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Abstract
During this master thesis project the growth and H2 production of wild type (WT) Thermococcus
kodakarensis (KOD1) in the presence of various carbon sources was investigated. The goal was to
find a quantifiable carbon source (in moles) that can be used during future fermentation studies (i.e.
to set up a carbon balance). However, other than sodium pyruvate no quantifiable carbon source
could be found on which KOD1 was able to grow and produce H2. Furthermore we tried to identify a
promoter from which four T. maritima Oxidative Pentose Phosphate Pathway genes (OPPP genes:
Glucose‐6‐P dehydrogenase, 6‐P‐gluconate dehydrogenase, transladolase and Ribulose‐5‐P‐3‐
epimerase) would be transcribed in high levels in KOD1. The promoters under investigation were the
PhmtB from Methanothermobacter thermautotrophicus and the PTK0989 from KOD1. 4 different sizes of
the PTK0989 (81, 100, 150 and 200 base pairs upstream of the starting codon of TK0989) were
positioned upstream of a KOD1 β‐glycosidase reporter gene (TK1761) and cloned into E.coli/KOD1
shuttle vector pLC64, which is able to complement tryptophan auxotrophy in mutant KOD1 strains.
Unfortunately it was not possible to select for TS1079 transformants (KOD 1 tryptophan auxotrophic
strain lacking β‐glycosidase enzymes TK1761 and TK1827) on minimal ASW‐AAW‐ plates (Artificial
Sea Water – Amino Acid mixture lacking tryptophan). Surprisingly, the minimal medium did not even
support wild type KOD1 growth, even after using a filter sterilized amino acid mixture and pre‐boiled
polysulfide solution. Finally it was also tried to produce pLC70 shuttle vectors with PTK0989_ β‐
glycosidase inserts, which can be selected for on rich ASW‐YT plates (YT: yeast extract/tryptone)
supplemented with mevinolin or simvastatin antibiotic. However this did not succeed, because the
appended BspHI restriction site of the insert needed for cloning did not work and the origin of
replication was cut out of pLC70 with the chosen restriction sites (BspHI and SpeI).
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Introduction
Fossil fuels (oil, natural gas and coal) are non‐renewable energy sources, which means they are in
limited supply and will one day be depleted. Currently the world is still dependent on fossil fuels
providing approximately 84% of its energy demand[1]. According to a report by the peak oil
Netherlands foundation world maximum oil production will be around 2012 [2], however global
energy demand will keep on increasing[1]. Thus there is a need to find alternative renewable energy
sources to decrease and ultimately eliminate our dependence on fossil fuels. Biohydrogen –
hydrogen produced biologically, most commonly by bacteria and archaea‐ is a good renewable
energy candidate, because it does not generate CO2 when used as fuel and it has the highest energy
density per kg of any known fuel[3]. CO2 that is produced during during the fermentation process
can also be captured and stored beforehand. This circumvents the current issues with greenhouse
gasses released into the atmosphere and the concomitant global warming. Biohydrogen production
is preferred above classical hydrogen production, which includes steam reforming from natural gas,
gasification of coal and electrolysis of water, because classical hydrogen production either depends
on fossil resources and/or is highly energy‐intensive [4]. Biological processes for hydrogen
production include direct and indirect biophotolysis, fermentation and photosynthetic production
[4]. The fermentative route is very promising because there is no need for an external light source, it
has the highest biological H2 production rate and a variety of substrates can be utilized [5], however
this route also has thermodynamic limitations, resulting in a maximum of 4 moles of hydrogen from
1 mole of glucose (“Thauer limit”, [6]). This current maximum is not competitive with the production
of other renewable fuels (e.g. methane, ethanol) from glucose [7]. In order for biohydrogen
production to become practical additional pathways must be introduced to allow near
stoichiometric conversion of glucose to hydrogen (≈ 12 H2/glucose) or the development of a two
stage process in which fermentation side products are further converted into H2 [7]. Currently the
highest H2 production can be achieved with hyperthermophilic bacteria and archaea, because it is
thermodynamically more feasible in these organisms. However even in the most favourable
situation acetate is formed as an obligate end product, as it is coupled to ATP production (eq. 1). To
completely oxidize acetate to CO2 a very low hydrogen partial pressure (p(H2)) is needed[8]. Thus,
hydrogen production via fermentation is a self‐limiting process.
(1) Glucose + 4 H2O ‐‐> 2 Acetate‐ + 2 HCO3‐ + 4 H+ + 4 H2
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Even though complete oxidation of acetate to CO2 ‐ yielding 12 moles of H2 per mole of glucose‐is a
thermodynamically difficult task to accomplish, it is believed that an intermediate value of 8 H2 per
glucose is practically achievable. Further oxidation of acetate is needed to produce enough reducing
equivalents. This can be done by re‐routing the glucose‐6‐phosphate from the glycolysis into the
Oxidative Pentose Phosphate Pathway (OPPP), yielding an additional 6 moles of NADPH2 per mole of
glucose. The reduction equivalents stored in the NADPH2 and reduced ferredoxin can then be used
for hydrogen formation (Figure 1Figure 1). In the production of H2, enzymes known as hydrogenases
are involved. In contrast to H2 formation from reduced ferredoxin, H2 formation from NADPH2 is only
thermodynamically feasible at elevated temperatures and low p(H2) by NADPH‐dependent
hydrogenases [8]. The use of OPPP enzymes in conjunction with an NADPH‐dependent hydrogenase
to produce stoichiometric hydrogen from glucose‐6‐phosphate has already been proven in vitro [9],
however this system was not stable enough to be of practical use.
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Figure 1: Synthetic network for the production of hydrogen by Thermococcus
Kodakarensis. The glyceraldehyde-3-phosphate that is produced re-enters the
(modified) Embden-Meyerhof pathway, resulting in a net loss of two ATP and 2 reduced
ferredoxin per mole glucose. Novel steps shown in red. Knock-outs shown by red cross.
1. Glucose-6-P dehydrogenase 2. 6-P-gluconate dehydrogenase 3. Ribulose -5-P-3-epimerase 4.
Transaldolase 5. Hexulose-6-P synthase/6-P-hexuloisomerase 6. Phosphofructokinase. SH-1:
soluble hydrogenase and MBH: Membrane-bound hydrogenase.

In this thesis project we will be working towards the aim of increasing the amount of hydrogen
produced in vivo beyond the current limit of 4 moles per mole of glucose. To do this a
hyperthermophilic archaea or bacteria, having both OPPP enzymes and a NADPH‐dependent
hydrogenase, would be the ideal organism. However there is no such organism known to date that
has aforementioned enzyme combination. Therefore, the hyperthermophilic archaea Thermococcus
Kodakarensis (KOD1), which has its own NADPH‐dependent hydrogenase and most importantly is
genetically accessible was chosen to engineer the lacking OPPP genes and knock‐out competing
genes in order to achieve our aim.
KOD1 was isolated from a solfatara (102C, pH 5.8) on the shore of Kodakara Island, Kagoshima,
Japan [10]. It is a strict anaerobe and obligate heterotroph, growing on complex proteinaceous
substrates (e.g yeast extract and tryptone) in the presence of elemental sulphur, which is reduced to
H2S [11]. Cells are irregular cocci 1 to 2 µm in diameter and highly motile with several polar flagella
[10]. Growth in the absence of elemental sulphur is also possible when soluble starch, sodium
pyruvate, malto‐oligosaccharides or cyclodextrins are added to the growth medium. In this case H+
can functions as terminal electron acceptor, producing molecular hydrogen [11]. The optimum
growth temperature of KOD 1 is 85C at a pH of 6.5 and a NaCl concentration of 3% [11]. Since the
isolation of KOD1 its complete genome has been sequenced [12] and multiple gene disruption
5

systems [13‐17] and alsoas well as a shuttle vector expression system [18] have been developed for
this organism. KOD1 is naturally competent and incorporates donor DNA into its own genome by
homologous recombination [13, 14]. The central metabolic pathway in KOD1 is the modified
Embden‐Meyerhof pathway which is depicted in Figure 2Figure 2 [12, 19]. KOD1 harbours three
gene operons encoding [NiFe]‐hydrogenase orthologs, namely, Hyh, Mbh, and Mbx [20]. The Hyh
operon encodes for a cytoplasmic NADPH‐dependent hydrogenase that can utilize NADP(H), both as
an electron acceptor and donor [21]. The Mbh operon encodes for a membrane bound hydrogenase
which is normally responsible for the H2 evolution by abstracting electrons from reduced ferredoxin
[20]. This membrane bound hydrogenase simultaneously creates a proton‐motive force across the
membrane when reducing protons. The proton‐motive force is utilized by an ATP Synthase for the
production of ATP [20]. The Mbx complex is believed to be involved in H2S evolution [20].
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Figure 2: Modified Embden-Meyerhof pathway. Fdox: oxidized ferredoxin and Fdred:
reduced ferredoxin.
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The OPPP enzymes that must be engineered into the genome of KOD1 are depicted in Figure 1Figure
1 and summarized in Table 1.
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Table 1: OPPP enzymes that must be introduced into KOD1 and enzymes that must be
removed from KOD1

Enzyme
Gene knock‐ins
Glucose‐6‐P dehydrogenase
6‐P‐gluconate dehydrogenase
Transaldolase
Ribulose‐5‐P‐3‐epimerase
Gene knock‐outs
Phosphofructokinase
Hexulose‐6‐P synthase/6‐P‐hexuloisomerase

EC‐number

Source\host

Locus‐tag

1.1.1.49
1.1.1.44
2.2.1.2
5.1.3.1

T. maritima
T. maritima
T. maritima
T. maritima

TM1155
TM0438
TM0295
TM1718

2.7.1.146
4.1.2.43/5.3.1.27

KOD1
KOD1

TK0376
TK0475

The missing OPPP genes will be derived from Thermotoga maritima (T. maritima) a gram negative,
anaerobic, thermophilic and heterotrophic bacteria, which has an optimal growth temperature at
80C [8]. This ensures that the enzymes of T. maritima will be able to withstand the high growth
temperatures of KOD1. Furthermore the codon usage and G+C content of T.maritima are similar to
that of KOD1 [22]. To guarantee that glucose‐6‐phosphate enters the OPPP, the
phosphofructokinase gene should be knocked out. The ribulose monophosphate pathway (RuMP),
which is used in KOD1 instead of the OPPP [23] should also be prevented by knocking out the
Hexulose‐6‐P synthase/6‐P‐hexuloisomerase gene (Figure 1Figure 1 and Table 1Table 1).

Research plan
During this thesis project the growth and H2 production of wild type (WT) KOD1 on various carbon
sources were investigated, to find a quantifiable (in moles) carbon source that can be used during
future fermentation studies (i.e. setting up a carbon balance). Furthermore we tried to identify a
promoter from which the T. maritima OPPP genes will be transcribed in high levels under glycolytic
conditions. The promoters under investigation were the PhmtB from Methanothermobacter
thermautotrophicus and the PTK0989 from KOD1. PhmtB is a strong constitutive archaeal promoter,
which has been used multiple times to express proteins in KOD1 [17, 18, 24, 25]. PTK0989 is the
fructose‐bisphosphate aldolase gene promoter. This enzyme is active in the glycolysis and catalyses
the reversible aldol cleavage or condensation of fructose‐1,6‐bisphosphate into dihydroxyacetone‐
phosphate and glyceraldehyde 3‐phosphate. Enzymes involved in the glycolysis or the
gluconeogenesis in KOD1 have a Thermococcales glycolytic motif (TGM) in their promoter region
[26]. Depending on the sugar availability the glycolytic and gluconeogenic enzymes are either up or
down regulated [26, 27]. For maximum utilization of the introduced OPPP genes, KOD1 should be
grown under glycolytic conditions. Thus the glycolysis genes will be up regulated and thereby also
genes that contain the promoter region of a glycolytic gene. However the exact length of the
promoter region of TK0989 is unknown, so we will test 4 different promoter sizes (81, 100, 150 and
200 base pairs upstream of the starting codon). The promoters will be positioned upstream of a
KOD1 β‐glycosidase reporter gene (TK1761). In this way the relative strength of the promoters can
be tested with an enzyme assay [24]. The reporter gene under control of the various promoters will
be cloned into E.coli/KOD1 shuttle vectors pLC 64 and pLC70 (Figure 3Figure 3), developed and
generously provided by T. Santangelo [18]. For cloning in E.coli both vectors are equipped with a
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kanamycin and an ampicillin resistance gene. The selection in KOD 1 can be either auxotrophic
(pLC64) and or based on an antibiotic resistance gene(pLC70) [18]. The KOD1 strain that will be used
is TS1079, which was also provided by T. Santangelo [17]. In this strain the pyrF gene (TK2276) has
been deleted and inserted into the trpE locus (TK0254). Removal of the trpE gene results in a
tryptophan auxotrophy in TS1079. This auxotrophy is complemented by the shuttle vectors, as they
contain the trpE gene under control of PTK2279 (promoter of the bifunctional sugar
nucleotidyltransferase/CDP‐alcohol phosphatidyltransferase synthase) [17]. Furthermore the β‐
glycosidase genes TK1761 and TK1827 have been deleted from the genome of TS1079, to eliminate
the background activity during the enzyme tests assays. The antibiotic resistance conferred by
shuttle vector pLC70 is based on the overexpression of the 3‐hydroxy‐3‐methylglutaryl coenzyme A
(HMG‐CoA) reductase gene from Pyrococcus furiosis (PF1848). This gene provides resistance to the
antibiotics simvastatin and mevinolin. The PF1848 is transcribed from the constitutive promoter
PTK1431 (promoter of the glutamate dehydrogenase gene) [15, 18].
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Figure 3: E.coli/KOD1 shuttle vectors pLC64 and pLC70 provided by T. Santangelo[18].
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Materials and Methods
General procedures for preparing media and plates
ASW‐YT medium and gelrite plates
900 ml of ASW‐YT is prepared by mixing 200 ml of 4*ASW (see Appendix A) , 5 g yeast extract, 5 g
tryptone and 1 ml resazurin (stock solution 500 mg/L) and 700 ml dH2O. The pH of the medium
should be between 6‐7 for optimal growth of KOD1. Anaerobic culture bottles (120 ml) are filled
with 45 ml of ASW‐YT under an N2 stream with an automatic dispensing unit. The bottles are capped
and gas exchanged with 100% N2 (overpressure of 0.5 atm) before sterilization. For the preparation
of 4 gelrite plates based on ASW‐YT medium 2 solutions must be prepared and sterilized separately.
Solution A consists of 20 ml 4*ASW, 0.5 g yeast extract, 0.5 g tryptone, 0.1 ml resazurin (stock
solution 500 mg/L) and 50 ml dH2O. Solution B consists of 30 ml dH2O and 1 g gelrite. After
autoclaving, 200 µl filter sterilized polysulfide solution (see Appendix A) is added to solution A.
Solution A and B are quickly mixed together and poured into sterilized glass plates. The plates are
left to dry for 45‐60 minutes near a Bunsen burner, after which they are transferred into an
anaerobic chamber for at least 24 hours. The plates are stored in an anaerobic jar containing an O2
scavenging pack and O2 indicator until further use (in most cases used within 48 hours after plating).

ASW‐AAW‐ medium and gelrite plates
900 ml of ASW‐AAW‐ medium is prepared by mixing 500 ml of AAW‐ (see Appendix A), 200 ml of
4*ASW, 1 ml of resazurin (stock solution 500 mg/L) and 1 ml of mineral solution (see Appendix A).
The pH is adjusted to 6.9 with NaOH and dH2O is added to yield a total volume of 900 ml. The ASW‐
AAW‐ medium is dispensed over 120 ml culture bottles in a similar fashion as described above for
the ASW‐YT medium. For the preparation of 4 gelrite plates based on ASW‐AAW‐ medium 2 solutions
must be prepared and sterilized separately. Solution A consists of 20 ml 4*ASW, 50 ml AAW‐ and 0.1
ml resazurin (stock solution 500 mg/L). Solution B consists of 30 ml dH2O and 1 g gelrite. After
autoclaving, 200 µl filter sterilized polysulfide solution, 25 µl mineral solution and 100 µl filter
sterilized vitamin mixture (see Appendix A) are added to solution A. Solution A and B are quickly
mixed together and poured into sterilized glass plates. The plates are left to dry for 45‐60 minutes
near a Bunsen burner, after which they are transferred into an anaerobic chamber for at least 24
hours. The plates are stored in an anaerobic jar containing an O2 scavenging pack and O2 indicator
until further use (in most cases used within 48 hours after plating).

LB medium and agarose plates
For the preparation of 1 liter LB medium 10 g tryptone, 5 g yeast extract and 10 g NaCl were
dissolved in 1 L of MilliQ water and autoclaved. LB agararose plates were made by adding 15 gram
of Bacto Agar to 1 liter of LB medium before sterilization. For the preparation of selection medium
and plates, Ampicillin was added at a final concentration of 100 µg/ml.

SOB medium
Used in the preparation of electrocompetent cells, contains 20g/L tryptone, 5 g/L yeast extract,
0.584 g/L NaCl, 0.186 g/L KCl, 4.9303 g MgSO4.7H2O and 2.033 g MgCl2.6H2O. Components are
dissolved in MilliQ water and sterilized before use.
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SOC medium
Is similar in preparation to SOB except that MgSO4.7H2O and MgCl2.6H2O are added after autoclaving
as a filter sterilized solution together with 3.9634 glucose monohydrate dissolved in 10 ml MilliQ
water.

Procedure for finding quantifiable carbon source KOD1
The following carbon sources were tested to see whether growth of KOD1 was possible:

Scheme 1: Stock solution preparation of carbon sources
Carbon source (C‐
source)

Concentration
stock (M)

Total Volume
(ml)

Sodium pyruvatea
Cellobiose
Lactose
Sucrose
Glucose
Potato starch
Maltose

1
0.25
0.25
0.25
0.25
‐
0.25

100
100
100
100
100
‐
100

Molar
mass
(g/mol)
110.04
342.3
360.37
342.3
198.17
360.31

Mass (g)

Concentration
in medium

11.004
8.5575
9.008
8.5575
4.9543
0.25
9.01

40 mM
10 mM
10 mM
10 mM
10 mM
0.5%
10 mM

a

Used pyruvic acid (98%) instead of sodium pyruvate M = 88.06 and because 98% used 8.99 grams. Titrated with NaOH
to a pH of 6.97.

All stock solution of the C‐sources were made in a culture bottle, capped and gas exchanged with
100% N2 before autoclaving. Only the potato starch was directly added to 45 ml of ASW‐YT medium
before sterilization. As a positive control also S0 without additional C‐source was included. To
sterilized ASW‐YT and ASW‐AAW‐ medium in 120 ml culture bottles C‐source, Na2S.9H2O (0.125%
stock solution), sterilized dH2O, filter sterilized vitamin mixture and wild type inoculum were added
according to the following scheme.

Scheme 2: KOD1 grown on various C‐sources

ASW‐YT S0 (a)
ASW‐YT + sodium
pyruvate
ASW‐YT + cellobiose
ASW‐YT + lactose
ASW‐YT + sucrose
ASW‐YT + glucose
ASW‐YT + starch
ASW‐YT + maltose
ASW‐AAW‐ + maltose
ASW‐AAW‐ + sodium
pyruvate
a

dH2O (ml)

Wild Type inoculum
(ml)

‐
2

Filter
sterilized
vitamin
mixture (µl)
‐
‐

2
‐

1
1

2
2
2
2
‐
2
2
2

‐
‐
‐
‐
‐
‐
50
50

‐
‐
‐
‐
2
‐
‐
‐

1
1
1
1
1
1
1
1

Na2S.9H2O (ml)

C‐source
(ml)

2
2
2
2
2
2
2
2
2
2

Medium was sterilized by heating in stove at 100C for 3.5 hours

To determine whether there was growth, the H2 concentration was measured after 0, 24 and
sometimes 48 hours of incubation at 85C. To find out if the growth and H2 production were related
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to the depletion of the added carbon source, samples were taken of some of the culture media after
0 and 24 hours incubation and analysed by HPLC.

Preparation of electro‐competent E. coli cells
40 µl of XL‐1 Blue cells from ‐80C stock were inoculated in 10 ml SOB medium and incubated o/n
shaking at 180 rpm and 37C. The following day 2  500 ml SOB in 2 L Erlenmeyer flasks were
inoculated with 1 ml pre‐culture each. After 3 hours incubation at 37C and shaking at 130 rpm, the
OD600 was measured every 15 minutes by taking 1 ml samples and measuring with SmartSpec (SOB
medium was used as reference). When the OD600 was around 0.4 the Erlenmeyer flasks were
chilled on ice. At an OD600 of 0.5 the cells were quickly centrifuged in sterile 500 ml bottles in JA‐14
rotor in a Beckmann centrifuge at 3500 rpm and 4C for 10 minutes. From this point on the cells
were kept on ice at all times when carrying them between the centrifuge and the cold room. All
following tasks were performed in the cold room (4C). The supernatant was decanted and the
bottles were held upside down for a few seconds to allow all supernatant to drain off. The pellets
were resuspended in 10‐20 ml of ice cold sterile MilliQ water mainly by swirling the bottles
(pipetting up and down was kept to a minimum as this may influence the transformation efficiency).
When the pellet was completely resuspended ice cold sterile MilliQ water was added to a total
volume of 100 ml and the cell suspensions were combined in two bottles. After centrifuging at 3500
rpm and 4C for 5 minutes, the resuspension step was repeated with 10% ice cold glycerol and the
suspensions were combined in one tube prior to centrifuging at 3500 rpm and 4C for 5 minutes.
The supernatant was decanted and the pellet was resuspended in 10 ml of 10% ice cold glycerol and
transferred to a 50 ml falcon tube. This was centrifuged at last mentioned parameters. After
decanting the supernatant as much as possible the cells were resuspended in the remaining liquid
and the OD600 was measured by making a 1:1000 dilution in SOB. For optimal results the OD should
be between 0.1‐0.15. The cell suspension was distributed in aliquots of 40 µl in 1.5 ml
microcentrifuge tubes that were pre‐chilled at ‐80C. The microcentrifuge tubes were stored at ‐
80C until further use. The transformation efficiency of the electrocompetent cells was determined
with pUC19. For all cloning experiments electrocompetent XL 1‐Blue cells were used, unless
mentioned otherwise.

Electroporation procedure and plasmid DNA isolation
For electroporation either 1 or 2 mm chilled electroporation cuvettes were used. The settings were
200 Ω, 1.5 KV and 25 µF or 200 Ω, 2.5 KV and 25 µF respectively. Electro‐competent cells were
removed from the ‐80C freezer and thawed on ice. 1 µl of DNA sample or ligation mix, which has
been chilled on ice, is added to the electro‐competent cells. The pipette tip is gently swirled around
in the cells to mix DNA and cells. The cells are placed directly back on ice. After addition of DNA the
mixture is transferred to the chilled cuvettes. The cuvette is gently tapped on the counter so that the
cells are at the bottom and free of air bubbles. Any moisture on the outside of the cuvettes is wiped
off. The cuvette is snugly placed between the electrodes in the electroporation chamber and pulsed.
Immediately after the pulse, 960 µl of SOC is added and the mixture is transferred to a chilled
microcentrifuge tube. The sample is chilled on ice for 2 minutes and then incubated for 1 hour at
37C to permit the expression of antibiotic genes. The transformed cells are plated onto pre‐warmed
LB‐agar plates (37C) supplemented with ampicillin. In most cases 100 µl of the transformation mix
and a 1000 dilution in SOC are plated. The plate is incubated overnight at 37C. The following
morning a single colony is picked and inoculated in 5 ml LB medium supplemented with 100 µg/ml
12

ampicillin. After 6‐7 hours of incubation at 37C and shaking at 180 rpm, 10 µl of culture medium is
re‐inoculated in 10 ml LB medium containing 100 µg/ml ampicillin. This is incubated o/n and the next
morning the plasmid DNA is isolated using the Fermentas Genejet Miniprep Kit. The DNA
concentration is determined with NanoDrop.

Amplification of T.Maritima OPPP genes
The 4 OPPP genes from T.maritima were PCR amplified (PCR program 1) from isolated genomic DNA.
The sequences of the forward and reverse primers are given in Table 2Table 2.
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Table 2: Primers used for the amplification of T. maritima genes

Enzyme
Glucose‐6‐P
dehydrogenase
6‐P‐gluconate
dehydrogenase
Transaldolase
Ribulose‐5‐P‐3‐
epimerase

Locus‐
tag
TM1155

Forward primer (5’‐>3’)

Reverse primer (5’‐>3’)

ATGAAGTGCAGTCTGGGATTGGAGAAATGTCCG

TCACAGTTTTCTCCATTTTCTACCGTCCC

TM0438

GTGAAATCTCATATTGGTCTCATCGGTCTTGC

TCATCCTATCTCTCCTTCCTCCCAGTTGATGTGG

TM0295
TM1718

ATGAAGATCTTTCTGGACACAGCAAACT
ATGGTGAAAATAGCAGCTTCAATTCTCGC

TTATTTCTTCAGGTTCTCCAAATACTTTTTCCAGT
TCAGTCAGCAAATTCCTCTCTTTCC

PCR program 1:
Pre‐heating step
Denaturationa
Annealinga
Elongation (Pfu polymerase)a
End elongation
Storage
a
Repeated 35 cycles

98C
98C
60C
68C
68C
4C

30s
15s
15s
2 min
10 min


The PCR products were purified with the “High pure PCR Clean up microkit” from Roche.

PCR amplification of PTK0989
The primers used for the amplification of PTK0989 are summarized in Table 3Table 3. Isolated genomic
KOD1 DNA was used as the template in the PCR reactions. BSA (0.4 µg/µl) and 0.4 µM primers
instead of 0.2 µM were used in the PCR reaction (PCR program 2).
Table 3: Primers used for the amplification of PTK0989

Size (bp)
81
100
150
200

Forward primer (5’‐>3’)
TTGAGTTCTGGTGGGAAGAGTAC
GAGCAGGTCTTTTCAAGTCTTGAGT
ATGAGATTGGTGAGGGATTTTTAATGGG
CCTGACTGCATCTGACCTGT

Reverse primer (5’‐>3’)
ACTAATCACCAGGAGTGATATACAAAGG

13
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PCR program 2:
Pre‐heating step
Denaturationa
Annealinga
Elongation (Pfu polymerase)a
End elongation
Storage
a
Repeated 35 cycles

98C
98C
50C
68C
68C
4C

30s
15s
15s
45s
10 min


The PCR products were purified with the “High pure PCR Clean up microkit” from Roche.

PCR amplification of the β‐glycosidase reporter gene (TK1761)
The primers used for the amplification of TK1761 from isolated KOD1 genomic DNA are; Forward 5’‐
ATGAGGGAGTTTGCATGGGG‐3’and Reverse 5’‐TCAAGGTAATCCCTCCCGCA‐3’. BSA (0.4 µg/µl) and
DMSO (5%) were used in the PCR reaction (PCR program 3).
PCR program 3:
Pre‐heating step
Denaturationa
Annealinga
Elongation (Pfu polymerase)a
End elongation
Storage
a
Repeated 35 cycles

98C
98C
50C
68C
68C
4C

30s
15s
15s
2 min 10s
10 min


The PCR product was purified with the “High pure PCR Clean up microkit” from Roche.

PCR amplification of PTk0989 with homologues overhang for TK1761 and NotI
restriction site
The primers used for the amplification are given in Table 4Table 4. BSA (0.4 µg/µl) and DMSO (5%)
were used in the PCR reaction (PCR program 4).
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Table 4: Primers for the amplification of PTk0989 containing a NotI restriction site and
homologues overhang for TK1761

Size (bp)

Forward primer with NotI restrictiona site (5’‐>3’)

81
ATAAGAATGCGGCCGCTTGAGTTCTGGTGGGAAGAGTAC
100
ATAAGAATGCGGCCGCGAGCAGGTCTTTTCAAGTCTTGAGT
150
ATAAGAATGCGGCCGCATGAGATTGGTGAGGGATTTTTAATGGG
200
ATAAGAATGCGGCCGCCCTGACTGCATCTGACCTGT
a
Restriction site and homologues region are underlined in sequence

Reverse primer with TK1761
homologues regiona (5’‐>3’)
CCCCATGCAAACTCCCTCATACTAATCACC
AGGAGTGATATACAAAGG

14

PCR program 4:
Pre‐heating step
Denaturationa
Annealinga
Elongation (Pfu polymerase)a
End elongation
Storage
a
Repeated 35 cycles

98C
98C
55C
68C
68C
4C

30s
15s
15s
45s
10 min


The PCR products were purified with the “High pure PCR Clean up microkit” from Roche.

PCR amplification of TK1761 with homologues overhang for PTK0989 and EcoRV
restriction site
The
primers
used
for
the
amplification
are;
Forward
5’‐
TATCACTCCTGGTGATTAGTATGAGGGAGTTTGCATGGGG‐3’and
Reverse
5’‐
CGCGCGCGGATATCTCAAGGTAATCCCTCCCGCA‐3’. The underlined parts of the sequences are the
homologues region and the restriction site respectively. The amplified and purified PCR product of
TK1761 was used as the DNA template. Furthermore BSA (0.4 µg/µl) and DMSO (5%) were used in
the PCR reaction (PCR program 5).
PCR program 5:
Pre‐heating step
Denaturationa
Annealinga
Elongation (Pfu polymerase)a
End elongation
Storage
a
Repeated 35 cycles

98C
98C
55C
68C
68C
4C

30s
15s
15s
2 min 20 s
10 min


The PCR product was purified with the “High pure PCR Clean up microkit” from Roche.

SOEing (Splicing by Overlap Extension) of PTk0989 and TK1761
Each of the 4 purified promoter fragments containing the NotI restriction site and homologues
overhang were combined in a PCR SOEing reaction, with the purified PCR product of TK1761 also
having a homologues overhang and EcoRV restriction site. The PCR mix contained 5% of the purified
reporter fragment and 3% of a purified promoter fragment. BSA (0.4 µg/µl) and DMSO (5%) were
also added to the PCR reaction mix. Primers (
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Table 5Table

5) were added to the PCR reaction after the first 5 cycles (PCR program 6). The PCR
reaction was run for an additional 25 cycles. The SOEing products were cut out of the agarose gel
and purified with the “GeneJET™ Gel Extraction Kit” from Fermentas and re‐amplified using the
primers in
15
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Table 5Table

5. Again BSA (0.4 µg/µl) and DMSO (5%) were added to the PCR reaction mix. These
PCR products were purified with the “High pure PCR Clean up microkit” from Roche and send to
BaseClear for quick shot sequencing.

Table 5: Primers used in the SOEing of PTK0989 and TK1761

SOEing product
81bp PTK0989_TK1761
100bp PTK0989_TK1761
150bp PTK0989_TK1761
200bp PTK0989_TK1761
a

Forward primera (5’‐>3’)
ATAAGAATGCGGCCGCTTGAGTTCTGGTGGG
AAGAGTAC
ATAAGAATGCGGCCGCGAGCAGGTCTTTTCA
AGTCTTGAGT
ATAAGAATGCGGCCGCATGAGATTGGTGAG
GGATTTTTAATGGG
ATAAGAATGCGGCCGCCCTGACTGCATCTGA
CCTGT

Reverse primera (5’‐>3’)
CGCGCGCGGATATCTCAAG
GTAATCCCTCCCGCA

Restriction site

PCR program 6:
Pre‐heating step
30s
98C
Denaturationa
15s
98C
Annealinga
15s
55C
Elongation (Pfu polymerase)a 68C 2 min 30 s
End elongation
10 min
68C
Storage
4C

a
Repeated 35 cycles and in the SOEing reaction first 5 cycles and then an additional 25 cycles as described in
the text.

Construction of pLC64 plasmid containing PTK0989_TK1761 insert
The 4 prepared constructs of PTK0989_TK1761 and also pLC64 were digested with NotI and EcoRV
FastDigest enzymes from Fermentas, according to the supplied procedures. FastAPTM
thermosensitive alkaline phosphatase was also added to the digestion reaction of pLC64. This
enzyme dephosphorylates the 5’and 3’ends of the vector, preventing its self‐ligation. The digested
vector and inserts were loaded on a 1% agarose gel and purified from the gel with the “GeneJET™
Gel Extraction Kit” from Fermentas. After gel purification, ligation was performed with the “Rapid
DNA Ligation Kit” from Fermentas. From each ligation reaction mixture 1 µl was transformed. Also a
negative control (ligation mixture without insert) was taken into account.
The presence of the correct insert in the isolated plasmids was verified by PCR (primers Table 6Table
6 and Program 6).

16
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Table 6: Primers used for the verification of the correct insert in pLC64

Insert
81bp PTK0989_TK1761
100bp PTK0989_TK1761
150bp PTK0989_TK1761
200bp PTK0989_TK1761

Forward primer (5’‐>3’)
TTGAGTTCTGGTGGGAAGAGTAC
GAGCAGGTCTTTTCAAGTCTTGAGT
ATGAGATTGGTGAGGGATTTTTAATGGG
CCTGACTGCATCTGACCTGT

Reverse primer (5’‐>3’)
TCAAGGTAATCCCTCCCGCA

Construction of pLC70 plasmid containing PTK0989_TK1761 insert
For cloning into the pLC70 vector the SpeI and the BspHI restriction sites were chosen. Constructs of
PTK0989_TK1761 with aforementioned restriction sites were prepared by PCR. First the pure constructs
without adjacent restriction sites were amplified from the corresponding pLC64 plasmid with
PTK0989_TK1761 insert using the primers in Table 6Table 6 and PCR program 6. The purified PCR
products were used as a template to which the restriction sites were added by using the primers in
In both cases the PCR reaction mixtures were supplemented with BSA (0.4 µg/µl) and DMSO (5%).
For the purification of the PCR products the GeneJET™ Gel Extraction Kit” from Fermentas was used,
with some slight modifications to the procedure (Appendix C).
Table 7Table

7 and PCR program 6. In both cases the PCR reaction mixtures were supplemented with
BSA (0.4 µg/µl) and DMSO (5%). For the purification of the PCR products the GeneJET™ Gel
Extraction Kit” from Fermentas was used, with some slight modifications to the procedure (Appendix
C).
Table 7: Primers used for the addition of SpeI and BspHI restriction sites to PTK0989_TK1761 insert

Insert

Forward primer with SpeI sitea (5’‐>3’)

GTGAGCGAACTAGTTTGAGTTCTGGTGGGAA
GAGTAC
100bp PTK0989_TK1761 GTGAGCGAACTAGTGAGCAGGTCTTTTCAAG
TCTTGAGT
150bp PTK0989_TK1761 GTGAGCGAACTAGTATGAGATTGGTGAGGG
ATTTTTAATGGG
200bp PTK0989_TK1761 GTGAGCGAACTAGTCCTGACTGCATCTGACC
TGT
a
Restriction site is underlined

Reverse primer with BspHI
sitea (5’‐>3’)

81bp PTK0989_TK1761

GTGAGCGATCATGATCAAGG
TAATCCCTCCCGCA

The 4 prepared constructs of PTK0989_TK1761 and also pLC70 were digested with SpeI and BspHI
FastDigest enzymes from Fermentas, according to the supplied procedures. FastAPTM
thermosensitive alkaline phosphatase was also added to the digestion reaction of pLC70. The
digested vector and inserts were loaded on a 1% agarose gel and purified from the gel with the
“GeneJET™ Gel Extraction Kit” from Fermentas. After gel purification, ligation was performed with
the “Rapid DNA Ligation Kit” from Fermentas. From each ligation reaction mixture 1 µl was
transformed. Also a negative control (ligation mixture without insert) was taken into account.
Unfortunately cloning of the PTK0989_TK1761 inserts into pLC70 using the BspHI and SpeI restriction
sites was unsuccessful, even when increasing the digestion times. To confirm that the plasmid and
the inserts were correctly digested various controls were done. The plasmid was first digested with
FastDigest BspHI, followed by purification of the linear plasmid from gel (“GeneJET™ Gel Extraction
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Kit” from Fermentas ) and subsequently digested by FastDigest SpeI. An attempt was made to clone
the inserts into pUC19 using compatible overhangs (XbaI [SpeI compatible] and PscI [BspHI
compatible])1, but this was also unsuccessful. Finally one of the inserts, 81bp PTK0989_TK1761 with
SpeI and BspHI restriction sites, was cloned into the pBAD TOPO® vector from Invitrogen2. The PCR
product of 81bp PTK0989_TK1761 (with SpeI and BspHI restriction sites) was first incubated with
DreamTaqTM DNA polymerase (1.25 u) and dNTPs (0.2 mM) in 10x dreamTAq green buffer for 15
minutes at 72⁰C, to generate 3’ dA – overhangs. The PCR reaction mix was used directly for TOPO
cloning according to procedure of the pBAD TOPO TA expression kit. The resulting colonies were
inoculated and plasmid DNA was isolated. A PCR check with primers mentioned in Table 6Table 6
and Table 7Table 7 (PCR program 6) for 81bp PTK0989_TK1761 was performed and also a digestion
check with FastDigest SpeI and BspHI.

Identification of KOD1 colonies on ASW‐YT plates
WT KOD1 inoculum incubated o/n in ASW‐YT medium supplemented with sodium pyruvate (scheme
2) was prepared for plating. 100 µl of a 1, 10, 100 and 1000x dilution (diluted with ASW‐YT + sodium
pyruvate medium) of the culture was spread on ASW‐YT plates. A negative control with only medium
was also included. The plates were incubated at 85⁰C in an anaerobic jar equipped with O2
scavenging pack for 3 days.

Transformation procedure for Thermococcus Kodakaraensis
Prior to every transformation an inoculum of TS1079 was incubated o/n in ASW‐YT + S0 (scheme 2).
Per transformation 3 ml of culture was added to a 15 ml falcon tube and the lid was wrapped in
parafilm. The cells are spinned down at 4⁰C and 10000 rpm for 5 minutes. The supernatant is
discarded and the cells are resuspended in 200 µl of 0.8x ASW and put 30 minutes on ice. 3 µg of
vector or a similar volume of elution buffer from the ‘GeneJetTM plasmid miniprep kit’ from
fermentas (negative control) was added to the cells. The cells are put back on ice for 1 hour,
followed by a heat at 85⁰C shock for 45 seconds and a 10 minute incubation on ice. The cells are
then incubated for 2 hours at 85⁰C in 1.3 ml of ASW‐YT + S0 medium supplemented with 2 ml/l filter
sterilized polysulfide solution, after which they are spinned down again at 4⁰C and 10000 rpm for 5
minutes and resuspended in 200 µl 0.8x ASW. The resuspended cells are spread on ASW‐AAW‐ plates
and incubated at 85⁰C in an anaerobic jar equipped with O2 scavenging pack for 5‐8 days. All steps
are performed in an anaerobic environment (95% N2 : 5% H2), with the exception of the
centrifugation steps and the heat shock.

HPLC and GC measurements
GC measurements were performed on a Shimadzu GC‐14B fitted with a H2/CH4 column. The HPLC
measurements were done on a Thermo electron corporation HPLC equipped with a Varian Metacarb
67H 300mm column and both RI‐150 and UV1000 spectrasystems.

1
2

XbaI and PscI restriction enzymes from Fermentas
Transformed into top 10 chemically competent cells from Invitrogen
18
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Results
Growth on various carbon sources
The H2 production3 of WT KOD 1 cultures grown on ASW‐YT media supplemented with different
carbon sources are depicted in Figure 4Figure 4. As expected no hydrogen was present at t0 (prior to
incubation) and also the H2 production for cultures containing sodium pyruvate and starch as
additional carbon source are among the highest [28]. The H2 production for the culture containing
elemental sulphur (S0) is minimal due to the preferred use of reducing equivalents for S0 reduction,
forming H2S [11, 12]. Surprisingly considerable H2 production was also present when maltose was
added as an additional carbon source, while previous research indicated that maltose could not be
utilized for growth [11, 12]. The H2 production in the presence of maltose is even higher than that of
the starch supplemented culture. Aforementioned cultures all became cloudy indicating growth
while the cultures supplemented with cellobiose, lactose, sucrose and glucose remained clear. The
H2 production in these cultures was also minimal and probably due to substrates present in the
ASW‐YT.

mmol H2/l liquid
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20
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t1

10
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Figure 4: H2 production measured at different time points; t0 = 0 hours incubation, t1 = 24
hours incubation and t2 = 48 hours incubation.

To test whether KOD1 really grew and produced H2 on maltose, the ASW‐YT medium was replaced
with the minimal ASW‐AAW‐ medium. The H2 concentration was measured after 0 and 24 hours
incubation, but also a sample was taken from the culture medium and analysed by HPLC. As a
positive control, a culture was also grown on ASW‐AAW‐ supplemented with sodium pyruvate. The
measured H2 concentrations are depicted in Figure 5Figure 5. The H2 formation in the presence of
maltose has decreased significantly in the minimal medium compared to the ASW‐YT medium. From
the HPLC results (Table 8Table 8) it could be seen that sodium pyruvate was metabolized but not
maltose.

3

H2 concentrations were calculated by using the H2 calibration curve at 78⁰C (Appendix B)
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Figure 5: H2 production measured at different time points; t0 = 0 hours incubation and t1 =
24 hours incubation.
Table 8: HPLC results of analysed culture media ASW-AAW- after 0 and 24 hours
incubation

Additional carbon source
Sodium pyruvate
Maltose

Concentration after 0 h
incubation (mM)
12.8
10.9

Concentration after 24 h
incubation (mM)
8.8
10.9

% change
31.3%
0

PCR amplification of OPPP genes from T. maritima
All 4 OPPP genes were successfully amplified from isolated genomic T. maritima DNA. In Figure
6Figure 6 the agarose gel of the PCR reactions is depicted. The concentration of DNA after clean‐up
of 300 µl of PCR reaction for each gene is given in

Table 9Table 9.

Figure 6: 1% Agarose gel of PCR amplified TM genes. 1: 1 kb ladder; 2-4: TM0295 (657 bp);
5-7: TM0438 (1410 bp); 8-10: TM1155 (1491 bp); 11-13: TM1718 (663 bp).
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Table 9: DNA concentration of PCR amplified OPPP genes from T.maritima

Gene
Concentrationa ng/µl
TM0295
12.18
TM0438
32.11
TM1155
30.48
TM1718
52.32
a
Determined with NanoDrop

Building of PTK0989_ β‐glycosidase reporter gene constructs
For building the PTK0989_ β‐glycosidase construct, first the promoter region and the β‐glycosidase
gene (TK1761) had to be PCR amplified separately from isolated genomic KOD1 DNA. The
amplification of the 4 different sizes of PTK0989 was not should be straightforward but wasn’t. We
were finally able to amplify the correct PCR product by lowering the annealing temperature to 50C,
increasing the primer concentration (0.4 µM instead of 0.2 µM) and adding BSA (Bovine Serum
Albumin, 0.4 µg/µl) to the PCR reaction. The agarose gel results are depicted in Figure 7Figure 7.
Although the left side of the gel was not of good quality, the different promoter sizes can be
identified from the agarose gel. The DNA concentration after clean‐up of 300 µl of PCR reaction for
each promoter length is given in Table 10Table 10.

Figure 7: 3% Agarose gel of PCR amplified PTK0989. 1,15: Low range DNA ladder; 2,4,5: 81
bp; 7,8,16: 100 bp; 9-11: 150 bp; 12-14: 200 bp.

Table 10: DNA concentration of different promoter sizes of PTK0989

Size PTK0989 (bp) Concentrationa ng/µl
81
27.55
100
27.34
150
59.32
200
52.69
a
Determined with NanoDrop
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The agarose gel result of the PCR amplified TK1761 is shown in Figure 8Figure 8. The concentration
of the cleaned up PCR product could not be determined by NanoDrop.
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Figure 8: 1% agarose gel of PCR amplified TK1761. 1,5: 1 kb ladder; 2-4: TK1761 (1455
bp).

The four different promoter lengths were attached to the reporter gene by gene SOEing (Splicing by
Overlap Extension). To do this, primers were designed for the promoters and the reporter gene
containing a homologues overhang. For the promoters the reverse primer contained a homologues
part which is present in the beginning of TK1761, while the forward primer of TK1761 had a
homologues part that is present in the end of the promoter sequence. The forward primers of the
promoters and the reverse primer of TK1761 also had a restriction site overhang for NotI and EcoRV
respectively. These sites were used further on to clone the construct into pLC64 shuttle vector.
The agarose gel results for the promoters are depicted in Figure 9Figure 9 and for the reporter gene
in Figure 10Figure 10. The concentration of the cleaned up PCR products could not be determined by
NanoDrop.

Figure 9: 3% agarose gel result for amplified PTk0989 with NotI restriction site and
TK1761 homologues overhang. 1: Low range DNA ladder; 2: 81bp PTK0989 (117 bp); 3: 100bp
PTk0989 (136 bp); 4: 150bp PTK0989 (186 bp); 5: 200bp PTK0989 (236 bp).
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Figure 10: 1% agarose gel result for amplified TK1761 with EcoRV restriction site and
PTK0989 homologues region. 1,5: 1 kb ladder; 2-4: TK1761 + overhangs (1489 bp).

The gel of the PCR SOEing results are shown in Figure 11Figure 11. Re‐amplification of the 4 different
gel purified SOEing products all gave strong single bands on the agarose gel (Figure 12Figure 12). The
purified PCR products were send in for sequencing and the data specified that the correct constructs
had been made.

Promoter fragment

Figure 11: 1% agarose gel result PCR SOEing. 1: 1 kb ladder; 2: NotI_81bp PTk0989_TK1761_EcoRV (1566 bp); 3: NotI_100bp PTk0989_TK1761_EcoRV (1585 bp); 4: NotI_150bp
PTk0989_TK1761_EcoRV (1635 bp); 5: NotI_200bp PTk0989_TK1761_EcoRV (1685 bp).
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Figure 12: 1% agarose gel result of the re-amplified and purified PCR SOEing products.
1,6: 1 kb ladder; 2: NotI_81bp PTk0989_TK1761_EcoRV (1566 bp); 3: NotI_100bp PTk0989_TK1761_EcoRV (1585 bp); 4: NotI_150bp PTk0989_TK1761_EcoRV (1635 bp); 5: NotI_200bp
PTk0989_TK1761_EcoRV (1685 bp). Concentration of purified PCR products could not be determined
by Nanodrop, but ≈50 ng/µl questimated from the agarose gel.

The PhmtB_β‐glycosidase gene construct was already cloned into the pLC70 vector (pTS436
[pLC70::PhmtB‐TK1761]) in by the group of T. Santangelo [17] and kindly provided by him for this
study.

Construction of pLC64 plasmids containing PTK0989_TK1761 insert
The four PTK0989_TK1761 constructs and the pLC64 plasmid were digested by NotI and EcoRV.
Subsequent ligation and transformation yielded few colonies (3‐9 per plate). The negative control
(digested plasmid only) did not have any colonies. After inoculation of a single colony from each
plate and isolation of the plasmid DNA, a PCR check was performed to confirm the presence of the
correct PTk0989_TK1761 insert. The primers chosen would amplify the insert without the adjacent
restriction sites. The agarose gel (Figure 13Figure 13) of the PCR reaction mixtures confirms the
presence of the correct PTk0989_TK1761 in each of the four isolated plasmids. The DNA concentration
of the plasmids are given in Table 11Table 11.
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Figure 13: 1% Agarose gel result of the PCR check for the four different PTK0989_TK1761
inserts. 1,7: 1 kb ladder; 2: 81bp PTk0989_TK1761 (1536 bp); 3: 100bp PTk0989_TK1761 (1555 bp);
4: 150bp PTk0989_TK1761 (1605 bp); 5: 200bp PTk0989_TK1761 (1655 bp); 6: + control (1455 bp).
Table 11: DNA concentration for pLC64 plasmids containing PTK0989_TK1761 insert

Plasmid with insert
pLC64_81bp PTK0989_TK1761
pLC64_100bp PTK0989_TK1761
pLC64_150bp PTK0989_TK1761
pLC64_200bp PTK0989_TK1761
a
Determined with NanoDrop

Plasmid code
pSKS001
pSKS002
pSKS003
pSKS004

Concentrationa ng/µl
287.38
754.68
263.02
283.62

Identification of KOD1 colonies on ASW‐YT plates
After 3 days of incubation at 85⁰C clear and round colonies could be identified on the ASW‐YT plates
for all dilutions (1x, 10x, 100x and 1000x). The higher dilutions (100x and 1000x) contained larger
colonies, while colonies stayed small when the culture was less diluted (1x and 10x).

Transformation of TS1079 with pSKS001‐pSKS004, pTS436, pLC70 and pLC64
The first transformation with pTS436 and a negative control yielded very small white spots on the
plate inoculated with the pTS436 transformed TS1079 cells and an empty negative control after 3
days of incubation. It was assumed that these spots were colonies and because of the high density of
“colonies” on the plate, “the colonies” stayed small even after extended incubation (up to 8 days). A
similar pattern was observed after 5 days of incubation when transforming TS1079 with pSKS001‐
pSKS004, pLC70 and pLC64. However when “the colonies” were inoculated into minimal medium
ASW‐AAW‐ + sodium pyruvate no growth was observed. The “slow” growth was attributed to the
use of minimal medium (needed to select for cells with plasmid), instead of rich ASW‐YT medium.
However even when inoculating into rich medium ASW‐YT + S0 no significant growth was observed.
It was also tried to re‐plate “the colonies” on ASW‐AAW‐ plates to see whether bigger colonies
would arise, but this was not the case. No colonies could be observed on the new plates. When
examining the supposed colonies under the microscope (Figure 14:Figure 14Figure 14), the white
spots were identified as being precipitated salt crystals and not a colony of identical cells.

25

Formatted: Font: (Default) +Body
(Calibri), 11 pt

Figure 14: Salt crystals formed on the ASW-AAW- plates inoculated with TS1079 cells
that have undergone transformation procedure.

To make sure whether TS1079 cells are actually inoculated on the ASW‐AAW‐ plates, a
transformation was carried out in which the cells were spinned down for 8 minutes instead of 5
minutes. Furthermore the solution that was inoculated was examined under the microscope to see
whether cells were present. Nevertheless this did not lead to actual colonies on the ASW‐AAW‐
plates.

Identification of WT KOD1 colonies that have undergone the transformation
procedure on ASW‐YT and ASW‐AAW‐ plates
To test if the transformation procedure is lethal to KOD1 cells (e.g oxygen poisoning during steps
done outside of the anaerobic chamber), WT KOD 1 cells that had undergone the complete
transformation procedure (elution buffer without plasmid DNA was used in the transformation)
were inoculated into rich ASW‐YT and minimal ASW‐AAW‐ plates. After 2.5 days of incubation at
85⁰C clear and round colonies could be identified on the ASW‐YT plates, while no colonies appeared
on the ASW‐AAW‐ plates even after 5 days of incubation. Even when the WT KOD1 cells had not
undergone the transformation procedure no colonies could be identified on the minimal plates.
Strangely, KOD1 colonies that were inoculated into ASW‐AAW‐ + S0 medium did not grow, while
those inoculated into ASW‐YT + S0 medium did. This suggests that something is missing or wrong
with the ASW‐AAW‐ medium and plate composition. As recommended by T. Santangelo it was also
tried to use filter sterilized AAW‐ solution instead of autoclaved for the plate preparation and as was
boiling the polysulfide solution before filter sterilization. However WT KOD1 cells were still not able
to grow on these ASW‐AAW‐ plates.
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Construction of pLC70 plasmids containing PTK0989_TK1761 insert
For ligation into the pLC70 vector the SpeI and the BspHI restriction sites were chosen. Constructs of
PTK0989_TK1761 with SpeI and BspHI restriction sites were prepared by PCR. First the pure constructs
without adjacent restriction sites were amplified from the corresponding pLC64 plasmid (pSKS001‐
pSKS004). The agarose gel results and the DNA concentration after purification are given in Figure
15Figure 15 and
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Table 12Table 12 respectively.

Figure 15: 1% Agarose gel result of PCR amplification PTK0989_TK1761 from pSKS001
(1), pSKS002 (2), pSKS003 (3), pSKS004 (4), 5: 1 kb ladder.

Table 12: DNA concentration of amplified and purified PTK0989_TK1761 inserts

Insert
81bp PTK0989_TK1761
100bp PTK0989_TK1761
150bp PTK0989_TK1761
200bp PTK0989_TK1761
a
Determined with NanoDrop

Concentrationa ng/µl
136.26
298.08
64.84
343.70

The purified PCR products were used as a template to which the restriction sites were added. The
agarose gel results and the DNA concentration after purification are given in Figure 16Figure 16 and
Table 13Table 13 respectively.
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Figure 16: 1% agarose gel result of PCR amplified PTK0989_TK1761 with SpeI and BspHI
restriction site. 1: SpeI_81bp PTk0989_TK1761_BspHI (1564 bp); 2: SpeI_100bp PTk0989_TK1761_BspHI (1583 bp); 3: SpeI_150bp PTk0989_TK1761_BspHI (1633 bp); 4: SpeI_200bp
PTk0989_TK1761_BspHI (1683 bp); 5: 1 kb ladder.

Table 13: DNA concentration of amplified and purified PTK0989_TK1761 inserts with SpeI
and BspHI restriction site

Insert with SpeI and BspHI site
81bp PTK0989_TK1761
100bp PTK0989_TK1761
150bp PTK0989_TK1761
200bp PTK0989_TK1761
a
Determined with NanoDrop

Concentrationa ng/µl
155.08
162.21
490.12
497.63

The cloning of the PTK0989_TK1761 inserts with SpeI and BspHI restriction sites into pLC70 did not
succeed by following the recommended procedure for the FastDigest enzymes and Rapid DNA
ligation kit from fermentas. Colonies could be found but also on the negative control (no insert
added). After inoculation of one colony from each plate and isolation of the plasmids, a restriction
test with FastDigest SpeI and BspHI gave a pattern similar to pLC70 without insert (Figure 17Figure
17). Restriction of pLC70 with BspHI and speI yields two fragments with a length of 1103 and 9392
bp. The smaller fragment can be clearly distinguished in the gel (Figure 17Figure 17), for all but one
plasmid. Also alarming is that the position of undigested pLC70 and that of the larger fragment of
digested pLC70 overlap.
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Figure 17: SpeI and BspHI digestion pattern of isolated plasmids from cloning attempt
with PTK0989_TK1761 and pLC70. 1,7: 1 kb ladder; 2: 81bp PTK0989_TK1761; 3: 100bp
PTK0989_TK1761; 4: 150bp PTK0989_TK1761; 5: 200bp PTK0989_TK1761; 6: No insert (- control); 8:
pLC70 undigested.

In a subsequent cloning attempt pLC70 was digested twice as long as the recommended time (20
minutes instead of 10 minutes) and the digestion mixture was loaded on a 0.7% gel instead of a 1%
gel, to achieve better separation of the digested and native pLC70 (Figure 18Figure 18). However this
still did not lead to plasmids with the desired insert. All the colonies that appeared were inoculated
and their plasmid DNA isolated, but none contained the desired insert. Most isolated plasmids still
seem to be the original pLC70 vector according to their digestion pattern with SpeI and BspHI. This
suggested that most of the pLC70 vector was only cut once and could self‐ligate even though the
vector ends were dephosphorylated during the digestion reaction. To increase the amount of doubly
digested pLC70, the digestion was run for 20, 60, 180 and 360 minutes. The intensity of the smaller
fragment (1103 bp) should increase if there is still singly digested plC70 present. In Figure 19Figure
19 it can be seen that the intensity of the smaller fragment increases up to 180 minutes digestion
and at 360 minutes digestion time it decreases again. This could be due to degradation.

Figure 18: 0.7% Agarose gel with digested and native pLC70. 1: 1 kb ladder; 2: digested
pLC70; 3: native pLC70.
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Figure 19: 0.7% Agarose gel of time dependent digestion of pLC70 with FastDigest
BspHI and SpeI. 1: 1kb ladder; 2: pLC70 undigested; 3: 20 min digestion; 4: 60 min digestion;
5: 180 min digestion; 6: 360 min digestion.

In the third cloning attempt pLC70 was digested for 4 hours, while the PTK0989_TK1761 inserts were
digested for 1 hour. However this still did not result in plasmids with the desired insert. As a last
resort it was decided to digest the pLC70 plasmid in two steps. First with FastDigest BspHI for 1 hour,
followed by gel extraction of the linear plasmid. The purified linear vector was then digested with
FastDigest SpeI for 1 hour and the doubly digested pLC70 was then gel extracted. From the agarose
gel (Figure 20Figure 20) it can be clearly seen that only doubly digested vector was isolated after the
second digestion.
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Figure 20: 0.7% Agarose gel results of doubly digested and singly digested pLC70. 1,6: 1
kb ladder; 2-4: doubly digested pLC70; 5: singly digested pLC70

The inserts were also investigated by trying to clone them in a smaller vector, namely pUC19. pUC 19
does not have a BspHI or a SpeI restriction site, so compatible sites were chosen for the cloning; An
XbaI site in the multiple cloning site of pUC19 and an PscI site, which have compatible overhangs
with SpeI and BspHI respectively. However this also did not result in pUC19 vectors having
PTK0989_TK1761 inserts. To unequivocally prove whether the inserts have the correct restriction sites
and that they are digested by the BspHI and SpeI enzymes, the 81bp PTK0989_TK1761 was cloned into
pBAD TOPO plasmid using the “pBAD TOPO® TA Expression Kit” from Invitrogen. The 2 colonies
that appeared were inoculated and their plasmid DNA isolated. The two plasmids were analyzed for
30
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the presence of the insert by PCR. Two sets of primers were used; one that amplified the insert
without the adjacent restriction sites and one that amplified it including the restriction sites. From
the agarose gel (Figure 21Figure 21) it can be seen that the insert was successfully cloned into the
TOPO vector.
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Figure 21: 0.7% Agarose gel results of the PTK0989_TK1761 insert amplified from the
TOPO cloning vector. 1,8: 1 kb ladder; 2,5: Negative control (no DNA); 3: plasmid 1 insert
without restriction sites (1536 bp); 4: plasmid 2 insert without restriction sites (1536 bp); 6:
plasmid 1 insert with restriction sites (1564 bp); 7: plasmid 2 insert with restriction sites (1564
bp).

The plasmids were also digested with FastDigest SpeI and BspHI to find out if the restriction sites had
been correctly added to 81bp PTK0989_TK1761. The digestion pattern (Figure 23Figure 23) suggests
that only one of the restriction sites is present in the insert. When both sites are present 4 fragments
are expected: 1542 bp (insert), 587 bp, 1008 bp and 2554 bp (speI cuts only in the insert and BspHI
cuts once in the insert and twice in the pBAD TOPO vector) . However only 3 fragments are visible:
587 bp, 1008 bp and 4096 bp. This digestion pattern can be caused by either SpeI or BspHI cutting
the insert, because the insert can be ligated in the TOPO vector in one of two directions due to the
undiscriminating dT – overhangs (Figure 22Figure 22). To test which of the two enzymes did not cut
the insert, a digestion with only SpeI or BspHI was performed. The digestion pattern (Figure 24Figure
24) clearly shows that SpeI is able to cut the insert (linear fragment generated of 5691 bp), while
BspHI restriction yields only two fragments corresponding to restriction of the pBAD TOPO vector
(1008 bp and 4683 bp).
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Figure 22: Two possible products that can be formed when cloning SpeI_81bp
PTK0989_TK1761_BspHI (blue arrow) into pBAD TOPO vector. SpeI and BspHI restriction
sites are indicated.
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Figure 23: Digestion pattern of p81 PTK0989_TK1761 TOPO plasmids with BspHI and
SpeI. 1,6: 1 kb ladder; 2: plasmid 1 digested; 3: plasmid 2 digested; 4: undigested plasmid 1; 5:
undigested plasmid 2.

Figure 24: Digestion pattern of p81 PTK0989_TK1761 TOPO plasmids with BspHI or SpeI.
1: 1 kb ladder; 2: plasmid 1 undigested; 3: plasmid 1 SpeI digested; 4: plasmid 1 BspHI digested.
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Discussion
When growing WT KOD1 on various carbon sources, similar results were obtained as in previous
studies [11]. H2 was produced when sodium pyruvate or starch were added as carbon source to the
growth medium. Unfortunately no quantifiable carbon source, which is metabolized via the
glycolysis could be identified. The OPPP is best utilized under glycolytic conditions, which makes it
important to find such a carbon source. Maltose was first identified as being a possible candidate,
but HPLC analysis of the culture media showed that maltose was not metabolized. Most probably,
the components present in the ASW‐YT medium or the original inoculum (KOD 1 grown on ASW‐YT +
sodium pyruvate) made growth possible. In future when screening various carbon sources for the
growth and H2 production of KOD1, HPLC analysis of the culture medium should also be performed
to make sure that the C‐source is used. An added difficulty when trying to make an exact carbon
balance is that the proteinaceous compounds in the ASW‐YT or the amino acids in the ASW‐
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AAW‐ medium are also utilized as C‐source and must be taken into account.
The construction of pLC64 plasmids containing PTK0989_TK1761 inserts was quite straightforward,
however it was not possible to obtain colonies on the minimal ASW‐AAW‐ plates. This was not a
result of the transformation procedure, but due to the fact that growth was not possible on these
plates. Wild type KOD1 which has all the genes necessary to survive on the minimal plates still was
not able grow on the minimal plates. When testing the liquid minimal culture, again no growth was
observed for WT KOD1. This was quite surprising as during the previous experiments when trying to
find a quantifiable C‐source for KOD1, growth was observed on ASW‐AAW‐ medium. However in the
C ‐ source experiments another batch of AAW‐ solution was used, that was autoclaved only once
while the AAW‐ batch used for plate preparation was sterilized twice by autoclaving. According to T.
Santangelo autoclaving amino acid mixtures is detrimental to some of the amino acids, but despite
the use of filter sterilized AAW—solution, it was not possible to obtain growth of WT KOD1 on ASW‐
AAW‐ plates. Another recommendation provided by T. Santangelo, namely boiling the polysulfide
solution until everything is completely dissolved, also did not result in any growth. The complexity of
the minimal medium makes it quite a difficult task to find out which component(s) is/are responsible
for the lack of growth.
It was decided to change the focus towards selection on rich ASW‐YT plates. This is possible with the
plC70 plasmid as it contains an antibiotic resistance gene (HMG‐CoA reductase gene). The gene
makes it possible to select for cells containing the pLC70 plasmid on rich plates, containing
simvastatin or mevinolin as an antibiotic. The added advantage of selection on rich media is that
KOD1 cells grow much faster (colonies within 2‐3 days after plating), speeding up the transformation
procedures. However, cloning of the PTK0989_TK1761 inserts into the pLC70 plasmids did not succeed.
After careful investigation of the digestion pattern of the inserts and the pLC70 plasmid, it was found
that the BspHI restriction site in the insert was faulty. This could have been caused by a mistake in
the primer sequence that was incorporated during its production. Another issue that arose while re‐
examining the restriction sites chosen (BspHI and SpeI), was that the origin of replication (pUCori)
was cut out of the pLC70 plasmid when using these restriction sites (Figure 25Figure 25). This was
not noticed earlier, because the pUCori had not been annotated. So even if the restriction sites in
the inserts were correct, the plasmid would not be able to replicate in E.coli.
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Figure 25: pLC70 plasmid with annotated pUCori, which lies between the BspHI and SpeI
restriction sites.
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Conclusions
Other than sodium pyruvate no quantifiable carbon source could be found on which KOD1 was able
to grow and produce H2. A comparison study between the PhmtB and the PTK0989 promoters could not
be performed, because it was not possible to select for transformants on minimal ASW‐AAW‐ plates.
This was caused by the minimal medium, which also did not support wild type KOD1 growth. Even
after using a filter sterilized amino acid mixture and pre‐boiled polysulfide solution no WT KOD1
growth could be observed on the minimal plates. Furthermore production of pLC70 containing the β‐
glycosidase (TK1761) reporter gene under control of PTK0989 was unsuccessful, because the BspHI
restriction site of the insert was defect and the origin of replication was cut out of pLC70 with the
chosen restriction sites (BspHI and SpeI) for cloning.
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Future Recommendations
‐
‐

‐
‐

Screening various carbon sources for KOD1 growth and H2 production should be performed
together with HPLC analysis of the culture medium
For improving the minimal medium it could also be tried to use a vitamin mixture that has
not been filter sterilized and evenly distributed into 1 ml portions that are stored at ‐20C.
This prevents loss of vitamins that do not pass through the filter and increased storage
stability. Additionally, the bottles with amino acids that are quite old can be replaced by new
ones.
Always use a fully annotated sequence for planning cloning reactions
When inserting restriction sites at the ends of PCR products, cloning into a TOPO vector
and then digesting with corresponding enzymes is a quick and easy way to insure correct
digestion of the PCR product.
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Appendix A
If not mentioned specifically solutions are made in dH2O.

Composition 1 L 4*ASW (4 times concentrated Artificial Sea Water)
NaCl
MgCl26H2O
MgSO47H2O
(NH4)2SO4
NaHCO3
CaCl22H2O
KCl
KH2PO4
NaBr
SrCl26H2O
Fe(NH4)citrate

80 gram
12 gram
24 gram
4 gram
0.8 gram
1.2 gram
2 gram
1.68 gram
0.2 gram
0.08 gram
0.04 gram

Polysulfide solution
10 gram Na2S.9H2O and 3 gram of sublimed sulfur in 15 ml of dH2O are filtered through a 0.2 µm
filter. To store for longer periods of time filter into a sterilized culture bottle that has been gas
exchanged with 100% N2 and capped.

1*AAW‐ (Amino Acids excluding tryptophan) solution (1L)
CysteineHClH2O
Alanine
ArginineH2O
AsparagineH2O
Aspartic acid
Glutamine
Glutamic acid
Glycine
HistidineHClH2O
Isoleucine
Leucine
LysineHCl
Methionine
Phenylalanine
Proline
Serine
Threonine
Tyrosine
Valine

500 mg
150 mg
250 mg
200 mg
100 mg
100 mg
400 mg
400 mg
200 mg
200 mg
200 mg
200 mg
150 mg
150 mg
250 mg
150 mg
200 mg
200 mg
100 mg

Adjust to pH 8.0 with NaOH
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Mineral solution (1 L)
MnSO47H2O
CoCl2
ZnSO4
CuSO45H2O
AlK(SO4)2
H3BO3
NaMoO42H2O

10 gram
2 gram
2 gram
0.2 gram
0.2 gram
0.2 gram
0.2 gram

Vitamin mixture (1 L)
Niacin
Biotin
Pantothenate
Lipoic acid
Folic acid
p‐Aminobenzoic acid
Thiamine (B1)
Riboflavin (B2)
Pyridoxine (B6)
Cobalamin (B12)

50 mg
20 mg
50 mg
50 mg
20 mg
50 mg
50 mg
50 mg
50 mg
50 mg
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Appendix B
Calculation of H2 concentration
According to the ideal gas law pV = nRT, 1 mmol of gas at 0C (273K) and a pressure of 1 atmosphere
takes up a volume of 22.4 ml. When increasing only the temperature the volume occupied by 1
mmol of gas increases according to the following formula:
(1) V (ml) = 22.4(273 + T(C))/273
A standard anaerobic culture bottle has a total void volume of 117 ml, of which 50 ml is taken up by
culture medium. This leaves a gas phase of 67 ml. The amount of gas (mmol) in this volume is:
(2) 67/answer(1)
When measuring the H2 concentration with the GC (gas chromatogram), a standard sample in which
the pressure is 1 atm, Temperature (T) = desired measuring T is set at 100% = answer (2). So the area
measured with the GC for this sample corresponds to mmol gas calculated with (2). The amount of
gas (mmol) in your sample is:
(3) (Area sample/area standard)*answer(2)
This is also the amount of H2 in 50 ml of culture medium as the system is in equilibrium (gas in gas
phase = gas in liquid phase). Thus the concentration of H2 (mmol) per liter liquid is:
(4) Answer (3)*20

Calibration curve for H2
Calibration curves were made by measuring the area of H2 for a known H2 concentration at room
temperature (20C) and at 78C. This was done, to determine whether the temperature had an
influence on the relationship between measured area with the GC and H2 concentration. 7 different
concentrations were made in anaerobic culture bottles that were filled with 50 ml water. Leaving a
head space of 67 ml. The head space was gas exchanged with 100% N2 and the following volumes of
H2 were added with a syringe: 1, 5, 10, 15, 20, 30 and 67 ml. In the last case no N2 was present only
pure H2 at 1 atm pressure. The corresponding concentrations in mmol were calculated by:
(5) Volume H2/(22.4(273 + T(C))/273)
With GC the area corresponding to the calculated concentrations of H2 were measured. In Table
14Table 14 the H2 concentrations and the areas are summarized.

Table 14: Results H2 GC measurements at 20C and 78C
T = 20C
mmol H2
0.041596
0.207978
0.415956

T = 78C
Area
33593.6
158812.8
355647.3

mmol H2
0.034722
0.173611
0.347222

Area
44624
111203.2
206579.1
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0.623933
0.831911
1.247867
2.786903

561810.3
697787
1115160
2393691

0.520833
0.694444
1.041667
2.33

356721.4
679163.2
1084602.3
2828644.3

The areas are plotted against the H2 concentration in mmol and a trendline is drawn through the
data points (see Figure 26Figure 26). As expected at 20C the area increases linearly with H2
concentration, however this is not the case at 78C. The area increases according to a polynomial
function with increasing concentration, especially at higher H2 concentration. The reason for this
difference is unclear, but for calculating H2 concentrations in the culture medium samples the
polynomial trendline at 78C was used.

Figure 26: Calibration curves for hydrogen at 20C and 78C
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Appendix C
Modified procedure for PCR product purification with the GeneJET™ Gel Extraction Kit” from
Fermentas
1. Add PCR reaction mixture, 700 µl of binding buffer and 10 µl of sodium acetate (pH 5.0, 1M)
to a 1.5 ml microcentrifuge tube
2. Transfer to spin column and incubate for 5 minutes
3. Centrifuge for 1 minute starting at 2000 rpm and increasing the speed to 13200 rpm
4. Continue with step 6 of the standard protocol
5. Use 20 µl of elution buffer for 100 µl of PCR reaction mixture and incubate 1 minute before
centrifuging
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