At 12" hour
production amounts was similar to each. At 144" hour e-PL production amount for 1°
strategy was measured as 0.27g/L. For 2" strategy e-PL production amount was measured
as 0.50g/L and for the 3" strategy the amount for e-PL production was 0.43g/L.
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Figure 3.20. e-PL measurement for semi-continuous production.

The production of e-PL is 0.2 g/L at the start time of the experiment. At the end of the 24th
hour, the production amount increased to 0.38g/L. Following a falling graph, the production
amount at the end of 144 hours was 0.27g/L. The pH drop is directly proportional to biomass
growth. Glucose and ammonia concentrations added with new medium every 12 hours were

too high in this strategy(Figure 3.21).

All results affecting production factors are given in Figure 3.21. The e-PL production amount
in this strategy has reached its maximum after 132 hours. The maximum value is 0.51g/L.
In 144" hour it was 0.49 g/L with a slight decrease. As it was a strategy made with sugar-
free medium, glucose concentration was consumed. Optical density and dry cell weight are
directly proportional. e-PL production increased as the ammonia concentration in the

medium was consumed. The pH of the environment is 2.92.

The &-PL increased from 0.21 g/L at 12" hour to 0.37 g/L at 24™ hour. Maximum production
reached 0.46g/L at 108" hour. In this strategy, the pH was kept under control. Since glucose
was fed every 12 hours, the amount of glucose in the medium was excessive. Cell dry weight
and optical density are directly proportional. Ammonia concentration was consumed(Figure
3.23).Purity results of &-PL production were given in Table 4, results are calculated from
HPLC peaks.
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Figure 3.21. Results of 1% strategy in semi-continuous production of e-PL.
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Figure 3.22. Results of 2" strategy in semi-continuous production of e-PL.
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Figure 3.23. Results of 3" strategy in semi-continuous production of -PL.

According to antimicrobial activity assay’s results, in part A, zone measurements for
Pseudomonas aeruginosa was measured as 1.2cm as it is and 0.9cm for diluted. In part B,
zone measurements for Escherichia coli was measured as 1.4cm as it is and 1.2cm for
diluted. In part C, zone measurements for Yersinia enterocolitica was measured as 1.9cm as
it is and 1.5cm for diluted. In part D, zone measurements for Listeria monocytogenes was
measured as 1.1cm as it is and 0.8cm for diluted.



Table 3.1. Purity results of e-PL measurements.
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Time(h) | Agitated Purity | STR-1 | Purity | STR-2 | Purity | STR-3 | Purity
Culture(g/L) | (%) | (/L) | (%) | (@L) | () | (@L) | (%)
0 0.17 46.24 - - - - - -
12 - - 0.20 | 35.26 0.22 33.48 0.21 32.19
24 0.30 4718 | 0.38 | 36.42 0.38 34.17 0.38 32.38
36 - - 0.32 | 35.73 0.41 34.42 0.43 36.24
48 0.69 4526 | 0.33 | 34.48 0.47 33.96 0.45 33.14
60 - - 0.32 | 3451 0.48 35.11 0.44 34.25
72 0.89 44.32 0.28 33.66 0.46 34.84 0.44 35.53
84 - - 0.27 | 35.21 0.47 33.18 0.44 34.72
96 0.95 41.12 | 0.26 | 34.18 0.46 32.47 0.44 32.18
108 - - 0.26 | 36.24 | 0.49 33.46 0.47 33.26
120 1.07 4224 | 0.28 | 37.22 0.50 35.17 0.43 31.15
132 - - 0.25 | 33.26 0.51 36.49 0.41 32.48
144 1.04 4181 | 0.27 | 35.72 0.50 34.81 0.44 34.27

Figure 3.24. Results of antimicrobial activity assay. (a) Results for Pseudomonas

aeruginosa was given. (b) Results for Escherichia coli was given. (c) Results for Yersinia

enterocolitica was given. (d) Results for Listeria monocytogenes was given.
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4. DISCUSSION

Literature review was performed before the studies started and 3 microorganisms to use were
determined. The resulting microorganisms were; Bacillus subtilis, Bacillus cereus and
Streptomyces albulus [13,36,119]. The common feature of 3 microorganisms is that they are
e-Poly-L-Lysine producers. Method optimization studies, which were compulsory for
experiments to be carried out with microorganisms, have started. Methyl Orange was chosen
as an indicator in many studies [123]. Due to its chemical structure, for e-Poly-L-Lysine it’s
preferred as common [20,25]. Prior to optimization studies, a non-complex group was
prepared and their measurements were performed. This group was between 3mM-0.01mM.
As a result of the 3 experiments, these concentrations were reduced to 2mM, 1mM and
0.5mM. High or lower concentrations made the spectrophotometer scale difficult to measure
and made the results ambiguous. After that, it was decided to make measurements with
HPLC. During the study, which lasted a total of 2 years, many experiments were performed
and the method was tried. The inadequacy of the results of the experiments carried out with

MeO. Inconsistent MeO results and the method used are available in the Appendix.

The second stage was the choice of microorganisms. Bacillus subtilis and Bacillus cereus,
which were previously determined from specific publications [20,84,88]. After that, it was
decided to take the Streptomyces albulus, which was known as g-Poly-L-Lysine producer.
The experiments were carried out primarily with the Bacillus group and e-Poly-L-Lysine
was produced. The difference was that Streptomyces albulus proved to be the producer of &-
Poly-L-Lysine in the experiments and caused successful results in different production
experiments [19,51,119]. According the production results Streptomyces albulus produced
more g-Poly-L-Lysine than other microorganisms. The results of the other microorganisms
used in the experiments were inconsistent with the results of this study. Results are available
in the Appendix.

The amount of e-Poly-L-Lysine produced was inadequate due to literature [38,119,124].
According to Zhou production amount was measured as 1.72 g/L [125]. Factors affecting
production are as follows; pH, medium, temperature, rotational speed, incubation time,
surface area to volume ratio [57,84,126]. At first, different media were investigated as the
medium which has been decided to be used was M3G Medium [5,127,128]. The use of these

media in different experiments and different microorganisms has proved that the amount of
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sugar directly affects the production. It was decided to use M3G medium after reaching this
result [5].

In the experiment, production rates of e-PL started to increase after complete method
optimization was made. The first target was the pH control strategy [48,129]. For this
purpose, microorganisms were observed by different experiments starting from pH
measurements. This situation had a significant effect which led to different production
methods. It was decided to do pH control strategy with different operational mode. This
situation led to more experience about Streptomyces albulus microorganism. Micelle
formation was observed during the experiments of Streptomyces albulus. In the semi-
continuous operational mode experiments pH control strategy studied in 2 strategies.
According the results, in 2" strategy -PL production reached 0.51g/L. For 3" strategy &-PL
production was reached to 0.46g/L. According to Kahar production amount of ¢-PL with pH
control strategy is 5.7g/L. Kahar did the study with Streptomyces albulus strain 410 and 5L

jar fermentor[9].

As a result of researches for a different type of production, studies for static culture started.
As a result of these investigations, necessary experimental setups for static culture
experiment were established and trials were started [19,130]. After fixing the protocol and
the experimental setup, the results were signaled by a new mode of production. After

successful results, the production of e-Poly-L-Lysine in static culture was performed.

As a result of static culture experiments, a number of changes were made to increase
production. Factors affecting production in static culture are as follows; pH, Media,
Temperature and S/V ratio. After examining the effect of pH, media and temperature on
production, it was decided to focus on S/V ratio. Experiments were performed repeatedly in
Erlenmeyer flasks with different S/V ratio. At the end, the production was repeated with the
measuring cups with 0.2, 0.7 and 1.2 S/V ratio which were useful for production. As a result,
the group with the best results was found to have a 1.2 S/V ratio. The production result of
the 1.2 S/V ratio group is 2.5 times higher than the 0.7 S/V ratio group and 3 times higher
than the 0.2 S/V ratio group.

As it can be seen in the figures, the experiments carried out in a set affect each other. The
production of e-PL is directly proportional to cell growth and hence it is accurate to interpret

the pH and depending on the experiments related to cell dry weight. Cell growth is
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progressively referred to as lag phase, exponential phase, stationary phase and death phase.
&-PL production starts when the cell growth goes to the stationary phase. In pH measurement,
the cell needs sugar in the environment to grow and multiply. The pH decreases as the sugar
Is consumed. When the cell passes into the stationary phase, the pH change stabilizes. pH
plays a triggering role in cell growth. It is correct to interpret all experimental results in a

connected way.

In addition to the studies, measurement results were started to be obtained by HPLC in order
to increase the reliability of the results. It was understood that the results obtained by HPLC
in the sets were valid. The ODS-120-T column was used for HPLC. New experimental sets
were designed and measured by HPLC. The results were compared with the results of the
studies and confirmed the validity. The accuracy of the test results was tested with 2
references. According to the results and references e-PL production was measured as 1.72
in shaker and 0.42 g/L in agar [33,125].

Agitated and static culture test results compared to the results of Streptomyces albulus
production. Cell growth is greater in the agitated culture, the pH is more variable, however,
the production of e-Poly-L-Lysine is clearer in static culture. According to these results, cell
growth is important for the production of e-Poly-L-Lysine. Static culture has proven to be
an important method for the production of e-Poly-L-Lysine in accordance with limited
possibilities. S/V ratio is a production factor for static and agitated culture. Considering all
the results, it was decided that the agitated culture was the most efficient for the production

of e-Poly-L-Lysine.

Antimicrobial activity assay results were compared with literature studies. The results of the
study have similar results with the literature. e-PL inhibits gram negative and gram positive
bacteria. [131]

The pH control strategies applied in experiments with semi-continuous mode prove that the
cell contributes to production in acidic environment. Looking at Figures 3.26 and 3.27, cell
growth is proportional. When the ammonium concentrations are compared, it’s obvious that
the strategies with pH control was used the ammonia but it’s saturated for the 1% strategy. In
the sugar concentration, the 2nd strategy finished the whole carbon source in 144 hours as it
was fed with sugar-free medium. It is a problem related to microorganism that the

productions are lower than batch mode.
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When we compare Batch and Semi-continuous modes, it is proved that batch mode gives
more successful results in small scale production. When the production amounts compared,

the amount of production made with semi-continuous is half of the batch mode.
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5. CONCLUSION

In this study, it was aimed to compare e-Poly-L-Lysine production with Streptomyces
albulus under static culture and agitated culture. Beyond that a different operation mode with
3 different strategies were studied. In semi-continuous operation mode experiments glucose
feeding, pH control under sugar free media and glucose feeding with pH control strategies
were studied. HPLC was used to analyze the results of the production of e-PL. Also sugar
and nitrogen determination and biomass analysis were performed in this study. The
techniques selected from existing production enhancing techniques have been used. As a
result of the study, it was found out that the production with agitated culture was more
efficient. The novel result of the study is that production with static culture can be increased
with different surface ratio. e-PL production was measured as 1.06g/L in shaker. In semi-
continuous operation mode production amounts was 0.27g/L for glucose feeding strategy,
0.51g/L for pH control under sugar free media strategy and 0.44g/L for glucose feeding with
pH control strategy. According to this result, production with batch mode was 3 times higher
than semi-continuous mode in small scale productions. As a result of experiments conducted
to increase production, it was seen that Streptomyces albulus had a growth rate compared to
the amount of sugar. However, by changing the surface area/volume ratio, oxygen has
proven to be an important factor in the growth of Streptomyces albulus. It will go into the
history of science that it is an important production technigue to be used in accordance with
limited facilities. The efficiency of agitated culture is inevitable for fast and multi-

production.

In future studies will continue in the field of applications.
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APPENDIX A: MEASUREMENT OF E-PL WITH METHYL ORANGE

Experiments started with S.albulus. Method optimization was done before starting to
experiments. For this reason, some dosages previously used in the literature were selected,
then e-Poly-L-Lysine was measured. The dosages selected were between 3mM-0.01mM. In
this study, the method determined by ltzhaki in 1972 was used [123]. S.albulus, which
prepared in 250mL Erlenmeyer flasks, samples are taken as 3mL portions to Falcons
(Thermofisher Scientific Inc.) and centrifuged at 10000 rpm x 15 min (Gyrozen Co. Ltd.,
Korea). Measurements were made in the spectrophotometer at 465nm (Thermo Scientific,
Genesys 10S UV-Vis). For S.albulus incubation condition was 30°C at 150 rpm with aerobic
conditions. After the results were received, same experiment was performed with 1:10
dilution before measurement. Experiment repeated in terms of reliability of results with
different media. The media used in this experiment was M3G. M3G Medium (g/L) contains:
Glucose, 50; yeast extract, 5; (NH1)2SO04, 10; KH2PO4, 1.36; KoHPO4, 0.8; MgSO4+7H20,
0.5; ZnSO4+7H>0, 0.04; and FeSO4+7H20, 0.03. pH 6.8. pH adjusted with 6M NaOH. It
was used after being prepared and sterilized in autoclave. Inoculation was carried out with 5

percent and experiment was started. Since the results were inconsistent they excluded from

this study.
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Figure A.1. Method optimization for MeO with S.albulus.
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Figure A.3. e-PL Measurement with MeO in static culture experiment
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