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The initial step was the project work for my Biology degree at Porto 

University - my first solo adventure outside Portugal and quite a life 
changing experience. 
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fit here. I am sure we can talk about these sometime over some tea and 
cookies. 
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1 - Thesis summary 

1.1 - Motivation 
Global warming and the reduction of fossil fuel reserves make research 

concerning alternative energy resources a priority. Molecular hydrogen (H2) 
is an environmentally suitable energy carrier that could initially supplement 
or even substitute fossil fuel [1]. 

Photoconversion of water to hydrogen can be achieved using the 
following strategies: 1) the use of photochemical fuel cells, 2) by applying 
photovoltaics, or 3) by promoting production of hydrogen by photosynthetic 
microorganisms, either phototrophic anoxygenic bacteria and cyanobacteria 
or eukaryotic green algae [2-4]. 

For photobiological H2 production cyanobacteria are among the ideal 
candidates since they: a) are capable of H2 evolution, and b) have simple 
nutritional requirements - they can grow in air (N2 and CO2), water and 
mineral salts, with light as the only energy source [1]. 

1.2 - Objectives 
As this project started, a vision and a set of overall goals were already in 

the group. These postulated that improved H2 production over a long period 
demanded: 1) selection of strains taking in consideration their specific 
hydrogen metabolism, 2) genetic modification in order to improve the H2 
evolution, and 3) cultivation conditions in bioreactors should be studied and 
improved [5]. 

Within these goals, at the beginning of my PhD education, three main 
research objectives were set: 1) update and document the use of 
cyanobacteria for hydrogen production, 2) create tools to improve molecular 
biology work at the transcription analysis level, and 3) study cell division in 
cyanobacteria. 

1.3 - Contributions 
The work performed resulted in: 1) the publication of a review on 

hydrogen evolution by cyanobacteria (Paper I), 2) the development of tools 
to assist understanding of transcription (Papers II, III, IV, V and VI), and 3) 
the start of a new fundamental research approach to ultimately improve the 
yield of H2 evolution by cyanobacteria (Paper VII). 
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2 - Background 

2.1 - Biohydrogen 
Hydrogen produced by microalgae and bacteria is biohydrogen [2]. 

Diverse microorganisms are capable of hydrogen evolution: from light 
dependent photosynthetic microorganisms to non-photosynthetic 
microorganisms that depend on organic and inorganic compounds. These are 
classified into anaerobic bacteria, fermentative bacteria, aerobic bacteria, 
photosynthetic bacteria, and algae [6]. 

Cyanobacteria can produce H2 as part of their metabolism. Since they 
have simple nutritional requirements, needing only air, water and mineral 
salts, with light as the only energy source [1], their potential industrial 
application is significant - from hydrogen production [4] to various 
biotechnological purposes [7]. 

2.2 - Cyanobacteria 
Cyanobacteria are Gram-negative prokaryotes with the ability to 

synthesize chlorophyll a and carry out oxygenic photosynthetic metabolism 
[8]. They grow as autotrophs with CO2 as the carbon source, utilizing 
photosynthesis for the generation of adenosine triphosphate (ATP) and 
reductant. Only within this phylum of bacteria is possible to find organisms 
that are simultaneously photosynthetic and nitrogen fixing. 

Their long evolutionary history, thought to extend to at least 3.5 billion 
years ago [9], is probably one of the reasons for this group’s variation in 
physiological and morphological properties observed today. Cyanobacteria 
can be found in many different habitats, from cold seawater to hot springs 
and with remarkable morphological diversity - they can be unicellular or 
filamentous, occurring individually or grouped in colonies [10]. Figure 1 
shows examples of their morphology. 

More than 2.8 billion years ago cyanobacteria pioneered oxygenic 
photosynthesis [11]. In fact, this photosynthetic activity is thought to have 
been the main source of atmospheric oxygen during our planet’s life first 
millions of years - and one the most significant events in the history of 
evolution of life on Earth [12]. 
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Figure 1 - Cyanobacteria show a remarkable morphological diversity. They 
can, for instance, be unicellular (like Synechocystis sp. PCC 6803, on top) or 
filamentous (like Anabaena sp. PCC 7120, bottom image), as shown in these 
scanning electron microscope (SEM) images. 
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2.2.1 - Bridging solar energy and hydrogen 
Hydrogen is the simplest and lightest of all known chemical elements and 

the most abundant in the universe. In nature, hydrogen occurs mostly 
combined with oxygen, covering more than two thirds of the planet surface. 
In fact, only combined forms of hydrogen are readily available to us and 
obtaining hydrogen as a gas requires a primary energy source. Therefore, 
hydrogen gas is regarded as an energy carrier. 

Ideally, the primary energy source to produce H2 should be renewable, 
and the process of conversion back to energy without polluting emissions, 
making this cycle environmentally clean. Therefore, to use cyanobacteria for 
conversion makes sense, since some of these organisms produce hydrogen as 
part of their metabolism (Figure 2). 

 

Figure 2 - Cyanobacteria as intermediates between solar energy and H2 
production. Is this a possible future? 

2.2.2 - Hydrogen metabolism in cyanobacteria 
For decades, scientists have been researching cyanobacteria and their 

potential for photoconversion of water to H2. From screening of different 
strains to genetic engineering and bioreactor development the hydrogen by 
cyanobacteria field continues to develop. 

Hydrogen metabolism in nitrogen-fixing cyanobacteria directly involves 
three enzymes: 1) nitrogenase, evolving hydrogen during nitrogen fixation, 
2) uptake hydrogenase, recycling the hydrogen produced by nitrogenase, and 
3) bidirectional hydrogenase that catalyses both hydrogen production and 
consumption (Figure 3) [1-5, 13-16]. 
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Figure 3 - Enzymes directly involved in the hydrogen metabolism in cyanobacteria. 
Adapted from [4]. 

 
Cyanobacteria split water directly into protons and oxygen using light as 

energy source (Equation 1). Protons obtained from water splitting are then 
used by nitrogenase to oxidize ferrodoxin, using ATP in the process 
(Equation 2) [17]. 

 
Eq 1.    ���� � ��� 	�




�
���������

� � �	������ 

Eq 2.    ��� �	 ������ 	 ������ � �� 	 ������ 	 ��� � 	 ��! 

Eq 3.    "� 	 �#�� 	 �#$% 	 �&'���� � �"�( 	��� 	 �&'� � 	 &'�! 

Eq 4.    �� �) ��� 	 ��$% 
 
At the same time, the oxygen sensitive nitrogenase promotes the 

reduction of nitrogen to ammonia, in an ATP dependent reaction (Equation 
3) [1]. A group of enzymes known as hydrogenases can further metabolize 
the hydrogen evolved by the nitrogenase. This group of enzymes catalyzes 
the inter-conversion between hydrogen gas and its elementary particle 
constituents (Equation 4). 

Uptake hydrogenases, catalyzing the consumption of H2, have been found 
exclusively in nitrogen-fixing cyanobacterial strains [4]. This enzyme 
oxidizes H2 and electrons resulting from nitrogenase activity [4]. The 
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catalyzed reaction, thought to be advantageous to the organisms, is undesired 
from a hydrogen evolution point of view. 

Bidirectional hydrogenase is able to either produce or oxidize hydrogen. 
Its role in cyanobacterial metabolism is still unclear. It has been suggested 
that this enzyme acts as a mediator in the release of excess of reducing 
power in anaerobic environments [18]. Another hypothesis states that 
bidirectional hydrogenase in Synechocystis sp. PCC 6803 works as an 
electron valve for the disposal of low potential electrons generated at the 
onset of illumination [19]. Even considering the fact that the bidirectional 
enzyme is not a universal cyanobacterial enzyme [15, 18, 20, 21], its impact 
on hydrogen evolution should not be overseen. 

Many enzymes directly involved in hydrogen metabolism are oxygen-
sensitive [16]. One successful way to circumvent the detrimental influence 
of oxygen [22, 23] is to restrict the process of nitrogen fixation to 
heterocysts - a differentiated, non vegetative, cell type whose interior is 
microaerobic (Figure 4). 

 

Figure 4 - SEM image of an Anabaena sp. PCC 7120 filament with a heterocyst. 
 
The main obstacles in the development of H2 production technologies 

using cyanobacteria have been defined as: 1) efficient H2 uptake by the cells, 
2) low energy efficiency and turnover of the nitrogenase and/or the 
hydrogenase, 3) limiting amounts of active H2-evolving enzymes, 4) high 
oxygen sensitivity of the nitrogenase and/or the hydrogenase, 5) electron 
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flow inhibition by accumulation of ATP in a hydrogenase-driven system, 6) 
low quantum efficiency due to too large antennas in both Photosystem II  
and Photosystem I, and 7) electron-consuming pathways competing with an 
efficient electron transfer to the H2 enzymes [4]. 

In order to address these obstacles, a broad range of approaches has been 
suggested and reviewed [4, 16], mainly focusing on genetic engineering of 
different cyanobacterial strains. 

2.3 - Cell division 
Cytokinesis is the process that allows the division of one mother cell into 

two daughter cells. For this process the cell cytoskeleton plays a vital role - 
from actin and myosin in animal and fungal cells, to actin filaments and 
microtubules in plants [24]. In prokaryotes, that role is played by a tubulin 
homologue - FtsZ. 

2.3.1 - FtsZ and cytokinesis 
FtsZ [25] plays a key role in cytokinesis, since it is the first protein to 

localize to the mid-cell region, where it polymerizes forming a ring-like 
frame, the Z-ring [26] (Figure 5). 
 

Figure 5 - Simplified division model representation. After chromosome 
replication and segregation, the Z-ring forms at mid-cell, constricts, and two 
daughter cells are formed. Adapted from [25]. 
 
 
The Z-ring is present throughout division, guiding the synthesis, location 

and shape of the division septum [27]. It acts as a scaffold for the assembly 
of the other dividisome components, and progressively reduces diameter 
during peptidoglycan synthesis until the septum is fully formed [26]. Due to 
such an important role, it is not surprising that the ftsZ gene product is 
essential for bacterial cell division [28-30]. 
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For some bacteria, like Escherichia coli, transcription studies have shown 
that ftsZ is part of the large mra gene cluster [31], and several transcriptional 
start points have been found upstream of ftsZ [29, 32, 33]. The mra cluster 
includes the genes ftsQ and ftsZ, and homologue open reading frames occur 
in close proximity to each other in the model organisms debated in this thesis 
(Figure 6). 

For cyanobacteria, cell division studies exist for three morphologically 
different strains: the rod-shaped Synechococcus elongatus PCC 7942 [34, 
35], the spherical-celled Synechocystis sp. PCC 6803 [30, 36-38] and the 
filamentous Anabaena sp. PCC 7120 [39-42]. 

Little information concerning the transcription of ftsZ is available for 
cyanobacteria - one report involving the use of ftsZ promoter region for 
green fluorescent protein expression [43] and only a few more describing the 
ftsZ transcript  [44, 45]. 

At the protein level, it is known that some cell division proteins in 
Escherichia coli and Bacillus subtilis are also found in cyanobacteria: FtsZ, 
MinCDE, SulA, FtsE, FtsI, FtsQ, and FtsW [30, 35]. One study shows that a 
mutant lacking the ability to produce a functional FtsZ cannot be obtained, 
implying that this protein is essential for cell growth in Anabaena sp. PCC 
7120 [42]. Remarkably, open reading frames such as ftsA, ftsB, zipA, ftsK, 
ftsL, ftsN, or zapA are not found in cyanobacteria. 

 

Figure 6 - The ftsZ regions for Nostoc punctiforme ATCC 29133, Anabaena sp. 
PCC 7102 and Synechocystis sp. PCC 6803, as annotated in Cyanobase [46]. 
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2.4 - Molecular biology 
The term Molecular biology refers to the study of biological phenomena 

at the molecular level. It is a relatively young discipline rooted in the 1930s 
and blooming in the 1950s [47]. According to Morange, molecular biology 
consists in understanding the “mechanisms of information exchange within 
cells” [47, 48]. 

2.4.1 - RNA extraction 
A ribonucleic acid (RNA) isolation procedure is the purification of 

ribonucleic acid from biological material. This procedure is often quite 
complex since it involves both breaking the cells and protecting RNA from 
degradation. Several methods exist to accomplish this task including the use 
of phenol-chloroform and column purification. 

To understand different aspects of cellular physiology and metabolism, 
obtaining reliable gene expression data is vital. Several methods, from 
Northern-blotting to microarrays, are routinely used to obtain such data. The 
validity and reproducibility of the data acquired depend on the quality of the 
extracted RNA. 

2.4.2 - RNA from cyanobacteria 
Cyanobacteria present particular challenges when it comes to nucleic acid 

isolation, since these organisms possess an extended array of secondary 
metabolites [49] that impair cell lysis and nucleic acid purification [50]. 

The guanidinium thiocyanate-phenol-chloroform extraction [51, 52], 
commercially available as TRIzol (Invitrogen) or TRI Reagent (Molecular 
Research Center), is a frequently used method for cyanobacterial RNA 
extraction. 

2.4.3 - Extracted RNA quality assessment 
In order to evaluate the quality of RNA preparations two strategies are 

commonly followed: 1) spectrophotometric analysis, and 2) ribosomal 
integrity verification by electrophoresis. 

From the spectrophotometric analysis, three absorbance values are usually 
taken into consideration - 230, 260 and 280 nm. The ratio between the 
absorbance at 260 nm and 280 nm is used to evaluate the purity of the 
nucleic acid - for “pure” RNA a ratio around 2.0 is expected. A lower ratio 
may indicate the presence of proteins and peptides absorbing around 280 
nm. Additionally, the ratio between the absorbance at 260 nm and 230 nm is 
expected to be 2.2 for “pure” nucleic acid samples. A lower ratio might be 
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the consequence of contamination by peptides, phenols, aromatic 
compounds or carbohydrates. 

The integrity of ribosomal RNA subunits, the presence of low weight 
RNA degradation products and the presence of genomic DNA (gDNA) 
contamination can be visualized using agarose gel electrophoresis. Ideally, 
all expected ribosomal RNA sub-units should be observed, with no signs of 
RNA degradation products or presence of gDNA. 

2.4.4 - Impact of DNA contamination in RNA samples 
Preferably, it should be possible to purify RNA with no DNA 

contamination. Unfortunately, most techniques employed in RNA extraction 
and purification fail to fully exclude gDNA. Due to its very high sensitivity, 
reverse transcriptase polymerase chain reaction (RT-PCR) is an extensively 
used technique for the detection of even very low copy messenger RNA 
(mRNA) transcripts [53]. However, this remarkable sensitivity is also a 
major weakness. In fact, RT-PCR is extraordinarily susceptible to DNA 
contamination and, since polymerase chain reaction (PCR) will amplify both 
complementary DNA (cDNA) and gDNA, this leads to qualitative and 
quantitative errors [54-61]. 

Therefore, and since no extraction method can guarantee the absolute 
absence of DNA in RNA samples, the ideal RT-PCR procedure should 
assure the clear distinction between cDNA and contaminating DNA. 

2.4.5 - Strategies for overcoming DNA contamination 
Several strategies are used to overcome DNA contamination [58]. 

Procedures like oligo(dA) selection, intron spanning primer design, 
deoxyribonuclease I treatment or restriction endonuclease digestion are 
standard [54-56]. Use of any of these strategies, or even combinations of 
them, is common. However, they are also time consuming, expensive and 
can lead to RNA degradation. 

In the case of prokaryotes, further limitations exist since oligo(dA) 
selection and intron spanning primer design are not applicable solutions. On 
the other hand, the use of anchors, or tags, in the 5’region of a reverse 
transcription gene specific primer (RT-gsp) or poly-T tail allows for RNA-
specific amplification [59-61], and constitutes a viable strategy (Figure 7). 
Techniques such as RS-PCR [59] and (EXACT) RT-PCR [61] are based on 
the integration of such unique sequences in the 5’end of the first strand 
cDNA, permitting RNA-specific amplification without loss of sensitivity. 
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Figure 7 - Schematic illustrating the advantages associated with the use of 
tags to circumvent gDNA contamination. During reverse transcription 
(A), the tag is included in the cDNA allowing its specific amplification 
during PCR (B). Adapted from III. 

2.4.6 - Rapid Amplification of cDNA ends 
Rapid amplification of cDNA ends (RACE) is an established strategy 

used to determine the transcription start point(s) (TSP) and the 5’ 
untranslated region(s) of any given transcript [62-64]. This information is 
important for a number of reasons, including: 1) knowledge of the upstream 
region from the 5’end might help to determine possible transcription 
regulation mechanisms, and 2) the untranslated regions can encode structural 
information important for mRNA stability, putative subcellular localization 
or even translational efficiency [65]. 

2.4.7 - Template-switching 5’RACE 
Template-switching was first introduced by Clontech Laboratories in 

1996 and it is based on the murine leukemia reverse transcriptase (M-
MuLV) ability to add a few cytosine residues to the 3’end of newly 
synthesized cDNA upon reaching the 5’end of the mRNA [66]. A template 
switch oligonucleotide (TSO), containing a terminal 3’poly-G, can then pair 
with the cDNA 5’poly-C tail becoming itself a template for reverse 
transcription (Figure 8). 
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As shown in the Figure below, the synthesis of cDNA is primed by a 
reverse transcription gene specific primer (RT-gsp) and, as the reverse 
transcriptase reaches the 5’end of the mRNA, a few cytosines (C) are added 
to the cDNA. The 3’poly-G tail of the TSO then pairs with the cDNA poly-C 
and acts as template for the reverse transcriptase. During PCR an antisense 
primer upstream of the RT-gsp is combined with a TSO specific sense 
primer, resulting in a PCR product that includes the 5’terminal sequence of 
the target mRNA. 

 

Figure 8 - Schematic representation of the template-switch based 5’RACE. 
Synthesis of cDNA is primed by a reverse transcription gene specific primer 
(RT-gsp) and, as the reverse transcriptase reaches the 5’end of the mRNA, a 
few cytosines are added to the cDNA. The 3’poly-G tail of the template 
switch oligonucleotide (TSO) pairs with the cDNA poly-C and the TSO is 
used as template for reverse transcriptase. Adapted from V. 
 
 
However, the TSO has been shown to prime cDNA synthesis itself 

leading to unspecific products synthesis during PCR [65, 67-69]. In order to 
overcome this, as shown in Figure 9, the cDNA with the integrated TSO can 
be used as template for PCR amplification using an universal primer mix 
(UPM) [67]. The low concentrated UPM long primer, together with the gene 
specific antisense primer, amplifies the cDNA during the first PCR cycles. 
The gene specific product is then the template for amplification, now having 
the standard concentration UPM short primer as sense primer. 

In this way, a PCR-suppression effect is achieved and background 
reduced [67]. The PCR product including the mRNA 5’region can then be 
cloned and sequenced, in order to determine the TSP. 
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Figure 9 - Schematic representation of PCR amplification using the UPM. 
The UPM long primer is used together with the gene specific antisense 
primer for initial cDNA amplification. After inclusion of the UPM long 
primer in the gene specific product, the UPM short primer acts as sense 
primer during PCR. Adapted from V. 

2.5 - Bioinformatics 
The term Bioinformatics relates to the use of computers in biology 

research, and brings together distinct fields like computer sciences, 
mathematics and molecular biology. One of the earliest moments for 
bioinformatics took place during 1970 with the publication of the 
Needleman-Wunsch algorithm [70], used to perform the global alignment of 
two sequences. Later, in 1981, the Smith-Waterman algorithm [71] was 
published, and implemented into the FASTA sequence analysis package [72] 
in 1988. Since 1990, the basic local alignment search tool (BLAST) [73] is 
the mainstream algorithm for sequence comparison. 

2.5.1 - Perl and BioPerl 
Perl stands for Practical Extraction and Reporting Language. Larry Wall 

released this programming language in 1987. Perl is currently one of the 
most widely used programming languages, probably thanks to its ability to 
perform several string related operations easily. 

Perl rapidly became popular within the bioinformatics community, 
resulting in the development of specific modules for computational biology. 
The BioPerl Project exists to coordinate the work of different developers in 
order to produce standard tools for genomic analysis. The BioPerl Toolkit 
[74] is open source and available for free. 

2.5.2 - MySQL and PHP 
MySQL is a structured query language (SQL) relational database 

management system developed in Sweden by David Axmark, Allan Larsson 
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and Michael Widenius. The MySQL Community Server is open source and 
freely available under the open source general public license (GPL). 

A relational database stores data in separate tables as opposed to one big 
table. A database with such structure is faster and more flexible. MySQL 
makes it easy to store, update and access the collected data using scripting 
languages like Perl or PHP. 

PHP is a scripting language created by Rasmus Lerdorf in 1994 and 
designed for dynamic web page development. PHP primarily acts as a filter, 
taking input from a file or stream and creating a hypertext markup language 
output, for instance. PHP scripts can query and retrieve data from MySQL 
databases running in a web server. 
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3 - Objectives and strategies 

3.1 - Reviewing hydrogen evolution by cyanobacteria 
It is frequent to think of knowledge in a field as fragmented. That was the 

exact feeling concerning hydrogen evolution by cyanobacteria. The most 
usual way to combine literature knowledge is to build a review. Therefore, 
we decided to search and compile the contributions to the field from the 
previous three decades. 

3.2 - Development of molecular biology tools 
In order to develop cyanobacteria’s potential as biotechnological tools, 

different aspects of their physiology and metabolism must be better 
understood. As a part of such a process, obtaining reliable gene expression 
data is vital and, as stated earlier, the purity of RNA is essential. 

3.2.1 - Important properties of an RNA extraction buffer 
The most important factor when planning the composition of an RNA 

extraction buffer was to give the extraction solution the ability to inhibit 
ribonuclease activity promptly. 

Both phenol and guanidine salts are very efficient protein denaturants 
(ideal for fast ribonuclease denaturation) and their combined use previously 
described [51, 52]. Also, 8-hydroxyquinoline acts both as ribonuclease 
inhibitor and as phenol stabilizer (preventing oxidation) [75]. 

Phase separation within the extraction buffer was also considered, as a 
way to separate different cellular components in solution. In fact, the poor 
miscibility of phenol with water allows for easy phase separation at a late 
stage of the extraction procedure. However, miscibility should be high at 
beginning of the process, in order to avoid premature phase formation. 
Therefore, glycerol could be used to facilitate phenol solubility in the buffer. 
As previously described phase separation could be achieved by adding 
bromochloropropane [76]. 

After phase separation, protection of the RNA in solution is reduced, 
since the phenol and guanidine salt concentrations are lower. To avoid RNA 
degradation at this point, both sodium acetate and ethylenediaminetetraacetic 
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acid (EDTA) could be used as chelators, preventing divalent cation catalyzed 
RNA degradation. 

Triton-X is a non-ionic detergent used for protein solubilization, 
membrane permeabilization and cell lysis. Its use, in combination with 
chloroform and heat, is a viable strategy for RNA extraction from both 
Gram-positive and Gram-negative bacteria [77]. For these reasons, Triton-X 
was considered when planning the composition of the RNA extraction 
buffer. 

3.2.2 - Defining properties of a suitable 5’RACE 
For the 5’RACE procedure design a set of overall goals was defined:  a 

minimal number of steps should be considered, the procedure should be time 
efficient, an important reduction in experiment cost should be achieved, and 
it should be applicable to both prokaryotic and eukaryotic transcripts. Due its 
reduced number of steps, one strategy based on Clontech’s SMART system 
was considered [67] and further modified. 

Different aspects of template-switch based 5’RACE were studied in order 
to: 1) improve sensitivity [78], 2) increase terminal M-MuLV transferase 
activity [79], 3) minimize endogenous priming [80], 4) perform fast and 
accurate two-step PCR, 5) reduce PCR background, and 6) lower costs. 

3.3 - Development of bioinformatics tools 
The moment that I learned about the use of tags for reverse transcription, 

it became clear that using genome absent sequences for that purpose would 
be ideal. In fact, tags considered adequate, or are even part of commercially 
available kits, produced significant alignments for many microorganisms 
when using BLAST. 

At the time, many tools were available that could find specific sequences 
within a genome, but none exist for the exact opposite. For that reason, I 
decided to develop a tool to create “perfect” primers as tags, and check for 
their presence in any genome or sequence. 

3.3.1 - Selecting programming language 
The first step in selecting the programming language was to ask 

programmers for their opinion. Since I had never programmed before, the 
requisites where simple - it should be easy and suitable for bioinformatics. 
The answer was Perl. 
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3.3.2 - Principles of tag design 
For generation a filtering of oligonucleotide sequences an abstract model 

was conceived. Represented in Figure 10, this model divides the 
oligonucleotide in three distinct regions, each having a priority role assigned. 
These roles are not exclusive for each region, but represent the focus for 
writing generation and filtering algorithms. 

Figure 10 - Representation of the basic model for oligonucleotide/tag design. 
 
Stability. The 3’end should contain between two and three G or C (for 

3’end stability), a terminal G or C (to insure proper anchoring), and never 
more than two G or C in a row (to maintain specificity). 

 
Specificity. The center region should exclude di-nucleotide repeats and 

long runs of a single base (for specificity) while containing an adequate GC 
content (for stability). 

 
Anchoring. The 5’end should contain an initial G or C (for anchoring) and 

at least two G or C in total (for stability). 
 
Conceptually, a tag is a primer. As such, the structure and design of tags 

should take in consideration the properties defining the quality of the primer. 
Therefore, the generation of suitable oligonucleotide sequences considered 
the following parameters: length, melting temperature, GC content, absence 
of repeats and absence of secondary structures. 

According to current knowledge, the optimal length of a primer is 18-22 
bases. This interval allows for a good balance between uniqueness, 
hybridization stability and low potential for secondary structure formation. 
Much shorter primers lack uniqueness and hybridization stability, while 
much longer oligonucleotides are prone to form secondary structures. 

The recommended percentage interval for the GC content is 40% to 60%. 
This is because base pairing involves the formation of either two hydrogen 
bonds (for A-T) or three bonds (for G-C). It is therefore important to 
maintain a balance between stable binding and melting efficiency. Lower 
GC contents might impair binding stability, while higher values can result in 
poor melting efficiency. 

The occurrence of repeats or single base runs should therefore be avoided, 
since these can lead to mispriming and consequent synthesis of unspecific 
products. 
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Single stranded DNA structure is unstable and prone to form double 
stranded secondary structures. To estimate the stability of such secondary 
structures their free energy (�G) is calculated. Higher secondary structure 
stability can negatively affect binding of the primer to the template affecting 
reaction yield. Finally, one very important aspect associated with tag 
generation would be to select for genome absent tags. 

3.4 - Biotechnology 
According to the United Nations Convention on Biological Diversity, the 

term Biotechnology encompasses “any technological application that uses 
biological systems, dead organisms, or derivatives thereof, to make or 
modify products or processes for specific use” - a broad definition covering 
from beer brewing to biohydrogen. 

3.4.1 - Knowing cell division 
One possible way to improve hydrogen production yield would be to have 

a cyanobacterial strain combining suitable hydrogen metabolism with 
reduced biomass increase. Prolonged active cultures would be ideal, since 
maintenance cycles would be minimized and costs reduced. 

To achieve this, better understanding of cyanobacterial division could be 
important. More specifically, the regulation of cell division could potentially 
provide information towards manipulating cell division and/or growth. 
Therefore, we proposed to analyze: 1) ftsZ transcription and 2) FtsZ 
interactions with other proteins. 

3.4.2 - Transcription of ftsZ 
Due to the lack of existing studies, we decided to characterize the ftsZ 

transcript in cyanobacteria, focusing on three important cyanobacterial 
strains: Nostoc punctiforme ATCC 29133, Anabaena sp. PCC 7120 and 
Synechocystis sp. PCC 6803. The studies should focus on using RT-PCR and 
5’RACE, to quantify transcript types and define putative regulation 
sequences. 

3.4.3 - FtsZ interactions 
FtsZ is indispensible for cell division to occur. Since no cyanobacterial 

model exists for Z-ring formation, we planned to perform protein pull-down 
assays using His-tagged FtsZ. However, we systematically came across 
results that could only be explained if FtsZ degradation was occurring, and 
therefore diverted our focus to FtsZ degradation analyses. 
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4 - Results and Discussion 

4.1 - Hydrogen evolution review (Paper I) 
Research on the metabolism of hydrogen in cyanobacteria over the last 

three decades underlines the impact of a large amount of factors. From the 
initial work, with Anabaena cylindrica B-629, key variables like light 
intensity, nitrogenase oxygen sensitivity, uptake hydrogenase or gas phase 
composition were deemed important for hydrogen evolution [13]. 

Since it resulted in immediate hydrogen production, the cultivation of 
cyanobacteria in nitrate-free media under air and CO2, followed by 
incubation in light under argon and CO2 atmosphere, rapidly became 
standard. It was established that light saturated, nitrogen-fixing cultures had 
a good and stable supply of reductant, underlining the relationship between 
photosynthesis and nitrogen fixation [13, 81] (Table 1). 

The use of non-argon gaseous atmospheres was further studied and it was 
concluded that suitable air and nitrogen-based mixtures with carbon 
monoxide and acetylene were almost as efficient as argon for rate and 
duration of hydrogen evolution. 

The pioneering work using Anabaena cylindrica B-629 also established 
filament integrity as a factor in the duration of hydrogen production, since 
filament breakage lead to loss of nitrogenase activity [81]. 

In the seventies, some studies started to diverge from the use of Anabaena 
cylindrica B-629. In an effort to screen for other suitable strains for 
hydrogen production, further studies analyzed different cyanobacterial 
strains, including unicellular non-nitrogen-fixing cyanobacteria [82] (Table 
2). In the absence of a nitrogenase, even in anaerobic conditions, all 
unicellular strains tested showed hydrogen evolution by hydrogenase. 
Therefore, it was suggested that the capacity to metabolize hydrogen via 
hydrogenase may be widespread among non-nitrogen-fixing cyanobacteria 
[82]. 

Later, research analyzing different cyanobacterial strains aimed at finding 
a suitable strain for cyanobacterial biohydrogen production [83] (in Table 3). 
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Table 1 - Maximum H2 evolution by Anabaena cylindrica B-629 when 
grown and assayed under different conditions. Adapted from I. 

 
 

 

Maximum 

hydrogen 

evolution 

Growth 

conditions 

H2 evolution 

assay conditions 
Reference 

0.486 
μmol/mg dry wt/h 

air + CO2 (3%); 
total incident light was 

2 x 104 erg/cm2/s 

Ar (100%); 
total incident light was 

6 x 104 erg/cm2/s 

[13] 

32 
μL/mg dry wt/h 

(1.33 μmol/mg dry wt/h) 

air + CO2 (0.3%); 
total incident light was 

1.8 x 104 erg/cm2/s 

Ar + CO2 (3%); 
total incident light was 

4 x 105 erg/cm2/s 
[81] 

0.17 
μmol/mg dry wt/h 

air + CO2 (0.3%); 
7000 lux at the surface 
of the culture vessels 

Ar + CO2 (3%); 
7000 lux at the surface 
of the culture vessels 

[84] 

0.11 
μmol/mg dry wt/h 

air + CO2 (0.3%); 
7000 lux at the surface 
of the culture vessels 

air + CO2 (3%) + CO (2%) 
+ C2H2 (10%); 

7000 lux at the surface 
of the culture vessels 

[84] 

0.103 
μmol/mg dry wt/h 

air + CO2 (5%); 
7000 lux at the surface 
of the culture vessels 

Ar + CO2 (3%); 
4000 lux at the surface 
of the culture vessels 

[85] 

29 
μL/mg dry wt/h 

(1.21 μmol/mg dry wt/h) 

Ar + CO2 (0.5%); 
ammonium chloride 

(0.2 mM) added every 2 
days 

Ar [86] 

about 0.16 
μmol/mg dry wt/h 

air + CO2 (0.3%); 
7000 lux at the surface 
of the culture vessels 

Ar + CO2 (3%); 
4000 lux at the surface 
of the culture vessels 

[87] 

about 0.22 
μmol/mg dry wt/h 

air + CO2 (5%); 
7000 lux at the surface 
of the culture vessels 

N2 + CO (0.2%) + 
C2H2 (5%) + CO2 (5%); 

4000 lux at the surface 
of the culture vessels 

[88] 



 33

Table 2 - H2 evolution by some non-nitrogen-fixing cyanobacteria. All cells were 
grown using air and photon fluence rate 20 μE/m2/s [82]. 

Organism 

Maximum 

hydrogen 

evolution 

(μmol/mg chl a/h) 

H2 evolution assay conditions 

Synechococcus 
PCC 6830 

0.26 Ar + CO (13.4 μmol) + C2H2 (1.34 mmol); 
darkness 

Synechococcus 
PCC 602 

0.66 

Ar + CO (13.4 μmol); photon fluence rate was 
20-30 μE/m2/s; 

or 
Ar + CO (13.4 μmol) + C2H2 (1.34 mmol); 

darkness 

Synechococcus 
PCC 6301 

0.09 
Ar + C2H2 (1.34 mmol); 

photon fluence rate was 
20 to 30 μE/m2/s 

Synechococcus 
PCC 6307 

0.02 
Ar (100%); 

photon fluence rate was 
20 to 30 μE/m2/s 

Microcystis 
PCC 7820 

0.16 
Ar + CO (13.4 μmol) + C2H2 (1.34 mmol); 

photon fluence rate was 
20 to 30 μE/m2/s 

Gloeobacter 
PCC 7421 

1.38 
Ar + CO (13.4 μmol) + C2H2 (1.34 mmol); 

photon fluence rate was 
20 to 30 μE/m2/s 

Synechocystis 
PCC 6308 

0.13 
Ar + CO (13.4 μmol) + C2H2 (1.34 mmol); 

photon fluence rate was 
20 to 30 μE/m2/s 

Synechocystis 
PCC 6714 

0.07 

Ar + CO (13.4 μmol); photon fluence rate was 
20 to 30 μE/m2/s; 

or 
Ar + CO (13.4 μmol) + C2H2 (1.34 mmol); 

darkness 

Aphanocapsa 
montana 

0.40 
Ar (100%); 

photon fluence rate was 
20 to 30 μE/m2/s 
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Table 3 - H2 production in some heterocystous cyanobacteria [83]. 

Organism 
Maximum hydrogen evolution 

(μmol/mg chl a/h) 

Anabaena sp. PCC 7120 2.6  

Anabaena cylindrica IAM M-1 2.1  

Anabaena variabilis IAM M-58 4.2 

Anabaenopsis circularis IAM M-4 0.31 

Nostoc muscorum IAM M-14 0.60 

Nostoc linckia IAM M-30 0.17 

Nostoc commune IAM M-13 0.25 

Anabaena cylindrica UTEX B 629 0.91 

Anabaena flos-aquae UTEX 1444 1.7 

Anabaena flos-aquae UTEX LB 2558 3.2 

 
 
Obtaining mutants and studying their hydrogen evolution capabilities has 

driven research into new levels of cyanobacterial hydrogen production. 
Genetic engineering was used to create uptake hydrogenase mutants of both 
Anabaena variabilis [21, 89] and Nostoc punctiforme ATCC 29133 [90]. 
Still, further work to understand and increase hydrogen production in 
cyanobacteria is needed. 

In general, knowledge of different aspects of cyanobacterial physiology 
and regulation concerning H2 must be consolidated, as some of these can 
play a significant role in making cyanobacteria stronger biotechnological 
tools. 

4.2 - The PGTX extraction solution (Paper II) 
 
In order to improve RNA extraction from cyanobacteria, while achieving 

high purity and low cost, I developed a Trizol alternative extraction buffer. 
Called PGTX (standing for Phenol/Glycerol/Triton-X), this solution has the 
following composition (for a final volume of 100 mL):  phenol (39.6 g), 
glycerol (6.9 mL), 8-hydroxyquinoline (0.1 g), EDTA (0.58 g), sodium 
acetate (0.8 g), guanidine thiocyanate (9.5 g), guanidine hydrochloride (4.6 
g) and Triton-X (2 mL), and the final pH around 4.2. At room temperature, 
the PGTX extraction mixture forms a monophasic solution. 
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4.2.1 - Evaluating PGTX 
The tests to evaluate PGTX included several strategies, and comparison to 

other extraction buffers [51, 91]. Parallel to PGTX performance, it was 
important to analyze the need for strong physical cell disruption as opposed 
to using high temperature. For the procedures summarized in Table 4, Figure 
11 and Table 5, the NHM5 mutant of Nostoc punctiforme ATCC 29133 [90] 
was used for RNA extraction. 

 
Table 4 - Summary of the methods analyzed for RNA extraction (adapted from II). 

Method Basic chemistry Physical stress Temperature stress 

PGTX beads 
phenol, glycerol, 

guanidine, triton x bead beating N/A 

Trizol beads 
phenol, guanidine 

isothiocyanate 
(proprietary) 

bead beating N/A 

PGTX 95 phenol, glycerol, 
guanidine, triton x N/A 95°C 

Trizol 95 
phenol, guanidine 

isothiocyanate 
(proprietary) 

N/A 95°C 

Trizol std 
phenol, guanidine 

isothiocyanate 
(proprietary) 

N/A N/A 

BPC phenol, chloroform bead beating N/A 

 
 
The extracted RNA yield and purity were estimated by measuring 

absorbance from 220 nm to 350 nm (Figure 11). From the resulting spectra, 
the concentration of nucleic acids was estimated using the absorbance values 
at 260 nm, while the purity of each sample was determined by calculating 
the 260/280 and 260/230 ratios. 

The highest yields were achieved using the “PGTX beads” and the 
“Trizol beads” methods - averaging 1.70 μg/μL and 1.63 μg/μL respectively. 
For “PGTX 95” the yield was 1.29 μg/μL while for “Trizol 95” the 
calculated concentration was 1.03 μg/μL. The “Trizol standard” procedure 
yielded 0.47 μg/μL while the previously published method “BPC” resulted 
in a solution containing 0.82 μg/μL of nucleic acids (Table 5). 
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Figure 11 - Absorption spectra in the UV-region for purified RNA using six 
different extraction methods (extractions from the NHM5 mutant of Nostoc 
punctiforme ATCC 29133). The resulting lines shown are averaged from 
values obtained for each extraction method. 
 
As opposed to bead beating, heating to 95°C did not result in an equal 

RNA yield for Trizol (1.03 μg/μL) and PGTX (1.29 μg/μL), probably due to 
composition differences that allow PGTX to promote more extensive cell 
lysis. In fact, the different yields are probably the result of each 
method/solution combination’s ability to promote cell lysis. 

 
Table 5 - RNA extraction method comparison (adapted from II). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Method Yield (μg/μL) 260/280 ratio 260/230 ratio

PGTX
beads 1.70 2.1 1.9 

Trizol beads 1.63 2.0 1.7 

PGTX 95 1.29 2.1 2.3 

Trizol 95 1.03 2.1 1.9 

Trizol std 0.47 1.9 1.6 

BPC 0.82 1.8 2.2 
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For the methods using PGTX, 260/280 ratios had a value around 2.0 - the 
expected value for a “pure” RNA sample. The same was observed for Trizol 
based methods, with a slightly lower ratio, close to 1.9, when following the 
procedure recommended by the manufacturer. For the “BPC” method the 
260/280 ratio was 1.8, indicating putative DNA contamination. 

Only for the “PGTX 95” and “BPC” methods were the 260/230 ratios 
around 2.2 - indicating low levels of contamination with peptides, phenols, 
aromatic compounds or carbohydrates. For all other methods, these values 
ranged from 1.6 to 1.9. 

To confirm RNA integrity, four RNA samples for each of the extraction 
methods in Table 5 were analyzed using an automated gel electrophoresis 
system. For all methods, the expected 23S, 16S and 5S bands were observed. 
RNA integrity was kept for all extraction methods, with the replicates of 
“BPC” showing high molecular weight smears - probably gDNA. 

Reverse transcriptase is known to be inhibited by endonucleases, 
exonucleases and photosynthetic pigments [92, 93], making RT-PCR an 
adequate test to determine if the extracted RNA is suitable for common 
downstream applications. Therefore, RT-PCR was performed using 1 μg of 
RNA from each extraction method shown in Table 5 as template to 
synthesize and amplify rbcL specific cDNA (Figure 12). 

 

Figure 12 - Agarose gel separation of RT-PCR products. For each of the six 
described methods, 1μg of RNA was used to synthesize tagged cDNA (lanes 
1 to 6). Obtained cDNA was amplified using a Nostoc punctiforme ATCC 
29133 rbcL specific sense primer and a tag. Ladder shown is the GeneRuler 
100bp DNA Ladder (Fermentas). 

4.2.2 - Using PGTX 
Additionally, I used PGTX successfully to extract high quality RNA from 

several other cyanobacteria (Figure 13). For Papers V, VI, and VII many of 
the RNA extractions were done using the “PGTX 95” method developed in 
Paper II. 
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Figure 13 - Agarose gel separation of ribosomal RNA subunits from different 
cyanobacteria. RNA extraction performed using PGTX and heating. “29133” 
- Nostoc punctiforme ATCC 29133; “7120” - Anabaena sp. PCC 7120; 
“NHM5” - Nostoc punctiforme ATCC 29133 NHM5 mutant; “6803” - 
Synechocystis sp. PCC 6803. 

4.3 - Tagenerator (Paper III) 
The first step in tackling tag generation and filtering was to create as 

flexible as possible code. Therefore, the different aspects presented before in 
“Principles of tag design” (3.3.2) were “translated” into Perl. The resulting 
code can be used to generate tags compatible any sequence defined as target 
- from a fully assembled genome to a single gene. Furthermore, this tool was 
release under the GPL, making the source code available for modification. 
Tagenerator is written in Perl, requiring the presence of the BioPerl module 
and a local installation of BLAST [73], from the NCBI toolkit. Options for 
running the program include: desired tag length, genome/sequence of 
interest, GC content range, and melting temperature range. 

4.3.1 - Coding Tagenerator 
Tagenerator is a Perl script that integrates: 1) sequence generation, 2) 

genome/sequence screening, 3) melting temperature calculation, 4) 
secondary structure free energy calculation, and 5) BLASTing using BioPerl 
modules. 

As shown in Figure 14, the tag creation process starts with generation of 
all possible base combinations of a given length. For both the 5’end and the 
3’end, the length is usually set to five, while the center regions vary 
according to the final tag length desired. After generation of the different 
regions, each tag candidate is built in a semi modular fashion, associating a 
5’end module, a 3’end module and a random generated central region. 
Finally, the tag candidates are filtered according to the defined settings for 
each of the selection parameters. 
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Figure 14 - Schematic resuming tag generation and validation. 

4.3.2 - Running Tagenerator 
Two lists of pre-generated 5’ends and 3’ends were created and integrated 

in the Perl script. Tagenerator starts by scanning the sequence of interest for 
all occurrences of the 5’ends and the 3’ends, after which it creates a list of 
all possible 5’end-3’end combinations, sorted by the total number of 
occurrences. 

At this point, the central region of the tag candidate is generated by 
combining the four bases. The base addition is random, so that the program 
will likely return different tags each time it is invoked. As each base is 
added, the incomplete sequence is checked for repeats. If an unwanted 
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combination of bases is formed, the last inserted base is replaced. Once a 
valid full-length intermediate region is obtained, it is associated with the 5’ 
and 3’end forming the full-sized tag candidate. The complete tag candidate 
is then examined, so that it complies with other user defined parameters - 
GC content is verified, followed by the melting temperature. The melting 
temperature is calculated using the nearest-neighbor thermodynamic 
parameters from SantaLucia et al [94], with correction for salt concentration 
according to the work presented by Owczarzy et al [95]. 

After all user defined requirements have been fulfilled, the tag candidate 
is checked for putative dimer and hairpin formation. Secondary structure 
formation is evaluated considering the free energy of the interaction for each 
possible dimer configuration [94]. Only tag candidates for which the 
maximum free energy is higher than -4 kcal/mol are used - a conservative 
value, since -6 kcal/mol is a generally accepted value. 

The tag candidates are “blasted” against the target genome and discarded 
if a hit is reported. For this, the BLAST settings used are length 7 and an E 
value of 10, so that even statistically poor hits will result in rejection of a 
given tag candidate. Figure 15 shows a typical result of a successful 
selection of tags for two different genes, from different cyanobacterial 
species. 

Figure 15 - Agarose gel separation of PCR products. Using specific primers 
(s) for sll1220 (Synechocystis sp. PCC 6803) or alr0762 (Anabaena sp. PCC 
7120) it was demonstrated that tags from Tagenerator (t) result in specific 
amplification of tagged cDNA. 
 
 
The additional software requirements, along with the long runtime for 

bigger genomes, make it somewhat unpractical for some users to employ 
Tagenerator. These facts lead to the development of WebTag. 
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4.4 - WebTag (Paper IV) 
This tool builds on Tagenerator, but is much faster since all tags are pre-

generated and stored in a database. Prior to building the database, Perl 
scripts were also used in the generation of tag sequences, genome adequacy 
verification, melting temperature calculation and likelihood of secondary 
structure formation. 

4.4.1 - Coding WebTag 
WebTag consists of two components: a MySQL relational database, and a 

web interface implemented in PHP, running on an Apache web server and 
using Perl scripts for batch processing. The tags in the WebTag relational 
database were constructed as shown in Figure 16. 

Figure 16 - Schematic describing tag generation for WebTag. 
 
 
After full assembly, all sequences were analyzed for GC content, minimal 

melting temperature and secondary structure formation. This process 
resulted in the generation of more than half a million unique tags. As shown 
in Figure 17, all tags are tested for gene adequacy and the information 
inserted in a database. In addition, WebTag takes into account the 
interactions of the tags with other primers used throughout the experiment. 

Since this is a web-based service, it means that molecular biologists do 
not have to download and install any software on their own computer. 



 42 

Figure 17 - Schematic describing tag selection and database integration. 

4.4.2 - Running WebTag 
The use of the relational database, in conjunction with a series of PHP 

scripts, allows users to obtain tags that are suitable for a specific organism, 
and compatible with other oligonucleotides used in the experimental 
procedures (Figure 18). 

At the request of one particularly insightful reviewer, it was made 
possible to submit batch jobs to WebTag. When using this feature a group of 
sense primers must be supplied by the user (in some cases, reverse 
transcription gene specific primers can be specified along with the sense 
primers). Three types of batch jobs can be run, depending on the user’s 
needs: 

 
Type 1. Returns one tag for each submitted sense primer (or pair 

consisting of sense primer and RT-gsp). 
 
Type 2. After returning one tag for a sense primer (or pair consisting of 

sense primer and RT-gsp), WebTag checks whether the tag may be 
compatible with other submitted queries. In this way, the number of tags 
returned is minimized. 

 
Type 3. Only one tag will be returned, compatible with a list of sense 

primers submitted by the user (RT-gsp are not considered). The average 
melting temperature is calculated and used to select a set of compatible tags. 
Then, these tags are checked for secondary structure formation against all 
sense primers, and the first tag to have all calculated dimerization free 
energies above -6 kcal/mol is output as a suitable tag. 
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Figure 18 - Combined input and output screenshots of a WebTag run. 

4.4.3 - Combine code, spawn applications 
The development of Tagenerator and WebTag resulted also in the 

assembly of a variety of applications. A number of subroutines were used as 
bricks to build an array of different tools, from a program for primer 
selection [96, 97] to applets used in detecting and reporting motifs in several 
genomes [98]. In Papers II, V, VI, and VII many of the primers used are the 
product of the home-made primer selection software - it works! 
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4.5 - Design of a 5’RACE system (Paper V) 
As stated in “Objectives and strategies” (3.2.2), I adopted and further 

modified Clontech’s SMART system. Figure 19 summarizes the procedures 
used to 5’RACE, including an alternative procedure (B), better suited for 
gene sequence discovery, in which template switching occurs after the 
cDNA extension phase occurred [69], therefore avoiding misincorporation of 
deoxyribonucleotide triphosphates [99] - of capital importance for Paper VI. 

Figure 19 - Diagram summarizing the two alternative procedures for 5’RACE. 

4.5.1 - TSO properties and design 
The TSO sequence design was carried out by combined use of the 

previously described bioinformatics tools. From WebTag tags were obtained 
that were simultaneously absent from the genomes of Synechocystis sp. PCC 
6803, Anabaena sp. PCC 7120 and Nostoc punctiforme ATCC 29133. To 
these sequences, varying length “C” strings were appended at the 3’end and 
subroutines from Tagenerator used to calculate putative secondary structure 
free energies. The sequences generating the highest values were selected for 
further analysis. 

The final sequence, comprising the full length of the TSO has a minimum 
free energy value of -3.54 kcal/mole for the dimer and -1.76 kcal/mole for 
the hairpin (Figure 20 and Table 6). Within the TSO, the initial 24 bases 
long region corresponds to the tag and has a melting temperature of 68°C, a 
minimum dimer free energy of -3.24 kcal/mole and a minimum hairpin free 
energy of -1.17 kcal/mole. 
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Figure 20 - Schematic representing the TSO structure. The nucleotide is 
divided in different regions: the poly-G (that will anchor to the cDNA poly-C 
during template switch), the tag specific region (that will be the template for 
reverse transcriptase and the base for sequence of the sense primer used 
during PCR) and the bridge sequence (built-in in to reduce secondary 
structure stability). Adapted from V. 
 
The values for the full TSO and the tag portion are quite similar, but this 

could only the achieved after introducing a three bases long sequence acting 
as a bridge between the tag region and the poly-G. In fact, simply adding 
five G at the 3’end of the tag (Table 6, second row) would result in higher 
secondary free energies than observed when including a three bases long 
bridge sequence - ACA. 

 

Table 6 - Free energies for different TSO related oligonucleotides. 

Oligonucleotide sequence (5’-3’) 
Dimer 

(kcal/mole) 

Hairpin 

(kcal/mole) 

GTCGCACGGTCCATCGCAGCAGTC -3.24 -1.17 

GTCGCACGGTCCATCGCAGCAGTCGGGGG -7.72 -2.82 

GTCGCACGGTCCATCGCAGCAGTCAGGGGG -3.54 -2.19 
GTCGCACGGTCCATCGCAGCAGTCAAGGGGG -4.72 -2.19 
GTCGCACGGTCCATCGCAGCAGTCTGGGGG -8.94 -3.87 
GTCGCACGGTCCATCGCAGCAGTCTTGGGGG -6.74 -3.64 
GTCGCACGGTCCATCGCAGCAGTCTTTGGGGG -5.86 -3.64 
GTCGCACGGTCCATCGCAGCAGTCTGGGGG -8.94 -3.87 
GTCGCACGGTCCATCGCAGCAGTCTAGGGGG -4.72 -2.19 
GTCGCACGGTCCATCGCAGCAGTCTATGGGGG -7.24 -3.64 
GTCGCACGGTCCATCGCAGCAGTCATGGGGG -7.78 -3.64 
GTCGCACGGTCCATCGCAGCAGTCACGGGGG -8.34 -2.45 
GTCGCACGGTCCATCGCAGCAGTCACAGGGGG -3.54 -1.76 

4.5.2 - UPM properties and design 
To construct the UPM long oligonucleotide, a second tag sequence was 

appended to the 5’end of the TSO. This was selected in order to: have a 
melting temperature around 68°C, possess low sequence similarity to the 
TSO, and result in a long oligonucleotide with as high as possible free 
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energy for any possible secondary structures. The resulting UPM long 
oligonucleotide has -7.44 kcal/mole and -4.91 kcal/mole free energy values 
for the strongest putative dimer and hairpin interactions found - relatively 
low values for an oligonucleotide having 48 bases in length. 

4.5.3 - Avoiding TSO extension 
One strategy to avoid cDNA synthesis primed by the TSO is to block its 

3’end. To achieve this, the TSO was modified by including a 3’C3-spacer, 
and evaluated during PCR versus the conventional UPM mechanism 
(Figures 21 and 22). 

Figure 21 - Comparison of PCR specific oligonucleotides. PCR 
products from the use of UPM show slight higher molecular weight 
since the UPM long oligonucleotide is double the size of the TTP 
primer. TTP is the TSO tag portion. Targets were Synechocystis sp. 
PCC 6803 lexA and Anabaena sp. PCC 7120 hoxU. 

Figure 22 - Testing of different 5’RACE TSO. ; “1P” - TSO1 phosphate 
blocked; “S” - proposed TSO C3-spacer blocked; “1” - TSO1 unblocked; 
“SB” - proposed TSO C3-spacer blocked, betaine in the RT buffer; “C” - low 
melting temperature TSO C3-spacer blocked. Targets were Synechocystis 
sp. PCC 6803 lexA and Anabaena sp. PCC 7120 ftsZ. 
 
As shown in Figure 22, if using an unblocked TSO during reverse 

transcription, the PCR amplification could result in weak specific products 
and/or amplification of ribosomal RNA. Effective blocking of the TSO also 
allowed simplified PCR amplification, since the use of the UPM was no 
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longer necessary. Moreover, the use of only TSO tag portion (TTP) lead to a 
slight increase in both product amplification specificity and yield. 

4.5.4 - Validating the system 
The resulting new system, combining different aspects of previously 

described approaches [66, 68, 78-80] was tested as shown in Figure 23. In 
this Figure, the PCR amplified product in the first lane of “A” is a direct 
consequence of the template switching mechanism. There is no amplification 
of putative contaminating gDNA, the only possible target for amplification 
due to the absence of reverse transcriptase during the reverse transcription 
phase. If product amplification was independent of the template switch 
effect, products would be observed when only the TSO is absent as 
compared to the positive control. Also avoided is endogenous priming - the 
random priming by transfer RNA and/or degraded RNA was not sufficient to 
generate suitable cDNA for PCR amplification. Finally, using only UPM at 
double concentration shows that this primer set is not the origin of the 
product found in the first lane. 

Figure 23 - Specificity and validation of template-switching 5’RACE. “A” - 
different cDNA synthesis or amplification strategies were used to 
demonstrate PCR product specificity, having Synechocystis sp. PCC 6803 
lexA mRNA as template. “B” - use of the suggested three-phase procedure on 
previously described mRNA targets - Synechocystis sp. PCC 6803 hoxE, 
Synechocystis sp. PCC 6803 lexA and Anabaena sp. PCC 7120 hoxU . 

4.5.5 - Screening of RT enzymes 
The use of an adequate reverse transcriptase enzyme is vital for 5’RACE 

based on template switching. The most important factor to take in 
consideration is that only enzymes with residual tailing activity can the used. 
As seen in Figure 24, different M-MuLV derived reverse transcriptases were 
tested, and only RevertAid M-MuLV (Fermentas) did not produce the 
expected results. 
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Figure 24 - Testing of different reverse transcriptase enzymes, and the effect 
of trehalose (0.3 M). “SSII” - Superscript II, Invitrogen; “H-“ - RevertAid H 
minus, Fermentas; “P” - RevertAid Premium, Fermentas; “H+” - RevertAid 
M-MuLV, Fermentas. Reactions shown had Anabaena sp. PCC 7120 hoxU 
as template during reverse transcription. 
 
All enzymes tested differ from the M-MuLV reverse transcriptase by their 

catalytic and/or structural properties. Since these modifications are 
proprietary, it is recommend that users to perform their own testing in order 
to assert compatibility of their chosen reverse transcriptase. 

4.6 - Chlamydomonas noctigama (Paper VI) 
Chlamydomonas reinhardtii and other green algae are known to encode 

two distinct hydrogenases [100, 101]. For this work, knowledge and results 
from Papers II, IV and V came together in order to identify genes encoding 
for hydrogenases in Chlamydomonas noctigama. 

For this project, RNA extractions were carried-out using the “PGTX 95” 
procedure. Tagenerator was used to generate tags for 3’RACE, while 
5’RACE was performed as described in Paper V. The different strategies and 
procedures resulted in good RNA extractions and clear products for both 
3’RACE and 5’RACE (Figure 25). 

This work showed that C. noctigama CHL 25 transcribes three distinctive 
genes that show strong similarities to green algal FeFe-hydrogenases. These 
genes were annotated as HYDA1, HYDA2 and HYDA3. This constitutes 
novel information for the field, since no reports describing more than two 
hydrogenase-encoding genes for single green alga exist. 
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Figure 25 - “RNA extraction” - ribosomal RNA subunits from a total 
RNA extraction using “PGTX 95” procedure; “3’RACE” - PCR products 
using several Chlamydomonas noctigama HYDA specific sense primers 
and one tag as antisense primer; “5’RACE” - PCR products from 
Chlamydomonas noctigama HYDA 5’RACE. 

4.7 - ftsZ/FtsZ in Anabaena sp. PCC 7120 (Paper VII) 
Linking cell division and biomass increase has been the spark for many 

discussions. To impair cell division does not affect significantly biomass 
growth rate - and that is something I always assumed as a fact. Still, 
understanding cell division, its regulation and key participants, might play a 
role in increasing cyanobacteria viability as a biotechnological vector. 

4.7.1 - ftsQ and ftsZ transcription 
No information concerning ftsQ transcription is available for Anabaena 

sp. PCC 7120, while for ftsZ one report exists based on Northern-blot [45].  
Within the scope of this thesis, it was possible to obtain additional data 

using RT-PCR and 5’RACE. Transcripts specifically for ftsQ or ftsZ were 
detected, while it was not possible to amplify cDNA that included these two 
genes simultaneously. The fact that ftsQ and ftsZ are not co-transcribed is in 
accordance with the data from Doherty and Adams [45], since the longest 
transcript they detected using probes for ftsZ was circa 1.8 kb, while a 
transcript including both genes would be longer than 3 kb. Using 5’RACE, 
one TSP for ftsQ and three for ftsZ were found (Figure 26). Contrary to 
Doherty and Adams’ preliminary analyses, none of the TSP found was 
within the N-terminal portion of the FtsZ coding sequence. 
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Figure 26 - The ftsQZ locus in Anabaena sp. PCC 7120. While no 
evidence for co-transcription was found, it was possible to identify one 
TSP for ftsQ (Q1), and three for ftsZ (Z1, Z2 and Z3). 

4.7.2 - FtsZ degradation 
As pointed out in “Objectives and Strategies” (3.4.3) systematic results 

for protein-protein interaction hinted at a possible degradation of FtsZ. To 
test this hypothesis, the relative amounts of FtsZ were investigated with 
immunoblotting using a polyclonal antibody, specifically raised against FtsZ 
from Anabaena sp. PCC 7120 [102] (Figure 27). 

Figure 27 - FtsZ degrades during incubation at 30°C (A) while the RuBisCO large 
unit (B) and the appearance of the protein extract (C) do not show any major 
changes. Molecular masses estimated using the Fermentas protein marker. 
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In protein extracts incubated at 30°C, there is FtsZ degradation with time, 
while levels of RbcL and the pattern of the complete extract did not show 
any signs of degradation. It is important to point out that the extraction 
buffer used for these experiments contained protease inhibitors. 

Since the degradation of FtsZ appeared to be specific, further tests were 
performed to exclude the possibility of FtsZ being degraded in a non-specific 
manner. These included using a recombinant form of Anabaena sp. PCC 
7120 FtsZ, expressed in E. coli (Figure 28). 

Figure 28 - SDS-page comparative analyses of recombinant FtsZ (rFtsZ) 
degradation. Anabaena sp. PCC 7120 protein extracts were incubated up to 
60 minutes, at 30°C, with either non-denatured (A) or denatured rFtsZ (B). 
The molecular masses of the Fermentas protein marker are indicated. 
 
As shown in the Figure above, this protein was degraded when incubated 

with Anabaena sp. PCC 7120 protein extract - but only in native form (A), 
while the heat denatured form remained undegraded (B). 

Since FtsZ degradation is observed only for the native form, we will 
continue our studies by trying to determine if this occurs only in vitro or also 
in vivo. 
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5 - Conclusions 

In this thesis, I summarized the work I have done for the past years. It is a 
comprehensive summary, and more detailed information is included within 
Papers I to VII. 

5.1 - Three decades of hydrogen evolution 
The need of a more concise view of H2 evolution by cyanobacteria 

resulted in the publication of Paper I, summarizing the knowledge of three 
decades. In this paper, it was concluded that future research should include: 
1) screening for wild-type strains possessing high nitrogenase activity and/or 
very active hydrogen evolving hydrogenase(s), 2) specific genetic 
modification of these strains, and 3) optimization of cultivation conditions 
for hydrogen evolution. 

5.2 - Developing and applying tools 
A number of different molecular tools were developed for different 

motives and purposes. It became clear to me, even before starting my PhD 
education, that RNA extraction was a crucial event for successful research 
within the cyanobacteria group in Uppsala. Many of the resources of the lab 
focused on transcription studies and that fact triggered the PGTX, 
Tagenerator, WebTag and 5’RACE papers. 

To extract RNA from cyanobacteria is not a straightforward, very high 
success rate procedure. Since most RNA extractions are related to certain 
physiological studies, to have a high yield and quality extract is extremely 
important. Therefore, PGTX was formulated to lead to fast and reliable RNA 
extraction from cyanobacteria. 

With the work presented in Paper II, it was demonstrated that variations 
of extraction protocol, even while maintaining basic chemistry, could have 
an impact on RNA yield and quality. While none of the extractions methods 
tested negatively impacted reverse transcriptase activity, replacing bead 
beating with heating was possible and maybe even preferable, as the level of 
contamination was lower and the method did not require the use of an 
expensive bead beater.  Even more cost reducing was PGTX itself - this 
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extraction mixture showed equivalent potential to Trizol, while having only 
a fraction of the cost. 

Even the best RNA extractions can contain gDNA. To overcome it during 
RT-PCR the use of tags is simple and effective. As shown in Paper III, by 
using Tagenerator it was possible to generate tags for any given sequence 
and/or genome. This tool was capable of generating tags that combine 
genome absence with good priming properties for RT-PCR based 
experiments. The use of tags will deliberately not result in PCR 
amplification of gDNA, permitting the exclusive amplification of cDNA. 

To simplify tag usage further, WebTag was designed. This web service 
allows the users to rapidly obtain tags that are: 1) suitable for a specific 
organism, and 2) compatible with other oligonucleotides to be used in the 
experimental procedures. 

Independently of all the work I did concerning 5’RACE, or maybe 
because of it, I think this is one of the most challenging techniques in 
Molecular Biology. It is probably no coincidence that e-mail reactions to 
Paper V usually included a sentence like: “…it is so hard to get it to work 
and understand what might be going wrong…”. The modifications and 
methods in Paper V were a step in the right direction, allowing me to obtain 
data in an easier and more reproducible way. 

The in-house designed template-switch based 5’RACE system showed 
good performance and reliability, while reducing both the required time and 
the cost. The use of the procedures described in paper V is independent of 
the template mRNA, and was applied for studying several cyanobacterial 
strains and even green algae. Additionally, the cost of proposed 5’RACE 
approach is low, when compared to commercial kits. 

The work with Chlamydomonas noctigama was extremely rewarding, 
since it allowed me to use all the tools I had developed before. The results in 
Paper VI, introducing novel data to the algal hydrogenase field, are a good 
example of what motivated me to invest so much time and effort in method 
development throughout my PhD time. 

5.3 - Fundamental research on ftsZ and FtsZ 
The foundations for ftsZ/FtsZ research within the group were set with 

Paper VII. This manuscript clarifies previous results concerning ftsZ 
transcription, while introducing novel data for the protein FtsZ. 

It was shown that three transcriptional start points, all within the 
intergenic region between ftsQ and ftsZ, drive ftsZ transcription - these genes 
do not appear to be co-transcribed. Also shown is that the protein FtsZ is 
degraded in an apparently specific away. 
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6 - What the future might hold 

Cyanobacteria have been harvesting energy from the sun for more than 2 
billion years… and they got quite good at it. Now that we have a competent 
harvester, how can we best use the crop? 

Hydrogen is of course one alternative. However, hydrogen is only an 
alternative. If we consider challenges like: engineering of a high hydrogen 
evolving cyanobacterial strain, building and running cyanohydrogen 
production facilities, planning and implementing a global scale hydrogen 
system distribution system,… well, some time will be necessary before all 
these (and other!) factors come together to generate a “cyanohydrogen 
society”. Meanwhile, let me give a slightly different version of Figure 2. 

 

 
 
Cyanobacteria use solar energy efficiently to form considerable amounts 

of biomass. 
And cyanobacterial biomass means lipids. 
And lipids can be refined into diesel. 
And all this while fixing carbon dioxide. 
And done using established distribution and usage platforms. 
 
Interesting, isn’t it? 
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Epilogue 

I have presented to you the characters and explained how they happened 
to be. What will ensue from now on? 

I believe that Paper I will still be useful as a review on hydrogen 
production for some time, hopefully not long. From recent papers and 
conferences I got the feeling that exciting times are coming, in the form of 
more cyanohydrogen. 

And PGTX? What a name! I am certain only a couple of people can say it 
without having severe tongue cramps (I am not one of them). I have been 
receiving some interesting feedback on its use, mainly from places where 
money is a rare “cofactor” for “research metabolism”. 

Tagenerator and WebTag will live forever, as will the migraines I got 
from sitting hours in front of the computer monitors working on them. The 
field of Bioinformatics is rich in opportunities - from genome scanning to 
building tools for the molecular biologists. Bioinformatics and programming 
courses should be mandatory in all molecular biology graduate programs. 

I must confess that 5’RACE was an amazing challenge. It involved rage, 
tears and even blood! Depression settled in a couple of times and all my 
colleagues became quite familiar with swearing in Portuguese. However, the 
feedback as been amazing - 5’RACE is some sort of geek niche with quite 
active (and suffering) personas. The system itself works very well and I am 
sure it will be used and modified extensively. Moreover, it is inexpensive! 

The protein FtsZ is fascinating. I know there are many stories to write 
involving FtsZ and cyanobacteria. This field will grow in the future, since 
the questions by far out-number the answers. Who are the partners in the Z-
ring? How does FtsZ degrade and why? 

 
I am eager to get some answers! 
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thank you for the music and restoring some of my faith in F1. 

 
Thank you Håkan for knowing was Starcraft is. I think we setup and had 

running all possible servers one can imagine (please buy a decent computer 
so we can play together again!). Thank you Linda for the fun when we met, 
the help with the moving and the incredible amount of carton boxes (and 
never shooting at me!). Thank you Per for the good mood, showing me all 
your crazy projects, always helping out and never hacking my computer 
(well, I hope so at least… did you?). Thank you Sofia for keeping my 
cursing at low levels! 

 
And, of course, the “ingenious” people themselves:  Elin and Jesper. 

Thank you for all the games we played, the nice talks, the goofiness and the 
hurricanes of ideas. We would have been great neighbors - maybe next time! 

 
Thank you Zé Luis for making my stay in Uppsala feel like “back home”. 

Without your help those first months Sweden would have been a much 
harder challenge. E, claro, obrigado por continuares a ser meu amigo - para 
mim é um privilégio. 

 
Good morning Jim! Thank you for putting up with all my crap every day. 

It is not easy sharing an office with me. Thank you for keeping me on track, 
all the amazing science talks/discussion/fights and for being an absolute 
friend. I hope to deserve your friendship for a very long time. Obrigado 
Paulo, “cheiras muito a estrume”! Sem ti, o trabalho e Uppsala não eram a 
mesma coisa. E sem a tua “better-half” ainda estava lutar em casa com o 
chão. Obrigado Lurdes pela ajuda! 
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My Swedish family and guardians - Anne, Lasse, Ann-Marie and Lennart. 

You took me in, made me feel welcome and safe. Thank you for all the care 
and support. 

 
My family has been the source of energy for me, from the very beginning. 

It must be hard to encourage your son to go an “conquer” the world, but my 
parents did it. I owe them my life. Muito obrigado por sempre me apoiarem 
e me fazerem sentir que posso “fazer e acontecer”. Obrigado Mamã! 
Obrigado Papá! Obrigado Sister! E tu, minha avó, a fiel defensora do neto? 
Aqui vai um obrigado e um grande xi-coração, caneco! 

 
Honey, thank you for saying “welcome to Sweden” - it changed my life. 
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Summary in Swedish 

Användningen av fossila bränslen ställer vårt samhälle inför oerhörda och 
samtidigt intressanta utmaningar -vi är starkt beroende av kol och olja, men 
vi är samtidigt medvetna om att de fossila bränslena skadar miljön. Den 
insikten växer sig just nu starkare, och kraven på att  utveckla rena och 
miljövänliga energisystem växer sig allt starkare. 

Det mest miljövänliga och ideala bränslet är vätgas. Väte är det enklaste 
och lättaste av alla kända grundämnen och dessutom det vanligaste ämnet i 
universum. I naturen förekommer väte oftast bundet till syre, i form av 
vatten. Det är faktiskt så att allt väte som är tillgängligt för oss är kemiskt 
bundet.  För att utvinna vätgas krävs en primär och miljövänlig energikälla. 
Vi kan betrakta vätgas som en miljövänlig bärare av energi.  

För att framställa och använda vätgas på ett miljövänligt sätt bör den 
primära energikällan vara förnyelsebar, och dessutom bör processen som 
utvinner energi från vätgasen vara fri från förorenande utsläpp. Hela cykeln 
ska vara miljömässigt ren. Att använda cyanobakterier för 
vätgasframställning har en mycket stor potential, eftersom vissa arter av 
cyanobakterier producerar vätgas som en del av sin ämnesomsättning. 
Cyanobakterier har använt sig av solenergi i mer än två miljarder år... och de 
har under den tiden lärt sig att göra det riktigt bra! Utmaningen är nu att 
finna de arter av cyanobakterier som producerar vätgas tillräckligt effektivt. 
Detta för att vi med molekylärbiologiska metoder ska kunna optimera 
vätgasproduktionen till kommersiellt intressanta nivåer. 

För att kunna utveckla cyanobakteriernas potential till tillfredsställande 
nivåer, måste vi lära oss mer om deras fysiologi och metabolism. En för 
vätgasframställning fysiologiskt optimal cyanobakterie bör ha en hög 
produktion av vätgas och samtidigt en låg tillväxt/celldelningshastighet - 
dessa faktorer är utomordentligt viktiga för att kunna uppnå ett 
kostnadseffektivt produktionssystem. Det är därför essentiellt att vi bygger 
upp en kunskapsplattform så att vi kan reglera cyanobakteriers metabolism. 

För att genomföra de studier som behövs för att skapa en 
kunskapsplattform behöver vi extrahera RNA av tillräckligt hög kvalitet för 
att få fram användbara och reproducerbara data. Extraktion av RNA från 
cyanobakterier är en krävande uppgift eftersom den kompliceras av ett stort 
antal sekundärmetaboliter och inte minst av DNA. 

I denna avhandling presenteras nya molekylärbiologiska och 
bioinformatiska verktyg som underlättar studier av metabolismen, och som 
ger oss en möjlig väg att i framtiden utveckla cyanobakterier lämpade för 
kommersiell vätgasproduktion. 
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