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Abstract
Actinoplanes sp. SE50/110 is known as the wild type producer of the alpha-glucosidase
inhibitor acarbose, a potent drug used worldwide in the treatment of type-2 diabetes
mellitus. As the global incidence of diabetes is rapidly rising, an ever increasing
demand for diabetes drugs, such as acarbose, needs to be anticipated. Consequently,
derived Actinoplanes strains with increased acarbose yields are being used in large
scale industrial batch fermentation, which were continuously optimized by mutagenesis
and screening experiments. However, being applied for over 20 years, this conventional
optimization strategy has now reached its limits and is generally superseded by modern
genetic engineering approaches, which require the genome sequence of the organism.

Hence, the first part of this Ph. D. thesis dealt with the sequencing, assembly and
annotation of the complete genome sequence of Actinoplanes sp. SE50/110, the first
publicly available genome of the genus Actinoplanes. Due to its high GC-content of
71.32% and the formation of stable secondary structures that hindered the sequencing
process, adapted protocols were developed which allowed the establishment of the com-
plete sequence. The final genome consists of a single circular chromosome with a size
of 9.4 Mb hosting about 8,400 genes. Besides the known acarbose biosynthetic gene
cluster sequence, several new non-ribosomal peptide synthetase-, polyketide synthase-
and hybrid-clusters were identified on the Actinoplanes genome. Another key finding
represents the discovery of a functional actinomycete integrative and conjugative ele-
ment, which might pose an elegant way of genetically accessing the organism. Phyloge-
netic analysis of the core genome revealed a rather distant relation to other sequenced
species of the family Micromonosporaceae, whereas Actinoplanes utahensis was found
to be the closest species based on 16S rDNA comparison.

The second part of this work complemented the genomic information with tran-
scriptome experiments using RNA-sequencing technology. These analyses resulted in
the discovery of non-coding RNAs, novel protein coding sequences, and antisense tran-
scripts to known genes, which lead to an improved annotation of the Actinoplanes sp.
SE50/110 genome. Moreover, genome wide expression quantification provided – for
the first time – insights into the transcriptional landscape of the acarbose producer.
In this regard, differential expression testing between three different Actinoplanes cul-
tivations were also performed in order to elucidate the changes in gene expression
in response to varying growth-media compositions. It was found that the different
media had significant impact on growth rate and acarbose productivity, which was
clearly reflected on the transcriptional level. In particular, the acarbose biosynthe-
sis gene cluster happend to be highly up-regulated in maltose-containing media and
almost silent in the glucose-containing medium. Additionally, one of the identified non-
ribosomal peptide synthetase gene clusters showed high expression, which resembled
the expressional pattern of the acarbose cluster across the analyzed conditions.
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1 Chapter 1.

Introduction

1.1. The genus Actinoplanes

The genus Actinoplanes was first introduced by John Nathaniel Couch in 1950 with
Actinoplanes philippinensis as its type strain [Couch, 1950]. Taxonomically, Actino-
planes is classified within the family Micromonosporaceae and order Actinomycetales,
which belongs to the broad class of Actinobacteria. Species of that genus colonize var-
ious habitats including different soil, freshwater, and marine environments. They are
distinguished from other members of the family Micromonosporaceae mainly through
their characteristic formation of globose sporangia, containing globular spores, which
become motile soon after dehiscence. Other distinctive characteristics are the usual
absence of an aerial mycelium and the composition of the cell wall, which contains
meso-2,6-diaminopimelic acid (DAPA), ll-2,6-diaminopimelic acid, and/or hydroxy-
diaminopimelic acid (HDAPA), and glycine [Lechevalier & Lechevalier, 1970].
Because of these components, the cell wall of Actinoplanes spp. belongs to the chemo-
type II and resembles that of Gram-positive bacteria [Šuput et al., 1967]. Among
different species the ratio of DAPA to HDAPA differs significantly, ranging from pure
DAPA in Actinoplanes philippinensis through Actinoplanes missourensis, which has
roughly equal amounts of both amino acids, to pure HDAPA in Actinoplanes uta-
hensis [Parenti & Coronelli, 1979]. Another rare feature of the cell wall is the
substitution of N -acetylmuramic acid by N -glycolylmuramic acid within the pepti-
doglycan layer, which explains the resistance of Actinoplanes strains against the N -
acetylmuramide glycanhydrolase lysozyme [Vobis, 1989].

Most members of the genus Actinoplanes grow aerobically under mesophilic tem-
perature conditions ranging from 15 to 37 ◦C with an optimum at around 30 ◦C. They
feed saprophytically on dead plant material, pollen grains, and chitin-containing bi-
ological material which entails their good utilization of major components of plant
cell walls such as xylose and arabinose. The majority of Actinoplanes species form
dense colonies with regular shapes, whose central protuberance usually develops a
straight sporangiophore supporting the characteristic sporangia. The colonies are typ-
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ically of orange or yellow color, which is due to an aggregation of pigments within
the protoplasm of the cells. These pigments were shown to be carotenoids that
seem to require light for their synthesis. This is exceptional in the sense that non-
photosynthetic bacteria and fungi are generally able to produce carotenoids irrespec-
tively of light conditions [Parenti & Coronelli, 1979]. Actinoplanes spp. exhibit
a genomic deoxyribonucleic acid (DNA) content of 70-73 mol% guanine-cytosine nu-
cleotide bases, which is typical for Actinobacteria [Farina & Bradley, 1970]. This
high GC-content has several implications on DNA-sequencing strategies, as described
later.

Actinobacteria are a rich source for industrially and pharmacologically valuable
compounds, such as antibiotics, amino acids, functional food additives, and drug pre-
cursors [Ventura et al., 2007]. This is especially reflected by the rising number of
genome sequencing projects dealing with members of this phylum. According to the
Genomes Online Database (GOLD)1 as of October 2011, about 11% of all sequencing
projects work already with actinomycetes, which stresses the rising interest in sec-
ondary metabolites that are produced by their diverse species. The genus Actinoplanes
fits well into this trend. It represents the richest group of the rare actinomycetes with
at least 45 validly described species and more than 200 isolates listed in the taxonomy
database of the National Center for Biotechnology Information (NCBI)2 as of Decem-
ber 2011. In particular, more than 120 antibiotics have been reported from these
species. Among these compounds, amino acid derivatives such as peptides and dep-
sipeptides prevale [Lazzarini et al., 2001]. Especially the glycopeptide teicoplanin
produced by Actinoplanes teichomyceticus is of clinical relevance for the treatment
of life-threatening infections by Gram-positive bacteria, particularly those caused by
methicillin-resistant Staphylococcus aureus strains [Jung et al., 2009]. Other antibi-
otics of elevated interest include lipiarmycin from Actinoplanes deccanensis [Parenti
et al., 1975], ramoplanin from Actinoplanes sp. ATCC 33076 [Cavalleri et al.,
1984], purpuromycin from Actinoplanes ianthinogenes [Kirillov et al., 1997], and
friulimicin from Actinoplanes friuliensis [Aretz et al., 2000].

1.2. The strain Actinoplanes sp. SE50/110

On the 22nd of December 1969, a new strain, designates Actinoplanes sp. SE50 (ATCC
31042; CBS 961.70), was isolated through pollen-baiting from a soil sample taken
from a coffee plantation near the city of Ruiru in Kenya, Africa. Among other iso-
lates, Actinoplanes sp. SE50 was tested in the course of a screening experiment for new
substances with inhibitory effects on glycoside hydrolases by the company Bayer AG.
The culture broth of the strain showed remarkable inhibitory effects on mammalian
intestinal amylases, maltases, and saccharases and therefore became subject to fur-
ther investigation [Frommer et al., 1975]. In the following, it was found that the
active compound of the broth was comprised of a mixture of complex oligosaccharides

1URL: http://www.genomesonline.org
2URL: http://www.ncbi.nlm.nih.gov/Taxonomy/
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1.3. The secondary metabolite acarbose, its relevance, and mode of action

of which the pseudo tetrasaccharide acarbose was the most potent inhibitor of α-
glucosidases [Schmidt et al., 1977]. Later, a natural variant of the original wild-type
isolate Actinoplanes sp. SE50, designated Actinoplanes sp. SE50/110 (ATCC 31044;
CBS 674.73), was found to produce elevated levels of up to 1 g/L of acarbose [From-
mer et al., 1979]. Since then, Actinoplanes sp. SE50/110 (Fig. 1.1) has been used
in many research studies which helped to identify and reveal the DNA sequence of
the acarbose biosynthetic gene cluster as well as the functional characterization of its
encoded enzymes [Crueger et al., 1998a,Stratmann et al., 1999,Hemker et al.,
2001,Zhang et al., 2002,Zhang et al., 2003].

Figure 1.1.: Three images with different levels of magnification of an Actinoplanes sp. SE50/110
culture grown on agar plates. (A) Light microscopy image; (B) electron microscopy
image with moderate magnification; (C) electron microscopy image with high mag-
nification.

Of note, in a patent from the year 2000 the author introduced the species name
Actinoplanes acarbosefaciens for all strains derived of Actinoplanes sp. SE50 [Crueger,
2000]. However, this name was not used in any scientific publication before and ever
since.

1.3. The secondary metabolite acarbose, its relevance, and mode of
action

The α-glucosidase inhibitor acarbose, O-{4,6-dideoxy-4[1s-(1,4,6/5)-4,5,6-trihydroxy-
3-hydroxymethyl-2-cyclohexen-1-yl]-amino-α-D-glucopyranosyl}-(1→ 4)-O-α-D-gluco-
pyranosyl-(1→4)-D-glucopyranose, is a special representative of a complex group of
compounds, called amylostatins [Wehmeier & Piepersberg, 2004]. Its chemical
structure is composed of a valienamine moiety which is N -glycosidically bound to
4-amino-4,6-dideoxyglucose, resulting in the core structure of the molecule, the pseu-
dodisaccharide acarviosine (valienaminyl-4-amino-4,6-dideoxyglucose). Acarviosine is
further α-1,4-linked to a maltose residue, constituting the complete acarbose unit
(Fig. 1.2) [Müller et al., 1980,Truscheit et al., 1981].

Besides acarbose, Actinoplanes sp. SE50/110 produces a wide variety of other
pseudooligosaccharides that all have the acarviosine core structure in common but
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Figure 1.2.: The chemical structure of acarbose.

differ in the number, nature, and bond-type of the molecules at its reducing (Rn) and
non-reducing (Rm) end (Fig. 1.3). While homologues of acarbose are characterized
through the sole use of α-1,4-linked glucose molecules, other derivatives contain fruc-
tose, mannose, 1-epi,2-epi-valienol and vary in the terminal glycosidic bond [Müller
et al., 1980, Hemker et al., 2001]. In this regard, component C (Tab. 1.1) is of
special interest because of its structural similarity to acarbose, which renders the
separation of both compounds challenging [Wehmeier & Piepersberg, 2004].

Table 1.1.: Names and compositions of acarviosyl-containing compounds

name composition
Acarbose (component 3) Acarviosyl-1-4-Glc-1-4-Glc
Component A Acarviosyl-1-4-Glc-1-4-Fru
Component B Acarviosyl-1-4-Glc-1-4-Val
Component C Acarviosyl-1-4-Glc-1-1-Glc
Component D Acarviosyl-1-4-Glc-1-4-Man
Component 4a Acarviosyl-1-4-Glc-1-4-Glc-1-4-Fru
Component 4b Acarviosyl-1-4-Glc-1-4-Glc-1-4-Glc
Component 4c Acarviosyl-1-4-Glc-1-4-Glc-1-1-Glc
Pseudo-acarbose Acarviosyl-1-4-(6-desoxy)Glc-1-4-Glc

The length of the oligosugars linked to the Rn and Rm ends are largely determined
by the supplied carbon source in the cultivation broth and can vary between 1 and
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Figure 1.3.: Chemical structure of acarbose homologues.

30 units. While acarbose and other shorter pseudooligosaccharides are preferably
produced in maltose and glucose containing media, already small amounts of supplied
starch lead to the production of longer products [Schmidt et al., 1977, Frommer
et al., 1979]. This is crucial, as the number of glucose molecules bound to acarviosine
influences the substrate specificity of the compound as an inhibitor. Low-molecular
compounds such as acarbose and component 2 possess strong inhibitory effects on
disaccharases, whereas high-molecular compounds are more effective in inhibiting α-
amylases [Frommer et al., 1979,Müller et al., 1980].

The inhibitory effect of all acarbose-related pseudooligosaccharides is based on
their inherent acarviosine core structure. In contrast to α-1,4-glycosidic bonds, the
N -glycosidic linkage between valienamine and the 4-amino-4,6-dideoxyglucose can not
be hydrolyzed by the catalytic centers of α-glucosidases [Heiker et al., 1981]. Rather,
they simulate an intermediate state in the cleavage process of these enzymes which
is why they are also known as transition-state-analogues [Habermehl et al., 2008].
X-ray studies on a sucrase-isomaltase complex, isolated from the small intestine of
rats, first revealed the competetive mechanism of the inhibition [Sigrist et al., 1975,
Hanozet et al., 1981, Samulitis et al., 1987]. Further kinetic studies indicated
that the sucrase possessed a 15,000-fold higher affinity to acarbose in comparison to
its natural substrate sucrose, which ultimately leads to the inhibition of the enzyme
[Caspary & Graf, 1979]. The inhibitory effect of acarbose on human α-glucosidases
of the small intestine was discovered by Caspary and coworkers who also noted its
potential application in the treatment of type-2 diabetes mellitus [Caspary & Graf,
1979,Caspary & Kalisch, 1979].

Diabetes mellitus type-2 is a chronic disease with more than 250 million people
affected worldwide. Inappropriately managed or untreated, it can lead to severe cases
of renal failure, blindness, slowly healing wounds, and arterial diseases, including coro-
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nary artery atherosclerosis [IDF, 2009]. The underlying cause for this disease is a
concurrent deficit of insulin secretion or insulin action and insulin resistance, which
results in hyperglycemia due to the reduced ability to absorb and use glucose in the
muscles and in the liver [Bottino & Trucco, 2005]. Acarbose specifically aids in
the development and control of hyperglycemia by reducing the uptake rate of glucose
in the human intestinal tract. This is achieved by the aforementioned inhibition of α-
glucosidase enzymes in the brush border of the small intestine, which, in the absence
of acarbose, would rapidly degrade oligosaccharides, trisaccharides, and disaccharides
into glucose and other monosaccharides whose massive absorption leads to pathogenic
blood sugar levels. Another important effect of acarbose is its inhibition of the human
pancreatic α-amylase (HPA) in the lumen of the small intestine, which reduces the
rate by which complex starches are hydrolized to oligosaccharides [Wehmeier &
Piepersberg, 2004]. Several α-amylases including HPA also possess the ability to
convert acarbose into even more efficient inhibitors through different transglycosyla-
tion reactions between two or more acarbose molecules. This results in a refinement
of the molecular positioning of the N -glycosidic bond of acarviosine within the ac-
tive center of the α-glucosidases and increases their affinity to the inhibitor [Dauter
et al., 1999,Nahoum et al., 2000]. Thus, acarbose acts at least in some of its target
enzymes as a prodrug [Wehmeier & Piepersberg, 2004].

In order to reduce the postprandial hyperglycemia in diabetes patients after in-
gestion of carbohydrate-containing diets by 50%, a dose of 1-1.5 mg of acarbose per
kg body weight is advisable [Truscheit et al., 1988]. The usual dosage form is in
white tablets that are taken with the first bite of food intake to develop the optimal
inhibitory effect.

Besides its application in diabetes mellitus type-2, acarbose was also tested for
its applicability in other medical fields such as obesity, adipose, hyperlipidemia (ar-
teriosclerosis), gastritis, gastric ulcer, duodenal ulcer, and caries in man, or as food
additive for various purposes in farm animals [Frommer et al., 1977a, Frommer
et al., 1977b,Frommer et al., 1979,Frommer et al., 1975].

1.4. The biosynthesis of acarbose in Actinoplanes sp. SE50/110

The foundation for the genetic analysis of the acarbose biosynthesis was laid in 1992,
when DNA probes were designed from the streptomycin biosynthesis genes strDELM
of Streptomyces griseus. Like many other secondary metabolites of Actinobacteria,
the biosynthesis of streptomycin requires enzymes responsible for the synthesis of
precursor compounds via the highly conserved dTDP-hexose pathway. It was therefore
possible to use these DNA probes in screening experiments for homologous genes in
related bacteria [Stockmann & Piepersberg, 1992].

The same approach was successfully applied for Actinoplanes sp. SE50/110 us-
ing the DNA probes for the dTDP-glucose 4,6-dehydratase gene strE and resulted
in the identification of the gene acbB, which likewise encodes a dTDP-glucose 4,6-
dehydratase [Crueger et al., 1998b]. For the reason that secondary metabolite
genes were often found to be organized in clusters, further work concentrated on the
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1.4. The biosynthesis of acarbose in Actinoplanes sp. SE50/110

cloning and sequencing of adjacent genomic DNA regions of this gene [Stratmann
et al., 1999,Hemker et al., 2001,Wehmeier, 2003]. These efforts lead to the identi-
fication of the acarbose biosynthesis gene cluster [GenBank:Y18523.4] (Fig. 1.4). The
32 kb long acb gene cluster consists of 22 genes which are organized in at least eight
transcriptional units, namely acbZ, acbWXY, acbVUSRPI, JQKMLNOC, acbB, acbA,
acbE, and acbD [Thomas, 2001]. According to latest findings, the operon acbHFG is
not directly involved in the biosynthesis or the metabolism of acarbose [Licht et al.,
2011], which is in contrast to earlier assumptions [Brunkhorst et al., 2005].

Figure 1.4.: The acarbose biosynthetic gene cluster of Actinoplanes sp. SE50/110.

The functions of most gene products have already been elucidated, which gives
a fairly complete picture of the biosynthesis and metabolism of acarbose in Actino-
planes sp. SE50/110 (Fig. 1.5). As a first step in the synthesis of the valienamine
subunit of acarbose (Fig. 1.2), sedo-heptulose-7-phosphate, which originates from the
penthose phosphate pathway, is cycled by the C7-cyclitol synthase AcbC to form 2-
epi-5-epi-valiolone [Stratmann et al., 1999]. This intermediate is subsequently C7-
phosphorylated by the ATP-dependent kinase AcbM, yielding 2-epi-5-epi-valiolone-
phosphate [Zhang et al., 2002]. Notably, this phosphorylation is maintained through-
out the complete biosynthesis of acarbose and protects the own cytosolic enzymes
against inhibition by acarbose [Drepper & Pape, 1996,Goeke et al., 1996]. Next,
AcbO catalyzes the C2-epimerization to 5-epi-valiolone-7-phosphate [Zhang et al.,
2003], which is then reduced to 5-epi-valiolol-7-phosphate by the NADH-dependent
dehydrogenase AcbL [Wehmeier, 2003]. The following dehydratase reaction to 1-epi-
valienol-7-phosphate is driven by AcbN, which belongs to the family of short-chain
oxidoreductases. For the next step, the C1-phosphorylation to 1,7-diphospho-1-epi-
valienol, a responsible enzyme has not been determined yet. However, AcbU – a
putative cyclitol kinase – is a likely candidate [Wehmeier & Piepersberg, 2004].
The subsequent nucleotidylation to NDP-1-epi-valienol-7-phosphate is presumably cat-
alyzed by the ADP-glucose synthase AcbR [Wehmeier, 2003].

In contrast to the synthesis of the valienamine precursor, all catalytic steps of
the deoxysugar moiety of acarbose are well characterized and follow the dTDP-hexose
pathway mentioned above [Liu & Thorson, 1994,Piepersberg & Distler, 1997].
It starts with the nucleotidylation of D-glucose-1-phosphate to dTDP-D-glucose by
the dTDP-glucose synthase AcbA and is then further modified by the above men-
tioned dTDP-glucose 4,6-dehydratase AcbB, which results in the formation of dTDP-
4-keto-6-deoxy-D-glucose [Wehmeier, 2003]. The next step yielding dTDP-4-amino-
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4,6-dideoxy-D-glucose is catalyzed by the aminotransferase AcbV, which utilizes L-
glutamic acid as donor for the amino group [Piepersberg et al., 2002].

The concatenation of the subunits NDP-1-epi-valienol-7-phosphate and dTDP-4-
amino-4,6-dideoxy-D-glucose to dTDP-acarviose-7-phosphate is finally catalyzed by
the glycosyltransferase-like protein AcbS [Wehmeier & Piepersberg, 2004]. Ear-
lier feeding experiments showed that the following addition of a maltose moiety orig-
inates from free maltose or maltotriose rather than from successive addition of two
glucose molecules which were only utilized for the formation of dTDP-4-amino-4,6-
dideoxy-D-glucose [Lee et al., 1997]. The enzyme responsible for the condensation
of maltose and dTDP-acarviose-7-phosphate to acarbose-7-phosphate has not yet been
determined, however. A likely candidate that could fulfill this function is the second
glycosyltransferase-like protein AcbI [Wehmeier & Piepersberg, 2004, Rockser
& Wehmeier, 2009]. Acarbose-7-phosphate is then exported into the extracellu-
lar medium, presumably through the ABC-transporter AcbWXY, which is also held
responsible for the dephosphorylation and, hence, the activation of acarbose [Piepers-
berg et al., 2002].

In its natural environment, acarbose is believed to play a multifunctional role in the
acquisition of glucose-containing carbon sources for Actinoplanes sp. SE50/110. First,
it inhibits starch degrading enzymes of nutrient competitors and their maltodextrine
uptake systems. Second, it serves as an acceptor of oligosugars, which are provided
through starch degradation by the own secreted acarbose-resistant α-amylases AcbE
and AcbZ and subsequent transfer to acarbose by the acarviosyltransferase AcbD.
Third, it serves as a recyclable transport vehicle for these loaded acarbose compounds,
which are eventually imported through a yet to be determined importer complex. Pre-
viously it was assumed that AcbHFG takes this role [Brunkhorst et al., 2005], but
recent findings exclude that possibility as it was demonstrated that the extracellular
binding protein AcbH possesses a predominant specificity for galactose [Licht et al.,
2011]. The loaded acarbose is intracellularly recycled through deglycolization by the
amylomaltase AcbQ and thus, the cleaved glucose molecules are available for utiliza-
tion in the central metabolism of Actinoplanes sp. SE50/110. Immediately afterwards,
acarbose is re-phosphorylated by the acarbose-7-kinase AcbK, which serves the same
purpose as during its synthesis – the protection of own intracellular enzymes and
tagging for re-export through AcbWXY.

This proposed carbophore-cycle elegantly explains how acarbose (and presumably
its homologues) facilitates the life of its producer in a community which competes for
the same carbon sources [Wehmeier & Piepersberg, 2004]. Another putative func-
tion of the carbophore could be related to quorum sensing (reviewed in [Schauder
& Bassler, 2001]) in that it would enable Actinoplanes sp. SE50/110 to measure
the population density in its environment [Piepersberg, 1993,Piepersberg et al.,
2002].

The exact functions of the proteins AcbP and AcbJ are currently unknown, al-
though AcbJ might be involved in the dephosphorylation of acarbose-7-phosphate
during the export through AcbWXY [Wehmeier & Piepersberg, 2004]. For AcbP,
which shows some sequence similarity to the NUDIX-hydrolase family, a putative reg-
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Figure 1.5.: Postulated pathways of the acarbose biosynthesis in Actinoplanes sp. SE50/110
[Zhang et al., 2002].

ulatory function on the metabolic level has been proposed. This regulation would e.g.
involve the hydrolization of accumulated toxic NDP-1-epi-valienol-7-phosphate to 1-
epi-valienol-7-phosphate which might subsequently be dephosphorylated by AcbJ to
form 1-epi-valienol. In this theory, 1-epi-valienol accumulates as a result of this detox-
ification as previously observed [Mahmud et al., 1999].

Interestingly, a second acarbose biosynthetic gene cluster gac was recently identi-
fied and characterized in Streptomyces glaucescens GLA.O (DSM 40716). It exhibits
remarkable similarities to the acb-cluster but differs in the synthesis of 1-epi-valienol-
7-phosphate after the initial cyclization step from sedo-heptulose-7-phosphate to 2-epi-
5-epi-valiolone. More importantly, the cluster contains two putative transcriptional
regulators, GarC1 and GarC2, for which no homologues exist in the acb-cluster. One
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or both of these regulators are assumed to control the expression of the AcbHFG ho-
mologue ABC-importer GacHFG. In contrast to AcbH, GacH might be able to import
loaded acarbose in the sense of the carbophore model, as its substrate specificity is
likely to be different [Rockser & Wehmeier, 2009]. However, this has not yet been
demonstrated.

Very few information exists on the regulation of the acb gene cluster. Yet it was
found that acarbose production in Actinoplanes sp. SE50/110 starts during the ex-
ponential growth phase and not, like most other antibiotics, in the stationary phase.
This suggests a regulation coupled with the carbohydrate metabolism as the need for
energy is highly increased during the exponential growth phase [Drepper & Pape,
1996, Piepersberg & Distler, 1997]. Other experiments indicated a substrate-
induced regulation of AcbE and AcbD after addition of maltose and maltotriose
to the culture medium [Stratmann, 1997], which is in line with experiments that
found the complete acb-cluster induced after addition of maltotriose and higher malto-
oligosaccharides (up to maltoheptaose) [Wehmeier, 2003].

1.5. Industrial development and fermentation of acarbose

Since its initial authorization in Switzerland in the year 1986, acarbose emerged as a
widely used drug in the treatment of diabetes mellitus type-2 and now belongs to the
ten top-selling pharmaceuticals produced by the company Bayer HealthCare AG. In
2010, its annual sales volume raised to 347 million Euro and an increasing demand,
especially from Asian countries, is anticipated. Today, acarbose is sold in 110 coun-
tries worldwide under different tradenames, such as Glucobay R©(Europe and China),
Precose R©(United States), Glucor R©(France), and Prandase R©(Canada) [Bayer AG,
2011].

The industrial production of acarbose is established as a multi-step fed-batch fer-
mentation with strains derived from Actinoplanes sp. SE50. In order to increase cost-
efficiency and compete with raising demands over the years, laborious conventional
mutagenesis and screening experiments were conducted with the aim to develop strains
with increased acarbose yields. This long lasting optimization procedure was very suc-
cessful in that the latest production strains produce ∼500-fold more acarbose than
the original isolate [Schedel, 2006]. Concurrently, the development of the produc-
tion media was pushed forward, whose composition and adaptation to new production
mutants can have significant impact on acarbose production efficacy [Schmidt et al.,
1977,Frommer et al., 1979].

Downstream processing of the acarbose fermentation broth is accomplished by a
multi-stage purification process. It includes a series of highly specialized chromato-
graphic columns and enrichment steps before the dried acarbose powder reaches its
final purity of >98% [Wehmeier & Piepersberg, 2004,Schedel, 2006].

A major challenge in the purification of acarbose is its separation from the struc-
turally similar derivative component C (Tab. 1.1). This compound also accounts for
most of the remaining <2% impurity of the product. In total, the complete biotech-
nological process requires two to three weeks [Wehmeier & Piepersberg, 2004].
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1.6. Bacterial genome sequencing approaches

Since the discovery of the double helical structure of the DNA molecule on April 15,
1953 by James Watson and Francis Crick, researchers around the world have strived
to develop methods that allow the reading of the genetic code out of a DNA mole-
cule [WATSON & CRICK, 1953]. Early successful methods include plus-minus se-
quencing of Frederick Sanger and Alan Coulson [Sanger & Coulson, 1975] as well
as the method of Allan Maxam and Walter Gilbert, which was based on chemical mod-
ification and subsequent base specific cleavage [Maxam & Gilbert, 1977]. Because
of the extensive use of hazardous chemicals and since the introduction of the improved
chain-termination method in Sanger sequencing, the Maxam-Gilbert method soon dis-
appeared. Several further improvements, such as fluorescently labeled ddNTPs, the
introduction of dye-terminators, capillary electrophoresis, and automatization lead to
a widespread application of this method. While sequencing of DNA fragments soon
became a standard method in many laboratories, the sequencing of an entire bacterial
genome still posed a challenging, expensive and time consuming task. The hierarchi-
cal standard procedure involved the clonal amplification and storage of larger DNA
pieces of the target genome in bacterial artificial chromosome (BAC) libraries. These
were screened for a minimal set that contained DNA fragments that together consti-
tuted the complete target genome (minimal tiling path). The actual sequencing was
performed using chromosome walking, which progresses through the inserted DNA
fragment of a BAC in a sequential order and yields one read of approximately 600-
1000 bases in length at a time [Chinault & Carbon, 1979,Niedringhaus et al.,
2011].

Definition 1 (read) A read is a single contiguous sequence of nucleotide letters that
are read from a DNA molecule.

With decreasing sequencing costs, an alternative method, termed whole genome
shotgun (WGS) sequencing, was applied. In shotgun sequencing, the target DNA
is randomly fragmented into shorter pieces that undergo Sanger sequencing. The
advantages in ease of use however, came at the cost of a necessary assembly step in
which all overlapping reads are aligned in order to yield a contig [Staden, 1979].

Definition 2 (contig) A contig is a contiguous consensus region of DNA that is
inferred from a set of overlapping reads.

Even today, enhanced devices with up to 384 parallel reactions are still based on
Sanger’s chain-termination principle and are frequently used for specialized applica-
tions that do not require high-throughput yields [Hert et al., 2008].

A new era of DNA-sequencing began in 2005 with the first commercially available
second generation device, the Genome Sequencer 20 marketed by 454 Life Sciences
[Margulies et al., 2005]. In contrast to the first generation of Sanger sequencing,
second generation refers to a type of sequencing that does not require BAC cloning
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for de novo sequencing but runs automatically based on enzymological amplification
in a massively parallel manner [Mardis, 2008b].

Without doubt, the introduction of second generation sequencing devices has es-
sentially contributed to the wealth of today’s available genome sequences from all
domains of life. Featuring long read length, unprecedented low costs per sequenced
base, and high-throughput in short time, pyrosequencing (454 Life Sciences, a Roche
company) and sequencing-by-synthesis (Illumina) are currently the most commonly ap-
plied high-throughput sequencing technologies [Ahn, 2011]. Although both methods
are well suited for the elucidation of complete genome sequences, they bear decisive dif-
ferences. While the Ilumina platform yields considerably more sequence information
per run, the resulting reads are of short length compared to those usually obtained
from Roche/454 devices. Read length is an important parameter, especially in de
novo genome sequencing because it determines the maximal length of repetitive ge-
nomic elements that can be unambiguously determined by the technology. Depending
on the genome under investigation, the difference in read length between 100 bp (Il-
lumina) and 500 bp (Roche/454) can have severe impact on the following assembly
process, in that the Illumina technology might result in much more contigs than the
assembly of the Roche/454 data [Mardis, 2008a]. On the other hand, Illumina’s
superior throughput is usually beneficial for re-sequencings of genomes with a known
or closely related reference sequence as it yields higher coverage and the costs per base
are considerably less expensive.

While hundreds of genomes have been successfully sequenced with these technolo-
gies, most did not result in the reconstruction of the complete genome due to gaps
between contiguous sequences [Eichler et al., 2004,Chain et al., 2009]. To finish
these genomes nonetheless, several time- and cost-intensive tasks have to be carried
out. These include the arrangement of contigs into the order of their natural occur-
rence, for which clone libraries have to be constructed and end-sequenced, covering
the whole genome with overlapping stretches of genomic DNA. Subsequent primer
picking, polymerase chain reaction (PCR) amplification, and Sanger (capillary) DNA-
sequencing of the products finally result in the determination of the gap sequences,
which have to be manually added to the assembly afterwards in order to completely
finish the genome [Tauch et al., 2008,Trost et al., 2010].

These finishing steps can drastically increase the project costs and duration while
the amount of new DNA sequence information is only marginal. It is therefore com-
prehensible that an increasing number of genome projects omit the finishing process,
leaving the genome in draft status [Chain et al., 2009]. However, many advanced
and in particular, comparative genome analyses can hardly be applied to such heavily
fragmented datasets [Fraser et al., 2002]. For these reasons it is desirable to find
new ways of improving the automated sequencing pipelines in order to yield higher
quality genomes with less effort. Several of these improvements, such as optical map-
ping [Latreille et al., 2007], increased read length, and paired-end (PE) sequencing
have already proven to enhance the genome quality considerably as well as allowing
for new analytic methods [Bashir et al., 2008].
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Both Illumina and Roche/454 technologies provide the opportunity to perform
PE sequencing. In PE sequencing, both ends of the same larger DNA fragment are
sequenced. The advantage of this method is that the distance between the two se-
quenced ends is approximately known, which allows the assembly software to build a
scaffold of the genome in which the order and orientation of the contigs are known.

Definition 3 (scaffold) A scaffold is a set of non-overlapping contigs in which the
order and orientation of all contigs are known.

The gaps between the contigs in a scaffold can then be closed by the addition
of reads from e.g. a second ordinary sequencing run. During the finishing phase,
the last remaining gaps are usually closed by manual assembly of reads obtained
from Sanger sequencing of genomic PCR products. Sometimes complex genomes
may also necessitate the construction of a fosmid library which aids in the finishing
phase of the project in that it allows the PCR-based amplification and subsequent
sequencing of isolated DNA regions. In particular, larger repetitive regions, such as
ribosomal operons, can be individually sequenced using fosmid libraries. Moreover,
it has been generally observed that second generation sequencing of high GC-content
material tends to be much more difficult as it results in significantly more gaps than
average or low GC-content sequences [Frey et al., 2008]. In these cases, fosmid
libraries can be used to amplify and sequence uncovered regions with specialized PCR
protocols [Sahdev et al., 2007] and reagents [Turner & Jenkins, 1995, Spiess
et al., 2004,Henke et al., 1997].

Another aspect of second generation sequencing is the vast amount of data that
can be generated by these devices. For instance, a single run on one HiSeq 2000 device
(Illumina) yields between 540 and 600 gigabases of sequence information [Ahn, 2011],
which allows for two human genomes to be sequenced with a 30-fold coverage in a
single run. Storing and processing these data poses an increasingly challenging task,
which drives the constant development of new and highly efficient data formats and
algorithms. Especially in modern assembly software a clear shift is observed, away
from using overlap-graphs to tools employing more memory efficient De Bruijn graphs
as implemented in ABySS [Simpson et al., 2009], SOAPdenovo [Li et al., 2008], and
Velvet [Zerbino & Birney, 2008].

Besides the Roche/454 and Illumina sequencing technologies discussed above, other
noteworthy platforms are briefly mentioned here. The other two second generation
technologies are ABI/SOLiD’s sequencing by ligation method that yields very high
throughput at read lengths of 25-35 bases, and HeliScope’s single molecule sequencing
by synthesis which offers high throughput and read lengths of 25-30 bases. Also third
generation platforms have recently reached the market. These include the real-time
single-molecule sequencer PacBio RS (Pacific Biosciences) and Ion Torrent’s Personal
Genome Machine, which uses semiconductor sequencing technology. Furthermore, Ox-
ford Nanopore’s gridION platform is considered as the first technology of the fourth
generation [Niedringhaus et al., 2011].
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1.7. Bacterial genome annotation strategies

Upon successful completion of a sequencing and assembly phase of a genome, an an-
notation procedure follows. The foremost task is usually the identification of protein
coding sequences (CDSs) by specialized gene prediction software. These gene finders
can be categorized into three groups. First, intrinsic gene finders rely only on previ-
ously incorporated rules and the genome sequence itself to predict CDS regions. These
rules may include, as an example, a list of sequence motifs with known functions such
as ribosomal binding sites and start/stop codons, or may apply statistical methods to
derive coding probabilities based on local sequence composition [Ishikawa & Hotta,
1999]. Well-known representatives include Glimmer [Salzberg et al., 1998,Delcher
et al., 1999], GeneMark [Besemer et al., 2001, Besemer & Borodovsky, 1999],
and Prodigal [Hyatt et al., 2010]. Second, extrinsic gene finders rely on evidence
from external sources such as sequence databases. They apply sequence comparison
methods that infer the coding probability of open reading frames (ORFs) from their
homology to database sequences. One added benefit of extrinsic gene finders is that
they can immediately assign a putative function to CDSs based on the stored annota-
tions of the most similar genes from the database. Third, hybrid gene finders combine
the benefits of both approaches in order to deliver improved results. Examples for
these are Critica [Badger & Olsen, 1999] and Orpheus [Frishman et al., 1998].
Most of today’s gene prediction tools follow this idea in which extrinsic methods are
applied first and sequence regions without annotated genes are scanned afterwards
with intrinsic methods [Mathé et al., 2002].

Besides gene detection, a genome annotation comprises many other analysis meth-
ods. For instance, the prediction of transmembrane helices in CDS regions can pro-
vide information about the encoded enzymes being membrane bound or constitute
transmembrane proteins, such as porins or surface receptors [Sonnhammer et al.,
1998,Krogh et al., 2001]. By this means, the cellular localization of a protein can
be estimated, which is especially interesting for secreted proteins which usually possess
N-terminal signal peptides that can be recognized by tools such as SignalP [Nielsen
et al., 1997,Nielsen & Krogh, 1998,Bendtsen et al., 2004]. Other widely used
prediction methods perform the identification of ribonucleic acid (RNA) genes, such as
transfer RNAs (tRNAs) [Lowe & Eddy, 1997] and ribosomal RNAs (rRNAs) [Lage-
sen et al., 2007]. Moreover, the prediction of Roh-independent transcription termi-
nators by transTermHP aids in deciphering operon structures [Kingsford et al.,
2007a]. Functional annotation is added by sequence comparison to a variety of data
repositories, such as protein databases [Apweiler et al., 2004], the conserved do-
main database [Marchler-Bauer et al., 2011a], and the database of protein fam-
ilies [Finn et al., 2009]. Moreover, it is possible to determine the genomic location
of the origin of replication [Gao & Zhang, 2008] and to predict putative operon
structures [Salgado et al., 2000].

For convenience and ease of administration, most of these predictive tools are in-
corporated into sophisticated annotation pipelines which successively execute the indi-
vidual programs automatically in a highly parallelized way on compute clusters. Some
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popular annotation pipelines are GenDB [Meyer et al., 2003], MAGPIE [Gaasterland
& Sensen, 1996], SABIA [Almeida et al., 2004], and GeneVar [Yu et al., 2007]. In
addition, there is an increasing trend towards outsourcing genome annotations to
large sequencing centers and database providers which is caused by the increasing
costs for bioinformatic infrastructure and staff required to maintain and update these
systems [Cantarel et al., 2008].

Based on the results of the automated annotation procedures, more specialized
analysis tools exist. Among them, comparative genomics methods are used to eluci-
date the differences and similarities of two or more annotated genomes on a higher
level of abstraction. The comparative genomics suite EDGAR for example, allows the
determination of the core genome from a set of given genomes [Blom et al., 2009].
The core genome includes the genes that were observed in all inspected genomes with a
high sequence similarity to each other and thus, are likely to encode proteins involved
in essential cellular functions. Moreover, it is possible to calculate the pan genome
(a set of all genes from all genomes without replicates) and singletons, i.e. genes that
occur in only one of the genomes.

The construction of phylogenetic trees, which represent the evolutionary relation-
ships between the genomes under investigation, can also be derived from comparative
genomics data. This task usually involves the construction of a multiple sequence
alignment by tools such as ClustalW [Thompson et al., 2002] or MUSCLE [Edgar,
2004b,Edgar, 2004a] and subsequent inference of the evolutionary distances by the
PHYLIP package [Retief, 2000], MEGA [Tamura et al., 2007], or related software.
The most widely used application is the visualization of multiple sequence alignments
from 16S ribosomal DNA (rDNA) gene sequences. Based thereon, attempts have been
made to visualize the tree of life, which is currently consisting of about 1 million 16S
rDNA sequences [Cole et al., 2009].

Oftentimes, the most accurate way of annotating genes and other genomic fea-
tures is the manual inspection of regions of interest. Therefore, software tools were
developed that feature a graphical user interface (GUI), which eases the manipula-
tion of automatically assigned annotations. The most prominent example is certainly
the program Artemis [Rutherford et al., 2000], which is actively developed by the
Sanger Institute. But also some annotation pipelines such as GenDB, support manual
annotation via the web interface, which enables collaborative efforts in optimizing an
annotation [Meyer et al., 2003].

1.8. Means of bacterial transcriptome analysis

The transcriptome of a cell is the set of all RNA molecules that are present at a
specific timepoint. This implies that the transcriptome, in contrast to the genome, is
constantly changing during the life of an organism. Alterations to the transcriptome
can be triggered by various causes that are often associated with modifications in
the environment of the cell. Examples are changing temperatures, oxygen availability,
humidity, or lighting conditions. More intrinsic reasons may include the growth phase
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of the cell and the state of its life-cycle. Thus, the timepoint of RNA extraction from
the cell is critical in all transcriptome experiments.

Another noteworthy consideration regarding transcriptome analysis is the turnover
time of RNA molecules. It is known that ribosomal and transfer RNAs are compara-
tively stable, whereas the half-lifes of messenger RNAs is rather short, which leads to
rapid degradation by ribonuclease enzymes [Deutscher, 2006]. However, multiple
cellular mechanisms have been discovered that can increase the half-lifes of specific
messenger RNAs (mRNAs) [Kushner, 2002]. For these reasons, it is important to
perform an RNA isolation as quickly as possible to avoid the degradation of short-lived
transcripts and consequently, the over representation of long-living ones. Moreover,
as the total amount of mRNA is certainly less than 5%, of the total RNA in a cell,
long isolation times will favor stable rRNAs and tRNAs to be yielded [Deutscher,
2003].

What is more, RNA is usually not isolated from a single cell but from a population
whose individuals would certainly differ to quite some extend in their transcriptomes,
if isolated from their natural habitat. These fluctuations are minimized however, if the
population is grown under controlled conditions as is usual in modern laboratories. In
particular, it is important to ensure that all cells of a culture have the same access to
nutritions and oxygen (if aerobic), which is generally done by shaking or stirring the
culture. However, mycel-forming bacteria like Actinoplanes sp. SE50/110 are different
in that their populations do not grow as individual cells but are highly interconnected
and tend to form tiny globules in shaking cultures. It has to be assumed that oxygen
and nutrient supply is not equally distributed and hence the transcriptomes may vary.

Depending on the intention of the experiment, different analysis strategies can
be applied. Comparative analysis of different cultivation media, for example, allow
the measurement of transcriptional responses to the different media compositions.
This enables the identification of individual regulated genes or gene clusters for each
condition tested. While these experimental setups only give a single snapshot of
the cultivation, often time series analyses are performed, where samples are taken at
constant timepoints throughout a cultivation process. Consequently, these data allow
to follow the expression of a gene or gene cluster over time, which might help to better
understand the dynamics of gene regulation.

Until recently, microarray technology was the uncontested choice for performing
whole-transcriptome experiments. However, in the advent of second generation se-
quencing technologies (see Section 1.6), a novel method, termed RNA-sequencing,
emerged that bears many new opportunities for transcriptional studies. Previous meth-
ods, such as Northern blotting, quantitative reverse transcription polymerase chain
reaction (qRT-PCR), and microarrays relied on the hybridization principle. More
precisely, they measured continuous intensities of targeted oligonucleotides hybridiz-
ing to a particular locus for their sequence specificity. RNA-sequencing (RNA-seq)
on the other hand, introduces the measure of discrete read counts whose specificity
is given by sequence alignment matches. In detail, isolated RNA is converted into
copy DNA (cDNA) by reverse transcription. Then the cDNA is sequenced with high-
throughput technologies as described above and the resulting reads are aligned either
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to a reference genome or assembled de novo. The discrete amount of reads that over-
lap a CDS after the alignment phase is considered to be the expression value of that
gene.

In principle, RNA-seq can be used with any high-throughput sequencing technol-
ogy and the Illumina [Nagalakshmi et al., 2008], Roche/454 [Vera et al., 2008],
and ABI/SOLiD [Cloonan et al., 2008] systems have already been applied for this
purpose. It is noteworthy however, that read length is not as beneficial in RNA-seq
as it is in genome sequencing. It is rather desired to obtain a high coverage (also
known as sequencing depth) to increase the reliability of detecting rare, yet physio-
logically relevant RNA species [Mortazavi et al., 2008, Croucher & Thomson,
2010]. Therefore the Roche/454 technology might not be the best choice for RNA-seq
experiments.

One of the main advantages of RNA-seq over micoarrays is its ability to detect
transcripts independent of the availability of the underlying genome sequence. Be-
cause the acquired reads can be assembled to CDSs, which in turn can be annotated
to analyze their putative functions, an expensive sequencing of the genome may be
avoided [Garber et al., 2011]. Furthermore, RNA-seq is able to detect transcription
boundaries at a single nucleotide resolution, as well as single nucleotide polymorphisms
(SNPs) and other sequence variations. In contrast to microarrays, RNA-seq does not
have any significant background noise, nor can its signals be over-saturated [Wang
et al., 2009,Costa et al., 2010].

Based on these intrinsic advantages, RNA-seq offers an array of new applications
beyond the measurement of gene expression levels. These include the ability to detect
novel transcripts, the mapping of transcription start sites (TSSs), non-coding RNA
(ncRNA) profiling, and the possibility to perform strand-specific RNA-seq for the
detection of antisense transcripts [Ozsolak & Milos, 2011].

As with every new technology, some controversy exists also with regards to RNA-seq.
It has been reported that the sample preparation tends to introduce biases which
might inflect biological data. In particular, the involved reverse transcription, the
sample fragmentation and the PCR amplification steps are considered to be prone to
introducing variations [Bullard et al., 2010,Wang et al., 2009]. Likewise, the GC-
content of transcripts was shown to bias the detection of transcripts in Illumina data,
with high-GC transcripts being overrepresented in the resultset [Dohm et al., 2008].
On the other hand, many studies demonstrated high reproducibility of experiments
with this technology [Bainbridge et al., 2006,Mortazavi et al., 2008,Hashimoto
et al., 2009]. Moreover, constant inventions, such as the amplification-free Helicos
single molecule sequencing [Thompson & Milos, 2011], and the development of
direct RNA-seq methods without the detour over cDNAs will likely diminish current
concerns in the future [Ozsolak et al., 2009].

Two typical workflows for RNA-seq data generation and analysis are depicted in
Figure 1.6. The first workflow shows the main steps necessary to improve the under-
lying genome annotation (Fig. 1.6A). A 5’-enriched cDNA library is advantageous for
the later TSS detection. After the reads were obtained by RNA-seq, they are either
aligned to a reference genome by efficient mapping software, such as Bowtie [Lang-
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mead et al., 2009], BWA [Li & Durbin, 2009], and SARUMAN [Blom et al., 2011]
or assembled de novo with programs, such as Cufflinks [Trapnell et al., 2010] or
ABySS [Birol et al., 2009] (not shown in Figure 1.6). Within the mapped dataset,
TSSs are detected and based thereon, gene start sites can be corrected, ncRNAs identi-
fied, and novel genes, which were not predicted by the annotation software, annotated.

The second workflow (Fig. 1.6B) begins with a cDNA library that contains ran-
dom fragments (not 5’-enriched) in order to measure expression levels of genes across
their complete length. Sequencing and mapping of the library is performed in the
same manner as in the first workflow. The reads that overlap a CDS are then counted
and result in a table of read counts per gene for each experimental condition. Next,
the raw read counts are normalized across all conditions in order to account for the
varying efficiency of library preparations and sequencings. Thereafter, the differen-
tial expression testing takes place, which is preferentially carried out by software
packages of the statistics language R, for instance DESeq [Anders & Huber, 2010],
edgerR [Robinson et al., 2010] or baySeq [Hardcastle & Kelly, 2010]. The
outcome of this procedure is a list of differentially expressed gene with associated
fold-changes and p-values. These may be further analyzed for the identification of sig-
nificantly differentially expressed genes and gene clusters. Moreover, gene sets derived
from this analysis can be piped into pathway enrichment tests which then compute the
likelihood of a given pathway to be significantly affected by the input genes [Oshlack
et al., 2010] (not shown here).

RNA-sequencing

random cDNA library5‘-enriched cDNA library

millions of short reads

reads aligned to reference

table of counts

list of DE genes

list of TSS

improved reference

mapping

RNA-sequencing

millions of short reads

reads aligned to reference

mapping

summarization

annotation improvement

transcription start
site (TSS) detection

normalization

differential expression (DE)
 testing

A B

Figure 1.6.: RNA-seq workflows for (A) annotation improvement and (B) differential expression
testing. The enhanced annotation can be used for as an improved reference during
differential expression testing (dashed arrow).
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1.9. Motivation and aims of this thesis

Acarbose is a potent drug for the treatment of diabetes mellitus type-2, an epidemic
which claims more than 3 million victims every year [Roglic & Unwin, 2010]. More-
over, the incidence of diabetes is rapidly rising, which calls on the pharmaceutical in-
dustry to expand current production facilities or enhance their productivity in order
to maintain access to affordable medical treatment [Whiting et al., 2011]. In this
regard, enhancing the productivity of the bacterial producer strains can be accom-
plished in several ways. Perhaps the most intuitive way is to optimize fermentation
parameters and media compositions, followed by classical mutagenesis experiments
with subsequent selection of higher-yielding strains. Although Bayer HealthCare AG
followed this approach for many years very successfully, this strategy seems to have
reached its limits by now and is generally superseded by modern genetic engineering
approaches [Schedel, 2006]. As a prerequisite for targeted genetic modifications,
the preferably complete genome sequence of the organism has to be known. For this
reason it was decided to initiate the Actinoplanes genome project as a collaborative
effort of the Center for Biotechnology, Bielefeld University and Bayer HealthCare AG,
Wuppertal, in order to determine the genome sequence of an acarbose producer strain.
The natural variant Actinoplanes sp. SE50/110 was selected because of its elevated,
well measureable acarbose production of up to 1 g/L and because of its publicity in
the scientific literature [Crueger et al., 1998a, Stratmann et al., 1999, Hemker
et al., 2001,Zhang et al., 2002,Zhang et al., 2003].

Assuming the successful genome sequencing and assembly, further work comprised
the complete annotation of the genome as well as the analysis of special genes and
gene clusters of interest. As scarcely anything was known about the genome sequence
apart from the well studied acarbose gene cluster, its putative influence on acarbose
production efficiency through e.g. nutrient uptake mechanisms or competitive sec-
ondary metabolite gene clusters was of foremost interest.

For measuring gene expression levels, the novel RNA-seq technology had to be
established for this high-GC organism. First experiments should result in the iden-
tification of highly abundant transcripts and the putative functions of their encod-
ing proteins within the cell. Particular attention should be given to the acarbose
biosynthesis gene cluster and its putative regulation. Moreover, an assessment of the
currently available software for RNA-seq analyses should be performed in order to
reveal necessary future developments which are currently insufficiently addressed by
the bioinformatics community.

Likewise, combined genomics and transcriptomics data should be used to address
currently open scientific questions on the proposed acarbose biosynthesis and its
metabolism in Actinoplanes sp. SE50/110.

In conclusion, the major aims of this study were:

1. to establish the complete genome sequence of Actinoplanes sp. SE50/110,
2. to infer an annotation for all genomic features,
3. to analyze special genes and gene clusters of interest, and
4. to evaluate transcriptomics experiments.
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2 Chapter 2.

Materials and Methods

This chapter describes the details of the biotechnological and computational methods
that were used in the course of this work. The sections are arranged in the logical
order of the experiments that have taken place, beginning with the materials and
methods used for genome DNA-sequencing of Actinoplanes sp. SE50/110. Following
up, details about genome assembly and finishing procedures are provided. These are
complemented by descriptions of bioinformatic tools employed for genome annotation
and more advanced inquiries. At last, RNA-sequencing protocols and computational
analysis strategies are outlined.

2.1. Acquisition of the strain Actinoplanes sp. SE50/110

A liquid culture of the strain Actinoplanes sp. SE50/110 was kindly provided by Bayer
HealthCare AG, Wuppertal, Germany. The identical strain can also be obtained from
the ‘American Type Culture Collection’ (P.O. Box 1549 Manassas, Virginia 20108,
USA) via the identification number ATCC:31044 or the ‘Centraalbureau voor Schim-
melcultures’ (P.O. Box 85167, 3508 AD Utrecht, Netherlands) via the identification
number CBS:674.73.

2.2. Genomic DNA-sequencing methods

2.2.1. Cultivation of Actinoplanes sp. SE50/110 for DNA-sequencing

The Actinoplanes sp. SE50/110 strain was cultivated in a two-step shake flask system
with the aim of subsequent DNA isolation. Beside inorganic salts the NBS medium
(Bayer HealthCare AG, Wuppertal) contained starch hydrolysate as carbon source
and yeast extract as nitrogen source (Tab. 2.1). Pre culture and main culture were
incubated for 3 and 4 days, respectively, on a rotary shaker at 28 ◦C. Then the
biomass was collected by centrifugation.
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Table 2.1.: Components of the NBS medium used for cultivation of strains for genomic DNA
isolation.

Component Concentration
Starch hydrolysate 120.0 g/L
Asparagine × H2O 15.0 g/L
Yeast extract 2.0 g/L
Tri-Natriumcitrate 7.5 g/L
MgSO4 × 7 H2O 2.0 g/L
CaCl2 × 2 H2O 2.0 g/L
FeCl3 × 6 H2O 0.5 g/L
K2HPO4 0.5 g/L
KH2PO4 0.5 g/L
in 1000 mL aqua dest.

2.2.2. Isolation of genomic DNA from Actinoplanes sp. SE50/110

The preparation of genomic DNA of Actinoplanes sp. SE50/110 was performed as
follows. The mycelium of 50 mL freshly grown culture was harvested by centrifuga-
tion (10 min, 3.350 rcf, 4 ◦C). The pellet was washed 4 times in a buffer containing
15% sucrose (Merck KGaA, Darmstadt, Germany), 25 mM Tris/HCl pH 7.2 (Merck
KGaA, Darmstadt, Germany), and 25 mM EDTA (Merck KGaA, Darmstadt, Ger-
many) under the same conditions. Finally the pellet was resuspended in 4.5 mL of
the same buffer and lysozyme (Merck KGaA, Darmstadt, Germany) and RNAse (Qia-
gen, Hilden, Germany) were added to final concentrations of 5 mg/mL and 50 µg/mL
respectively and the mixture was incubated at 37 ◦C for 45 min. After the addition
of SDS (Serva, Heidelberg, Germany) and proteinase K (Qiagen, Hilden, Germany)
to 0.1% and 2 µg/mL final concentrations, respectively, the incubation was continued
at 50 ◦C for 5 min. NaCl (Merck KGaA, Darmstadt, Germany) was added to a final
concentration of 300 mM and the volume adjusted with water for injection (highly
pure water) to 8 mL. The lysate was subjected to three successive phenol/SEVAG
extractions (SEVAG is a mixture of 24 parts chloroform [Merck KGaA, Darmstadt,
Germany] and 1 part isoamylalcohol [Merck KGaA, Darmstadt, Germany]) and the
phenol was removed by washing the DNA solution with 10 mL SEVAG. The DNA
was precipitated by the addition of 0.1 volume of 3 M sodium acetate (pH 4.8) (Merck
KGaA, Darmstadt, Germany) and 1 volume of cold isopropanol (Merck KGaA, Darm-
stadt, Germany). The DNA was pelleted by centrifugation (25 min, 3.350 rcf, 4 ◦C),
the DNA pellet was washed 5 times with 70% ethanol (Merck KGaA, Darmstadt,
Germany) (10 min, 3.350 rcf, 4 ◦C) and air-dried. Finally the pellet was resuspended
in 400 µL Tris buffer pH 8.5 over night at 4 ◦C and the DNA concentration was de-
termined by measuring the optical density at 260 nm and 280 nm. The correct size of
the prepared DNA was analyzed by agarose gel electrophoresis.
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2.2.3. Pyrosequencing of the Actinoplanes sp. SE50/110 genomic DNA on the
Genome Sequencer FLX

The Genome Sequencer (GS) FLX system (454 Life Sciences) has been used for pyrose-
quencing of Actinoplanes sp. SE50/110. Two different library preparation and sequenc-
ing protocols as well as sequencing chemistries were used on the GS FLX platform:

• Standard sequencing chemistry with long PE protocol. The DNA fragment size
for the PE library construction was 2, 787 bases ± 696. The protocol yielded an
average read length of 251 bases and a total number of 259 Mb was sequenced
in two full runs.

• Titanium sequencing chemistry with WGS protocol. The DNA fragment size for
the WGS library construction was 500-800 bp. The protocol yielded an average
read length of 537 bases and a total number of 198 Mb was obtained from a half
picotiter plate. For the emulsion PCR (emPCR), 1.5 mL H2O was substituted
for an equal amount of emPCR Additive kindly provided by 454 Life Sciences.

Details on the protocols are provided in the corresponding manufacturer’s manuals,
namely the ‘GS FLX Sequencing Method Manual’ (December 2007), ‘GS FLX Paired
End DNA Library Preparation Method Manual’ (December 2007), ‘GS FLX Titanium
Sequencing Method Manual’ (October 2008) and the ‘GS FLX Titanium General
Library Preparation Method Manual’ (October 2008).

2.3. Genome assembly and mapping techniques

2.3.1. Genome assembly

The automated assembly of all Actinoplanes sp. SE50/110 reads generated by the
GS FLX platform was performed with the Newbler assembler software (gsAssembler
version 2.0.00.22, 454 Life Sciences). For the assembly process, standard settings were
used. For detailed information on the assembly algorithm see the Genome Sequencer
FLX System Software Manual, version 2.0.

2.3.2. Read mapping on the acarbose gene cluster

The mapping of single reads and contigs on the acarbose gene cluster reference se-
quence [GenBank:Y18523.4] has been carried out with the BLAST software pack-
age [Altschul et al., 1990]. Subsequent parsing of the results, calculation of GC-
content and visualizations were implemented by custom perl scripts developed for this
purpose at the Center for Biotechnology, Bielefeld University, Germany.
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2.4. Genome finishing methods

2.4.1. Construction of a fosmid library for the Actinoplanes sp. SE50/110
genome finishing

The fosmid library construction for Actinoplanes sp. SE50/110 with an average insert
size of 40 kb has been carried out on isolated genomic DNA by IIT Biotech GmbH
(Universitätsstrasse 25, 33615 Bielefeld, Germany). For construction in Escherichia
coli EPI300 cells, the CopyControlTMCloning System (EPICENTRE Biotechnologies,
726 Post Road, Madison, WI 53713, USA) has been used. The kit was obtained from
Biozym Scientific GmbH (Steinbrinksweg 27, 31840 Hessisch Oldendorf, Germany).

2.4.2. Polymerase chain reactions

The gap sequences between the contigs of the Actinoplanes sp. SE50/110 genome were
amplified by PCRs using a Mastercycler pro S (Eppendorf) device. PCRs were per-
formed using the Phusion High-Fidelity Master Mix (Finnzymes) in conjunction with
varying combinations and concentrations of the anti-self annealing additives DMSO,
betaine, and trehalose. Device run protocols were adapted in temperature, cycle num-
ber and speed according to the expected gap length and primer composition. Primers
were ordered from Metabion AG after selection by using program features of the
Consed software [Gordon et al., 1998, Gordon et al., 2001] or a custom imple-
mented perl script. The PCR products were controlled for single bands in 2% agarose
gels prior to sequencing.

2.4.3. Sanger sequencing of PCR products and terminal insert sequences from
the Actinoplanes sp. SE50/110 fosmid library

The fosmid library terminal insert sequencing was carried out with capillary sequenc-
ing technique on a 3730xl DNA-Analyzer (Applied Biosystems) by IIT Biotech GmbH,
Bielefeld, Germany. The resulting chromatogram files were base called using the phred
software [Ewing et al., 1998,Ewing & Green, 1998] and stored in FASTA format.
Both files were later used for gap closure and quality assessment using the Consed
software [Gordon et al., 1998,Gordon et al., 2001].

2.4.4. Finishing of the Actinoplanes sp. SE50/110 genome sequence by manual
assembly

In order to close remaining gaps between the contigs that were still present after the
automated assembly, the visual assembly software package Consed [Gordon et al.,
1998,Gordon et al., 2001] was utilized. Within the graphical user interface, fosmid
walking primer and genome PCR primer pairs were selected at the ends of contiguous
contigs. These were used to amplify desired sequences from fosmids or genomic DNA
in order to bridge the gaps between contiguous contigs.
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After the DNA sequence of these amplicons had been determined, manual assembly
of all applicable reads was performed with the aid of different Consed program features.
In cases where the length or quality of one read was not sufficient to span a gap,
multiple rounds of primer selection, amplicon generation, amplicon sequencing, and
manual assembly were performed.

2.5. Computational genome annotation

2.5.1. Prediction of coding sequences on the Actinoplanes sp. SE50/110
genome sequence

The potential genes were identified by a series of programs which are all part of the
GenDB annotation pipeline [Meyer et al., 2003]. For the automated identification
of CDSs, the prokaryotic gene finders Prodigal [Hyatt et al., 2010] and GISMO
[Krause et al., 2007] were primarily used. In order to optimize results and allow for
easy manual curation, further intrinsic, extrinsic, and combined methods were applied
by means of the Reganor software [McHardy et al., 2004,Linke et al., 2006] which
utilizes the popular gene prediction tools Glimmer [Salzberg et al., 1998,Delcher
et al., 1999] and CRITICA [Badger & Olsen, 1999].

2.5.2. Functional annotation of the identified CDS on the Actinoplanes sp.
SE50/110 genome

The identified CDSs were analyzed through a variety of different software packages
in order to draw conclusions from their DNA- and/or amino acid-sequences regarding
their potential function. Besides functional predictions, further characteristics and
structural features have also been calculated.

Similarity-based searches were applied to identify conserved sequences by means
of comparison to public and/or proprietary nucleotide- and protein-databases. If a
significant sequence similarity was found throughout the major section of a gene, it was
concluded that the gene should have a similar function in Actinoplanes sp. SE50/110.
The similarity-based methods, which were used to annotate the list of ORFs, are
termed BLASTP [Coulson, 1994] and RPS-BLAST [Marchler-Bauer et al., 2002].

Enzymatic classification has been performed on the basis of enzyme commis-
sion (EC) numbers [NC-ICBMB & Webb, 1992, Bairoch, 2000]. These were
primarily derived from the PRIAM database [Claudel-Renard et al., 2003] using
the PRIAM Search utility on the latest version (May 2011) of the database. For genes
with no PRIAM hit, secondary EC-number annotations were derived from searches
against the Kyoto encyclopedia of genes and genomes (KEGG) database [Kanehisa
et al., 2006,Kanehisa & Goto, 2000]. For further functional gene annotation, the
cluster of orthologous groups of proteins (COG) classification system has been ap-
plied [Tatusov et al., 1997, Tatusov et al., 2001] using the latest version (March
2003) of the database [Tatusov et al., 2003].
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To identify potential transmembrane proteins, the software TMHMM [Sonnhammer
et al., 1998,Krogh et al., 2001] has been utilized.

The software SignalP [Nielsen et al., 1997,Nielsen & Krogh, 1998,Bendt-
sen et al., 2004] was used to predict the secretion capability of the identified proteins.
This is done by means of hidden Markov models (HMMs) and neural networks, search-
ing for the appearance and position of potential signal peptide cleavage sites within
the amino acid sequence. The resulting score can be interpreted as a probability mea-
sure for the secretion of the translated protein. SignalP retrieves only those proteins
which are secreted by the classical signal-peptide-bound mechanisms.

In order to identify further Actinoplanes sp. SE50/110 proteins which are not
secreted via the classical way, the software SecretomeP has been applied [Bendtsen
et al., 2005]. The underlying neural network has been trained with secreted proteins,
known to lack signal peptides despite their occurrence in the exoproteome. The final
secretion capability of the translated genes was derived by the combined results of
SignalP and SecretomeP predictions.

To reveal polycistronic transcriptional units, proprietary software has been devel-
oped which predicts jointly transcribed genes by their orientation and proximity to
neighboring genes (adopted from [Salgado et al., 2000]). In light of these predictions,
operon structures can be estimated and based upon them further sequence regions can
be derived with high probability of contained promoter and operator elements.

The software DNA mfold [Zuker, 2003] has been used to calculate hybridization
energies for the DNA sequences in order to identify secondary structures such as
transcriptional terminators which indicate operon and gene ends, respectively. The
involved algorithm computes the most stable secondary structure of the input sequence
by striving to the lowest level in terms of Gibbs free energy (∆G), a measure for the
energy which is released by the formation of hydrogen bonds between the hybridizing
base pairs.

2.5.3. Phylogenetic analyses

The 16S rDNA-based phylogenetic analysis was performed on DNA sequences re-
trieved by public BLAST [Altschul et al., 1990] searches against the 16S rDNA
of Actinoplanes sp. SE50/110. From the best hits, a multiple sequence alignment was
built by applying the MUSCLE program [Edgar, 2004b,Edgar, 2004a] before deriv-
ing the phylogeny thereof by the MEGA 5 software [Tamura et al., 2007] using the
neighbor-joining algorithm [Saitou & Nei, 1987] with Jukes-Cantor model [Jukes &
Cantor, 1969]. Genome based phylogenetic analysis of Actinoplanes sp. SE50/110
in relation to other closely related species was performed with the comparative ge-
nomics tool EDGAR [Blom et al., 2009]. Briefly, the core genome of all selected strains
was calculated and based thereon, phylogenetic distances were calculated from multi-
ple sequence alignments. Then, phylogenetic trees were generated from concatenated
core gene alignments.
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2.6. RNA-sequencing and analysis

2.6.1. Cultivation of Actinoplanes sp. SE50/110 for RNA-sequencing

Actinoplanes sp. SE50/110 pre-cultures were inoculated with 3.5 mL glycerin cryo
cultures and cultivated in 500 mL baffled polycarbonate Erlenmeyer flasks (Corning)
with Silicosen C-55 plugs (Hirschmann Laborgeräte) in 100 mL modified NBS medium
(Bayer HealthCare AG, Wuppertal) for 5 days at 140 rpm and 28 ◦C in a GFL shaking
incubator 3032 (GFL). The modified NBS medium is a glucose containing complex
medium (Glc-CM), whose exact composition is listed in Table 2.2. For the inoc-
ulation of main cultures, pre-cultures were centrifuged at 3.500 rcf for 3 min and
washed twice with 50 mL of sterile 150 mM NaCl solution. After another centrifuga-
tion step (2.250 rcf, 3 min), the supernatant was decanted. The resulting pellet was
resuspended in 30 mL NaCl solution of which 2 mL were used for inoculation of main
cultures.

The main cultures were grown in 250 mL baffled polycarbonate Erlenmeyer flasks
(Corning) with Silicosen C-40 plugs (Hirschmann Laborgeräte) in 50 mL medium for
4 days at 140 rpm and 28 ◦C in a GFL shaking incubator 3032 (GFL). Three different
media were used for the cultivation of Actinoplanes sp. SE50/110. First, a maltose
containing minimal medium (Mal-MM) in four replicates (Tab. 2.3); second, the
same medium with an additionally supplemented trace element solution (Mal-MM-
TE) in four replicates (Tab. 2.4); and third, the glucose containing complex medium
(Glc-CM) in two replicates (Tab. 2.2), which was also used for the pre-cultivation.
The Mal-MM medium is based on the Cerestar medium [Rockser & Wehmeier,
2009], but was changed regarding several aspects. It consists of four instead of three
solutions, lacks yeast extract as a complex component, and includes new compounds
and adjusted concentrations. During its preparation, solutions 1-3 were combined and
sterile filtered, while solution 4 was sterile filtered separately and added afterwards.
For Mal-MM-TE, 1 mL of sterile filtered 1:100 trace element solution was added to
Mal-MM.

Table 2.2.: Components of the glucose complex medium (Glc-CM).

Component Concentration
D-glucose × 1 H2O 11.00 g/L
casein peptone 4.00 g/L
yeast extract 4.00 g/L
MgSO4 × 7 H2O 0.50 g/L
K2HPO4 × 3 H2O 2.00 g/L
KH2PO4 4.00 g/L
pH adjusted to 7.3 with NaOH
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Table 2.3.: Components of the maltose minimal medium (Mal-MM).

Solution Component Amount
solution 1 maltose × 1 H2O (204 mM) 73.68 g

(NH4)2SO4 5.00 g
casamino acids 3.00 g
in 400 mL aqua dest.

solution 2 K2HPO4 × 3 H2O 6.55 g
KH2PO4 5.00 g
in 300 mL aqua dest.

solution 3 FeCl2 × 4 H2O (460 mg/mL) 184 mg
trisodium citrate × 2 H2O 5.70 g
in 300 mL aqua dest.

solution 4 MgCl2 × 6 H2O 1.00 g
CaCl2 × 2 H2O 2.00 g
in 20 mL aqua dest.

Table 2.4.: Trace elements solution for maltose minimal medium with trace elements (Mal-MM-
TE).

Trace element Component Concentration
zinc ZnCl2 40 mg/L
iron FeCl3 × 6 H2O 200 mg/L
copper CuCl2 × 2 H2O 10 mg/L
manganese MnCl2 × 4 H2O 10 mg/L
sodium & boron Na2B407 × 10 H2O 10 mg/L
molybdenum (NH4)6Mo7O24 × 4 H2O 10 mg/L
supplemented 1:100 with Mal-MM to yield Mal-MM-TE

2.6.2. Total RNA isolation from Actinoplanes sp. SE50/110

For the total RNA isolation of all biological replicates (4× Mal-MM, 4× Mal-MM-TE,
and 2× Glc-CM), several 1.5 mL aliquots of each cultivation flask were centrifuged
(3 sec at 20, 000 rcf) and the supernatant discarded. The resulting pellets were frozen
in liquid nitrogen and stored at -80 ◦C. The total RNA was then prepared using two
different methods: TRIzol reagent (Life Technologies) and a commercial kit using
spin columns (RNeasy Mini Kit, QIAGEN). For each method two pellets from one
biological replicate were pooled in the initial resuspension step.

For the first-mentioned method, frozen cell pellets were resuspended in 1 mL
TRIzol, immediately transferred into tubes containing silica beads (Lying Matrix B,
MP Biomedicals) and homogenated (RiboLyser, Hybaid) for two cycles (20 sec at
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speed 6.5) with cooling on ice for 1 min in between. The samples were then cen-
trifuged at 13, 000 rcf and 4 ◦C for 3 min. The resulting supernatant was transferred
to tubes containing 200 µL of chloroform. The mixture was vortexed, incubated for
1 min at room temperature and centrifuged at 10, 000 rcf for 10 min. Following phase
separation, the aqueous phase was removed and pipetted into a separate reaction tube.
After adding 450 µL isopropanol, the mixture was incubated on ice for 10 min and
then centrifuged at 16, 000 rcf and 4 ◦C for 15 min. The resulting pellet was washed
with 75% ethanol, dried at 37 ◦C, and resuspended in 122.5 µL DEPC-H2O. The
samples were treated with DNase I (Roche) and incubated for 30 min at 37 ◦C. Af-
terwards, 150 µL phenol/chloroform/isoamyl alcohol (25:24:1, ROTH) was added, the
mixture vortexed, and centrifuged at 20, 000 rcf for 15 min. The aqueous phase was
removed and pipetted into a separate tube. After adding 450 µL 0.3 M sodium acetate,
the mixture was centrifuged at 16, 000 rcf and 4 ◦C for 20 min. The precipitated nu-
cleic acids were washed twice with 75% ethanol, dried at 37 ◦C, resuspended in 124 µL
DEPC-H2O and another DNase I treatment (QIAGEN) was carried out. Finally, the
isolated RNA was stored at -80 ◦C.

For the second-mentioned method, RNA isolation was performed using the RNeasy
Mini Kit (QIAGEN). Frozen cell pellets were resuspended in 800 µL of RLT buffer
immediately transferred into Lying Matrix tubes and homogenated for two cycles
(20 sec at speed 6.5) with cooling on ice for 1 min in between. On-column digestion
of chromosomal DNA was performed with DNase I (QIAGEN). To completely remove
all remaining DNA traces, a second digestion was performed with DNase I from Roche.
Subsequently, the RNA was purified according to the manufacturer’s instructions.

The quality of the isolated total RNA was assessed by PCR with gene-specific
primers and with capillary gel electrophoresis (Agilent Bioanalyzer 2100, Agilent
Technologies), which reported the RNA integrity numbers 5.5 for Mal-MM, 5.2 for
Mal-MM-TE, and 3.6 for Glc-CM. The corresponding electropherograms are shown
in Figure A.2.

2.6.3. Preparation of cDNA libraries and high-throughput sequencing

As a first step in preparation of the sequencing libraries, duplicate RNA samples (5 µg
portions each) were processed with the RiboZero rRNA removal kit (Gram-Positive;
Epicentre) as recommended by the manufacturer to deplete the amounts of 23S, 16S,
and 5S rRNAs, respectively. For further processing, the two samples were pooled.
Next, the RNA was fragmented to a size of 200-500 bp by metal hydrolysis, using
6 mM MgOAc and 20 mM KOAc for 150 sec at 94 ◦C, and the reaction was stopped
by addition of an equal volume of ice-cold buffer and incubated at 0 ◦C for 5 min.
After precipitation using NaAc and ethanol, the RNA was resuspended in a volume
of 37 µL DEPC-H2O and 2 µL were used for size control in the Agilent Bioanalyzer
using the RNA Pico Kit. The 5’-tri- and diphosphorylated ends were converted to
5’-monophosphates by RNA polyphosphatase (Epicentre) and unphosphorylated ends
were 5’-monophosphorylated using polynucleotide kinase (NEB) as recommended by
the supplier. The sequencing libraries were generated with the help of the TruSeq RNA
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sample prep Kit v.2 (Illumina) and sequencing of the 26 bases runs were performed
using the Genome Analyzer IIx machine (Illumina).

The cDNA library preparation for 5’-enriched transcripts were performed as above
with an additional digestion of stabile RNAs using terminator exonuclease (TEN) after
application of the RiboZero rRNA removal kit. Sequencing was then performed as
single read, 36 bases on the same device.

2.6.4. Determination of cell dry weights of Actinoplanes cultures

The cultures were harvested by centrifugation (2 min, 4000 rfc) in 50 mL centrifuge
tubes (Greiner Bio-One) and washed twice with washing buffer (50 mM Tris/HCl
pH 7.2). The resulting pellets were freeze-dried and weighed.

2.6.5. Quantification of acarbose in the supernatant of Actinoplanes cultures by
HPLC and UV detection

For acarbose quantification using high performance liquid chromatography (HPLC),
10 µL of sterile filtered supernatant were quantified by HPLC (KNAUER, Smartline
Manager 5000, Smartline Pump 1000, UV Smartline Detector 2500 and Spark Hol-
land BV, Triathlon autosampler). An isocratic flow of 1.7 mL/min of 64% acetonitrile,
10% methanol and 26% phosphate buffer consisting of 0.62 g/L KH2PO4 and 0.38 g/L
K2HPO4 × 2 H2O was applied over an Hypersil APS-2 precolumn cartridge (MZ Anal-
ysentechnik, No. VK 5.4, 0.6085) and a Hypersil APS-2 analytical column (Thermo
Scientific, No. 30703-124030). The temperature was adjusted to 33 ◦C. Acarbose
was detected at 210 nm against an acarbose standard (Mat. Nr: 05479894, Charge:
BXR2UBZ) kindly provided by Bayer HealthCare AG.

2.6.6. Bioinformatic analysis of RNA-seq results

Read mapping The sequenced reads were quality filtered and subsequently mapped
to the Actinoplanes sp. SE50/110 genome [GenBank:CP003170] using the exact
mapping algorithm SARUMAN [Blom et al., 2011]. The software reports all genome
wide matching positions of a given read, which allows for rapid identification and
filtering of reads matching to repetitive regions of the genome. Ambiguously mapping
reads were excluded from the analysis. This stringent approach holds further benefits
by excluding reads stemming from the six ribosomal DNA operons of Actinoplanes sp.
SE50/110. To account for possible sequencing errors, a single mismatch was allowed
to occur in the alignment of a read in case no perfect match has been found previously.

Detection of transcription start sites For the reason that no suitable public software
was available, the detection of TSSs was performed by custom programs implemented
in the perl programming language. The developed algorithm performed three major
tasks:
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1. Read-mapping results from SARUMAN are converted into forward and reverse
strand histograms of the reference genome, resulting in a base-specific resolu-
tion of coverage (reads per base) for the Actinoplanes sp. SE50/110 genome.

2. TSSs are detected on the two histograms by comparing the differences in cov-
erage between two adjacent bases while traversing the complete histograms. If
the difference (∆ stacksize) exceeds a user specified threshold, the base position
is reported as a putative TSS. In order to account for possible microhetero-
geneity, i.e. multiple TSSs in close proximity [Knippers, 2001], no new TSS
are detected within read length after the previously reported TSS on the same
strand.

3. Additional information are calculated for every candidate TSS regarding its
next upstream, downstream, and overlapping gene (if any) on the sense and
antisense strands. In particular, the gene identifier, gene type (rRNA, tRNA,
ncRNA, protein coding gene), TSS distance to CDS start, and TSS distance to
CDS stop are reported along with a user defined upstream and/or downstream
DNA region surrounding the TSSs.

Given these information, research question specific filtering of the data was performed
in spreadsheet applications.

Read summarization For each gene, all reads that overlapped its coding region in
the sense direction were counted and the sum assigned to the gene as its raw read
count. Additionally, also antisense read counts were determined for each gene. These
steps were implemented by a custom perl script because public software, such as the
HTSeq-count module of EMBL’s HTSeq1, does not support antisense determination.

Normalization In order to account for differences in the number of sequenced and
mapped reads between the three media conditions, which were caused by varying RNA
isolation- and cDNA library preparation efficiencies, a normalization procedure was
applied. In detail, from the total number of reads that overlapped coding sequences
in each condition global scaling factors were calculated. For subsequent differential
expression testing, these factors were passed to the corresponding program (see next
paragraph). For visualization and detection of most abundant transcripts however,
the factors were used in the calculation of reads per kilobase of coding sequence per
million mapped reads (RPKM), as given in the following formula.

RPKMc,g = overlapping readsc,g
lengthg

× 1000000
mapped readsc

where c is the condition and g the gene of interest. The first term normalizes the
length of each gene, whereas the second term accounts for the differences in library size,
yielding a gene-length- and library-size-independent expression measure [Mortazavi
et al., 2008].

1HTSeq is available at http://www-huber.embl.de/users/anders/HTSeq
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Differential expression testing The software DESeq [Anders & Huber, 2010] was
used in this work because it allowed for differential expression testing of experiments
with no replicates. Furthermore, it estimates the parameters for the underlying neg-
ative binomial distribution from all biological conditions available, thereby assuming
that there is no true differential expression for most of the genes. This is in agreement
with the expectations and implies rather conservative results which seem to be appro-
priate for experimental setups with no replicates. Besides library-size normalized read
counts per gene, DESeq reports the fold-change and p-value of a differential expression
test for pairwise comparison of conditions.

2.7. Gas-chromatographic analysis of the anti-self-annealing additive

The derivatization and gas-chromatography mass-spectrometry (GC-MS) analysis was
performed as previously published [Watt et al., 2009]. The substance with inhibitory
effects to self-annealing sequences was kindly provided by 454 Life Sciences and ana-
lyzed after 1:600 dilution.
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3 Chapter 3.

Results

This chapter comprises the outcomes of the conducted experiments that were per-
formed during this work. The sections are arranged in temporal relation to the
analyses that were carried out, starting with the identification and remedy of obsta-
cles encountered during the initial genome sequencing of Actinoplanes sp. SE50/110.
Thereafter, results from the assembly and finishing phases are reported that lead to
the reconstruction of the complete genome sequence – the most labour-intensive part
of this project. Next, genome annotation outcomes are described and more advanced
analyses demonstrated. The last part reports the findings from conducted transcrip-
tomics experiments, which on the one hand, helped to improve the genome annotation
and, on the other hand, allowed for differential expression testing between different
cultivation conditions of Actinoplanes sp. SE50/110.

3.1. Solving the high-GC problem for Actinoplanes sp. SE50/110 genome
sequencing

The initial genome sequencing of Actinoplanes sp. SE50/110 was carried out with two
full runs on the Genome Sequencer FLX using standard chemistry and the paired-end
protocol. In each run about 100 million bases were sequenced, yielding approximately
750,000 shotgun reads and 260,000 PE reads (Tab. 3.1).

Although the joint assembly of both PE runs by the Newbler software was suc-
cessful with more than 99.5% of assembled reads and a low inferred read error of
less than 0.4% (Tab. 3.2), it resulted in a disillusioning genome wide assembly of
7,973 (4,358 ≥ 500 b) contigs. The preliminary genome size was found to be 8.33 MB
(Tab. 3.3). Based on the number of aligned bases and the genome size, a mean cover-
age of 24.58 reads per base was determined, whereas the average genome GC-content
was calculated to be 70.44%. Due to the use of a PE library, scaffolding information
constituted 307 scaffolds, containing 7.87 MB of the genome sequence.
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Table 3.1.: Results of all three sequencing runs.

Run 454 Technology Reads Paired reads Bases
1 Standard, PE 742,169 259,260 103,840,588
2 Standard, PE 751,570 265,457 105,329,378
3 Titanium, WGS 481,602 - 197,732,895

Total 1,975,341 524,717 406,902,861

Table 3.2.: Results of successfully assembled reads, bases and the inferred read errors.

Run 454 Technology Assembled reads Assembled bases Inferred read errora

1 Standard, PE 739,079 (99.58%) 101,847,643 (98.08%) 370,520 (0.36%)
2 Standard, PE 748,526 (99.59%) 103,411,267 (98.18%) 364,397 (0.35%)
3 Titanium, WGS 480,863 (99.85%) 196,416,109 (99.33%) 1,018,256 (0.52%)

Total 1,968,468 (99.65%) 401,675,019 (98.72%) 1,753,173 (0.44%)

aThe inferred read error is calculated from mismatches between the reads and the consensus sequence
of the final assembled contigs and measures the frequency of incorrectly called bases.

3.1.1. Analysis of gap regions resulted from standard PE sequencing

In order to reveal the reasons for the unusually high number of contigs generated
by the Newbler assembly software, several potential causes of failure were analyzed.
Starting with the analysis of the read data, BLAST [Altschul et al., 1990] searches
against public databases were performed in order to identify possible contaminations
of the starting DNA. However, these did not provide indications for undesired DNA in
the setup. Subsequently, it was investigated if reads were not correctly assembled by
the assembly software and, as a consequence, gaps may have been introduced. For this
analysis, a previously sequenced and assembled reference sequence has been utilized.
The 41,323 bases long sequence hosts the acarbose biosynthetic gene cluster [Gen-
Bank:Y18523.4] which has previously been determined and analyzed [Wehmeier
& Piepersberg, 2004]. Using this gene cluster as a reference sequence, the mapping
of the contigs from the genome sequencing assembly resulted in the alignment of 30
contigs (Fig. 3.1). To rule out false alignments and possible problems resulting from
repetitive elements, the 30 contigs were checked by bidirectional BLAST comparisons
and found to be unique sequences, only occurring once within the acarbose cluster.
In addition, the assembly process as a possible source of error could also be excluded
because a mapping of all reads against the reference sequence showed uncovered re-
gions exactly at the boundaries of the assembled contigs (Fig. 3.2D). These findings
provided indication for the problem being involved in earlier steps of the sequencing
process, as the regions between adjacent contigs could obviously not be sequenced
although the average coverage was reasonably high. From the large amount of un-
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Table 3.3.: Assembly results of standard PE and Titanium WGS sequencing runs for Actinoplanes
sp. SE50/110.

Sequencing property Standard chemistry, Titanium chemistry,
PE library, WGS library,

without emPCR Additive with emPCR Additive
No. of reads 1,487,605 480,863
Percent of aligned reads 98.77 99.55
Percent of aligned bases 97.95 97.70
No. of all contigs 7,973 571
No. of bases in all contigs 8,333,840 9,091,694
No. of large contigs (≥ 500 b) 4,358 510
No. of bases in large contigs 7,303,291 9,075,703
Percent of genome GC-content 70.44 71.31
Average genome coverage 24.58 21.25

covered regions it was furthermore concluded that the variance of the coverage was
comparably high. As a matter of fact, the standard deviation has been calculated to
be 16.69 for a mean coverage of 23.99 reads per base in the acarbose cluster.
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Figure 3.1.: The gaps and contigs of the Actinoplanes sp. SE50/110 acarbose gene cluster re-
sulting from a standard paired end pyrosequencing run. The depicted 41 kb long
acarbose biosynthesis gene cluster reference sequence hosts 28 genes which were pre-
viously named and annotated [Wehmeier & Piepersberg, 2004]. Constructed
by the Newbler assembly software, the 30 contigs were subsequently mapped on the
reference sequence using the BLAST [Altschul et al., 1990] program. Between
adjacent contigs overall 29 gaps occurred which can be further subdivided into 12
gaps that are located between adjacent genes (marked by solid lines) and 17 gaps
which are located within coding sequences (marked by dashed lines).
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Figure 3.2.: The GC-content, the self-annealing energy and the observed coverage throughout
the complete 41 kb long acarbose gene cluster of Actinoplanes sp. SE50/110. (A)
The 30 contigs and 29 gaps resulting from the assembly of reads obtained from
the standard paired end pyrosequencing run. The vertical dashed lines mark the
gaps between adjacent contigs. (B) Changes in the GC-content of the acarbose
gene cluster sequence. The horizontal dashed line marks 75% GC-content. (C) Self-
annealing property of local 76 bases long sequence chunks throughout the complete
gene cluster. The horizontal dashed line marks 50% hybridization, where 100%
is defined as a perfect hairpin with 100% GC-content and 76 bases length. (D)
Coverage in terms of reads per base aligned to the acarbose gene cluster sequence
using the BLAST software [Altschul et al., 1990].

The acarbose cluster is the longest and best studied contiguous sequence of the
Actinoplanes sp. SE50/110 genome known to date [Wehmeier & Piepersberg,
2004]. It is therefore best suited to serve as the reference when mapping of contigs and
reads had to be done. This is especially important as longer sequences generally reduce
the possibility to deal with atypical sequence information like lytic bacteriophages, IS-
elements or bacterial telomeres. Despite its short length in comparison to the genome
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size, it is justifiable to convey structural results from the analysis of this cluster to
the genome to a certain extent, as parameters such as GC-content (genome average:
70.44%; acarbose cluster: 70.81%), coverage (genome average: 24.58 fold; acarbose
cluster: 23.99 fold) and contig length (genome average: 1.38 kb; acarbose cluster:
1.04 kb) are close to the genome averages. Furthermore, the gene organization forms
a typical cluster for the production of secondary metabolites with several putative oper-
ons, which are also found in Streptomyces [Rockser & Wehmeier, 2009,Kaysser
et al., 2009] and other Actinoplanes species [Boakes et al., 2009, Boakes et al.,
2010]. Therefore it can be assumed that findings will also be valid for most of the
remaining genome.

3.1.2. The gaps in the Actinoplanes sp. SE50/110 acarbose gene cluster are due
to an extremely low read coverage

In order to further investigate the inability of the sequencing to generate reasonable
numbers of reads at the boundaries of the contigs or in gap regions respectively, bioin-
formatic analysis of the gaps and contigs located on the acarbose reference sequence
were carried out. The mean gap size between adjacent contigs on the acarbose cluster
was found to be 76 bases in length with an average GC-content of 78.6% (Tab. 3.4).
In three of the 29 gaps, namely gap #21, #24, and #29, the adjacent contigs do
actually overlap by 5, 20 and, 25 bases, respectively (indicated by negative numbers
in the column gap length). However, as the overlaps were not supported by sufficient
length and coverage, the assembly process did not join these contigs. Another inter-
esting finding of the mapping procedure revealed that 12 of the 29 gaps are directly
located in between adjacent genes (Fig. 3.1, solid lines), whereas the remaining 17
gaps are located within genes (Fig. 3.1, dashed lines). This suggests the involvement
of rho-independent transcriptional terminators, as analyzed in Section 3.1.3.

Using BLAST, a more detailed analysis of the coverage has been performed by
mapping of all reads onto the reference sequence. After applying a sliding window
approach on these results (window length was 76 bases as determined above), a high
correlation coefficient of -0.58 was found by comparing the read-coverage (average
number of reads covering a certain nucleotide base in the 76 bases window) with the
GC-content of these sequence chunks. In other words, in most cases where a high GC-
content is observed, the coverage drops accordingly and vice versa. To investigate the
impact of this correlation on the actual assembly, a direct comparison of GC-content
and the read-coverage of the reference sequence was performed as it is known that a
high GC-content may lead to sequencing problems [Frey et al., 2008] and indeed,
the negative correlation coefficient of -0.57 of the two parameters can also be clearly
observed (Fig. 3.2B&D). In addition, it is shown that in practically every case where
two contigs were interrupted by a gap, the coverage in this area drops close to zero
reads per base (Fig. 3.3), proving the initial assumption that these sequences have not
been sequenced and the gaps are not due to assembly errors. It was also found that the
GC-content in gap regions always rises above 75% (Fig. 3.2B, horizontal dashed line).
However, from these results it is also evident that not every high-GC stretch leads
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Table 3.4.: Properties of the gaps and contigs from the Actinoplanes sp. SE50/110 acarbose gene
cluster resulting from standard pyrosequencing.

Contigs Gaps / overlaps

# Length GC- # Gap Gap GC- Hairpin Hairpin GC- Hairpin
[bp] content lengtha content size content fold-backb

[%] [bp] [%] [bp] [%] [%]

1 719 69.16 ⇐ 1 1 100.00 48 83.33 58.20
2 1176 68.37 ⇐ 2 48 86.80 40 92.50 75.40
3 1641 69.53 ⇐ 3 135 84.20 40 85.00 53.60
4 6822 70.86 ⇐ 4 25 77.60 70 80.00 51.50
5 266 75.94 ⇐ 5 20 70.00 48 81.25 48.50
6 2110 70.33 ⇐ 6 325 80.30 42 85.71 52.00
7 1108 71.84 ⇐ 7 64 73.70 62 80.65 36.90
8 1410 71.41 ⇐ 8 13 78.90 56 87.50 52.90
9 1151 73.41 ⇐ 9 65 77.60 40 82.50 53.00

10 258 75.58 ⇐ 10 234 76.30 46 78.26 72.40
11 842 72.68 ⇐ 11 16 76.30 70 78.57 39.70
12 605 74.21 ⇐ 12 205 73.70 52 84.62 45.20
13 979 73.95 ⇐ 13 19 81.60 42 80.95 59.10
14 410 71.95 ⇐ 14 31 78.90 42 78.57 54.20
15 285 71.23 ⇐ 15 57 84.20 42 85.71 50.80
16 157 75.16 ⇐ 16 188 80.30 58 79.31 54.50
17 896 76.00 ⇐ 17 31 76.30 44 86.36 66.10
18 683 74.96 ⇐ 18 334 75.00 46 84.78 49.90
19 204 72.06 ⇐ 19 53 81.60 40 85.00 56.60
20 678 74.63 ⇐ 20 141 78.90 42 85.71 60.50
21 1791 71.41 ⇐ 21 -5a 60.00 48 81.25 58.70
22 2058 67.69 ⇐ 22 42 85.50 54 87.04 56.60
23 1171 73.10 ⇐ 23 123 77.60 48 81.25 44.60
24 1759 69.93 ⇐ 24 -20a 73.70 40 82.50 58.00
25 2042 65.82 ⇐ 25 29 78.90 40 85.00 53.70
26 555 73.69 ⇐ 26 30 82.90 42 88.10 67.70
27 1947 65.59 ⇐ 27 23 85.50 40 87.50 67.20
28 1649 64.46 ⇐ 28 3 66.67 62 85.48 42.80
29 2489 67.34 ⇐ 29 -25a 76.00 40 77.50 41.20
30 1256 69.02

Ø 1303.90 71.38 Ø 76.03 78.59 47.48 83.66 55.46∑
39117

∑
2205 1384

anegative numbers represent the length of an overlap, rather than a gap, of two adjacent contigs
which could not be joined because of low overlapping quality and/or coverage.

bwhere 100% corresponds to a perfect hairpin (stem solely consisting of G-C pairs and the loop
consisting of 3 unpaired bases).
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to an uncovered region which would result in possible gap formation. Nevertheless,
a GC-content above 75% was shown to be one of possibly multiple explanations for
sequences not occurring in the sequencer’s data output.

3.1.3. The gaps in the acarbose gene cluster are characterized by secondary
structure formation

Although the GC-content shows a strong negative correlation with respect to the
coverage, some gaps are also formed in regions with moderately high GC-content
(≤ 75%) whereas other regions with even higher GC-content do not decrease the
coverage enough to cause contig breaks or gaps, respectively (Fig. 3.2B&D). This
observation demands another parameter to explain all gaps in the cluster sequence.
One reasonable possibility was derived from the observation that 12 of the 29 gaps
were found to be completely located within intergenic regions (Fig. 3.1). In combi-
nation with the accompanying spikes in GC-content, these regions may well represent
rho-independent intrinsic terminators, composed of strong secondary structures (stem-
loops) which are formed by self-annealing of the single stranded DNA sequences. Using
the TransTermHP [Kingsford et al., 2007b] software, it was previously shown that
it is possible to predict rho-independent transcription terminators composed of the
typical palindromic region followed by a trail of thymidine residues [Banerjee et al.,
2006]. The TransTermHP search on the acarbose cluster reference sequence revealed
one such terminator with high confidence exactly at the positions of the intergenic gap
#26 (Fig. 3.1). Furthermore, it has recently been shown that the trail of thymidine
residues is not necessarily required for the correct function of a terminator in cer-
tain organisms. In particular it was shown that a positive correlation exists between
the GC-content of an organism and its prevalence for terminators without thymidine
residues following the stem-loop structure [Mitra et al., 2009, Unniraman et al.,
2001]. To account also for this kind of atypical terminators, the GeSTer prediction
software [Mitra et al., 2009] was applied without restriction to intergenic regions.
Surprisingly, all terminator-like structures except those of the gaps #7, #12, #18,
and #29 (Fig. 3.4) were identified by this approach although most of the structures
are unlikely to function as transcriptional terminators due to their intragenic loca-
tion (Fig. 3.1). As expected, most of the identified terminator-like structures are
located within the gap regions or at least overlap them and thus validate the findings
(Fig. 3.5).

In vivo, these terminators cause the RNA polymerase to dissociate from the tem-
plate and thus terminate transcription of the molecule [Naville & Gautheret,
2009]. Similar effects have previously been reported during the amplification of DNA
sequences containing strong secondary structures using standard PCR [McDowell
et al., 1998,Viswanathan et al., 1999]. Furthermore, it was shown that secondary
structures can increase the error frequency of DNA polymerases and therefore impact
the amplification ability of the template significantly [Loewen & Switala, 1995].
According to these findings, it seems consequential that exactly the gap regions, con-
taining terminator-like structures, could not be amplified in the emPCR step of the
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Figure 3.4.: Shapes of secondary structures found in gaps between adjacent contigs compos-
ing the acarbose biosynthetic gene cluster of Actinoplanes sp. SE50/110. These
DNA sequences form strong hairpins by self-annealing which is supported by high-
GC sequence content. The images were created by applying the DNA mfold soft-
ware [Zuker, 2003] on 400 bases of flanking sequence of the center of gaps or
overlaps between adjacent contigs. Subsequent reduction to the core structure re-
sulted in the depicted secondary structures.

454 sequencing protocol, which would well explain their absence in the sequencer’s
data output.

Following these considerations, the ability of the remaining sequences to form
stable self-annealing structures has been calculated by means of the DNA mfold soft-
ware [Zuker, 2003]. The software calculates Gibbs free energy (∆G) of a simulated
self-annealing of the 76 base long sequence chunks, which is a measure for the ability of
the sequence to form a stable secondary structure such as a stem-loop (Fig. 3.4). Sur-
prisingly, numerous other regions with high self-annealing potential were discovered
with this method (Fig. 3.2C). Similar to the negative correlation of the GC-content
with the read coverage, the self-annealing and coverage also displays a high correla-
tion coefficient of -0.47, demonstrating a decreasing coverage with rising ability for
self-annealing and vice versa. Consequently, the GC-content and self-annealing also
correlate strongly with a coefficient of 0.60, accounting for the stronger bond energy
of G-C pairs as opposed to A-T base pairings during annealing.

Similar findings were previously reported for the formation of stable secondary
structures like hairpins during the polymerase chain reaction which hamper the am-
plification of these sequences [Frey et al., 2008]. To overcome this limitation and
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Figure 3.5.: The 29 gaps of the Actinoplanes sp. SE50/110 acarbose gene cluster and the positions
of strong secondary structures (black) in relation to the adjacent contigs (gray). The
depiction is centered to the middle of the gap or overlap (numbers #21, #24, and
#29) and shows 200 bases of flanking region in each direction.

improve amplification of high GC-content DNA, several chemical PCR additives like
deoxyinosine [Turner & Jenkins, 1995], trehalose [Spiess et al., 2004] or be-
taine [Henke et al., 1997, Weissensteiner & Lanchbury, 1996], and modified
PCR protocols [Frey et al., 2008,Sahdev et al., 2007] were successfully applied.

Although the sequencing protocols and devices have changed tremendously be-
tween classical capillary and high-throughput sequencing techniques, all but the He-
licos second generation high-throughput sequencing techniques routinely employ an
initial amplification step. Since the basic PCR principle did also not change, it is
consequential that these applications suffer from the same deficiencies in terms of high-
GC sequence amplification bias as, up to now, no additive to prevent formation of
secondary structures was supplemented to high-throughput amplification techniques
such as the emulsion PCR of the GS FLX platform. Therefore it was concluded that
strong secondary structures paired with high GC-content (Fig. 3.2) were formed
during the emPCR of the 454 amplification step, causing the coverage to drop and vi-
olate the assembly conditions (40 bases overlap with 90% identity) under which reads
are incorporated into existing contigs (see ‘Genome Sequencer FLX System Software
Manual’, version 2.0).
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3.1.4. Adapted sequencing conditions solved the high-GC problem

The identification of possible reasons for the formation of the large number of contigs
led to a new sequencing attempt with two major differences. In order to inhibit the
proposed self-annealing of DNA sequences, a new additive, called emPCR Additive,
with inhibitory effects on the self-annealing ability of single stranded DNA molecules
has been kindly provided by 454 Life Sciences. The additive has been substituted for
the equal amount (1, 500 µL) of H2O in the emPCR chemistry. In addition, the WGS
Titanium sequencing chemistry was used which featured an increased read length of
∼540 bases as opposed to ∼250 bases in the PE library (sequenced with the standard
sequencing chemistry). With increased read length, small repetitive regions can be
bridged more efficiently, guiding the assembly process towards fewer but larger con-
tigs which were unconnected in the former PE library sequencing run with standard
sequencing chemistry.

The WGS sequencing run was carried out on the same device, a Genome Sequencer
FLX with Titanium sequencing chemistry. It yielded about 200 million bases in
∼480,000 reads (Tab. 3.1) with an inferred read-error of ∼0.5% (Tab. 3.2).

Strikingly, the results of the improved sequencing run exceeded all expectations
by reducing the number of contigs from 7,973 to only 571 by ∼93% (Tab. 3.3). Fur-
thermore, the average GC-content of the genome has increased by 0.87% to 71.31%
whereas the genome length also increased significantly by ∼9% from 8.33 MB to
9.09 MB in comparison to the first sequencing. This provides strong evidence that
the additionally sequenced DNA is very rich in GC-bases, often concentrated in se-
quences forming secondary structures as proposed above. Most notably, all gaps of the
acarbose cluster reference sequence could be eliminated, resulting in a single contig
(Fig. 3.6) despite the lower average genome coverage in comparison to the PE runs
before, namely 21.25 fold opposed to 24.58 fold.
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Figure 3.6.: Coverage chart of the 41 kb long acarbose biosynthetic gene cluster of Actinoplanes
sp. SE50/110 for both sequencing runs. The coverage of the first paired end (PE)
run with standard sequencing chemistry (green) is compared to the whole genome
shotgun (WGS) run with Titanium sequencing chemistry and emPCR Additive (blue).
The gap positions of the PE run are marked by vertical dashed lines.

Another positive side effect was the improved uniform distribution of reads across
the cluster compared to the previous sequencing runs with the PE library and stan-
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dard sequencing chemistry which may be especially interesting for quantitative RNA
sequencing projects with high-GC genomes involved. Finally, the previously strong
correlation between GC-content as well as the hybridization with the coverage has van-
ished, being as low as -0.09 and -0.11, respectively. To that effect, the read-coverage
of both sequencing approaches correlated by 0.20 in a positive manner.

To elucidate the chemical nature of the applied emPCR Additive, the provided
sample was analyzed via GC-MS and found to consist of trehalose. Previous exper-
iments with trehalose as a PCR supplement reported an optimal concentration of
0.2 mol/L [Spiess et al., 2004].

3.2. The complete genome sequence of Actinoplanes sp. SE50/110

3.2.1. Assembly of the Actinoplanes sp. SE50/110 draft genome sequence

The intermediate draft genome sequence was constructed by a combined assembly of
all reads from both PE runs with standard chemistry and the reads from the WGS
Titanium run. Although this assembly resulted in slightly more contigs than the
WGS assembly, the overall quality increased significantly, which is best reflected by
the reduced number of large contigs in conjunction with an increase in size of these
contigs (Tab. 3.5). Put simply, the large contigs grew larger and were joined, whereas
some new small contigs appeared. Likewise, the size of the draft genome increased to
9.15 Mb and the number of scaffolds dropped from 307 (PE runs) to only eleven in
the combined assembly. Of these, three contained only a single contig, leaving only
eight true scaffolds for further analysis.

Table 3.5.: Assembly results of combined PE and WGS sequencing runs for Actinoplanes sp.
SE50/110.

Sequencing property Results from combined
PE and WGS assembly

No. of reads 1,968,468
Percent of aligned reads 99.65
Percent of aligned bases 98.72
No. of all contigs 600
No. of bases in all contigs 9,153,529
No. of large contigs (≥ 500b) 476
No. of bases in large contigs 9,122,632
Percent of genome GC-content 71.27
Average genome coverage 43.88

The contigs of the draft genome were analyzed for over- or underrepresentation
in read coverage by means of a scatter plot to identify repeats, putative plasmids or
contaminations (Fig. 3.7). While most of the large contigs show an average coverage
with reads (43.88 reads/base), several contigs were found to be clearly overrepresented
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and are of special interest as discussed later. However, the majority of the unusually
high and low covered contigs are of very short length, representing short repetitive
elements (overrepresented) and contigs containing only few reads of low quality (under-
represented). These findings indicate clean sequencing runs without contaminations.
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Figure 3.7.: Scatter plot of 600 Actinoplanes sp. SE50/110 contigs resulting from automatic
combined assembly of the paired end and whole genome shotgun pyrosequencing
runs. The average number of reads per base is 43.88 and is depicted in the plot by
the central diagonal line marked with ‘average’. Additional lines indicate the factor
of over- and underrepresentation of reads per base up to a factor of 10 and 1/10 fold,
respectively. The axes represent logarithmic scales. Large and highly overrepresented
contigs are highlighted by special symbols. Each contig is represented by one of the
following symbols: diamond, regular contig; square, contig related to an actinomycete
integrative and conjugative element (AICE); triangle, contig related to ribosomal
operon (rrn); circle, related to transposons

3.2.2. Finishing of the draft genome sequence

Based on PE information, eight scaffolds were constructed using 421 contigs with
an estimated total length of 9,189,316 bases (Fig. 3.8A). These PE scaffolds were
used to successfully map terminal insert sequences of 609 randomly selected fosmid
clones from a previously constructed fosmid library with an insert size of ∼37 kb. The
mapping results validated the PE scaffold assemblies and allowed the further assembly
of the original eight paired end scaffolds into three PE/fosmid (PE/FO) scaffolds due
to bridging fosmid reads (Fig. 3.8B).

Gap closure between the remaining contigs was carried out by fosmid walking (746
reads) and genomic PCR technology (236 reads) in cases where no fosmid was spanning
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Figure 3.8.: Scaffolds of the Actinoplanes sp. SE50/110 genome. (A) The eight paired end
(PE) scaffolds resulting from Newbler assembly of all paired end and whole genome
shotgun reads are shown. Every second contig is visualized in a slightly displaced
manner to show contig boundaries. (B) The three scaffolds resulting from terminal
insert sequencing of fosmid (FO) clones and subsequent mapping on the PE scaffolds
are presented. All overlapping sequences of the 609 mapped fosmid clones are shown
on top of the PE/FO scaffolds.

the target region. Genomic PCR technology was also used to determine the order and
orientation of the remaining three PE/FO scaffolds. The finishing procedure was
manually performed using the Consed software [Gordon et al., 1998] and resulted
in the final assembly of a complete single circular chromosome of 9,239,851 bp with
an average GC-content of 71.36% (Fig. 3.9). According to genome project standards
[Chain et al., 2009], the finished Actinoplanes sp. SE50/110 genome meets the gold
standard criteria for high quality next generation sequencing projects. The general
properties of the finished genome are summarized in Table 3.6.

3.2.3. Annotation of the complete genome sequence

Utilizing the prokaryotic gene finders Prodigal [Hyatt et al., 2010] and Gismo
[Krause et al., 2007] in conjunction with the GenDB annotation pipeline [Meyer
et al., 2003], a total of 8,270 CDSs were determined on the Actinoplanes sp. SE50/110
genome (Fig. 3.9). These include 4,999 genes (60.5%) with an associated functional
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Figure 3.9.: Plot of the complete Actinoplanes sp. SE50/110 genome. The genome consists of
9,239,851 base pairs and 8,270 predicted coding sequences. The circles represent
from the inside: 1, scale in million base pairs; 2, GC-skew; 3, GC-content; 4, genes
in backward direction; 5, genes in forward direction; 6, gene clusters and other sites
of special interest. Abbrevations were used as follows: oriC origin of replication, dif
chromosomal terminus region, rrn ribosomal operon, NRPS non-ribosomal peptide
synthetase, PKS polyketide synthase, AICE actinomycete integrative and conjugative
element, cACPL cluster of Actinoplanes.

Table 3.6.: Features of the complete Actinoplanes sp. SE50/110 genome.

Feature Chromosome
Total size (bp) 9,239,851
GC-content (%) 71.32
No. of protein-coding sequences 8,270
No. of orphans 973
Coding density (%) 89.31
Average gene length (bp) 985
No. of rRNAs 6 × 16S-23S-5S
No. of tRNAs 98
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COG category [Tatusov et al., 2001], 2,202 genes (26.6%) with a fully qualified EC-
number [NC-ICBMB & Webb, 1992] and 973 orphan genes (11.8%) with neither
annotation nor any similar sequence in public databases using BLASTP search with
an e-value cutoff of 0.1. In total, the coding density of the genome amounts to 90.11%
with a significant difference of 4% in GC-content between non-coding (67.74%) and
coding (71.78%) regions.

Furthermore, 97 standard tRNA genes were determined by the tRNAscan-SE soft-
ware [Lowe & Eddy, 1997] as well as one non-standard tRNA as described later
in Section 3.4.2. Figure 3.10 shows the absolute and relative gene counts of the
twenty standard amino acids in relation to the occurrences of the corresponding amino
acids derived from an analysis of all CDS of Actinoplanes sp. SE50/110. With the
exception of alanine, which is the most often encoded amino acid in Actinoplanes sp.
SE50/110, the ratios between tRNA genes and encoded amino acids correlates quite
good with a correlation coefficient of 0.79.

The complete annotated genome sequence was deposited at the National Center
for Biotechnology Information (NCBI) [GenBank:CP003170].
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all CDS of the Actinoplanes sp. SE50/110 genome. Values are depicted in percent
on the vertical axis and given in absolute numbers for the tRNA genes at their
corresponding bars.

3.3. Discoveries of the Actinoplanes sp. SE50/110 genome

3.3.1. General features of the Actinoplanes sp. SE50/110 genome

The origin of replication (oriC ) was identified as a 1266 bp intergenic region between
the two genes dnaA and dnaN, coding for the bacterial chromosome replication initia-
tor protein and the β-sliding clamp of the DNA polymerase III, respectively. The oriC
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harbors 24 occurrences of the conserved DnaA box [TT(G/A)TCCACa], showing remark-
able similarity to the oriC of Streptomyces coelicolor [Zawilak-Pawlik et al., 2005].
Almost directly opposite of the oriC, a putative dif site was found. Its 28 bp sequence
5’-CAGGTCGATAATGTATATTATGTCAACT-3’ is in good accordance with actinobacterial dif
sites and shows highest similarity (only 4 mismatches) to that of Frankia alni [Hen-
drickson & Lawrence, 2007]. In addition to the identified oriC and dif sites, the
calculated G/C skew [(G-C)/(G+C)] suggests two replichores composing the circular
Actinoplanes sp. SE50/110 genome (Fig. 3.9).

In accordance with previous findings [Mehling et al., 1995b], six ribosomal RNA
(rrn) operons were identified on the genome in the typical 16S-23S-5S order. The six
individual rrn operons were previously assembled into one operon ranging across five
contigs with a more than ten-fold overrepresentation (Fig. 3.7). The discrepancy
between the six actual rrn operons and a more than ten-fold overrepresentation of
their representative contigs may be explained by the operon’s remarkably low GC-
content of 57.20% in comparison to the genome average of 71.36%, which is obviously
typical for many actinomycetes [Mehling et al., 1995b]. The low GC-content in this
area may have introduced an amplification bias in favor of the rrn operon during the
library preparation and, thus, resulted in an overrepresentation of reads for this ge-
nomic region. To account for SNPs and variable regions between ribosomal genes, all
six rrn operons were individually re-sequenced by fosmid walking. The rrn operons
are located on the leading strands, four on the right and two on the left replichore.
Interestingly, they reside in the upper half of the genome, together with a ∼40 kb
gene cluster hosting more than 30 ribosomal proteins (Fig. 3.9). Other large overrep-
resented contigs were identified as transposase genes or transposon related elements
(Fig. 3.7).

Approximately 500 kb upstream of the oriC site, a flagellum gene cluster was
found. Its expression in spores is one of the characteristics discriminating the genus
Actinoplanes from other related species [Couch, 1950, Parenti & Coronelli,
1979]. The cluster consists of ∼50 genes spanning 45 kb. Besides flagella associated
proteins, the cluster also contains genes coding for chemotaxis related proteins.

The codon usage of Actinoplanes sp. SE50/110 reveals a strong prevalence for
codons ending an a guanine or cytosine base (Fig. 3.11). On average, the GC-
content of the codons are 71.8% on the first, 51.7% on the second, and 91.8% on the
third letter of a codon. Furthermore, a more detailed analysis of the start and stop
codons showed that more than 65% of all CDSs start with an ATG codon, whereas
TGA dominates among the stop codons and is found in more than 75% of all CDSs in
Actinoplanes sp. SE50/110 (Fig. A.1).

Bioinformatic classification of 4,999 CDSs with an annotated COG-category re-
vealed a strong emphasis (47%) on enzymes related to metabolism (Fig. 3.12). In
particular, Actinoplanes sp. SE50/110 features an emphasis on amino acid (10%) and
carbohydrate metabolism (11%) which is in good accordance with the identification
of at least 29 ABC-like carbon substrate importer complexes. Furthermore, 16% of
the COG-classified CDSs code for proteins involved in transcriptional processes which
suggests a high level of regulation in the expression of various biosynthetic pathways.
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Figure 3.11.: Codon usage of Actinoplanes sp. SE50/110 based on all 8.270 CDSs (2,728,490
codons).

This is especially relevant for the ongoing search for a regulatory element or -network
controlling the expression of the acarbose biosynthetic gene cluster. Interestingly, the
great proportion of transcriptional regulators is accompanied by a similar high per-
centage of proteins involved in signal transduction mechanisms (12%) which suggests
a close connection between extracellular nutrient sensing and transcriptional regula-
tion of uptake systems and degradation pathways. In contrast to Actinoplanes sp.
SE50/110, the results of an analogous analysis of 4,431 annotated CDSs from Strep-
tomyces coelicolor revealed only 7% of the encoded proteins being involved in signal
transduction mechanisms whereas the amount of proteins involved in transcriptional
processes is highly similar (16%). Overall, S. coelicolor hosts even more genes coding
for enzymes related to metabolism (55%), whereas the genome of Actinoplanes sp.
SE50/110 reveals a striking focus (27%) on cellular processes and signaling when com-
pared to S. coelicolor (20%). Besides these findings, only the genes for carbohydrate
transport and -metabolism shows another notable difference of more than 1% between
S. coelicolor (13%) and Actinoplanes sp. SE50/110 (11%). Interestingly, 4% of the
Actinoplanes sp. SE50/110 CDS were found to be involved in secondary metabolite
biosynthesis (S. coelicolor 5%). Taken together, these considerations lead to a new
perception of the capabilities Actinoplanes sp. SE50/110 might offer. Rather than
being the producer of acarbose, Actinoplanes sp. SE50/110 features a large amount
of genes that could encode secondary metabolite biosynthesis pathways comparable
to that found in well-known producers like Streptomyces coelicolor [Bentley et al.,
2002] or Salinispora tropica [Udwary et al., 2007]. Furthermore and in contrast to
S. coelicolor, the genome of Actinoplanes sp. SE50/110 hosts significantly more genes
for signal transduction proteins. This might be one key to induce the expression of
acarbose and novel secondary metabolite gene clusters by appropriately composed cul-
tivation media following the one strain, many compounds (OSMAC) approach [Höfs
et al., 2000]. These considerations are in good accordance with empirical knowledge
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gathered through long lasting media optimizations [Bayer HealthCare, personal
communication].
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Figure 3.12.: Functional classifications of the Actinoplanes sp. SE50/110 CDSs. The diagram
represents the CDSs that were categorized according their cluster of COG num-
ber [Tatusov et al., 1997,Tatusov et al., 2001]. All depicted percentages refer
to the distribution of 4999 annotated CDSs (100%) across all COG categories to
which at least 10 CDSs were found. Sequences with an unknown or poorly character-
ized function were excluded from the analysis. The outer ring contains specialized
subclasses of the three main functional categories ‘Cellular Processes and Signaling’,
‘Metabolism’, and ‘Information Storage and Processing’, located at the center.

3.3.2. Phylogenetic analysis of the Actinoplanes sp. SE50/110 16S rDNA
reveals highest similarity to Actinoplanes utahensis

An unsupervised nucleotide BLAST [Altschul et al., 1990] run of the 1509 bp long
DNA sequence of the 16S rRNA gene from Actinoplanes sp. SE50/110 against the
public non-redundant database (NCBI nr/nt) revealed high similarities to numerous
species of the genera Actinoplanes, Micromonospora and Salinispora. Within the best
100 matches, the maximal DNA sequence identity was in the range of 100-96%. The
coverage of the query sequence varied within this cohort between 100-97%. The hits
with the highest similarity, based on the number of sequence substitutions were A.
utahensis IMSNU 20044T (17 substitutions, 3 gaps) and A. utahensis IFO 13244T

(16 substitutions, 3 gaps) which both retrace to the type strain (T) A. utahensis
ATCC 14539T described first by John Nathaniel Couch in 1963 [Couch, 1963]. The
third hit to A. palleronii IMSNU 2044T differs from Actinoplanes sp. SE50/110 by 24
substitutions and 5 gaps.
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Based on the multiple sequence alignment of the best 100 BLAST hits, a phylo-
genetic tree was derived as described in Section 2.5.3. A detailed view on a sub-
tree contains Actinoplanes sp. SE50/110 and 34 of the most closely related species
(Fig. 3.13). This subtree displays the derived phylogenetic distances between the
analyzed strains, represented by their distance on the x-axis. From this analysis, it is
evident that, based on 16S rDNA comparison, A. utahensis is the nearest species to
Actinoplanes sp. SE50/110 currently publicly known, followed by A. palleronii and
A. awajiensis subsp. mycoplanecinus. A second analysis using the latest version of
the ribosomal database project [Cole et al., 2009] resulted in highly similar findings
(data not shown). Interestingly, A. utahensis and Actinoplanes sp. SE50/110 form
an encapsulated subcluster within the Actinoplanes genus although the different iso-
lates originate from far distant locations on different continents (Salt Lake City, USA,
North America and Ruiru, Kenya, Africa). In addition, it is noteworthy that Actino-
planes sp. SE50/110 was renamed several times and in the early 1990s this strain was
also classified as A. utahensis [Mehling et al., 1995b].

3.3.3. Comparative genome analysis indicates 50% singletons in the
Actinoplanes sp. SE50/110 genome.

To date, seven full genome sequences belonging to the family Micromonosporaceae are
publicly available. Using the comparative genomics tool EDGAR [Blom et al., 2009], a
gene based, full genome phylogenetic analysis of these strains revealed a comparable
phylogeny as was derived for the 16S rDNA based method (Fig. 3.14). For com-
parison, some industrially used Streptomyces and Frankia strains were also included
in the analysis. As expected, each genus forms its own cluster. Interestingly, the
genera Micromonospora, Verrucosispora and Salinispora are more closely related to
each other than to Actinoplanes, whereas Streptomyces and Frankia are clearly dis-
tinct from the whole Micromonosporaceae family. Based on this analysis, the marine
sediment isolate Verrucosispora maris AB-18-032 is the closest sequenced species to
Actinoplanes sp. SE50/110 currently publicly known with 2,683 orthologous genes, a
GC-content of 70.9% and a genome size of 6.67 MB [Roh et al., 2011]. Comparative
BLAST analysis of conserved orthologous genes of all sequenced Micromonosporaceae
strains revealed prevalence for being located in the upper half of the genome, near
the origin of replication (data not shown). The core genome analysis revealed a total
of 1,670 genes common to all seven Micromonosporaceae strains, whereas the pan
genome consists of 18,189 genes calculated by the EDGAR software. Analysis of the
singletons revealed 4,122 genes (49.8%) exclusively occurring in the Actinoplanes sp.
SE50/110 genome, not present on the other six Micromonosporaceae strains.

3.3.4. The high quality genome sequence of Actinoplanes sp. SE50/110 corrects
the previously sequenced acarbose cluster.

The first sequence fraction of the acarbose biosynthetic (acb) gene cluster was initially
identified [Stratmann et al., 1999] and successively expanded by classical Sanger se-
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Figure 3.13.: Phylogenetic tree based on 16S rDNA from Actinoplanes sp. SE50/110 and the
34 most closely related species. Shown is an excerpt of a phylogenetic tree built
from the 100 best nucleotide BLAST hits for the Actinoplanes sp. SE50/110 16S
rDNA. The shown subtree contains the 34 hits most closely related to Actinoplanes
sp. SE50/110 (black arrow) with their evolutionary distances. The numbers on
the branches represent confidence values in percent from a phylogenetic bootstrap
test (1000 replications). The evolutionary history was inferred using the Neighbor-
Joining method [Saitou & Nei, 1987]. The bootstrap consensus tree inferred
from 1000 replicates is taken to represent the evolutionary history of the taxa ana-
lyzed [Felsenstein, 1985]. The tree is drawn to scale, with branch lengths in the
same units as those of the evolutionary distances used to infer the phylogenetic tree.
The evolutionary distances were computed using the Jukes-Cantor method [Jukes
& Cantor, 1969] and are in the units of the number of base substitutions per
site. The analysis involved 100 nucleotide sequences of which 35 are shown. Codon
positions included were 1st+2nd+3rd+Noncoding. All positions containing gaps
and missing data were eliminated. There were a total of 1396 positions in the final
dataset. Evolutionary analyses were conducted in MEGA5 [Tamura et al., 2007].
The scale represents 0.002 nucleotide substitutions per nucleotide position.
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Figure 3.14.: Phylogenetic tree based on CDSs from Actinoplanes sp. SE50/110 and six species of
the family Micromonosporaceae as well as Streptomyces and Frankia strains. The
tree was constructed using the software tool EDGAR [Blom et al., 2009] based on
605 core genome CDSs from the species occurring in the analysis. The comparison
shows all seven strains of the taxonomic family Micromonosporaceae sequenced and
publicly available to date in relation to other well studied bacteria.

quencing [Hemker et al., 2001,Wehmeier & Piepersberg, 2004]. Until now, this
sequence was the longest (41,323 bp [GenBank:Y18523.4]) and best studied con-
tiguous DNA fragment available from Actinoplanes sp. SE50/110. However, with the
complete, high quality genome at hand, a total of 61 inconsistent sites were identified
in the existing acarbose gene cluster sequence (Fig. 3.15). Most notably, the deduced
corrections affect the amino acid sequence of two genes, namely acbC, coding for the
cytoplasmic 2-epi-5-epi-valiolone-synthase, and acbE, translating to a secreted long
chain acarbose resistant α-amylase [Hemker et al., 2001, Wehmeier & Piepers-
berg, 2004]. Because of two erroneous nucleotide insertions (c.1129 1130insG and
c.1146 1147insC) in acbC (1197 bp), the resulting frameshift caused a premature stop
codon to occur, shortening the actual gene sequence by 42 nucleotides. In contrast to
acbC, the sequence differences in acbE (3102 bp) are manifold, including mismatches,
insertions and deletions which lead to multiple temporary frameshifts and single amino
acid substitutions in the middle part of the gene sequence ranging from nucleotide
position 1102 to 2247. Even though these sequence corrections are important and
improved the similarity of the α-amylase domain to its catalytic domain family, the
overall annotated function of both gene products remains valid.

3.3.5. Several genes of the acarbose gene cluster are also found in other
locations of the genome.

It is known that the copy number of genes can have a high impact on the efficiency
of secondary metabolite production [Baltz, 1998,Baltz, 2001,Olano et al., 2008,
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Figure 3.15.: The structure of the acarbose biosynthetic gene cluster from Actinoplanes sp.
SE50/110. Based on the whole genome sequence, several nucleotide corrections
were found with respect to the previously sequenced reference sequence of the acar-
bose gene cluster [GenBank:Y18523.4]. The corrected sites in acbC and acbE
are marked by arrows and red dashes.

Baltz, 2011]. It is therefore worthwhile to study the genome wide occurrences of
the genes encoded within the acarbose biosynthetic gene cluster, particularly with
regard to import and export systems and the assessment of possible future knock-out
experiments.

The results show that the acb gene cluster does not occur in more than one loca-
tion within the Actinoplanes sp. SE50/110 genome. However, single genes and gene
sets with equal functional annotation and amino acid sequence similarity to members
of the acb cluster scattered throughout the genome were found by BLASTP analysis.
Most notably, homologues to genes encoding the first, second and fourth step of the
valienamine moiety synthesis of acarbose were found as a putative operon with mod-
erate similarities of 52% (Acpl6250 to AcbC), 35% (Acpl6249 to AcbM) and 34%
(Acpl6251 to AcbL). Furthermore, one homologue for each of the proteins AcbA (61%
to Acpl3097) and AcbB (66% to Acpl3096) was identified. While the genes acbA and
acbB are located adjacent to each other on the acarbose gene cluster (Fig. 3.15), they
were also shown to catalyze the first two sequential reactions needed for the forma-
tion of dTDP-4-keto-6-deoxy-D-glucose, another essential intermediate in the acarbose
biosynthesis [Stratmann et al., 1999,Wehmeier, 2003]. It is therefore interesting
to note that the identified homologues to acbA and acbB were also found adjacent to
each other in the context of a putative dTDP-rhamnose synthesis cluster (acpl3095 -
acpl3098 ), which was shown to code for mandatory proteins RmlABCD involved in
cell wall integrity and, thus, survival of Mycobacterium smegmatis [Li et al., 2006].
Further genome analysis revealed two homologous operons to the acarbose exporter
complex AcbWXY. Acpl3214-Acpl3216, showing 30-44% and Acpl5011-Acpl5013, in-
dicating 28-49% sequence similarity. Both operons resemble the gene structure of
acbWXY consisting of an ABC-type sugar transport ATP-binding protein and two
ABC-type transport permease protein coding genes. In case of Acpl5011-Acpl5013, the
CDS for a second ATP-binding protein, Acpl5010 overlaps the 5’-start of acpl5011 by
46 bases and is therefore likely to belong to the operon as well. The similarities to
other characterized ABC-type transporter complexes are too low to allow reliable con-
clusions about the substrate specificity. Acpl6399, a homologue with high sequence
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similarities to the alpha amylases AcbZ (65%) and AcbE (63%), was found encoded
within the maltose importer operon malEFG. For the remaining acb genes only weak
(acbV, acbR, acbP, acbJ, acbQ, acbK and acbN ) or no similarities (acbU, acbS, acbI
and acbO) were found outside of the acb cluster by BLASTP searches using an e-value
threshold of 1e−10.

3.3.6. Trehalose synthesis in Actinoplanes sp. SE50/110

Trehalose is a non-reducing disaccharide which is utilized in a wide variety of living
organisms. Among other functions, it serves as an osmoprotector that protects cells
from dehydration and can also be used as energy source [Avonce et al., 2006]. Es-
pecially bacterial spores exhibit a high concentration of trehalose. In respect to the
acarbose production, the relevance of trehalose is given by its substitution with the
maltose residue of the acarbose molecule and hence, the formation of component C
(see Figure 1.2 and Table 1.1).

A genome wide search for genes encoding trehalose synthases revealed nine genes
which are putatively involved in this reaction (Tab. 3.7). These belong to three
of the six known pathways for trehalose synthesis [Avonce et al., 2006]. The first
pathway (TPS/TPP) involves two enzymes, trehalose 6-phosphate synthase (TPS),
which catalyses the reaction UDP-glucose + glucose 6-phosphate 7→ trehalose 6-phos-
phate and trehalose 6-phosphate phosphatase (TPP), which catalyzes the reaction
trehalose 6-phosphate 7→ trehalose. The Actinoplanes genome hosts four putative
TPS encoding genes (otsA) and one TPP encoding gene (otsB). However, none of
these are located within a common gene cluster. The second pathway consists of a
single trehalose synthase (TS), which is capable of isomerizing maltose directly into
trehalose. Two such encoding genes (treS) were found in the genome. The third path-
way (TreY/TreZ) contains again two enzymes. The maltooligosyl-trehalose-synthase
TreY, which converts maltooligosaccharides, starch or glycogen to maltooligosyltre-
halose, and the maltooligosyl-trehalose trehalohydrolase TreZ, which catalyzes the
further conversion to trehalose. One cluster containing both genes (treY and treZ )
was found together with a third gene treX, encoding a glycogen debranching enzyme
which is not directly involved in the trehalose synthesis.

3.3.7. The Actinoplanes sp. SE50/110 genome hosts an integrative and
conjugative element

The actinomycete integrative and conjugative elements (AICEs) are a class of mo-
bile genetic elements possessing a highly conserved structural organization with func-
tional modules for excision/integration, replication, conjugative transfer and regula-
tion [te Poele et al., 2008]. Being able to replicate autonomously, they are also said
to mediate the acquisition of additional modules, encoding functions such as resistance
and metabolic traits, which confer a selective advantage to the host under certain en-
vironmental conditions [Burrus & Waldor, 2004]. Interestingly, a similar AICE,
designated plasmid of Actinoplanes (pACPL), was identified in the complete genome

56



3.3. Discoveries of the Actinoplanes sp. SE50/110 genome

Table 3.7.: Trehalose synthases of Actinoplanes sp. SE50/110.

Pathway Locus tag Protein Gene Description
length symbol

TPS/TPP acpl2177 471 otsA trehalose-6-phosphate synthase
TPS/TPP acpl1678 472 otsA trehalose-6-phosphate synthase
TPS/TPP acpl1307 501 otsA trehalose-6-phosphate synthase
TPS/TPP acpl3417 481 otsA trehalose-6-phosphate synthase
TPS/TPP acpl7709 269 otsB trehalose-6-phosphate phosphatase

TS acpl5330 586 treS trehalose synthase
TS acpl7518 564 treS trehalose synthase

TreY/TreZ acpl6623 704 treX glycogen debranching enzyme
TreY/TreZ acpl6624 756 treY maltooligosyltrehalose synthase
TreY/TreZ acpl6625 578 treZ maltooligosyltrehalose trehalohydrolase

sequence of Actinoplanes sp. SE50/110 (Fig. 3.16). Its size of 13.6 kb and the struc-
tural gene organization are in good accordance with other known AICEs of closely
related species like Micromonospora rosario, Salinispora tropica or Streptomyces coeli-
color (Fig. 3.16).

Most known AICEs subsist in their host genome by integration in the 3’-end of
a tRNA gene by site-specific recombination between two short identical sequences
(att identity segments) within the attachment sites located on the genome (attB) and
the AICE (attP), respectively [te Poele et al., 2008]. In pACPL, the att identity
segments are 43 bp in size and attB overlaps the 3’-end of a proline tRNA gene.
Moreover, the identity segment in attP is flanked by two 21 bp repeats containing
two mismatches: GTCACCCAGTTAGT(T/C)AC(C/T)CAG. These exhibit high similarities
to the arm-type sites identified in the AICE pSAM2 from Strepomyces ambofaciens.
For pSAM2 it was shown that the integrase binds to these repeats and that they are
essential for efficient recombination [Raynal et al., 2002].

pACPL hosts 22 putative protein coding sequences (Fig. 3.16). The integrase,
excisionase and replication genes int, xis and repSA are located directly downstream of
attP and show high sequence similarity to numerous homologues from closely related
species. The putative main transferase gene tra contains the sequence of a FtsK-
SpoIIIE domain found in all pACPLs and Streptomyces transferase genes [te Poele
et al., 2008]. SpdA and SpdB show weak similarity to spread proteins from Frankia sp.
CcI3 and M. rosaria where they are involved in the intramycelial spread of pACPLs
[Kataoka et al., 1994, Grohmann et al., 2003]. The putative regulatory protein
Pra was first described in pSAM2 as an pACPL replication activator [Sezonov et al.,
1995]. On pACPL, it exhibits high similarity to an uncharacterized homologue from
Micromonospora aurantica ATCC 27029. A second regulatory gene reg shows high
similarities to transcriptional regulators of various Streptomyces strains whereas the
downstream gene nud exhibits 72% similarity to the amino acid sequence of a NUDIX
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Figure 3.16.: Structural organization of the newly identified AICE pACPL from Actinoplanes sp.
SE50/110 in comparison with other AICEs from closely related species. (A) pACPL
(13.6 kb), the first AICE found in the Actinoplanes genus from Actinoplanes sp.
SE50/110; (B) pSAM2 (10.9 kb) from Streptomyces ambofaciens; (C) pMR2 (11.2
kb) from Micromonospora rosaria SCC2095; (D) SLP1 (17.3 kb) from Streptomyces
coelicolor A3(2); (E, F) AICESare1562 (13.3 kb) and AICESare1922 (14.4 kb)
from Salinispora arenicola CNS-205; (G) AICEStrop0058 (14.9 kb) from Salinispora
tropica CNB-440. Typical genes found in AICEs are colored: excision / integration
(orange), replication (yellow), main transfer (dark blue), conjugation (blue), NUDIX
hydrolase (dark green), regulation (green), other annotated function (red), unknown
function (gray). B-G adapted from [te Poele et al., 2008]
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hydrolase from Streptomyces sp. AA4. In contrast, mdp codes for a metal dependent
phosphohydrolase also found in various Frankia and Streptomyces strains.

Homologues to the remaining genes are poorly characterized and largely hypothet-
ical in public databases although aice4 is also found in various related species and
shows, akin to aice1, aice2, aice5, aice6, and aice9, high similarity to homologues from
M. aurantiaca. Interestingly, homologues to aice1 and aice2 were only found in M.
aurantiaca, whereas aice3, aice7, aice8, aice10, aice11, and aice12 seem to solely exist
in Actinoplanes sp. SE50/110.

Based upon read-coverage observations of the AICE containing genomic region, an
approximately twelve-fold overrepresentation of the AICE coding DNA sequences has
been revealed (Fig. 3.7). As only one copy of the AICE was found to be integrated
in the genome, it was concluded that on average about eleven copies of the element
exist as circular, extrachromosomal versions in a typical Actinoplanes sp. SE50/110
cell. However, the number of extrachromosomal copies per cell might be even higher,
as it is possible that a proportion of the AICEs was lost during DNA isolation.

3.3.8. Four putative antibiotic production gene clusters were found in the
Actinoplanes sp. SE50/110 genome sequence

Bioactive compounds synthesized through secondary metabolite gene clusters are a
rich source for pharmacologically relevant products like antibiotics, immunosuppres-
sants or antineoplastics [Challis et al., 2000,Hahn & Stachelhaus, 2004]. Besides
aminoglycosides, the majority of these metabolites are built up in a modular fashion
by using non-ribosomal peptide synthetase (NRPS) and/or polyketide synthase (PKS)
as enzyme templates (for a recent review see [Meier & Burkart, 2009]). Briefly, the
nascent product is built up by sequential addition of a new element at each module it
traverses. The complete sequence of modules may reside on one gene or spread across
multiple genes in which the order of the genes is determined by specific linker sequences
at the N- and C-terminal ends of their translated proteins [Hahn & Stachelhaus,
2004,Yadav et al., 2003].

For NRPSs, a minimal module typically consists of at least three catalytic domains,
namely the andenylation (A) domain for specific amino acid activation, the thiolation
(T) domain, also called peptidyl carrier protein (PCP) for covalent binding and trans-
fer and the condensation (C) domain for incorporation into the peptide chain [Hahn
& Stachelhaus, 2004]. In addition, domains for epimerization (E), methylation
(M) and other modifications may reside within a module. Oftentimes a thioesterase
domain (Te) is located at the C-terminal end of the final module, responsible for e.g.
cyclization and release of the non-ribosomal peptide from the NRPS [Felnagle et al.,
2008].

In case of the PKSs, an acyltransferase (AT) coordinates the loading of a car-
boxylic acid and promotes its attachment on the acyl carrier protein (ACP) where
chain elongation takes place by a β-kethoacyl synthase (KS) mediated condensation
reaction [Meier & Burkart, 2009]. Additionally, most PKSs reduce the elongated
ketide chain at accessory β-kethoacyl reductase (KR), dehydratase (DH), methyltrans-
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ferase (MT) or enoylreductase (ER) domains before a final thioesterase (TE) domain
mediates release of the polyketide [Du & Lou, 2010].

In Actinoplanes sp. SE50/110, one NRPS (cluster of Actinoplanes (cACPL) 1), two
PKS (cACPL 2 & cACPL 3) and a hybrid NRPS/PKS cluster (cACPL 4) were found
by gene annotation and subsequent detailed analysis using the antiSMASH pipeline
[Medema et al., 2011]. The first of the identified gene clusters (cACPL 1) contains
four NRPS genes (Fig. 3.17A), hosting a total of ten adenylation (A), thiolation
(T) and condensation (C) domains, potentially making up ten modules. Thereof,
seven modules (A-T-C) are entirely located on distinct genes whereas the others are
divided by intergenic regions. This suggests an interaction of all four NRPSs in the
synthesis of a common product, as only the interaction of all components in the order
nrps1A-B-D-C leads to the assembly of all domains into ten complete modules with
an additional epimerization domain in the last module. These considerations were
corroborated by matching linker sequences, named short communication-mediating
(COM) domains [Hahn & Stachelhaus, 2004], found at the C-terminal part of
NRPS1D and the N-terminal end of NRPS1C. Furthermore, this cluster shows high
structural and sequential similarity to the SMC14 gene cluster identified on the pSCL4
megaplasmid from Streptomyces clavuligerus ATCC 27064 [Medema et al., 2010].
However, in SMC14 a homolog to nrps1D is missing which leads to the speculation
that nrps1D was subsequently added to the cluster as an additional building block.
In fact, leaving nrps1D out of the assembly line would theoretically still result in
a complete enzyme complex built from nine instead of ten modules. Based on the
antiSMASH prediction, the amino acid backbone of the final product is likely to be
composed of the sequence: Ala-Asn-Thr-Thr-Thr-Asn-Thr-Asn-Val-Ser (Fig. 3.17A).
Besides the NRPSs, the cluster also contains multiple genes involved in regulation
and transportation as well as two MbtH-like proteins, known to be involved in non-
ribosomal peptide synthesis [Drake et al., 2007].

The type-1 PKS-cluster cACPL 2 (Fig. 3.17B) hosts five genes putatively in-
volved in the synthesis of an unknown polyketide. The sum of the PKS coding regions
adds up to a size of ∼49 kb whereas all encoded PKSs exhibit 62-66% similarity to
PKSs from various Streptomyces strains. However unlike the NRPS-cluster, no clus-
ter structurally similar to cACPL 2 was found in public databases. Analysis of the
domain and module architecture revealed a total of ten elongation modules (KS-AT-
[DH-ER-KR]-ACP) including nine β-kethoacyl reductase (KR) and eight dehydratase
(DH) domains as well as a termination module (TE). However, an initial loading mod-
ule (AT-ACP) could not be identified in the proximity of the cluster. To elucidate
the most likely build order of the polyketide, the N- and C-terminal linker sequences
were matched against each other using the software SBSPKS [Anand et al., 2010] and
antiSMASH. Remarkably, both programs independently predicted the same gene order:
pks1E-C -B-A-D.

Just 15 kb downstream of cACPL 2, a second gene cluster (cACPL 3) containing
a long PKS gene with various accessory protein coding sequences could be identified
(Fig. 3.17C). It shows some structural similarity to a yet uncharacterized PKS gene
cluster of Salinispora tropica CNB-440 (genes Strop 2768 -Strop 2777 ). Besides the
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Figure 3.17.: The gene organization of the four putative secondary metabolite gene clusters found
in the Actinoplanes sp. SE50/110 genome. (A) NRPS cluster showing high struc-
tural and sequential similarity to the SMC14 gene cluster identified on the pSCL4
megaplasmid from Streptomyces clavuligerus ATCC 27064. (B) Large PKS gene
cluster exhibiting 62-66% similarity to PKSs from various Streptomyces strains. (C)
A single PKS gene with various accessory genes showing some structural similarity
to a yet uncharacterized PKS gene cluster of Salinispora tropica CNB-440. (D)
Putative hybrid NRPS/PKS gene cluster with NRPS genes showing high similar-
ity (63-76%) to genes from an uncharacterized cluster of Streptomyces venezuelae
ATCC 10712 whereas the PKS genes exhibit highest similarity (63-66%) to genes
scattered in the Methylosinus trichosporium OB3b genome.
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three elongation modules identified on pks2A, no other modular type-1 PKS genes
were found in the proximity of the cluster. However, genes downstream of pks2A are
likely to be involved in the synthesis and modification of the polyketide, coding for
an ACP, an ACP malonyl transferase (MAT), a lysine aminomutase, an aspartate
transferase and a type-2 thioestrase. Especially type-2 thioestrases are often found
in PKS clusters [Kotowska et al., 2002] like e.g., in the gramicidin S biosynthesis
operon [Krätzschmar et al., 1989]. The presence of discrete ACP, MAT and two
additional acetyl CoA synthetase-like enzymes is also typical for type-2 PKS systems
[Dreier & Khosla, 2000] although no ketoacyl-synthase (KSα) and chain length
factor (KSβ) was found in this cluster [Wawrik et al., 2005].

Another 58 kb downstream of cACPL 3 a fourth secondary metabolite cluster
(cACPL 4) was located (Fig. 3.17D). It hosts three NRPS and three PKS genes and
may therefore synthesize a hybrid product as previously reported for bleomycin from
Streptomyces verticillus [Shen et al., 2001], pristinamycin IIB from Streptomyces
pristinaespiralis [Mast et al., 2011] and others [Du et al., 2001]. N- and C-terminal
sequence analysis of the two cluster types revealed the gene orders nrps2B-C -A and
pks3A-B-C as most likely. The prediction of the peptide backbone of the NRPS cluster
resulted in the putative product dehydroaminobutyric acid (Dhb)-Cys-Cys. One could
speculate that the PKSs are used prior to the NRPSs, as nrps2A comes with a termi-
nation module (Te). However, two additional monomeric thioesterase (TE) domains
and one enoylreductase (ER) domain containing genes do also belong to the cluster
and may be involved in the termination and modification of the product. Notably, all
three NRPS genes show high similarity (63-76%) to genes from an uncharacterized
cluster of Streptomyces venezuelae ATCC 10712, whereas the PKS genes exhibit high-
est similarity (63-66%) to genes scattered in the Methylosinus trichosporium OB3b
genome.

3.4. RNA-sequencing of the Actinoplanes sp. SE50/110 transcriptome

In this study, two RNA-seq analysis approaches were carried out. First, a 5’-enriched
dataset was used to identify TSS in order to annotate novel protein coding genes,
ncRNAs, and antisense transcripts. Based on this information, gene start site cor-
rections and other annotation improvements were performed. Second, a full-length
transcript dataset (non-5’-enriched) was used to measure transcript expression val-
ues and to perform differential expression testing between different Actinoplanes sp.
SE50/110 cultivations. The individual steps of this analysis strategy are depicted in
Figure 1.6 and described in detail within Sections 3.4.2 and 3.4.3.

The transcriptome analysis for Actinoplanes sp. SE50/110 was carried out using
RNA-sequencing technology because of the availability of the full reference genome
sequence and its methodological advantages over standard microarrays. While mi-
croarrays need to be specifically designed for the organism under investigation and
are afflicted with several disadvantages such as saturation effects and background
noise, RNA-seq experiments can be conducted without a specific design and yield
high quality sequence data on a base-pair resolution [Wang et al., 2009]. These
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benefits combined with novel analysis methods enhance the popularity of the tech-
nology, which is best reflected by its diverse application in bacteria [Güell et al.,
2009,Sharma et al., 2010], archaea [Wurtzel et al., 2010], yeast [Nagalakshmi
et al., 2008, Yuan et al., 2011], plants [Lister et al., 2008, Massa et al., 2011],
and mammals [Mortazavi et al., 2008, Esteve-Codina et al., 2011] including
man [Cloonan et al., 2008,Chen et al., 2011a].

Up to now, practically nothing is known about gene expression and regulation in
Actinoplanes sp. SE50/110. However, it is generally known that growth in different
cultivation media leads to changes in gene expression, influencing the productivity of
a strain to a great extend [Lee et al., 1997,Jung et al., 2008]. Correspondingly, a
variety of cultivation media were used for growing Actinoplanes sp. SE50/110 in the
past, resulting in acarbose yields between 0 and 1 g/L [Rauschenbusch & Schmidt,
1978]. By conducting further cultivation experiments, it was shown that maltose
containing media induce acarbose production, whereas glucose has a negative effect
on its production rate [Brunkhorst & Schneider, 2005, Wang et al., 2011a].
Despite these insights, the underlying changes in gene expression remain concealed.
In order to uncover these changes, three different growth media for cultivation and
transcriptome analysis of Actinoplanes sp. SE50/110 were selected in this work. First,
a defined minimal medium (Mal-MM) with maltose as sole carbon source was used to
serve as a reference for a reliable acarbose production level (Tab. 2.3). Second, the
same medium with supplemented trace elements (Mal-MM-TE) was used to study the
impact of trace elements on growth rate and acarbose production efficacy (Tab. 2.4).
Third, a complex medium (Glc-CM) with glucose as main carbon source was utilized
to serve as a non-producing counterpart in order to study the expressional changes
between acarbose inducing and acarbose repressing media (Tab. 2.2).

3.4.1. Cultivation of Actinoplanes sp. SE50/110 for transcriptome analysis

Actinoplanes sp. SE50/110 was grown in the three different cultivation media. In
order to compare cultivation results, cell dry weights (CDWs) were determined by
weighing the pellets after centrifugation and freeze-drying; acarbose concentrations
were determined by HPLC and UV-detection (see Materials and Methods Sections
2.6.4 and 2.6.5). Figure 3.18 shows the CDW and the acarbose production of the
three conditions at day four of the cultivation (early stationary phase). As expected,
no acarbose could be detected in the supernatant of the Glc-CM condition, whereas
moderate levels of acarbose were detected in both Mal-MM media. Interestingly, the
supplied trace elements increased the acarbose production by 50% and the growth in
terms of CDW by 42%. The similar increase in both observed parameters suggests a
linear correlation between the number of cells and the amount of acarbose produced,
leading to the hypothesis that the supplied trace elements mainly promote cell growth,
which in turn causes an indirect increase in acarbose yields (opposed to a production
increase on a per cell basis). This could be confirmed when the acabose yields were
normalized to the cell dry weight of the cultures, resulting in 44 mg per gram CDW
for Mal-MM and 46 mg per gram CDW for Mal-MM-TE.
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Figure 3.18.: Cell dry weight and acarbose production of Actinoplanes sp. SE50/110 cultures
grown in three different media. Actinoplanes sp. SE50/110 was grown in maltose
containing minimal medium (Mal-MM), Mal-MM with trace elements (Mal-MM-
TE) and glucose containing complex medium (Glc-CM). After four days of culti-
vation, samples were taken and analyzed for cell dry weight (CDW) and acarbose
production yields. Mean values of biological replicates are shown, the bars indicate
the standard deviation in both variables.

The observed induction of acarbose production by maltose and its repression by
glucose containing media are in good accordance with the literature [Brunkhorst
& Schneider, 2005,Wang et al., 2011a]. The conditions were therefore well suited
for subsequent RNA-seq analysis aimed at the identification of differentially expressed
(DE) genes.

3.4.2. Improving the Actinoplanes genome annotation by RNA-seq

In order to improve the genome annotation of Actinoplanes sp. SE50/110, three 5’-
enriched cDNA libraries were constructed and sequenced. Each library was based
on isolated RNA that was pooled after extraction from all biological replicates from
the three cultivation conditions (4× Mal-MM, 4× Mal-MM-TE, and 2× Glc-CM).
The RNA isolation was carried out using the TRIzol (Life Technologies) and the
RNeasy Mini Kit (QIAGEN) as described in the Materials and Methods Section
2.6.3. Terminator exonuclease (TEN) treatment was used to digest stable RNA and
yield 5’-enriched fragments. The cDNA library preparation was carried out with the
help of the TruSeq RNA sample prep Kit (Illumina). Each of the three prepared
libraries were then loaded on one lane and sequenced on an Illumina GA IIx platform.
About 9 million reads were sequenced in total of which ∼1 million passed subsequent
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strict quality filtering and mapped to the reference genome (Tab. 3.8). Thereof,
703,462 reads mapped unambiguously and were used for the identification of TSSs.
It was also found that, on average, a mapped read (readlength 36 bp) matched 2.35
times on the genome sequence (see Table 3.8, column maprate), which was mainly
caused by reads aligning to the six rrn operons of Actinoplanes sp. SE50/110.

Table 3.8.: RNA-sequencing results of 5’-enriched libraries used for annotation improvement.

Condition Sequenced reads Mappable reads Unique matches Maprate
Mal-MM 7,889,721 810,404 (10.27%) 553,311 (07.01%) 2.25×
Mal-MM-TE 932,245 158,447 (17.00%) 115,659 (12.41%) 2.19×
Glc-CM 220,625 109,589 (49.67%) 34,492 (15.63%) 3.34×
Total 9,042,591 1,078,440 (11.93%) 703,462 (07.78%) 2.35×

Based on the mapped data, the applied strategy for genome annotation improve-
ment by RNA-seq is summarized in the following seven steps, which are then elabo-
rated in detail in the subsequent sections.

1. Detect all TSSs and determine their local genomic context.
2. Correct the translational start codon of protein coding genes where a TSS clearly

indicates wrong automatic annotation.
3. Derive consensus -10 and -35 motifs for the promotor regions of Actinoplanes sp.

SE50/110 genes.
4. Search and annotate longer unoccupied TSS downstream regions for putative

novel CDSs.
5. Search and annotate also shorter unoccupied TSS downstream regions for puta-

tive novel ncRNAs.
6. Inspect the remaining TSS regions that exhibit a -10 (and optionally -35) region

and annotate them as putative ncRNAs with unknown function.
7. Annotate antisense transcripts for all genes.

Detection of Transcription start sites

The mapping results were analyzed for aggregated stacks of 5’-enriched reads that
constitute putative TSSs. Because transcription usually starts at a distinct base, the
consequential sudden increase of coverage is used to infer the exact position of the
TSS [Knippers, 2001]. In more detail, the difference between the coverages of the
last base before, and the first base of the TSS is considered to be the ∆ stacksize of the
TSS as exemplified in Figure 3.19. By applying a threshold for the ∆ stacksize, it is
possible to control the sensibility and specificity of the method. After empirical tests
with various thresholds, ten was chosen as the cutoff for this dataset, as it showed the
highest specificity after manual inspection of randomly selected TSSs from the result
set.
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Figure 3.19.: Scheme of the detection mechanism for transcription start sites (TSSs) using RNA-
sequencing of 5’-enriched cDNA libraries. The excerpt shows the detailed positions
of 5’-enriched reads that map to the genes acbB and acbA from the acarbose gene
cluster. The differences in reads per base are scanned throughout the genome and
putative TSS positions are reported if two adjacent bases exhibit a ∆ in the stacksize
that is above a given threshold. The gene acbB possesses a leaderless TSS whereas
acbA owns a clear leader sequence between the TSS and the translation start (TLS)
of the coding sequence. The depicted data was taken from the Mal-MM condition;
reads are 36 bases in length.

In total, 1427 putative TSSs were detected by this procedure. Subsequent filtering
of the results yielded 799 TSSs that did not overlap with upstream CDSs or precede
RNA genes. The filtered set was then analyzed for potential correlations between
TSS coverage and distance to the next downstream translation start (TLS) of a gene
(Fig. 3.20). The analysis showed an accumulation of TSSs between 10-500 bases up-
stream of TLSs as well as a stacksize between 10-100 reads per base. Manual inspection
of TSSs that were located more than 500 bases away from the TLSs revealed an in-
creasing amount of putatively unannotated genes whose CDSs were mostly shadowed
by questionable overlapping annotations on the complementary strand. However, in
many cases the annotations seemed to be correct and the TSS might initiate antisense
transcription of these genes as described later.

Based on these observations, the distances of 661 filtered TSSs that resided within
500 bp upstream of annotated genes were analyzed and revealed a ratio of ∼20%
leaderless transcripts to∼80% transcripts that provide a 5’-untranslated region (UTR)
in Actinoplanes sp. SE50/110. The length of the 5’-UTR varies in size but shows a
peak around 35 bp length (Fig. 3.21).

Gene start correction using RNA-seq

About a third of all TSSs did overlap with CDSs and were analyzed in this section.
These TSSs can be used for the correction of premature CDS starts in cases where
they are located shortly after the original start codon. For the reason that a start
codon must occur after the TSS, the correction process involves the new annotation
of the next in-frame start codon after the TSS. Figure 3.22 gives an overview of the
positions of the 438 TSSs within the corresponding CDSs. From this histogram it is ev-
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Figure 3.20.: Scatterplot of transcription start site (TSS) coverage and distance to next down-
stream translation start (TLS). The figure shows the coverage of 799 TSSs plotted
against the distances to the next downstream TLSs. TSSs were excluded when they
were followed by RNA genes or when they did overlap upstream CDSs. A threshold
of 500 bp distance to the TLS is marked by the vertical dashed line.

ident that about 30% of the TSSs fulfill these requirements, i.e. they are located within
the first 10% of the CDSs, and pose candidates for translation start site correction.
After manual inspection of the 126 candidates, 41 CDS starts were unambiguously
found to be wrongly annotated and were subsequently corrected (Tab. A.1). Most
of the other candidate TSSs were accompanied by at least one other TSS that was
correctly located upstream of the corresponding CDS. As the additional identified
stacks might represent valid alternative TSSs for these genes, the original longer CDS
annotation was not changed.

Although the TSS identification parameter (∆ stacksize of ten) and the TLS cor-
rection threshold (< 10%) were chosen rather conservatively, remarkably few CDSs
had a clearly erroneous annotation.

Promotor element identification using RNA-Seq

Based on the knowledge of the exact TSS positions, upstream and downstream regions
were analyzed next for possible conserved promotor elements, such as the Pribnow box
(-10 region) and the -35 region. For this analysis, the 135 leaderless transcripts iden-
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tified in Section 3.4.2 were used first, as their alignment was expected to be most
conserved. Figure 3.23A shows the resulting 50 bases consensus region (40 bases up-
stream and 10 bases downstream) of this analysis involving 135 leaderless transcripts
calculated by means of the WebLogo software [Crooks et al., 2004]. As expected,
the start codon is highly conserved at positions 1-3. Interestingly, the most conserved
upstream base is a cytosine at position -1. Furthermore, a degenerated -10 region can
be assumed from positions -12 to -7 with the consensus sequence (A/T)ANNNT. Overall,
the prevalence of guanine and cytosine bases – caused by the high GC-content – can
also be clearly observed. However, no signs of a -35 region could be identified with
this method.

A similar analysis was performed using 413 transcripts with a 5’-UTR sequence
in order to identify possible differences in the promotor regions between leaderless
and leader transcripts of Actinoplanes sp. SE50/110. The 413 transcripts exhibit a
5’-UTR length ranging from 3-100 bases, which implies the exclusion of leaderless
transcripts as well as translation start codons at positions 1-3 of the consensus. As
evident from Figure 3.23B, the consensus sequence of this analysis shows a less
conserved but identical -10 region. Interestingly, the -1 cytosine is still present in an
equally conserved manner in conjunction with a G/A and T/A at positions +1 and +2,
respectively. Also, the -5 guanine present in leaderless upstream regions is not found
to be conserved in transcripts with a leader sequence.

In order to refine the Pribnow box consensus pattern for Actinoplanes sp. SE50/110,
a more sophisticated analysis method was applied next that allowed a variable -10
region positioning for better detection. The tool PRISM [Carlson et al., 2006] iden-
tified the -10 consensus motif TANNNT in 62.4% of the leaderless transcripts and in
56.9% of the transcripts with leader sequences. The motif resembles the consensus
sequence of the E. coli σ-70 protein recognition site TATAAT in the three higest con-
served bases [Singh et al., 2011]. Its 5’-end was located at position -12.4 on average
(Fig. 3.24). Additionally, a putative -35 consensus motif was identified in 19.3%
of the examined TSS upstream regions starting at a mean position of -35.0. Its
sequence (G/A/T)NTT(G/T)(C/A) seems to partially overlap with the -35 consensus
motif TTGACA of E. coli but is obviously less conserved (consensus overlap TTga). The
distance between both promotor elements was found to be 17.6 bases on average which
is very close to 17, the optimal spacing found for these elements in E. coli [Singh et al.,
2011]. The consensus promotor recognition elements for a σ-70 protein homologue in
Actinoplanes sp. SE50/110 are visualized in Figure 3.24.

Identification of novel CDSs by RNA-seq

According to the 5’-UTR length distribution of normal transcripts (Fig. 3.20), 5’-
UTRs with more than 500 bp length are unlikely to belong to correctly annotated
genes. Therefore, the downstream regions of these TSSs are promising targets for
finding novel CDSs which were not reported by the automatic annotation pipeline
GenDB. For this analysis it was important to not only consider the sense strand but
also the antisense strand, as CDS regions usually do not overlap each other. Based
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the PRISM software [Carlson et al., 2006].
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on this restriction, only 41 TSSs were found to be followed by an unoccupied 500 bp
downstream region on both strands. In order to increase the number of searchable
sequences the 500 bp limit was relaxed to 100 bp, which yielded 249 target regions
between 101 and 1388 bp in length.

For the reason that no genes were annotated in these sequences it was assumed
that putative unannotated CDSs may be exceptional in terms of length and/or base
composition, which was derived from the observation that the average GC-content of
the 249 sequences was only 66.0%. To account for these atypical CDSs, a second gene
prediction software besides Prodigal was applied. The gene finder GeneMarkS was
chosen for this task because of its iterative self-training algorithm that does not rely on
previous knowledge about the sequences. More importantly, it utilizes a positional nu-
cleotide frequency model that may better cope with the anticipated atypical sequence
composition. It was also shown that GeneMarkS has a robust performance in identi-
fiying small and atypical CDSs, which seems appropriate for this analysis [Besemer
et al., 2001].

In point of fact, GeneMarkS predicted eight novel CDSs whereas Prodigal reported
only three putative CDSs (Tab. 3.9). Interestingly, just one of the CDSs, acpl8397,
was predicted by both programs and, at the same time, showed high sequence simi-
larity to integrases from Streptomyces zinciresistens K42 and Streptomyces coelicolor
A3(2). The other predictions had very poor or no sequence similarity at all to protein
sequences from public databases with the exception of acpl8401, which showed a good
similarity to an unnamed protein from Salinispora arenicola CNS-205.

Table 3.9.: Novel CDS predicted in TSS downstream regions based on RNA-seq data.

Gene Strand CDS CDS CDS Gene Description
start stop length finder

acpl8395 + 108298 108477 180 GeneMarkS hypothetical protein
acpl8402 + 180576 180704 129 GeneMarkS recombinase domain
acpl8401 + 916415 916606 192 GeneMarkS unnamed protein
acpl8400 - 6319054 6318917 138 GeneMarkS hypothetical protein
acpl8399 - 6631580 6631296 285 GeneMarkS hypothetical protein
acpl8398 - 6869314 6869177 138 GeneMarkS hypothetical protein
acpl8397 - 7188476 7187919 558 both integrase
acpl8404 - 7655920 7655504 417 Prodigal hypothetical protein
acpl8403 - 7955707 7955522 186 Prodigal hypothetical protein
acpl8396 + 7974216 7974629 414 GeneMarkS hypothetical protein

Moreover, the amino acid translation of the short novel gene acpl8402 showed
almost perfect identity to subsequences of two other genes from Actinoplanes sp.
SE50/110, namely the tyrosine recombinase gene acpl263 and the integrase family
protein coding gene acpl299. A multiple sequence alignment together with the two
other tyrosine recombinases Acpl340 and Acpl283 revealed that the C-terminal ends of
these proteins were well conserved (Tab. 3.10). The new Acpl8402 protein sequence
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aligned nicely to this region although no conserved catalytic domain was located in
this area according to the conserved domain database (CDD) [Marchler-Bauer
et al., 2011b]. Even more intriguing, this region had no similarity to other public pro-
tein sequences which together leads to the speculation that it fulfills a specific task in
Actinoplanes sp. SE50/110 and might function independently as in Acpl8402 or fused
to intergrase/recombinases. For the reason that these enzymes act on DNA sequences,
an obvious function might be the binding of DNA, which could also be independently
used e.g. as in DNA-binding regulatory proteins.

Table 3.10.: Multiple sequence alignment of Actinoplanes sp. SE50/110 intergrase/recombinase
C-terminal ends.

Acpl263 365 SSAVTTADTYWTVFRELADRAVAATAGLLR-------THARIRLNLGAASQA- 436
Acpl8402 0 ---VTTADTYWTVFRELADRAVTATAGLLR-------SHARIRLNLGAASQA- 42
Acpl299 25 SSAVTTADTYWTVFRELAHQAVAVTAGLLR-------THARFRLRLEAASQA- 96
Acpl340 363 TSYAFTADTYATVLPDQAKHAAESTARLVLDALNEARPAVGARLGPGLATASS 442
Acpl283 475 TSYAFTADTYATVLPDQAKHAAESTARLVLNALHKACTAAGA----GSQTGS- 549

. ***** **: : *.:*. ** *: . . : :

Identification of non-coding RNAs

Downstream regions of TSSs are promising targets for identifying ncRNAs by search-
ing these sequences against RNA databases, such as Rfam [Griffiths-Jones, 2004,
Gardner et al., 2009], fRNAdb [Kin et al., 2007, Mituyama et al., 2009], and
NONCODE [Liu, 2004,He et al., 2008]. Performing these searches resulted in the clear
identification of nine ncRNAs with known functions (Tab. 3.11) of which four are
briefly described in the following paragraphs.

Table 3.11.: Identified non-coding RNAs with known function.

Gene Gene Symbol Gene length Description
acpl8386 ssrA 384 transfer-messanger RNA
acpl8388 rnpB 404 ribonuclease P class A RNA
acpl8389 cobRS 179 cobalamin riboswitch RNA
acpl8392 selC 92 selenocysteine transfer RNA
acpl8390 98 signal recognition particle RNA
acpl8391 119 SAM riboswitch (S box leader) RNA
acpl8393 111 thiamine pyrophosphate (TPP) riboswitch RNA
acpl8394 57 msiK RNA
acpl8387 72 6C RNA

The transfer-messanger RNA The first of the identified ncRNAs was a transfer-
messenger RNA (tmRNA), which is one component of the ribonucleoprotein complex
that is responsible for resetting ribosomes that were stalled during translation because
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of erroneously transcribed mRNAs [Keiler, 2008]. The newly annotated gene ssrA
overlaps an adjacent recombinase encoding gene acpl1084 by 156 bp (Fig. 3.25).
Furthermore, the ribonucleoprotein complex consists of three other components, a
‘small protein B’ (SmpB), an ‘elongation factor thermo unstable’ (EF-Tu), and a
ribosomal protein S1 (RPS1). Interestingly, the smpB homologue was also found in
close proximity to ssrA, only separated by acpl1083, which putatively encodes a RNA
polymerase subunit with partial sequence similarity to a RNA polymerase σ-factor
from Frankia sp. CN3. The other depicted genes encode a pyruvate decarboxylase
isozyme 2 (PDC2) and a DNA translocase (FtsK). In E. coli, tmRNA is one of the most
abundant types of RNA in the cell which correlates nicely with the extreme expression
observed for the Actinoplanes homologue (Fig. 3.25). Moreover, significant amounts
of antisense transcripts were found for the ssrA gene, although these are still 1-2
orders of magnitude less abundant than the main transcripts.
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Figure 3.25.: Genomic vicinity of the transfer-messenger RNA (tmRNA) gene ssrA of Actino-
planes sp. SE50/110. The gene overlaps the adjacent recombinase encoding gene
acpl1084 by 156 bp. The other depicted genes encode a pyruvate decarboxylase
isozyme 2 (PDC2), a ‘small protein B’ (SmpB), a putatively RNA polymerase σ-
factor (Acpl1083), and a DNA translocase (FtsK). The y-axis shows the coverage
of 5’-enriched reads in this region of the genome.

The ribonuclease P RNA A second identified ncRNA constitutes a ribonuclease P
RNA (RNase P), which is responsible for processing various RNAs, including its pre-
ferred substrate, precursor-tRNA, where it cleaves the 5’-leader element off all nascent
tRNAs [Hartmann et al., 2009]. In bacteria, the ribozyme is accompanied by a single
essential protein (termed C5 ), which increases the substrate range, reaction rate, and
assists in the release of the product from the holoenzyme [Sun et al., 2006]. While
the gene of protein C5, rnpA, was already identified through conventional genome
annotation (acpl8384 ) only 1.5 kb away from the oriC, the novel RNA gene rnpB was
located 1.6 Mb apart from its protein subunit (Fig. 3.26). Furthermore, the lengths
of both subunits (404 bases and 119 aminoacids) agree well with the sizes of corre-
sponding genes found in other bacteria [Sun et al., 2006]. Interestingly, the protein
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C5 did not exhibit an own distinct TSS, which suggests its co-transcription with the
adjacent gene rpmH, encoding a 50S ribosomal subunit protein L34 (Fig. 3.26).
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Figure 3.26.: Genomic vicinities of the RNase P gene rnpB and its associated protein C5 coding
gene rnpA. The adjacent gene rpmH encodes a 50S ribosomal subunit protein L34
and forms a putative bicistronic operon with rnpA.

The cobalamin riboswitch RNA The third ncRNA exhibits high similarity to bacte-
rial cobalamin riboswitch RNAs, which act as cis-regulatory elements in the 5’-UTRs
of cobalamin (vitamin B12) related genes [Nahvi et al., 2002]. In more detail, the
riboswitch changes its conformation in the presence of its effector adenosylcobalamin
(Ado-CBL) which leads to the folding of an adjacent regulatory structure that re-
presses the transcription of vitamin B12 related genes [VITRESCHAK et al., 2003].
Interestingly, this cobalamin riboswitch was identified in the 5’-UTR of the bicistronic
operon nrdLM encoding the two subunits of a ribonucleotide reductase (RNR), an es-
sential enzyme that provides the building blocks for DNA synthesis and repair in all
living cells [Reichard, 1993]. Two types of RNRs were identified in Actinoplanes sp.
SE50/110. Class I RNR contains two subunits R1 (α2) and R2 (β2) encoded by nrdL
and nrdM, which form an oxygen dependent and cobalamin independent tetrameric
enzyme complex of two R1 and two R2 subunits (Fig. 3.27). In contrast, the class II
RNR consist of an oxygen independent and cobalamin dependent homodimer encoded
by nrdE [Torrents et al., 2002].

The cobalamin riboswitch in the 5’-UTR of the class I RNR is therefore likely to
repress the transcription of RNR in the presence of vitamin B12 as was shown for
a homologous system in S. coelicolor, where the class II RNR is the primary system
for deoxyribonucleotide synthesis [Borovok et al., 2006]. Similar to S. coelicolor,
the class II RNR operon of Actinoplanes sp. SE50/110 contains a second gene, en-
coding the putative transcriptional repressor NrdR (Fig. 3.27). NrdR was shown to
repress both RNR systems in S. coelicolor by binding to a repeat motif upstream of
their promotor regions [Borovok et al., 2004]. On the other hand, Actinoplanes sp.
SE50/110 lacks an AraC-like regulatory protein encoding gene nrdS that is present in
the class I RNR operon of S. coelicolor.
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Figure 3.27.: Genomic vicinities of both ribonucleotide reductase (RNR) clusters of Actinoplanes
sp. SE50/110. The class I operon encodes the two subunits of the heterotetrameric
enzyme and is controlled by the newly discovered cobalamin (vitamin B12) affected
riboswitch RNA. The second operon encodes the class II homodimeric RNR NrdE
and a putative transcriptional regulator NrdR.

The selenocysteine transfer RNA A fourth newly discovered ncRNA represents
a selenocysteine-specific transfer RNA (tRNASec), which was not discovered by the
tRNAscan-SE software. Selenocysteine is the 21. proteinogenic amino acid and is
essential to a variety of important proteins. Most of these selenoproteins have redox
activities, such as the formate dehydrogenase, the glutathione peroxidase, and the
glycine reductase [Kryukov & Gladyshev, 2004].

The pathway by which selenocysteine is synthesized and incorporated into nascent
selenoproteins is encoded by four genes, selA (selenocysteine synthase), selB (sele-
nocysteine-specific elongation factor), selC (selenocysteine-specific tRNA), and selD
(selenophosphate synthetase). It starts by acetylation of tRNASec (SelC) with serine,
which is then bound by selenocysteine synthase (SelA) together with the selenium
donor molecule selenophosphate. Selenophosphate is synthesized by the selenophos-
phate synthetase (SelD) from selenide and adenosine triphosphate (ATP). SelA then
catalyzes the conversion of selenophosphate and serinyl-tRNASec to selenocysteinyl-
tRNASec, which is subsequently released from SelA and bound to the elongation fac-
tor SelB. This complex requires the presence of an UGA codon in the selenoprotein
mRNA in conjunction with a special mRNA secondary structure element, which to-
gether, finally leads to the incorporation of selenocysteine into the nascent polypeptide
chain [Gursinsky et al., 2000].

With the discovery of the selC gene, the complete gene set is identified in Actino-
planes sp. SE50/110 (Fig. 3.28). In contrast to other organisms, the selenocys-
teine biosynthesis cluster is divided by three presumably unrelated genes, encod-
ing an acyltransferase 3 (acpl5749 ) and two hypothetical proteins (acpl5747 and
acpl5748 ) [Gursinsky et al., 2000].
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Figure 3.28.: Genomic vicinity of the selenocysteine biosynthesis gene cluster of Actinoplanes
sp. SE50/110. The involved genes encode selenocysteine synthase (selA), a
selenocysteine-specific elongation factor (selB), the newly discovered selenocysteine-
specific tRNA (selC), and a selenophosphate synthetase (selD). The cluster is sepa-
rated by three putatively uninvolved genes, encoding an acyltransferase 3 (acpl5749)
and two hypothetical proteins (acpl5747 and acpl5748).

Annotation of novel non-coding RNAs with unknown function

The remaining ncRNAs for which no function could be determined by databases
searches were further analyzed for their probability to constitute novel ncRNAs with
yet unknown function. Only TSSs were analyzed that exhibited at least an upstream
-10 motif in the promotor region as derived from Section 3.4.2 and at least 250 bases
of unoccupied downstream sequence. The latter restriction was necessary to prevent
the annotation of TSSs that more likely belong to already known downstream genes.
In total, 39 potential ncRNAs were determined by this procedure.

However, the detection of previously unknown ncRNAs is a challenging task be-
cause ncRNAs lack the usage of codons, which eases the detection of CDSs for protein
coding genes to a great extend. Moreover, ncRNAs are generally less conserved than
mRNAs because mutations can not lead to frameshifts and, thus, are only relevant
when they occur in active sites of the RNA gene [Pang et al., 2006]. While a TSS
can overtake the function of a start codon in determining the ncRNA start, no stop
codon equivalent is available. Hence, the length of a ncRNA depends on the size of its
transcript, which can not be determined with a 5’-enriched cDNA library alone. Nev-
ertheless, as described in Section 3.4.3, another RNA-seq run with a suitable library
was also performed in this work, which was utilized to determine the approximate
lengths of the novel ncRNAs.

After manual inspection of the 39 candidates, 18 most likely ncRNAs were anno-
tated in the Actinoplanes sp. SE50/110 genome (Tab. A.3).

Annotation of antisense RNAs

After the annotation of all potential ncRNAs and novel CDSs, the remaining TSSs
were used to identify antisense transcripts for all genes of Actinoplanes sp. SE50/110.
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Only TSSs were examined which did not overlap a coding region on the sense strand. It
was found that 99 of 845 TSSs either overlapped coding regions on the complementary
strand (n=73) or were located within the promotor region of an antisense gene (n=26).
Table A.2 lists the affected genes.

3.4.3. Expression analysis of Actinoplanes sp. SE50/110 grown in three different
cultivation media

Samples from all cultivation flasks for each of the three media conditions – 4× Mal-
MM, 4× Mal-MM-TE, and 2× Glc-CM – were pooled prior to mRNA isolation using
TRIzol (Life Technologies) and the RNeasy Mini Kit (QIAGEN). The cDNA library
preparation was carried out with the help of the TruSeq RNA sample prep Kit (Illu-
mina) as described in the Materials and Methods Section 2.6.3. Each of the three
prepared libraries was then loaded on one lane and sequenced on an Illumina GA IIx
platform, yielding between 11.7 and 5.9 million reads of 26 bp length. Subsequent
strict quality filtering and exclusion of reads with ambiguous matching positions re-
duced the numbers to 1,843,987 (Mal-MM), 1,678,224 (Mal-MM-TE) and 1,200,691
(Glc-CM) reads of high quality (Fig. 3.29). The differences between library read-
outs were then normalized with the DESeq software [Anders & Huber, 2010]. A
proportion of 24-34% normalized reads overlapped previously annotated CDS on the
Actinoplanes sp. SE50/110 genome and were used for further analysis of DE genes
and gene clusters.

Due to the fact that all reads were excluded from the analysis that mapped to
multiple genomic loci, only few reads overlapped the ribosomal RNA genes because
of their six-fold occurrence in the genome [Mehling et al., 1995a, Schwientek
et al., 2012]. In contrast, a great amount of reads was mapped to transfer RNA
genes, which also varied to a great extent between the conditions (9-33%). Because
low levels of tRNAs can indicate cellular stress situations like starvation or oxidative
stress [Haiser et al., 2008], the differences between the conditions might reflect the
cells’ biosynthetic activity levels and growth phases, respectively. Consequently, the
Mal-MM condition may not have reached stationary phase at harvest time as opposed
to Mal-MM-TE and Glc-CM conditions, where significantly less proportions of tRNA
reads were sequenced.

Overall, 11-16% of the annotated genes were found to be unexpressed, with not a
single read matching to their CDS. Moreover, most of the remaining genes are very
weakly expressed given by the fact that 60-65% of the lowest abundant genes are cov-
ered by only 5% of the reads. On the other hand, the 5% (413 genes) with the highest
expression rate account for 54-63% of all available reads. This bias towards very few
but highly expressed genes is consistent with the literature [ Labaj et al., 2011] and
poses putative targets for future knock-out or deletion experiments, aiming at decreas-
ing energy and nutrient expenditure for unnecessary cell activities as described before
for other actinomycetes [Baltz, 2011].
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Figure 3.29.: Composition of sequenced reads from Actinoplanes sp. SE50/110 cultured in three
different growth media. The raw read counts are shown prior to normalization. The
bars represent one lane of an Illumina GA IIx run for each of the three cultivation
conditions. Each bar shows the number of reads that overlapped coding sequence
regions (blue), ribosomal RNA genes (orange), transfer RNA genes (purple), and
non-coding RNA genes (green). Additionally, the amount of reads that act as
putative antisense transcripts are depicted (red) along with the number of reads
mapping to none of the before mentioned genomic features (gray). The media
conditions are abbreviated as maltose containing minimal medium (Mal-MM), Mal-
MM with trace elements (Mal-MM-TE) and glucose containing complex medium
(Glc-CM).

Highly expressed genes of Actinoplanes sp. SE50/110 cultivated in three
different growth media play a role in transcriptional and translational processes

The identification of genes with high expression levels provides important insight into
the cellular processes of Actinoplanes sp. SE50/110. It is known that the most abun-
dant proteins in bacterial cells are usually associated with proliferation and mainte-
nance functions [Ghaemmaghami et al., 2003]. Consequently, it is assumed that
their mRNA levels are also comparably high, although a clear dependency between
gene expression and translation can be clouded by posttranscriptional regulation, e.g.
through small ncRNAs [Massé et al., 2003, Gottesman, 2005]. The most highly
expressed genes were determined by the sum of their normalized read counts over all
conditions.

An analysis of the 431 (5%) strongest expressed genes revealed a strong emphasis
on ribsosomal associated proteins (57 genes) and proteins involved in transcriptional
processes (51 genes). Furthermore, protein modification mechanisms (29 genes) and
signal transduction (21 genes) together with energy production (22 genes) and carbo-
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hydrate metabolism (17 genes) account for the major categories associated with the
remaining functional annotated genes. Notably, despite their high expression rate, for
200 of the genes (46%) no reliable annotation was available.

The top twenty genes were examined in more detail between all cultivation condi-
tions (Tab. 3.12). Interestingly, three of them encode conserved membrane proteins
of unknown function, including the most highly expressed gene acpl3986. Of all ribo-
somal proteins, RpmI (Acpl6445) and RpmG (Acpl736) show the strongest expression,
whereas the most prominent transcriptional regulator Acpl8038 has striking protein
sequence similarity to the CarD family of transcriptional regulators, especially to its
homologue from Salinispora tropica (98% identity). It was shown that CarD regu-
lates light-induced carotenogenesis and fruiting body formation in response to nutri-
ent limitation in Myxococcus xanthus [Padmanabhan et al., 2001,Cayuela et al.,
2003]. However, in view of its high expression level in Actinoplanes sp. SE50/110, it
is likely that CarD also acts as an architectural factor that aids in the assembly of
protein complexes that are essential for DNA transcription, replication or repair as
proposed earlier [Eĺıas-Arnanz et al., 2010]. Another highly expressed gene, cgt
(acpl5091 ), might be of special interest regarding acarbose production because of its
predicted function as secreted starch binding enzyme. While the small protein (149
amino acids) merely consists of two starch binding domains, it exhibits high simi-
larity to the C-terminal domain of cyclodextrin glycosyltransferases and is therefore
likely to be involved in carbohydrate utilization. In this regard, Cgt may enhance
and support extracellular carbohydrate degrading enzymes, such as the pullulanase
PulA and, potentially, the alpha-amylases AcbE and AcbZ encoded within the acar-
bose gene cluster [Wehmeier & Piepersberg, 2004]. This is in line with recent
proteome studies which clearly identified Cgt, PulA, AcbE, and AcbZ in the exopro-
teome of Actinoplanes sp. SE50/110 cultures [Wendler, p.c.]. The high expression
of cgt in the acarbose production media in contrast to almost no expression in the
Glc-CM medium furthermore indicates an induction through maltose, similar to the
induction of the acarbose gene cluster. Interestingly, the maltose importer operon
malEFG, which might also contain the adjacent downstream pulA gene, is clearly ex-
pressed. However, no significant DE could be observed between the three cultivation
conditions. This holds also true for the adjacent transcriptional regulator gene of the
maltose importer operon, malR, located upstream of malE in the reverse orientation.
MalR was previously thought to be a promising candidate for the regulation of the
acarbose gene cluster.

Supplementation of trace elements induces the expression of genes involved in
oxidative stress in Actinoplanes sp. SE50/110

On the cell physiological level, the addition of trace elements to Mal-MM lead to an
increase of cell dry weight and total acarbose production in the Mal-MM-TE condition
(Fig. 3.18). In order to investigate the underlying changes in gene expression, the
most DE genes between both conditions were analyzed by means of the DESeq software
[Anders & Huber, 2010]. The analysis revealed 70 (∼1%) significantly (p < 0.05)
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Table 3.12.: The twenty highest expressed genes in all three RNA-seq cultivation conditions.

Gene Gene Mal-MM Mal-MM-TE Glc-CM Product
symbol RPKM RPKM RPKM

acpl3986 35077 137123 61605 predicted membrane protein
acpl6445 rpmI 36909 19230 32229 ribosomal protein L35
acpl5091 cgt 54915 23454 489 starch binding domain containing

secreted protein
acpl8038 carD 16935 17280 24153 transcriptional regulator CarD family
acpl2698 20691 17935 12550 hypothetical protein
acpl763 rpmG 15721 16520 12048 ribosomal protein L33
acpl4008 6070 25245 11556 predicted membrane protein
acpl7610 15392 19900 7517 hypothetical protein
acpl3976 5675 12836 16511 hypothetical
acpl4235 6670 7690 20514 hypothetical membrane protein
acpl7623 cspA 15392 9350 8484 Cold shock protein CspA
acpl7205 rpsO 12223 8352 11896 ribosomal protein S15
acpl7608 10788 21220 424 hypothetical protein
acpl7115 8825 10910 10663 hypothetical protein
acpl6562 cspD 10458 7496 9790 Cold shock domain protein CspD
acpl2290 sdpR 16640 9014 1420 transcriptional repressor SdpR
acpl7465 rpmE 9373 7676 9202 ribosomal protein L31
acpl1394 rpsT 10442 6975 8533 ribosomal protein S20
acpl1583 12205 8171 5009 hypothetical protein
acpl3833 12113 10707 1268 predicted integral membrane protein

DE genes (Fig. 3.30). Of these, six genes which are organized in two adjacent operons
are most prominently up-regulated in Mal-MM-TE (Fig. 3.31).

The first operon encodes a transcriptional regulator of the CopY family as well as
a zinc-dependent protease (Acpl3030). CopY is the transcriptional repressor of the
copYZAB operon, which encodes proteins for the regulation of copper homeostasis
in Enterococcus hirae [Magnani & Solioz, 2005] and other Gram-positive bacteria
[Garćıa-Castellanos et al., 2004]. In E. hirae, the repressor activity of CopY
is deactivated by CopZ-mediated copper donation at increased cellular copper levels.
At high levels however, CopZ is subject to proteolytic degradation by an unknown
protease, as its excess is believed to be toxic for the cells [Lu et al., 2003]. In this
view, it is tempting to speculate that Acpl3030 undertakes this proteolytic function
in Actinoplanes sp. SE50/110. In contrast to E. hirae, the copYZAB homologues in
Actinoplanes sp. SE50/110 are not arranged in a consecutive operon and may therefore
be regulated in more complex ways. Accordingly, the homologue to copA, encoding
a putative copper import ATPase, is up-regulated four-fold, whereas its counterpart
copB, encoding a putative copper export ATPase, is slightly down-regulated in Mal-
MM-TE. These findings suggest that Actinoplanes sp. SE50/110 harbors a similar
but more complex regulated copper homeostasis system than E. hirae. In addition,
Actinoplanes responds positively to the supplied amount of copper, which acts as an
important cofactor in many enzymes like lysyl oxidases, tyrosinases, Cu/Zn superoxide
dismutases, and cytochrome c oxidases [Lu et al., 2003].
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Figure 3.30.: Differential gene expression of Actinoplanes sp. SE50/110 cultivated in minimal
medium (Mal-MM) and in minimal medium supplemented with trace elements (Mal-
MM-TE). The volcano plot shows the fold change of read counts for all genes in the
Mal-MM-TE condition with respect to their read counts in the Mal-MM condition.
The genes above the significance threshold (p < 0.05) are marked in blue (down-
regulated in Mal-MM-TE) and red (up-regulated in Mal-MM-TE). The genes which
are discussed in the text are shown near their corresponding spot. Genes with zero
reads in one of the conditions cause an infinite fold change, these genes are depicted
at the outermost positions in the diagram.
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Figure 3.31.: The two most prominently up-regulated gene clusters of Actinoplanes sp. SE50/110
when comparing Mal-MM against Mal-MM-TE conditions. The left operon en-
codes the transcriptional regulator CopY and the zinc dependent protease Acpl3030,
whereas the right operon harbors four genes that encode a cytochrome bd oxidase
complex.

The second operon encodes a complete cytochrome bd oxidase gene cluster cyd-
ABCD with an additional transcriptional regulator CydR. Cytochrome bd is a widespread
oxidase found in aerobic bacteria [Kranz & Gennis, 1985] and some archaea [Math-
ias, 1995], where it is responsible for the detoxification of dioxygen through reduction
to water as terminal part of the respiratory chain. The cytochrome complex consists
of two subunits, encoded by cydA and cydB, which form an integral membrane het-
erodimer. The cydABCD operon usually encodes two additional genes cydC and
cydD, encoding two ABC-type transporter proteins required for the assembly of the
complex [Das et al., 2005]. In Actinoplanes sp. SE50/110 however, these are fused
to a single gene cydCD of about 4 kb length as determined by the using searching the
CDD [Marchler-Bauer et al., 2011b] and comparative analysis between cydCD
and its homologues from Bacillus subtilis [Winstedt et al., 1998]. It is known from
several bacteria such as B. subtilis [Winstedt et al., 1998] and Streptomyces coeli-
color [Brekasis & Paget, 2003] that cydABCD expression is induced under oxygen
limiting conditions. As the average cydABCD up-regulation was found to be 60-fold
in comparison to the Mal-MM condition (Fig. 3.31), it is likely that the culture
reached oxygen limitation as a result of increasing cell density, which was triggered
by the addition of growth promoting trace elements in the Mal-MM-TE medium.

The additional transcriptional regulator CydR shows highest sequence similarity
to the TetR family of transcriptional repressors, which generally control gene expres-
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sion of products involved in multidrug resistance, biosynthesis of antibiotics, osmotic
stress and others [Ramos et al., 2005]. In Actinoplanes sp. SE50/110, the CydR
5’-coding sequence shares a 29 bp overlap with the 3’-end of cydCD, which suggests
its participation in the cyd operon. In spite of this, CydR exhibits only poor se-
quence similarity to the known regulators ArcA, FNR [Patschkowski et al., 2000],
YdiH/Rex [Brekasis & Paget, 2003, Schau et al., 2004], CcpA or ResD [Puri-
Taneja et al., 2007] controlling the expression of cydABCD in other species. As a
result, the function of CydR remains to be determined.

Another gene cluster, modHABCR, showing clear DE between Mal-MM and Mal-
MM-TE is related to molybdenum (Mo) uptake (Fig. 3.32), which is in line with
Mo being one of the supplied trace elements. Molybdate, which is the bioavail-
able form of Mo, plays an essential role in microbial metabolism because of its re-
quirement as cofactor in important enzymes such as nitrate reductase or formate
dehydrogenase [Maupin-Furlow et al., 1995]. The mod cluster of Actinoplanes
sp. SE50/110 exhibits structural similarity to the molybdate import system from E.
coli (modABCD) in the sense, that the genes modABC share common functional an-
notation between both organisms. Analysis of the proteins in E. coli showed that
ModA functions as a molybdate-specific periplasmic binding protein, ModB as an
integral membrane channel-forming protein, and ModC as an ATP-binding energizer
protein [Grunden et al., 1999]. In contrast to E. coli however, Actinoplanes sp.
SE50/110 lacks the terminal modD gene, which is replaced by a putative transcrip-
tional regulator named ModR. In addition, another protein designated ModH, which
contains both, a helix-turn-helix DNA binding domain and a molybdenum binding
domain, precedes the cluster. Although the sequence similarity between ModH and
the transcriptional repressor ModE of the mod operon in E. coli is very weak, the
domain structure seems to be conserved, indicating a possible regulatory function for
ModH.

The observed gene expression of the mod cluster in Actinoplanes sp. SE50/110
is very low in Mal-MM-TE compared to Mal-MM, which is consistent with findings
from E. coli where ModE repressed modABCD expression in the presence of increased
intracellular molybdate levels [Grunden et al., 1999]. Consequently, a high mod
expression hints to molybdate limitation in Mal-MM and Glc-CM media which may
also be a reason for the lower cell dry weights measured of these conditions (Fig. 3.18).

Genes involved in metal metabolism are differentially expressed between the
three growth media of Actinoplanes sp. SE50/110

The comparison of Glc-CM and Mal-MM gene expression levels permits the analysis
of transcriptional changes that lead to the biosynthesis of acarbose in the Mal-MM
condition. It has to be expected however, that these changes are accompanied or even
clouded by effects resulting from differences in the media which do not directly impact
the acarbose biosynthesis. As the Glc-CM medium on the one hand contains complex
ingredients (yeast extract and peptone) and glucose as carbon source, whereas Mal-
MM contains maltose and several defined trace elements in rather high quantities on
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Figure 3.32.: The most prominently down-regulated gene cluster of Actinoplanes sp. SE50/110
when comparing Mal-MM against Mal-MM-TE conditions. The cluster harbors five
genes that encode a molybdenum uptake system.

the other hand, a much more diverse expression pattern (Fig. 3.33) was observed,
as opposed to Mal-MM and Mal-MM-TE (Fig. 3.30). Consequently, a total of 546
(∼6%) significantly (p < 0.05) DE genes were identified.

The most striking change in expression was found in the bacterioferritin BfrA and
the bacterioferritin-associated ferredoxin Bfd. Bacterioferritin assembles to a 24mer
cluster of roughly spherical shape which acts as an iron storage protein that regulates
iron availability within the cell and may also be involved in iron detoxification and
other processes [Carrondo, 2003]. While BfrA exhibits excellent sequence similarity
of up to 89% to bacterioferritins of various Streptomyces strains, close homologues
to Bfd are rarely found in public databases with the exception of Stackebrandtia
nassauensis with 85% similarity [Munk et al., 2009]. Bfd from E. coli is believed
to participate in iron storage through intracellular iron transport, mobilization of
bacterioferritin, or regulation [Garg et al., 1996,Quail et al., 1996]. It is remarkable
that both genes are literally silent (zero read count) in the Mal-MM condition and
strongly induced in the Glc-CM medium (Fig. 3.34A). This leads to the hypothesis
that iron availability negatively regulates the transcription of bfrA and bfd, possibly
through a transcriptional repressor like the ferric-uptake regulator Fur, known to occur
in many species [Escolar et al., 1999]. Fur is a general regulator of iron-dependent
expression of more than 90 genes in E. coli and functions as a positive repressor, in the
sense that it needs iron as co-repressor in order to bind to its target DNA-sequence
and inhibit transcription [Andrews et al., 2003]. In support of this supposition,
a putative Fur binding sites was identified 92 bp upstream of the bfd start codon
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Figure 3.33.: Differential gene expression of Actinoplanes sp. SE50/110 cultivated in minimal
medium (Mal-MM) and in complex medium (Glc-CM). The volcano plot shows
the fold change of read counts for all genes in the Glc-CM condition with respect
to their read counts in the Mal-MM condition. The genes above the significance
threshold (p < 0.05) are marked in blue (down-regulated in Glc-CM) and green
(up-regulated in Glc-CM). The genes which are discussed in the text are shown near
their corresponding spot.
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showing 12/19 identities to the Fur consensus sequence of E. coli [Escolar et al.,
1999].

A gene cluster with comparable DE ratios to bfd/brfA was found to encode three
proteins, which resemble a relatively new class of iron importers [Debut et al.,
2006], best studied in E. coli (EfeUOB) and its homologue YwbLMN from B. sub-
tilis [Ollinger et al., 2006,Cao et al., 2007]. It was shown for both organisms that
their respective cluster is also Fur-regulated (repressed by iron), which suggests a sim-
ilar regulation in Actinoplanes sp. SE50/110 based on the striking up-regulation of
the cluster in the iron-limited Glc-CM condition (Fig. 3.34B). However, no clear Fur-
binding site could be identified. While EfeU was shown to be an integral-membrane
iron-permease, the exact functions of the other two proteins have not yet been com-
pletely unraveled [Rajasekaran et al., 2010]. It was proven, however, that all
components are necessary to form a functional iron importer in E. coli [Cao et al.,
2007]. The corresponding proteins from Actinoplanes sp. SE50/110 show highest
sequence similarities of 72-86% to homologous clusters of the two Micromonospora
strains L5 and ATCC 39149 and were designated EfeUOB according to their E. coli
homologues.
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Figure 3.34.: The most prominently up-regulated gene cluster of Actinoplanes sp. SE50/110 when
comparing Mal-MM against Glc-CM conditions. (A) The regulation of the bacteri-
oferritin gene cluster and (B) the expression of the iron importer operon efeUOB

A third, highly DE genomic locus, was identified because of its extreme repression
in the Glc-CM condition (Fig. 3.35). The cluster consists of five genes, resembling
the yfeABCD operon of Yersinia pestis, which encodes an ABC metal transport sys-
tem [Bearden et al., 1998]. An additional gene yfeR, which encodes a predicted
transcriptional regulator, overlaps 4 bp with the 5’-end of yfeD. The complete operon
is silent in the Glc-CM condition and highly up-regulated in both Mal-MM media.
This is astonishing because yfe as well as a homologous cluster from Actinobacillus
pleuropneumoniae were shown to be up-regulated under iron restriction [Bearden
et al., 1998, Deslandes et al., 2007], which would be in line with the identifica-
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tion of a Fur binding site (14/19 identities) upstream of the yfeABCDR operon in
Actinoplanes sp. SE50/110. While this contradiction could be explained with a rare
case of Fur-induced expression [Andrews et al., 2003], the participation of another
regulator, possibly yfeR, is also conceivable.
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Figure 3.35.: The most prominently down-regulated gene cluster of Actinoplanes sp. SE50/110
when comparing Mal-MM against Glc-CM conditions. The cluster harbors five genes
that encode the ABC-type iron importer operon yfeABCD and its putative regulator
YfeR.

However, from a cell physiological point of view, the observed expression pattern
of iron-transport related genes are likely to reflect an oversaturation of iron in the
Mal-MM cells, which necessitates the observed repression of iron importers and the
induction of the putative export system YfeABCD(R). It can therefore be concluded
that the Glc-CM medium exposes Actinoplanes sp. SE50/110 to iron limiting condi-
tions whereas both Mal-MM media contain sufficient or even an excess of iron. In
this context, it should be noted that the above mentioned oxidative stress response
could also be a consequence of iron excess, as high intracellular levels of iron are toxic
and lead to oxidative stress through the generation of reactive oxygen species under
aerobic conditions [Groves et al., 2010,Cornelis et al., 2011].

A secondary metabolite biosynthesis gene cluster of Actinoplanes sp. SE50/110
is highly expressed in the acarbose production media

Recently, four putative antibiotic gene clusters were identified in the Actinoplanes
sp. SE50/110 genome sequence [Schwientek et al., 2012]. One of them, cACPL 4
consists of three NRPS, three PKS and several accessory proteins including a possible
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product exporter complex, which constitute a hybrid NRPS/PKS cluster. Interest-
ingly, this locus was found to be highly up-regulated in both Mal-MM media, whereas
a comparable expression in the Glc-CM medium was only found for one of the NRPS
genes nrps2C and the adjacent ABC-type multidrug transporter genes acpl6159-6161,
located at the periphery of the cluster (Fig. 3.36).
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Figure 3.36.: The significantly down-regulated hybrid NRPS/PKS cluster of Actinoplanes sp.
SE50/110 when comparing Mal-MM against Glc-CM conditions. Most genes of the
putative antibiotic biosynthesis gene cluster cACPL 4 are strongly down-regulated in
the complex medium, whereas their expression is comparably high in both minimal
media. The strong expression of the gene acpl6152, encoding a putative tryptophan
halogenase, is particularly noticeable because this enzyme catalyzes the first step in
the biosynthesis of pyrrolnitrin, an antibiotic with anti-fungal activity known from
Pseudomonas pyrrocinia.

These findings are of tripartite implication. First, the genes acpl6158-6161 seem
to be regulated in a common way, which obviously differs from the regulation of
the remaining cluster, as their high expression rates were also found in the Glc-CM
condition. This suggests a rather constitutive function for the NRPS and its adjacent
multidrug transporter, which might not be linked to the remainder of the cluster
as previously anticipated. Second, the expression of the complete cluster is induced
equally well in both Mal-MM conditions, ruling out a possible stimulation through
trace elements only supplied in the Mal-MM-TE medium. It remains to be determined
which of the Mal-MM medium components caused the induction, however. Third and
most importantly, the high expression of the cluster implies a significant investment
of compounds and energy from the cell, which might rather be channeled towards an
increase in acarbose production. In terms of mRNA measurements, 1.7% of all filtered
reads that mapped to genes were contained in this cluster. It should also be noted
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that the first two genes acpl6137 and acpl6318 exhibit very low expression and are
therefore likely not to be involved in the NRPS/PKS hybrid cluster.

The acarbose biosynthetic gene cluster of Actinoplanes sp. SE50/110 is highly
expressed in maltose containing media and silent in the glucose containing
medium

The transcriptional analysis of the acarbose gene cluster confirms previous experi-
ments that found glucose, in the absence of maltose, to cause stalling of the acar-
bose production, presumably through a down-regulation of the acarbose gene expres-
sion [Brunkhorst & Schneider, 2005, Wang et al., 2011b]. It is therefore not
surprising that the acb gene cluster was scarcely expressed in the Glc-CM condition
(Fig. 3.37). Merely the genes of the extracellular alpha-amylases AcbZ and AcbD
were expressed at a moderate level, accompanied by the C7-cyclitol cyclase AcbC and
the Cyclitol-7-phosphate 2-epimerase AcbO, which catalyze the first and third step in
the biosynthesis of acarbose (Fig. 1.5).
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Figure 3.37.: The regulation of the acarbose biosynthetic gene cluster of Actinoplanes sp.
SE50/110 with the adjacent galactose importer system acbHFG. Interestingly, the
expression of the genes is approximately twice as high in Mal-MM compared to
Mal-MM-TE, whereas almost no expression was detected in the complex medium
Glc-CM.

Both maltose containing media exhibit a clear induction of the acb gene cluster.
Interestingly, the expression of the cluster is approximately two-fold down-regulated
when trace elements were added. Although the gene’s differential expressions are not
significant between Mal-MM and Mal-MM-TE, this regulation might indicate a posi-
tive effect of the supplied trace elements, as the acarbose production yields are about
the same for both conditions when normalized to cell dry weights (44 mg as opposed
to 46 mg per gram of CDW). Hence, the down-regulation did not alter acarbose
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productivity. One possible explanation for this finding may be derived from the afore-
mentioned lack of needed trace elements in Mal-MM, which could have hindered the
correct assembly or functioning of certain copper, zinc, molybdenum or manganese
dependent enzymes, which necessitated a higher expression to yield the same amount
of functional enzymes. However, further research has to be conducted to answer this
question, as e.g. a different growth phase of the conditions could certainly result in a
similar expression pattern.

Recent crystallographic analysis of the extracellular binding protein AcbH raised
evidence for the putative acarbose importer AcbGFH to bind galactose, rather than
acarbose [Licht et al., 2011]. Given the distinct low expression pattern of acbGFH
(Fig. 3.37), the analysis clearly supports these findings, as an acarbose importer
would expected to be expressed at an elevated level in order to comply with the
carbophore hypothesis [Wehmeier & Piepersberg, 2004].
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Discussion

In this chapter, major findings of the previously reported results are critically exam-
ined with regard to the current literature. In particular, novel insights are emphasized
that enhance the current knowledge about the acarbose metabolism and putative ways
to enhance its production in Actinoplanes sp. SE50/110. Furthermore, outcomes of
general scientific interest are highlighted and based thereon improved procedures for
similar research projects are elaborated. Finally, aspects of the new RNA-sequencing
technology and its bioinformatic analysis are discussed.

4.1. Establishment of the complete Actinoplanes sp. SE50/110 genome
sequence

Despite the advances in second generation sequencing, such as the tremendous through-
put and low sequencing costs per base, finishing of genome sequences becomes decreas-
ingly common [Chain et al., 2009]. The reasons for this trend are mainly attributed
to the additional investment of significant amounts of time and money, which are
usually out of proportion to the additionally gained sequence information. While
complete genome sequencing of procaryotes with moderate GC-content seems to be
rather straightforward, second generation sequencing of high-GC organisms still poses
difficulties [Dohm et al., 2008]. The present study exemplified this fact especially
well, since the initial sequencings using standard chemistry and PE protocol yielded
rather poor results. This, however, also shows what might be missed by generally
leaving genomes in draft status. In the case of Actinoplanes sp. SE50/110, a total of
906 kb, accounting for roughly 10% of the complete genome size, were missed in the
initial runs. Furthermore, the high level of fragmentation renders draft genomes un-
suitable for a variety of analyses such as core-genome based comparative phylogenies
and in silico pathway modeling, because decisive gene information might be missing.
In this regard, the disrupted sequence information, as exemplified in Section 3.1 for
the acarbose gene cluster, called on a detailed analysis of the underlying causes.
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Importantly, the described outcome thereof – the identification of high-GC islands
and secondary structure formation within gap regions – might be of outstanding inter-
est to other sequencing projects working with high-GC organisms and second genera-
tion technologies. Without doubt, the enhancements of the sequencing process which
were derived from these findings lead to a significant improvement of the Actinoplanes
sp. SE50/110 genome sequence with only 1.6% of missing sequence information and
a strongly reduced genome fragmentation. This was achieved by using longer read
length, which improved the decomposition of shorter repetitive elements, and trehalose
as a chemical additive in the emulsion PCR step of the library preparation protocol,
which reduced secondary-structure formation of single stranded DNA during ampli-
fication. On that account, the demonstrated feasibility and successful application
for high-GC genome sequencing using these enhancements on the Genome Sequencer
FLX platform has great potential for improving the quality of modern actinomycetes
sequencing projects, as its application is simple, cheap, fast and effective.

While the results of the initial PE runs were far from optimal, their true value
became evident during the combined assembly of the PE and WGS runs. Without PE
information, the order and orientation of the 600 contigs would have been speculative,
which would have complicated the finishing procedure to a great extent. By using the
PE data, 421 contigs could already be positioned and primer-pairs of adjacent contigs
were selected for PCR amplification and subsequent sequencing of the gap regions.
It should therefore be noted that a combination of PE and WGS approaches is cer-
tainly beneficial for sequencing more complex genomes such as that of Actinoplanes
sp. SE50/110. Nonetheless, with increasing read length and throughput of the tech-
nologies, it might be sufficient to use only long PE protocols with anti self-annealing
substances in future projects in order to yield similar results from just a single run.

4.2. Annotation of the Actinoplanes sp. SE50/110 genome sequence

The genome annotation is a critical process that has to be performed with special
care, since many analyses build upon its findings. Consequently several different gene
finders were tested for their performance during the annotation of the Actinoplanes
sp. SE50/110 genome. Of these, Prodigal performed best in terms of the resulting
genome coding density (see Table 3.6), presumably because of its adaptivity to ge-
nomic GC-contents [Hyatt et al., 2010]. Furthermore, it is long known from other
high-GC genera such as Streptomyces that the third base of a codon exhibits a higher
probability of being a guanine or cytosine if the codon is located in-frame of a coding
sequence [Bibb et al., 1984]. Manual inspection of the acarbose biosynthesis genes
using the FramePlot software [Ishikawa & Hotta, 1999] confirmed this to be true
also for Actinoplanes sp. SE50/110 and presumably all Actinoplanes species (see also
Section 3.3.1). As the Prodigal gene finding algorithm makes heavy use of this
frameplot-analysis, it is not surprising to produce good results for Actinoplanes sp.
SE50/110 and might also be considered as standard gene finder for the annotation of
other high-GC genomes in the future.
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4.3. New insights related to the acarbose metabolism

4.3.1. Acarbose re-import after exclusion of acbHFG

The carbophore model attributes acarbose a second function as transport vehicle
for oligosugars beside its main function as an inhibitor of competitor’s α-glucosidases
[Wehmeier & Piepersberg, 2004,Brunkhorst et al., 2005]. Therfore, the model
demands an uptake system for loaded acarbose, which was believed to be the acbHFG
operon. However, in contrast to previous findings [Brunkhorst et al., 2005], the
extracellular binding protein AcbH, encoded within the acbHFG operon (Fig. 3.15),
was recently shown to exhibit high affinity to galactose [Licht et al., 2011] instead of
acarbose or its homologues as was previously anticipated. This implies that acbHFG
does not directly belong to the acarbose cluster anymore as was proposed by the car-
bophore hypothesis [Wehmeier & Piepersberg, 2004,Piepersberg et al., 2002].
In order to search the Actinoplanes sp. SE50/110 genome for a new acarbose importer
candidate, the gacGFH operon of a second acarbose gene cluster identified in Strepto-
myces glaucescens GLA.O has been used as query [Rockser & Wehmeier, 2009].
GacH was recently shown to recognize longer acarbose homologues but exhibits only
low affinity to acarbose [Vahedi-Faridi et al., 2010]. However, the search revealed
rather weak similarities towards the best hit operon acpl5404 -acpl5406 with GacH
showing 26% identity to its homologue Acpl5404. A consecutive search of the extra-
cellular maltose binding protein MalE from Salmonella typhimurium, which has been
shown to exhibit high affinity to acarbose [Vahedi-Faridi et al., 2010], revealed
32% identity to its MalE homologue in Actinoplanes sp. SE50/110. Despite the low
sequence similarities, these findings suggest that acarbose or its homologues are either
imported by one or both of the above mentioned importers, or that the extracellular
binding protein exhibits a distinct amino acid sequence in Actinoplanes sp. SE50/110
and can therefore not be identified by sequence comparison alone.

4.3.2. Putative formation of component C by trehalose synthases

Component C is structurally highly similar to acarbose and, thus, both compounds
are difficult to separate in the industrial downstream processing of the fermentation
broth [Wehmeier & Piepersberg, 2004]. In order to overcome this expensive
and time consuming separation step, first attempts have been made to identify the
reactions and enzymes that lead to the formation of component C. In this regard, it
was demonstrated that component C is not formed by the acarviosyltransferase AcbD
or any other extracellular enzyme as opposed to acarbose and its other homologues
[Hemker et al., 2001]. Rather, a unique way for component C synthesis was proposed
involving trehalose synthases, which are believed to act directly on acarbose and its
maltose moiety, respectively [Wehmeier & Piepersberg, 2004]. Following up on
this idea, a study identified five genes encoding trehalose synthases, namely otsA
(acpl1307 ) and treS (acpl5330 ) as well as the treXYZ operon (see Table 3.7) [Lee
et al., 2008]. The identified enzymes were overexpressed, purified and incubated with
acarbose to test for their ability to convert acarbose into component C. The results
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indicated that only TreY was able to perform the conversion reaction. It should be
noted, however, that the reported results could not be observed when the experiment
was repeated at the Wuppertal University [Dr. Wehmeier, p.c.].

With the complete genome sequence at hand, it was possible to identify three more
otsA genes, a new otsB gene, and a second trehalose synthase (treS), which were tested
in neither of the experiments. Hence, TreY might not be the (only) enzyme which is
responsible for component C formation in Actinoplanes sp. SE50/110.

4.4. The actinomycete integrative and conjugative element pACPL

Perhaps the most interesting finding of all was the identification of the actinomycete
integrative and conjugative element (AICE) pACPL. In regard to the aims of the
whole project, pACPL could hold the key to genetic engineering of Actinoplanes sp.
SE50/110 by serving as a transformational plasmid. Due to the nature of AICEs,
which resemble the lifestyle of temperate phages to a certain degree, genetically mod-
ified plasmids would be able to integrate into the genome at specific attachment sites
(attB), mostly located in tRNA genes. This might result in rapid production of trans-
formants and, in contrast to autonomously replicating plasmids, the integration can
be maintained without antibiotic selection and without reducing the yield of secondary
metabolite production [Baltz & Hosted, 1996]. The feasibility of this approach has
been shown for several Strepomyces AICEs including pSLP1 and pSAM2 (Fig. 3.16),
which evolved to valuable tools for studying the biosynthesis of antibiotics in actino-
mycetes [Omer et al., 1988, Smokvina et al., 1990, Kuhstoss et al., 1991]. In
addition, a similar plasmid development strategy was used for Micromonospora spp.
using the AICE pMR2 (Fig. 3.16) from Micromonospora rosaria [Hosted et al.,
2005].

In this context it should also be noted that several bacteriophages were described,
which are capable of infecting Actinoplanes spp. [Jarling et al., 2004a, Jarling
et al., 2004b]. In particular, a successful transformation system which is based on
a bacteriophage was demonstrated for Actinoplanes teichomyceticus, the producer of
the antibiotic teicoplanin [Ha et al., 2008].

The newly identified AICE may also improve previous efforts in the analysis of
heterologous promoters for the overexpression of the lipopeptide antibiotic friulimicin
in Actinoplanes friuliensis [Wagner et al., 2009].

Overall, these findings are of great interest, as they demonstrate the first native
functional AICE for Actinoplanes spp. in general and imply the possibility of future
genetic access to Actinoplanes sp. SE50/110 in order to perform targeted genetic
modifications aiming at increased acarbose yields and elimination of component C
formation.

4.5. The putative antibiotic gene clusters of Actinoplanes sp. SE50/110

In general, the four newly discovered secondary metabolite gene clusters broaden
the knowledge of actinomycete NRPS and PKS biosynthesis clusters and represent
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just the tip of the iceberg of the manifold biosynthetical capabilities – apart from
the well-known acarbose production – that Actinoplanes sp. SE50/110 houses. It
remains to be determined if all presented clusters are involved in industrially rewarding
bioactive compound synthesis and how these clusters are regulated, because none of
these metabolites were identified and isolated so far. These new gene clusters may
also be used in conjunction with well-studied antibiotic operons, in order to synthesize
completely new substances, as recently performed [Melançon & Liu, 2007, Oh
et al., 2007].

As stated in the Bayer HealthCare AG pharma reports from 1992 and 1993, the an-
tibiotic thiazomycin was found in the cultivation broth of at least one of the acarbose
overproducing strains (Actinoplanes sp. C445-P47) that were developed by mutagene-
sis experiments [Dr. Selber, p.c.]. Because all strains are based on Actinoplanes sp.
SE50, it is very likely that also Actinoplanes sp. SE50/110 contains the corresponding
biosynthesis gene cluster. Unfortunately, no thiazomycin cluster has been sequenced
yet, which renders its identification within the Actinoplanes sp. SE50/110 genome
sequences difficult. Based on the structurally similar antibiotic tyrocidine from Bacil-
lus brevis however, it can be assumed that cACPL 1 (Fig. 3.17A) constitutes the
responsible biosynthesis cluster. This is derived from the fact that tyrocidine is syn-
thesized by three NRPSs which comprise ten modules for the incorporation of amino
acids [Mootz & Marahiel, 1997]. Very similarly, cACPL 1 contains four NRPS
genes comprising also ten modules. The other identified putative antibiotic gene clus-
ters either lack NRPS genes or they do not contain enough modules to explain the size
of the antibiotic thiazomycin, which is in fact a mixture of several derivatives similar
to the antibiotics group of nocathiacins [Jayasuriya et al., 2007].

Interestingly, it was found that thiazomycin is an extremely potent antibiotic
against Gram-positive bacteria with potential clinical relevance e.g. in the treatment
of infections with multi resistant Staphylococcus aureus strains [Singh et al., 2007].

4.6. Transcriptome analyses of Actinoplanes sp. SE50/110

The transcriptome of Actinoplanes sp. SE50/110 was analyzed by conducting two
distinct RNA-seq experiments for each of three cultivation conditions. In the case the
of 5’-enriched cDNA libraries, the experiment was designed to identify TSSs within
the Actinoplanes sp. SE50/110 genome sequence and indeed yielded more than 1,400
potential TSS from a pooled analysis of all three conditions. The other experiment
was designed to provide quantitative expression values of full length transcripts that
can be used for differential expression testing between the three conditions. The
corresponding computational tests resulted in an impressive detection rate, given the
fact, that no replicates were sequenced.

Overall, the advantages of RNA-seq over standard microarrays legitimate the
higher costs and efforts in downstream analysis [Croucher & Thomson, 2010].
Performing RNA-seq experiments on organisms for which the genome sequence has
not yet been established would certainly be even more rewarding and should be con-
sidered as an alternative to standard genomics approaches. This is due to the fact
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that bacterial genomes exhibit a high coding density (Tab. 3.6), which might reveal a
major part of the genome sequence after de novo transcriptome assembly of RNA-seq
results. However, although costs for RNA-seq experiments are continuously reducing
due to the steady increase of sequencing throughput, microarrays are still more cost
efficient, especially if large numbers of experiments are to be carried out. Therefore, a
good strategy might include an initial RNA-seq run, which optimizes the genome an-
notation, followed up by microarrays that were designed on the basis of the improved
annotation.

In this regard it should also be noted that the high-GC content of Actinoplanes
sp. SE50/110 might have caused similar self-annealing problems during the amplifica-
tion step of the RNA-seq library preparation protocols as it did in the DNA library
preparation (see Section 3.1). Although this was not explicitly analyzed in this work,
comparisons with other RNA-seq runs of moderate-GC organisms that were sequenced
on the identical device, resulted generally in more high quality reads.

4.6.1. Improvement of genome annotation by RNA-seq

Genome annotation improvement which is based on 5’-enriched RNA-seq data relies
on the identification of TSSs for subsequent determination of genomic features. While
this approach works well for CDS start site corrections and the detection of TSSs for
all kinds of genomic features as described in Section 3.4.2, the actual transcript
length might not be directly derived from these observations alone. This is especially
cumbersome for ncRNAs, which, in contrast to mRNAs, also lack a stop codon that
could be used to at least define the end of the functional sequence within the tran-
script. This limitation was circumvented in this and other studies by utilization of a
whole transcript cDNA library, which was mainly created for the detection of differ-
entially expressed genes [Wurtzel et al., 2010]. In general, however, this might not
be an optimal strategy, because the transcript length determination depends heavily
on the sequencing depth of the run. In other words, it is impossible to determine
the exact end of a transcript if it is not completely covered by sequenced reads. This
obvious drawback has recently been recognized and lead to the development of a novel
cDNA library preparation method for RNA-seq, termed RNA paired-end tag (RNA-
PET) [Ruan & Ruan, 2012]. In principle, RNA-PET enriches both, the 5’- and the
3’-ends of full length cDNAs by discarding the central part of the transcripts (similar
to Illumina’s mate-pair library preparation [Van Nieuwerburgh et al., 2011]). Ad-
ditionally, the protocol assures that both ends of the transcript will be concatenated
prior to sequencing, which yields PE information. In contrast to PE DNA-sequencing
as described in Section 3.1 however, the distances between the sequence pairs are
variable in RNA-PET and match the lengths of the original transcripts. Thus, refer-
ence mapping of the PE data results in the determination of transcript length and
additional information, such as alternative start- and stop-sites of a transcript [Ruan
& Ruan, 2012]. RNA-PET is therefore better suited to demarcate the genome-wide
boundaries of transcription units and might be a promising alternative to the hybrid
approach applied in this work.
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4.6.2. Differential expression testing by RNA-seq

The amount of differentially expressed genes matched well with the expectations, in
that only 70 genes were significantly DE between Mal-MM and Mal-MM-TE, whereas
546 genes were found to be significantly DE between Mal-MM and Glc-CM, which
differ in the composition of the cultivation media to a much greater extends than
Mal-MM and Mal-MM-TE. It is remarkably that the provided differences in media
conditions were so well reflected within the gene expression data, given the lack of repli-
cates and the consequential conservative test statistic of the DESeq software. These
findings approve the applicability of zero-replicate experiments on the one hand, and
highlight the scalability of RNA-seq experiments on the other, in the sense that the
discriminatory power of DE testing can be bought by adding further replicates to the
experimental design.

4.6.3. Short assessment of computational methods for bacterial RNA-seq
analysis

The major bioinformatic challenges involved in bacterial RNA-seq studies can gener-
ally be categorized into five tasks:

1. Transcriptome de novo assembly
2. Short read reference mapping
3. Expression quantification (normalization and summarization)
4. Differential expression testing
5. Annotation improvement

For the reason that RNA-seq is a rather new analytical method, it is consequential
that no clear gold standard in terms of computational data analysis has been reached
yet. This is reflected by a plurality of available software tools, e.g. for differential
expression testing, which ranges from rather established tools, such as DESeq [An-
ders & Huber, 2010], edgerR [Robinson et al., 2010], and Cufflinks [Trapnell
et al., 2010], up to latest releases, such as NOISeq [Tarazona et al., 2011] and
GENE-Counter [Cumbie et al., 2011]. Likewise, new transcriptome assembly algo-
rithms, short read mapping procedures, and expression quantification methods are
constantly developed and improved, respectively. Advances in these categories have
recently been extensively reviewed and indicate in-depth addressing by the bioinfor-
matics community [Garber et al., 2011,Chen et al., 2011b].

In contrast, computational tools that aid in improving the genome annotation
based on RNA-seq data are sorely lacking, which necessitates the development of
custom scripts as described in Section 2.6.6 or time consuming manual annotation
[Wurtzel et al., 2010]. The reason for the absence of appropriate tools is certainly
based on the high degree of complexity that can rapidly arise from ambiguous RNA
signals in diverse genomic contexts. Furthermore, the annotation problem can not
be framed into mathematical terms right away, but rather needs to be broken down
into smaller tasks e.g. as listed in Section 3.4.2. In addition, oftentimes no defined
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optimal solution exists for a problem, e.g. the determination of a transcript’s length
which exhibits alternative TSSs. Moreover, a general RNA-seq annotation program
has to cope with data derived from different cDNA libraries and, thus, needs to adjust
for varying sequencing depths and read types (single or paired-end).

In the course of this study, several scripts were developed to solve the individual
smaller tasks mentioned above. However, manual inspection and curation of the
results was always necessary which might indicate that a semi-automated GUI-based
application would hold the most benefit.

Another improvable aspect of current RNA-seq tools is the necessity to employ
multiple programs of different origin in order to achieve the desired results. To the
best of the author’s knowledge, no integrated toolsuite or processing pipeline for com-
plete RNA-seq analyses is currently available in the public domain. Nevertheless, a
trend into this direction is observable and several developers already published more
sophisticated analysis systems [Trapnell et al., 2010,Howe et al., 2011].
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5 Chapter 5.

Conclusions and Outlook

This thesis was aimed at answering four major research questions related to Actino-
planes genomics and transcriptomics as stated in Section 1.9. The two foremost
objectives were accomplished by establishing the complete 9.24 Mb genome sequence
of the industrial acarbose producer Actinoplanes sp. SE50/110 and the annotation
of more than 8,400 genomic features thereon. On that basis, special genes and gene
clusters, such as the AICE, the potential antibiotic gene clusters and, of course, the
acarbose biosynthetic gene cluster itself were analyzed with respect to their potential
utilization in future strain enhancements. Lastly, successful transcriptome experi-
ments were conducted using the novel RNA-sequencing technology. This method
clearly demonstrated its added benefit over microarrays by not only permitting sub-
stantiated expression analysis, but also allowing for annotation improvements, such as
the detection of non-coding RNAs and antisense transcripts. In conclusion, all planned
objectives of this thesis were accomplished well beyond standard expectations.

The establishment of the complete genome sequence of the acarbose producer
Actinoplanes sp. SE50/110 is an important achievement on the way towards rational
optimization of the acarbose production through targeted genetic engineering. In this
process, the identified AICE may serve as the basis for a future transformation system
for this strain and other Actinoplanes spp. Furthermore, this work provides the first
sequenced genome of the genus Actinoplanes, which will serve as the reference for
future genome analysis and sequencing projects in this field.

With the complete genome sequence at hand, future transcriptome studies on
Actinoplanes sp. SE50/110 should be conduction in order to systematically analyze
the transcriptional effects of different carbon sources, which should be individually
supplied to a reference cultivation media. In conjunction with measurements of CDW,
acarbose, and possibly component C, these results would provide novel insights into
the carbon metabolism of Actinoplanes sp. SE50/110 and might help to identify fur-
ther potential target genes for later genetic manipulations with the aim of increasing
acarbose yields. In order to cut costs, these experiments might also be conducted us-
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ing cheaper microarrays, which should be designed to also include the novel features
that were annotated on the basis of the performed RNA-seq experiments.

Moreover, recording transcriptional changes over the course of a cultivation might
be of elevated interest in order to determine the exact timepoints at which acarbose
production is initiated through an up-regulation of its biosynthetic gene cluster and
when it is repressed again. These time series analysis could thus shed more light on
the questionable relation between expression level of acb genes and the actual acarbose
production rate, which might not be linear as indicated in this study.

Many possible knock-out and gene deletion targets were proposed in this study.
In addition, several options for the construction of genetic modification systems were
discussed, in particular the novel AICE pACPL. Taking these developments into
account, the next logical step would be the development of a functional transformation
system for Actinoplanes sp. SE50/110. With this at hand, the proposed trehalose
synthase genes should be subject to first knock-out studies in order to solve the main
problem in acarbose fermentation – the formation of component C. Future experiments
could then be aimed at increasing the acarbose yields. For instance, knock-outs of
the proposed acarbose importers might increase the extracellular concentration of
acarbose, since it could not be re-imported into the cell.

By providing novel insights into the enzymatic equipment of Actinoplanes sp.
SE50/110, previously unknown NRPS/PKS gene clusters were identified, potentially
encoding new antibiotics and other bioactive compounds, which might be of phar-
macologic interest. It might also be financially rewarding to examine the putative
antibiotic gene clusters in more detail. In particular cACPL 1, putatively encoding
a thiazomycin biosynthesis gene cluster, might be of foremost interest because of its
pharmaceutical applicability. Moreover, no high yielding strain has been developed for
this group of antibiotics yet, which is a clear advantage for Actinoplanes sp. SE50/110,
since its genome sequence is known and genetic tools are underway.

It was also shown that the hybrid NRPS/PKS gene cluster cACPL 4 was highly
induced under cultivation conditions with maltose as carbon source (Mal-MM and
Mal-MM-TE) and mostly silent in the Glc-CM condition. This expressional pattern
is highly similar to that observed for the acarbose gene cluster, which suggests a
parallel expression of both clusters. Following up on this, future efforts in deleting or
silencing cACPL 4 might result in an increased acarbose production, as it is likely that
considerable amounts of cellular resources can then be utilized by the acb- instead of
the cACPL 4-cluster.

Finally, the established full genome sequence of Actinoplanes sp. SE50/110 as well
as the conducted transcriptomics experiments form the basis for further analytical
exploration of the organism with other omics-technologies. In particular, recently
initiated proteomics studies already unraveled important insights into the extra- and
intracellular proteome of Actinoplanes sp. SE50/110, which would have been impossi-
ble without the knowledge of all coding sequences that were established in this study.
Likewise, the presented genome sequence and its encoded genes are prerequisites for
future metabolomic studies and in silico modeling in the sense of applied systems
biology.
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(2008). Naturstoffchemie: Eine Einführung. Springer-Lehrbuch. Springer.

[Hahn & Stachelhaus, 2004] Hahn, M. & Stachelhaus, T. (2004). Selective
interaction between nonribosomal peptide synthetases is facilitated by short
communication-mediating domains. Proceedings of the National Academy of Sci-
ences of the United States of America, 101(44), 15585 –15590.

[Haiser et al., 2008] Haiser, H. J., Karginov, F. V., Hannon, G. J., & Elliot, M. A.
(2008). Developmentally regulated cleavage of tRNAs in the bacterium Strepto-
myces coelicolor. Nucleic Acids Research, 36(3), 732–741. PMID: 18084030.

[Hanozet et al., 1981] Hanozet, G., Pircher, H. P., Vanni, P., Oesch, B., & Semenza,
G. (1981). An example of enzyme hysteresis. the slow and tight interaction of some

111



fully competitive inhibitors with small intestinal sucrase. The Journal of Biological
Chemistry, 256(8), 3703–3711. PMID: 6452453.

[Hardcastle & Kelly, 2010] Hardcastle, T. J. & Kelly, K. A. (2010). baySeq:
empirical bayesian methods for identifying differential expression in sequence count
data. BMC Bioinformatics, 11, 422. PMID: 20698981.

[Hartmann et al., 2009] Hartmann, R. K., Gössringer, M., Späth, B., Fischer, S.,
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(1987). Inhibitory mechanism of acarbose and 1-deoxynojirimycin derivatives on
carbohydrases in rat small intestine. Drugs Under Experimental and Clinical Re-
search, 13(8), 517–524. PMID: 2962844.

[Sanger & Coulson, 1975] Sanger, F. & Coulson, A. R. (1975). A rapid method
for determining sequences in DNA by primed synthesis with DNA polymerase. Jour-
nal of Molecular Biology, 94(3), 441–448. PMID: 1100841.

[Schau et al., 2004] Schau, M., Chen, Y., & Hulett, F. M. (2004). Bacillus subtilis
YdiH is a direct negative regulator of the cydABCD operon. Journal of Bacteriology,
186(14), 4585–4595. PMID: 15231791.

[Schauder & Bassler, 2001] Schauder, S. & Bassler, B. L. (2001). The languages
of bacteria. Genes & Development, 15(12), 1468 –1480.

124



[Schedel, 2006] Schedel, M. (2006). Weiße Biotechnologie bei Bayer HealthCare
Product Supply: Mehr als 30 Jahre Erfahrung. Chemie Ingenieur Technik, 78(4),
485–489.

[Schmidt et al., 1977] Schmidt, D. D., Frommer, W., Junge, B., Müller, L., Win-
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Figure A.1.: Percentage of the three different start and stop codons that are utilized by Actino-
planes sp. SE50/110. The depicted data is based on the analysis of all 8.270 CDSs
of the organism.
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A  Mal-MM Overall Results for sample 1  :  Mal-MM

RNA Area: 2,429.5

RNA Concentration: 20,344 pg/µl

rRNA Ratio [23s / 16s]: 0.0

RNA Integrity Number (RIN): 5.5   (B.02.07) 

Overall Results for sample 2  :  Mal-MM-TE

RNA Area: 2,338.0

RNA Concentration: 19,578 pg/µl

rRNA Ratio [23s / 16s]: 0.0

RNA Integrity Number (RIN): 5.2   (B.02.07) 

B  Mal-MM-TE

C  Glc-CM Overall Results for sample 3  :  Glc-CM

RNA Area: 1,826.7

RNA Concentration: 15,296 pg/µl

rRNA Ratio [23s / 16s]: 0.0

RNA Integrity Number (RIN): 3.6   (B.02.07) 

Figure A.2.: Electropherograms for quality assessment of RNA isolation from the three cultivation
media A) Mal-MM, B) Mal-MM-TE, and C) Glc-CM for RNA-seq.
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A.2. Supplementary tables

Table A.1.: Genes for which the CDS start codon has been corrected.

Gene TSS position Old CDS Old start New CDS New start Trimmed
in gene [bp] length [bp] codon length [bp] codon length [bp]

acpl160 5 798 ATG 771 GTG 27
acpl1078 33 1146 GTG 1113 GTG 33
acpl1397 21 933 GTG 912 ATG 21
acpl1860 9 417 ATG 408 ATG 9
acpl1926 9 813 GTG 804 ATG 9
acpl2040 9 414 ATG 405 ATG 9
acpl2065 9 1050 ATG 1041 ATG 9
acpl2292 9 864 ATG 855 ATG 9
acpl2665 24 534 GTG 510 ATG 24
acpl3935 39 462 ATG 423 GTG 39
acpl4578 16 765 ATG 732 GTG 33
acpl4921 21 471 GTG 435 GTG 36
acpl5248 21 288 GTG 243 TTG 45
acpl5968 21 415 ATG 396 ATG 21
acpl6781 39 495 ATG 456 GTG 39
acpl6895 18 774 GTG 756 GTG 18
acpl6975 50 777 ATG 726 TTG 51
acpl7246 39 879 ATG 840 GTG 39
acpl7575 15 729 ATG 711 ATG 18
acpl7780 12 255 ATG 243 ATG 12
acpl7835 9 498 ATG 489 GTG 9
acpl8366 9 876 ATG 867 GTG 9
acpl8063 31 429 ATG 387 GTG 42
acpl8031 30 1293 ATG 1263 GTG 30
acpl8020 3 1419 ATG 1416 GTG 3
acpl7580 9 264 ATG 255 ATG 9
acpl7306 69 1218 ATG 1149 ATG 69
acpl7172 30 1116 TTG 1086 GTG 30
acpl7152 30 1695 ATG 1665 ATG 30
acpl5882 38 414 GTG 195 TTG 219
acpl4957 36 999 ATG 963 GTG 36
acpl4732 18 972 ATG 954 ATG 18
acpl4390 27 861 ATG 834 ATG 27
acpl4348 21 1158 ATG 1137 ATG 21
acpl3416 24 732 GTG 690 ATG 42
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Gene TSS position Old CDS Old start New CDS New start Trimmed
in gene [bp] length [bp] codon length [bp] codon length [bp]

acpl2248 4 486 ATG 456 GTG 30
acpl1635 9 1179 ATG 1170 GTG 9
acpl1529 33 717 ATG 651 GTG 66
acpl1269 66 948 GTG 714 GTG 234
acpl868 6 402 ATG 396 GTG 6
acpl151 9 495 GTG 486 GTG 9

Table A.2.: Genes for which antisense transcripts have been detected.

Strand TSS start Antisense gene Distance to CDS start Distance to CDS stop
TSSs that overlap CDSs of antisense genes

+ 42252 acpl155 -220 82
+ 42463 acpl155 -9 293
+ 637469 acpl663 -371 633
+ 1274365 acpl1225 -544 43
+ 1658565 acpl1578 -463 961
+ 1837915 acpl1736 -732 80
+ 1838071 acpl1736 -576 236
+ 1987925 acpl1864 -1019 117
+ 3812700 acpl3472 -5 687
+ 4392822 acpl3976 -206 21
+ 4399763 acpl3985 -184 22
+ 4641805 acpl4207 -458 0
+ 4983363 acpl4569 -165 203
+ 6372455 acpl5846 -1108 4
+ 6693819 acpl6109 -70 535
+ 6761718 acpl6152 -116 1143
+ 6775142 acpl6159 -539 1170
+ 6801261 acpl6177 -863 642
+ 6841393 acpl6213 -1194 620
+ 7190136 acpl6542 -343 262
+ 7253243 acpl6612 -419 1116
+ 7390081 acpl6723 -254 1788
+ 7452273 acpl6775 -1223 1191
+ 8266796 acpl7473 -1189 2029
+ 8596264 acpl7783 -41 870
+ 8748225 acpl7939 -64 1012
+ 8886632 acpl8068 -50 1230
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Strand TSS start Antisense gene Distance to CDS start Distance to CDS stop
+ 9082279 acpl8242 -185 2523
- 8929569 acpl8104 -638 39
- 8562262 acpl7752 -36 392
- 8414465 acpl7612 -56 186
- 7975017 acpl7217 -185 9
- 7974964 acpl7217 -132 62
- 7974932 acpl7217 -100 94
- 7974901 acpl7217 -69 125
- 7844523 acpl7100 -350 522
- 6347469 acpl5823 -54 182
- 5544381 acpl5089 -114 275
- 5312093 acpl4879 -1774 472
- 5126734 acpl4715 -419 522
- 4904552 acpl4498 -237 182
- 4729373 acpl4305 -668 144
- 4623607 acpl4187 -281 537
- 4424076 acpl4008 -177 365
- 4376094 acpl3956 -627 236
- 4228830 acpl3809 -1 259
- 3808039 acpl3468 -1292 801
- 3745168 acpl3414 -186 335
- 3658510 acpl3352 -246 1025
- 3092412 acpl2864 -95 219
- 2919770 acpl2699 -316 259
- 2412078 acpl2243 -986 1179
- 2399789 acpl2231 -2353 7
- 2000635 acpl1876 -20 435
- 1954232 acpl1834 -390 1811
- 1953075 acpl1833 -634 571
- 1751505 acpl1651 -1291 319
- 1743010 acpl1642 -97 832
- 1361616 acpl1309 -566 1110
- 1134162 acpl1097 -212 1161
- 1121601 acpl8386 -128 255
- 1121548 acpl8386 -75 308
- 948846 acpl952 -858 503
- 869498 acpl883 -485 441
- 842316 acpl860 -955 304
- 841917 acpl860 -556 703
- 784046 acpl799 -334 289
- 775449 acpl781 -58 250
- 386363 acpl447 -223 496
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Strand TSS start Antisense gene Distance to CDS start Distance to CDS stop
- 385911 acpl446 -436 232
- 385515 acpl446 -40 628
- 169161 acpl266 -301 589
- 42163 acpl154 -618 2

TSSs that overlap the promotor region (50 b) of antisense genes
+ 151243 acpl255 25 1095
+ 955459 acpl958 47 1495
+ 1316075 acpl1262 37 180
+ 1532703 acpl1472 18 728
+ 1646746 acpl1571 38 484
+ 2563819 acpl2383 43 372
+ 4038454 acpl3648 28 654
+ 4438023 acpl4022 48 1298
+ 7406820 acpl6737 9 1463
+ 7980143 acpl7224 6 863
+ 8111274 acpl7347 38 1492
- 9215268 acpl8366 47 922
- 8868096 acpl8051 22 918
- 8863747 acpl8046 19 1200
- 8761618 acpl7957 12 386
- 8449371 acpl7646 34 996
- 8425098 acpl7624 35 457
- 7974802 acpl7217 30 224
- 6929978 acpl6300 4 453
- 6779027 acpl6162 42 719
- 6291134 acpl5750 44 1036
- 6003779 acpl5498 19 1359
- 5204201 acpl4787 38 586
- 4836591 acpl4422 15 872
- 2695899 acpl2493 27 488
- 709741 acpl720 43 1887
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Table A.3.: Novel non-coding RNAs with unknown function.

Strand ncRNA gene Gene start (TSS) Gene stop Gene length [bp]
+ acpl8405 381882 381974 92
+ acpl8406 410489 410752 263
+ acpl8407 569122 569427 305
+ acpl8408 2717347 2717603 256
+ acpl8409 3894052 3894227 175
+ acpl8410 8365759 8366023 264
- acpl8411 471460 471324 136
- acpl8412 1956320 1956229 91
- acpl8413 3025969 3025657 312
- acpl8414 5799513 5799217 296
- acpl8415 6922596 6922336 260
- acpl8416 7188946 7188763 183
- acpl8417 7590937 7590339 598
- acpl8418 7918114 7917672 442
- acpl8419 7996667 7996450 217
- acpl8420 8078080 8078023 57
- acpl8421 8697429 8697259 170
- acpl8422 8968167 8967878 289
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