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Water samples collected from fresh water sources and rice paddy fields located in central part
of Thailand were used in screening for hydrogen-producing green microalgae. One out of 210 isolates
was identified as belonging to the genus Tefraspora under light microscope for morphology
identification. Confirmation by phylogenetic analysis of /8S rDNA sequence revealed that the green
alga, identified as Tetraspora sp. CU2551, is closely related to other unicellular green algal species.
Tetraspora sp. CU2551 had the shortest doubling time when grown in Tris-Acetate-Phosphate (TAP)
medium under a light intensity of 37 - 92 pE/m%/s and a temperature of 36 °C. A 24 h culture under
light intensity of 37 pE/m*/s showed the optimal hydrogen production rate when cells were incubated at
35 °C. The production under light incubation increased with increasing pH from 5.75 to 9.30; however,
almost no production was observed at a pH of 5.25. Addition of 0.5 mM B-mercaptoethanol to the TAP
medium stimulated hydrogen production rate about 2-fold. During the hydrogen production phase, the
use of TAP medium lacking both nitrogen and sulfur resulted in about 50% increase in the hydrogen
production. This was in contrast to only a small increase in the production when either nitrogen or
sulfur was omitted in TAP medium. The stimulation of hydrogen production by 0.5 mM f-
mercaptoethanol under nitrogen- and sulfur-deprived conditions occurred only when the cells were
grown at a light intensity lower than 5 pE/m%s with no effects at higher intensities. Incubating the
culture in TAP-N-S medium under a light intensity of 29 nE/m?/s gave a maximal calculated hydrogen
production of 17.3 - 61.7 umol/mg Chl a/h. This is a very high production rate compared to other green
algae and makes Tetraspora sp. CU2551 an interesting model strain for photobiological hydrogen
production.

The newly identified chloroplast envelope-localized sulfate permease gene (sulP) and the
hydrogenase gene (hydA) from the green alga Tetraspora sp. CU2551 are reported in this study. The
sulP showed an open reading frame of 1,014 bp with the 5°- and 3 UTR being 285 and 225 bp,
respectively. Tetraspora sulP also contained four introns, whereas other known photosynthetic
organisms, except Chlamydomonas reinhardtii, show no intron at the DNA level. The deduced amino
acid sequence of SulP revealed an extended N-terminus where the putative chloroplast transit peptide
was identified. This suggests a close relationship between Tetraspora and Chlamydomonas reinhardtii
SulPs, as confirmed by phylogenetic tree analysis. In addition, the Tetraspora hydA was identified. The
c¢DNA sequence showed an 878 bp encoding 292 amino acid residues. Two introns of 261 and 282 bp,
respectively were also found in AydA structural gene. The deduced amino acid sequence of Tetraspora
HydA is closely related to HydA of Chlorella fusca. The transcript levels of both sulP and hydA of
Tetraspora showed an up-regulation of about 2.3 times after sulfur deprivation, whereas upon sulfur
repletion the expression of both genes decreased. The production of H, and PSII activity decreased in
cells grown under sulfur-deprived condition. These two activities could be restored upon transferring
the cells to sulfur-replete medium. Our results highlight the importance of sulfur for the regulation of
hydrogen metabolism in Tetraspora sp. CU 2551.
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CHAPTER

INTRODUCTION

1.1 General introduction

Nowadays, global energy consumption tends to increase from 1988 (Riihl, 2008)
and mostly are from oil, coal, and natural gas, as a result this will eventually lead to the
depletion of limited natural energy resources. Presently, the utilization of fossil fuels in
turn causing global climate change is mainly due to the emission of pollutant, sulfur
dioxide (SO,), nitrogen oxide (NOy), especially carbon dioxide (CO,) released into the
atmosphere upon their combustion (Kapdan and Kargi, 2006). The utilization of fossil
fuels, as a consequence on the global climate is mainly due to the emission of pollutant
released into the atmosphere upon their combustion. These problems caused the scientist
all around the world to search for alternative choices which is clean and renewable
source.

In January of 2010, many countries were faced with extremes of temperature,
heavy snowfall in European countries and heavy rainfall cause severe flood in Asian
countries. These were because of Global Warming. The global energy requirements are
heavily dependent on fossil fuels (around 80% of the present world energy demand), as a
result this will eventually lead to the foreseeable depletion of limited fossil energy
resources which are likely to be depleted in the next 50-100 years (Veziroglu, 1987).
Therefore, researchers are trying to find clean, renewable and sustainable energy
resources.

Hydrogen gas is one of most interesting renewable energy source since it is a
clean energy, produce no carbon dioxide during combustion, and the heat of 141.65 MJ

kg”, or 12.65 MJ m™ (Perry, 1963) which is about 2.75 folds higher than that from other



hydrocarbon source. Moreover, hydrogen gas showed the highest energy produced per
unit mass compared to other fuel types as shown in Table 1.1. Nowadays, hydrogen gas
can be produced by 4 processes: stream reforming using fossil fuel, water electrolysis,
thermochemical process, and biological process (Lay et al., 1999). Only the production
from water electrolysis can sustainably supply to the need of industries. However, high
cost of production is required with the huge amount of electricity, which is produced from
fossil fuels. In addition, more than 96% of the world production of hydrogen gas is from
fossil fuels (Wiinschiers and Lindblad, 2002). Thus, the hydrogen production process is
not the truly clean energy source.

Scientists aimed to produce the gas through the biological process instead of
electrolysis process. The so-called biohydrogen is the gas produced by the living
microorganisms where the organic wastes were utilized during gas production process.
Until now, the bioproduction can be divided into 5 different approaches: direct
biophotolysis, indirect biophotolysis, biological water-gas shift reaction, photo-

fermentation, and dark fermentation.



Table 1.1

The energy comparison from different types of fuel source

(modified from http://www.techno.msu.ac.th/bt/pdfdocxls/b.doc)

1.2

reforming in industrial scale. This process consists of two steps: 1) reformation of the
substrate under high temperature steam supplied by burning the natural gas, and 2) using

a water-gas shift reaction to form hydrogen and carbon dioxide from the CO produced in

Fuel type Energy per unit mass (MJ/kg)
Hydrogen gas 120
Oil 42-45
Diessel 42.8
Petrol 40-43
Bio-diessel 37
Natural gas 33-50
Charcoal 30
Ethanol 21
Coal sub-bituminous 27-30
Coal anthracite 15-19
Agricultural residue 10-17
Wood 15

H, production

1.2.1 Production from stream reforming using fossil fuels

Traditionally, H, is mainly produced from natural gas or fossil fuels by stream

the first reaction.




Step 1 CH4 + H,O — CO + 3H;

Step 2 CO +H,0 — CO, + Hy

However, these processes have some disadvantages such as using non-renewable
energy sources, generates substantial CO, emission, and based on expensive techniques.
In fact, most of the H, production processes relied on fossil fuels releases CO; in double

amount of H, molar ratio (Navarro et al., 2009).

1.2.2  Production from water electrolysis

In the process of electrolysis, water was used to be broken down and generated
hydrogen and oxygen. To begin of the process, electricity passes through the positive
electrode and negative electrode to electrolyte solution generated e.g. H,SO4 and KOH.
By this method, electrical current up to 90 KW is needed to produce 1,000 ft* hydrogen
gas. However, the energy obtained from the hydrogen combustion is lower than the

electrical power that used in water electrolysis.

2H20 Electricity 02 + 2H2

If the electricity generated from fossil fuels was used for water electrolysis, then
CO; would be released to atmosphere. However, renewable technologies, such as solar
cell and wind turbines can generate electricity with zero greenhouse gas emissions. In
some countries, an abundance of nuclear power produces large amount of electricity

making a logical process for water electrolysis (http://www.hydrogenassociation.org).



1.2.3  Production from thermochemical process

Thermochemical process has been developed by using the HgBr and calcium
under the temperature of 200-700 °C. Heat generated in nuclear reactor can be mostly
recycled for other process. This process, however, has disadvantages from heavy metal

waste which can cause severe pollution to the environment.

1.2.4 Production from biological process

The biohydrogen production is taking place in microorganisms, which can
metabolize the organic compounds to generate the hydrogen gas. The bioproduction can
be classified into 5 different methods (Levin et al., 2004): direct biophotolysis, indirect
biophotolysis, biological water-gas shift reaction, photo-fermentation and dark

fermentation.

1.2.4.1 Direct biophotolysis

This method based on the utilization of the microalgae to function as an antenna

absorbing the solar radiation as a sole energy source for production process.

Solar energy

2H20 2H2 + 02

Microalgae, green algae and cyanobacteria, have an ability to fix atmospheric
carbon dioxide, and absorb the solar radiation which is unlimited on the earth surface.
Thus, the bioproduction by this process could help reduce the atmospheric carbon
dioxide, which is the majority of green house gas. The production process involved in
photosystem II (PSII) and photsystem I (PSI) where the electron will flow to ferredoxin

(Fd). Hydrogenase enzyme is the last protein, which accepts electron and proton to form



hydrogen molecule (Figure 1.1). Although PSII system generates proton and electron
which are the substrate of hydrogenase enzyme in microalgae, above 0.1% of molecular

oxygen level can inhibit the activity of enzyme (Hallenback and Benemann, 2002).

Ll

ATP+CO, + NADPH

H+

2 H,
Photons
2 H
1 ase
%20, Photons ZHJEC—D
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"\
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Electron energy level

Figure 1.1  The schematic mechanisms of photosynthesis and biophotolysis of
photoautotrophic microorganisms. The electrons or reducing equivalents
from water oxidation is raised by the adsorbed photons at PSII and PSI.
The reducing equivalent (NADPH) is used for CO; reduction in
photosynthesis and carbohydrate (CH,O) are accumulated inside the cells.
The reducing power (Fd) could also be directed to hydrogenase (H,ase) for

H; evolution. (Yu and Takahashi, 2007)



1.2.4.2 Indirect biophotolysis

The indirect biophotolysis is a term mostly called for the hydrogen production in
cyanobacteria. The chemical reaction is expressed as in equation 1.1 — 1.3. The process
comprises two-phase system: growth phase and production phase. In the growth phase,
cells are grown aerobically under the normal metabolic state with photosynthesis.
Glucose is synthesized during dark cycle (as shown in equation 1.1). In the second phase,
production phase, cells are transferred to anaerobic condition to allow hydrogenase active
in the absent of oxygen. Glucose is metabolized to acetate in double molar ratio and
hydrogen in 4 times molar ratio (as shown in equation 1.2). Acetate molecule is further
metabolized to produce hydrogen in 4 times molar ratio (as shown in equation 1.3).
Stoichiometry of all equations is shown in equation 1.4. One mole of glucose can be
converted to form molecular hydrogen for 12 moles, however, the process is now being

developed (Yokoi et al., 2002 and Tanisho and Ishiwata, 1995).

6 H,0 + 6 CO, —————— C6H1n06 + 60, (1.1)
CeH1206 + 2 H,0 —  » 4H,+2CH;COOH +2CO, (1.2)
2 CH;COOH + 4 H,0 —— 8H,+4CO, (1.3)
12 H,0 ———— 12H,+60, (1.4)

1.2.4.3 Biological water-gas shift reaction

The biological water-gas shift reaction is the process to produce hydrogen gas via
photoheterotrophic bacteria such as Rhodospirillum rubrum. Carbon monoxide (CO) can
be used as a carbon source and metabolized to produce ATP coupled with water reduction
reaction (Yokoi et al., 2001). Hydrogen molecule can be formed as shown in the

following equation;



CO + H,O — CO+H AG® = -20.1 kJ/mol

Gram negative bacteria such as Rubrivax rubrum, Rubrivax gelatinosus, and gram
positive bacteria such as Carboxydothermus hydrogenoformans can produce biohydrogen
through biological water-gas shift reaction. The bioproduction by this process, however,

is studied in lab scale.

1.2.4.4 Photo-fermentation

The photo-fermentation is the bioproduction process found in photosynthetic
bacteria containing nitrogenase enzyme. The pathway begins with the organic acids e.g.
acetic acid, lactic acid, and lactic acid is metabolized under anaerobic condition. Electron
can flow to nitrogenase enzyme via ferredoxin protein (Fd) as shown in Figure 1.2.
Nitrogenase, however, consumes large amount of ATP to function, thus the efficiency of

energy production is still low.

H,
Solar radiation T
2 e’/Ferredoxin Nit
. ) . itrogenase
Bacterial photosynthesis 4 ATP g
Organic acids SH

Figure 1.2 The schematic of hydrogen production by photo-fermentation process



1.2.4.5 Dark fermentation

The dark fermentation is the fermentation process under the darkness found in
anaerobic bacteria and microalgae. The reaction can be metabolized through two
reactions as shown in equation 1.5 and 1.6. The bioproduction by dark fermentation
produce carbon dioxide (CO;) as a by-product, while the photo fermentation only

produces hydrogen gas.

CeH1206+2 H,O —» 2 CH3COOH +4 H, +2 CO; (1.5)

CeH1206+2H,0 — > CH,CH,CH,OOH+2H,+2CO, (1.6)

The production by this method is widely used because of the high efficiency, need

less arable land, and no effect by the climate change.

Overall, there are advantages and disadvantages for each process as listed in Table
1.2. The direct biophotolysis by biological process shows the highest possibility for
sustainable production since it has high efficiency in energy conversion, the process use
low cost of production from culture and temperature control for the process, and green
organisms can trap atmospheric carbon dioxide which is the majority of green house gas.

The study will mainly focus on the biohydrogen production in green algae.
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Table 1.2 Advantages and disadvantages of different biological processes for H

production (Das and Veziroglu, 2001)

. Type Of. Advantages Disadvantages
microorganism
Green algae - Can produce H, from water - Require light for H,
- Solar conversion energy production
increased by 10 folds as - O; can be dangerous for the
compared to trees, crops system
Cyanobacteria - Can produce H; from water - Uptake hydrogenase
- Nitrogenase enzyme mainly enzymes are to be removed
produces H, to stop the degradation of H,
- Has the ability to fix N from - Require sun light
the atmosphere - About 30% O, present in the
gas mixture with H,
- O3 has inhibitory effect on
nitrogenase
- CO;, present in the gas
Photosynthetic - Can use different waste - Require light for the H»
bacteria materials like, whey, distillery, production
etc. - Fermental broth will cause
- Can use wide spectrum of light ~ water pollution problem
Fermentative - It can produce H, all day long - The fermented broth is
bacteria without light required to undergo further
- It can utilize different carbon treatment before disposal
source like, starch, cellobiose, otherwise it will create water
sucrose, xylose, etc. and so pollution problem
different types of raw materials - CO, present in the gas
can be used

- It produces valuable
metabolites such as butyric
acid, lactic acid, acetic acid,
etc. as by products

- It is anaerobic process, so there
is no O, limitation problems
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1.3 Green algae

The green algae are a typical group of algae, which appeared from the higher
plants (embryophytes) (Jeffrey et al., 2004). As such, they form a group consisting of all
hypothetical closest common ancestors, although the group including both green algae
and embryophytes is monophyletic (and often just known as kingdom Plantae). The green
algae include unicellular and colonial flagellates. Two flagella per cell are usually found
but not all species such as various colonial cells, coccoid-shaped, filamentous forms, and
macroscopic seaweeds. There are about 6,000 species of green algae (Thomas, 2002).
Many species live mostly as single cells during their life cycle, while other species form

long filaments, colonies, coenobia, or highly differentiated to macroscopic scale.

1.3.1 Cellular structure

Chloroplasts can be found in almost all forms of green algae. Chlorophylls a and b
give them a bright green color (as well as the other accessory pigments: beta-carotene and
xanthophylls) (Burrows. 1991) and have thylakoid stacking (Hoek, 1995). All green algae
also have flat cristae-form mitochondria. Their movement is based on flagella which are
basically anchored by the cross-shaped system of fibrous strands and microtubules, but
these structure are absent in higher plants and charophytes, the common name for green
plants in the order Charophyceae where a raft of microtubules is found instead. Green
algae themselves use flagella to move. They normally have cellulose-containing cell

walls, and use no centrioles in mitosis during cell division.
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1.3.2 Origins

Chloroplasts of green algae are surrounded by a double layer of lipid membrane,
so probably they are fused by endosymbiosis of cyanobacteria during the evolution. Many
cyanobacteria show similar pigment composition to the green algae such as Prochloron
sp. Cyanobacterial endosymbiosis occurs to have more than one pigmentation, as found
in the Rhodophyta, red algae. Certainly, the green algae probably adopted their
chloroplasts from a Prochloron-type cyanobacterial ancestor, and evolved separately from

the red algae.

1.3.3 Classification

Green algae are usually classified with a number of embryophyte descendants in
the green plant phylogenetic tree of Viridiplantae, the green algae and land plants.
Viridiplantae form a supergroup the so-called Primoplantae, which also known as
Archaeplastida comprising green algae, red algae, and land plants (Figure 1.3).
Classification systems of Protista may include green algae into the Protista or in the

Plantae Kingdoms (Cavalier-Smith, 1993).

Mesostigma is one of the most basal flagellate green algae, although it is still
unclear whether it is sister to all other green algae, or one of the more basal members of

the Streptophyta (Jeffrey et al., 2004 and Simon et al., 2006).
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Figure 1.3

Summary of the phylogenetic determination among the major relatives of
green algae analyzed by DNA sequence analysis. Branches of the tree
indicated by dotted lines show relationships that are weakly supported by
molecular data. Light gray bar represented the charophyte algae indicate
barely resolved regions based on Karol et al. (2001). The arrow at the
origin of the tree indicates the possibility of Mesostigma placement
supported by Lemieux et al. (2000) and Turmel et al. (2002). Boxes at the
edges of branches indicate the lineages containing at least some physical
taxa (solid boxes) or emergent taxa (open boxes). No box shows taxa in
aquatic group. The drawings are thumbnail views meant to show taxa

representative (Lewis, L.A. and McCourt, R.M. 2004)
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1.4 H,; production in green algae

1.4.1 Background

Phototrophic algae have the notable ability to generate low-potential electrons
from water oxidation by the photosynthetic system II (PSII) in photosynthesis system.
Those electrons are partly used to reduce protons into hydrogen molecule. Consequently,
the renewable biohydrogen production can be obtained in these photosynthetic
microorganisms using solar radiation as energy source. When hydrogen gas is used as an
energy carrier in fuel cell system, only environmentally friendly water vapor is emitted
from the combustion reaction. By the microalgae system, the sustainable biohydrogen
production can be realized to reach sufficient quantities of H; in a cost effective means.
However, many researches in vivo and in vitro aim to understand the biological
production process. Many proteins/enzymes are involved in algal hydrogen metabolism.

Historically, hydrogen production in a green alga was firstly discovered over 65
years ago in experiments performed by Hans Gaffron and teams (Gaffron and Rubin,
1942, Homann, 2003, and Melis and Happe, 2004). Subsequently, several diverse
phototrophic microorganisms including a number of Chlamydomonas species have been
shown to produce hydrogen gas through the catalysis of hydrogenase enzyme. To date,
many green algae show the hydrogenase activity; however, not all of genera of green
algae contain the activity (Melis A and Happe T, 2004 and Boichenko et al., 2004).

The production process by this manner sometimes called two-phase system
comprises growth phase under aerobic condition and production phase under anaerobic
condition. During the growth phase, the generated electrons from PSII system mainly
flow to ferredoxin (Fd) followed by ferredoxin-NAD" reductase (FNR) prior to being

accepted by starch metabolism, while the protons flow to ATP synthase forming ATP



15

molecules (Figure 1.1A). In production phase, the atmospheric oxygen is replaced by
argon gas resulting in no oxygen molecule, which acts as hydrogenase inhibitor.
Moreover, the PSII-generated oxygen can be overcome by the respiratory chain in
mitochondria. The biohydrogen production starts when electrons flow to hydrogenase

(Hyd) instead of FNR during aerobic condition (Figure 1.1B).
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Figure 1.4

1.4.2
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Schematic hydrogen metabolism during (a) the growth phase (aerobic
condition) and (b) the production phase (anaerobic condition) in hydrogen
production process occurred the chloroplast of the microalga C.
reinhardtii. Both direct substrate supply from photosynthesis and indirect
substrate supply via starch degradation are shown. PSII = Photosystem II;

Cytb6f = cytochrome b6f; PSI = Photosystem [;PQ = plastoquinone; PC =

plastocyanine; FD = ferredoxin;ATPase = ATP synthase; HydA
Hydrogenase A. X indicates the cyclic electron transport pathway that
competed with HydA for electrons and that is blocked in Stm6 C.

reinhardtii mutant (Kruse and Hankamer, 2010).

Hydrogenases

Biohydrogen production process in photosynthetic microorganism is metabolized

by hydrogenase or nitrogenase enzymes (Weaver et al., 1980, Boichenko and Hoffmann,

1994, Tamagnini ef al., 2002, Boichenko et al., 2004, and Kruse ef al., 2005b). However,

the nitrogenase is only found in filamentous cyanobacteria such as Anabaena sp., only

hydrogenase will further be discussed. Two classes, [FeFe]- and [NiFe]- hydrogenases,

enzymes are mostly found in green algae catalyzing the reversible reaction of hydrogen

oxidation. The class of enzyme is classified from their respective active sites. To date,

only [FeFe]-hydrogenases are found in green algae, and [NiFe]-hydrogenases are found

in cyanobacteria (Ludwig et al., 2006). Although both classes of hydrogenase have no

relationship genetically, they share some common features (1) the novel CO and CN

ligands are found in active site, and (2) the active site is composed of binuclear metal

center. Basically, [NiFe]-hydrogenase catalyzes the reversible hydrogen oxidation,
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whereas [FeFe]-hydrogenase catalyzes only the formation of hydrogen gas (Frey, 2002).
In addition, the turnover rate of [FeFe]-hydrogenase is generally 10 - 100 times higher
than that of [NiFe]-hydrogenase (Frey, 2002). This probably makes green algae more
efficient H, production than cyanobacteria.

The Scenedesmus obliquus algal [FeFe]-hydrogenase gene sequences were firstly
published (Florin et al., 2001 and Wiinschiers et al., 2001). Additional sequences have
subsequently been reported for Chlamydomonas hydA1 (Happe and Kaminski, 2002) and
hydA2 (Forestier et al., 2003), Chlorella fusca (formerly Scenedesmus vacuolatus) hydA
(Winkler et al., 2002a), Scenedesmus obliquus hydA (Florin et al., 2001),
Chlamydomonas noctigama hydA1-3 (Skjdnes K et al., 2010), and Chlamydomonas
moewusii hydA2 (Winkler et al., 2004). All reported algal [FeFe]-hydrogenase genes
encode a monomeric protein with the size of about 48 kD, which are among the smallest
characterized [FeFe]-hydrogenases (Happe ef al., 2002). Green algae having hydrogenase
activity often contain two isoforms of the [FeFe]-hydrogenase enzyme, hydA 1 and hydA2
(Forestier et al., 2003 and Winkler et al., 2004), except C. noctigama containing 3 genes.
Although the precise function of each enzyme to H, metabolism is currently unknown,
three proposed involvements are: redox balance, photoprotection, and fermentative

metabolism.

1.4.3 Oxygen sensitivity

Based on the Chlamydomonas system, the hydrogenases are sensitive to O, and
are irreversibly inactivated within minutes after exposure to a level of O, in atmosphere
(Abeles, 1964, Erbes et al., 1979, Happe and Naber, 1993, Ghirardi et al., 1997, Cohen et
al., 2005, and King et al., 2006). Moreover, those enzymes show the most O,-sensitive

hydrogenases among all tested hydrogenases from other species under the same assay
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condition including clostridial [FeFe]-hydrogenases (Cohen et al., 2005 and King et al.,
2006). It is understandable that hydrogenases in green algae evolved O, hypersensitivity
to control hydrogenase activity under the presence of O,, when the cells prefer to uses
higher energy-yielding metabolic pathway that require O, as the terminal electron
acceptor. Lee and Greenbaum (2003) proposed the levels of about 0.1% O, can inhibit
hydrogenase activity in vivo and an undefined metabolic pathway is activated, perhaps
related to CO, fixation, to compete with hydrogenase for photosynthetic reductant
contributing to the observed attenuation of H, photoproduction activity in the presence of
O,. The assay of hydrogenase activity in whole cells and cell-free extracts of
Scenedesmus and Chlamydomonas showed the losts of activity within 5 minutes after
exposure to O, (Urbig ef al., 1993). In whole cell assay, reversible inactivation occurred
upon repeated degassing and readapting cells with similar production rates to those
measured after the first anaerobic adaptation. In contrast, the activity of enzymes in cell-
free lysate could not be recovered even after prolonged degassing, consistent with the
previously reported irreversible inactivation of [FeFe]-hydrogenases by O, (Adams,
1990).

Among the different enzymes tested to date, the [FeFe]-hydrogenases inactivation
by O, are shown in variable rates. For purified enzymes expressed in E. coli system, the
time required for 50% inhibition of hydrogenase activity after exposure to atmospheric
levels of O, ranged from 2 seconds to 3 seconds for the Chlamydomonas hydAl, and for
about 100 seconds for Clostridium acetobutylicum [FeFe]-hydrogenase (Cohen et al.,
2005 and King et al., 2006). A truncated form of the C. acetobutylicum hydrogenase
lacking FeS cluster binding domain at the N terminus was generated. This enzyme
showed the same structure to algal hydrogenase, which contained H-cluster catalytic

domain to catalyze the formation of hydrogen gas. The N-terminus truncated enzyme
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remains less O, sensitivity indicating that the presence of the N-terminal domain of the
native C. acetobutylicum enzyme is not required for the comparatively prolonged
hydrogenase activity observed after exposure to O, (Cohen et al., 2005 and King et al.,

2006).

1.4.4 Sulfur deprivation

Short-term method to avoid the O, sensitivity of algal H, production is developed
by Melis et al. in 2000. The sustainable H, production can be achieved in approximately
4 days, demonstrating the potential of large scale for H, production (Happe et al., 2002,
Melis et al., 2004, Melis et al., 2007, Ghirardi, 2006, and Seibert et al., 2008). Sulfur
deprivation results in the partial and reversible inhibition of O, evolution. In the absence
of sulfate, protein synthesis is geared towards those products that are necessary for
viability under conditions of decreased metabolic activity (Wykoff et al., 1998). As a
consequence, the D1 reaction center of PS II cannot be replaced quickly due to the
rapidly photodamage, leading to the gradual loss of O, evolution. Simultaneously, as a
response to nutrient depletion stress, sulfur-deprived algae start to accumulate starch in 8
— 20 times higher than that under normal conditions (Tsygankov ef al., 2002 and Zhang et
al., 2002). When the rate of O, evolution decreases below that of O, consumption in
respiratory, the cultures rapidly shift to anaerobic condition (Antal et al., 2003). Under
this condition, the cultures trigger several effects (Melis and Happe, 2001): (1) HydAl
and HydA2 are activated, and the activity can be observed after 3 - 4 hours (Forestier et
al., 2003), (2) measurable H, production is monitored after another 5 hours (Antal et al.,
2003), (3) starch accumulation is terminated and is replaced by degradation (Tsygankov

et al., 2002 and Zhang et al., 2002), and (4) starch degradation generates reductant for H,
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production. It is known that no CO, fixation occurs during sulfur deprivation (Melis et

al., 2000), as demonstrated by the early loss of Rubisco activity (Zhang et al., 2002 ).
1.5 Objectives of this research are:

1. To screen novel hydrogen-producing green microalgae for alternative choice of
production

2. To optimize the condition for growth and hydrogen production process

3. To determine gene(s) involved in hydrogen production metabolism and

understand those functions
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CHAPTER 11

MATERIALS AND METHODS

Equipments

All-glass vacuum filter holder, 47/50mm, Sartorius, Belgium
Autoclave, Model HA-30, Hirayama Manufactering, Cooperation, Japan
Autoclave, Model MLS-3020, Sunyo, Japan

Autopipette, Pipetman, Gilson, France

Balance, Mettler Toledo AB 204-S, USA

Balance, Mettler Toledo PB 303-S, USA

Balance, Sartorius LC 620 S, USA

Bead Beater, Precellys Bead Beater, Bertin technologies, France
Biolistic® PDS-1000/He Particle delivery system, Bio-Rad, USA
Centrifuge, Model 5804R, Eppendorf

Centrifuge, Refridgerated centrifuge, model 5417R, Eppendorf
Desiccator, Pyrex, USA

Digital lux meter, model FT-710 Faithful, Taiwan
Electrophoresis Unit, Horizontal chamber, Bio-Rad, USA

Filter membrane 0.45 pm, Millipore, USA

Gas Chromatography, Model GC-15A, Shimadzu, Japan

Gel documentation (gel doc), Syngene, UK

Incubator, Model OB-28L Fisher Scientific Inc., USA

Laminar flow, BVT-124 International Scientific Supply, Thailand

Light microscope, SEEK model SK-100, USA
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Light source unit, Prekeo S250 Zeiss IKON, Japan

Magnetic stirrer with heater, Model IKAMA®GRH, Japan
Microcentrifugefuge tubes, Bioactive, Thailand

Orbital shaker, Gallenkamp, Germany

PCR apparatus, Mastercycler Gradient, Eppendorf

pH meter, Model PHM95, Radiometer Copenhegen, Denmark
pH meter, ORION model 420A, USA

Photometer, LI-COR Model LI-185B, USA

Power supply, BIO-RAD POWER PAC 1000, USA

Power supply, Model EC 139-90, E-C Apparatus Corporation
Scanning Electron Microscope, JEOL model JSM-5410LV, Japan
Shaker InnovaTM, 2100 PLATFORM SHAKER, USA
Spectrophotometer, Jenway 6400, England
Spectrophotometer, SPECTRONIC® GENESYSTM2, USA
Transformation apparatus, Bio-RAD, USA

Vortex mixer,Fisher Scientific model 202, USA

Vortex, Model K-550-GE, Scientific Industries, USA

Water bath, Charles Hearson Co. Ltd., England

Water bath, THERMOMIX® B B.BRAUN, USA

Chemicals

Acetic acid, BDH, England
Agarose, Promega Corporation, USA

Ammonium chloride, Sigma, USA



Ammonium sulfate, Sigma, USA
Bromophenol blue, Sigma, USA
Calcium chloride, Sigma, USA
Chloroform, Merck, Germany

Cobolt nitate, Sigma, USA

Copper chloride, Sigma, USA

Copper sulfate, Sigma, USA
Dithiothreitol (DTT), Sigma, USA
EDTA, Sigma, USA

Ethanol, Scharlau Chemie S.A., Spain
Ethidium bromide, Sigma, USA
Fructose, Sigma, USA

Galactose, Sigma, USA

Glucose, Sigma, USA

Glycerol, Scharlau Chemie S.A., Spain
Guanidine hydrochloride, Sigma, USA
Imidazol, Sigma, USA

Iron (II) sulfate, Sigma, USA
Isoamylalcohol, Sigma, USA
Isopropanol, Sigma, USA

Lactose, Sigma, USA

Lithium chloride, Sigma, USA
Magnesium acetate, Sigma, USA
Magnesium chloride, Sigma, USA

Magnesium sulfate, Sigma, USA
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Maltose, Sigma, USA

Manganese chloride, Sigma, USA
B-mercaptoethanol, Sigma, USA

Phenol, Merck, Germany

Potassium chloride, Sigma, USA

Potassium di-hydrogen phosphate, Sigma, USA
Potassium hydrogen carbonate, Sigma, USA
di-Potassium hydrogen phosphate, Sigma, USA
Potassium iodide, Sigma, USA

Potassium nitrite, Sigma, USA

Potassium sodium tartrate, Sigma, USA
Sodium acetate, Sigma, USA

Sodium bicarbonate, BDH, England
Sodium bromide, Sigma, USA

Sodium carbonate, Sigma, USA

Sodium chloride, APS, Australia

Sodium citrate, Sigma, USA

Sodium dodecyl sulfate, Sigma, USA
Sodium hydrogen carbonate, Sigma, USA
Sodium molybdate, Sigma, USA

Sodium nitrate, Sigma, USA

Sodium nitrite, Sigma, USA

Sodium sulfite, Sigma, USA

Sodium thiosulfate, Sigma, USA

Sorbitol, Sigma, USA
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Sucrose, Sigma, USA
Tris base, USB Corporation, USA
Zinc acetate, Sigma, USA

Zinc sulfate, Sigma, USA

Enzymes

Cellulase ONOZUKA R-10, Phyto Technology Laboratories, USA
Dream Taq polymerase, Fermentas, Canada

Lysosyme, Sigma, USA

Quick ligase™ Kit, BioLabs® Inc, USA

Restriction enzymes, Fermentas, Canada

Shrimp Alkaline Phosphatase (SAP), Fermentas, Canada

T4 DNA ligase, Fermentas, Canada

T4 DNA Polymerase, Fermentas, Canada

Taq DNA polymerase, Invitrogen, USA

Antibiotics

Ampicillin, Sigma, USA
Chloramphenicol, Sigma, USA
Neomycin, Sigma, USA

Paromomycin, Sigma, USA
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2.5 Kits and suppliers
5' RACE System for Rapid Amplification of cDNA Ends, Version 2.0, Invitrogen
PCR purification kit NucleoSpin® Extract II, Machery-Nagel, USA
GeneRuler™ 1 kb DNA Ladder, Fermentas, Canada
GeneJET™ Plasmid Miniprep Kit, Fermentas, Canada
GeneJET™ Gel Extraction Kit, Fermentas, Canada
A DNA/Hindlll Marker, Fermentas, Canada

iScript™ cDNA Synthesis Kit, Bio-Rad, USA

2.6 Bacterial strains

Escherichia coli DH5a (F endA1 gIlnV44 thi-1 recAl relAl gyrA96 deoR nupG
®80dlacZAM15  A(lacZYA-argF)U169, hsdR17(rg mg'), A-) was used for DNA
manipulation.

Escherichia coli Topl0 (F- mcrA A(mrr-hsdRMS-mcrBC) ¢80lacZAM15
AlacX74 nupG recAl araD139 A(ara-leu)7697 galE15 galK16 rpsL(Str") endAl 1)) was
used for DNA manipulation.

Escherichia coli XL1-Blue (endA1 gyrA96(nal®) thi-1 recAl relAl lac glnV44

F'[ ::Tn10 proAB" lacI® A(lacZ)M15] hsdR17(rx” mg ")) was used for DNA manipulation.

2.7 Plasmid vectors
The pGEM T-easy and pCR™2.1-TOPO® vector were used as an alternative vector
for TA cloning. See the maps in appendix A.
The pSBIAC3 was used as a vector providing Chloramphenicol resistance

cassette.
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The pUC4K was used as a vector providing Neomycin/Kanamycin resistance

cassette.

The pSI103-1 was used as a vector providing Paromomycin resistance cassette.

2.8 Oligonucleotides
Table 2.1 Primer listed used in this study
No. Primer name Sequence in 5' to 3' direction
1 | 18SF CAG CAG CCG CGG TAA TTC
2 | 18SR CAT CTA AGG GCA TCA CAG ACC
3 | 18SWalkto5 ATA GGC GGA CCG CTA GAAC
4 | 18SWalkto3 GTT GAT TCC GGT AAC GAA CG
5 | YL CGG TAG GAT CCC GCA GAACGACGGCCAG
6 | YA CGG TAG GAT CCC GCA GAAC
7 |YS GTT CTG CGG GAT CCT ACCG
8 | SdegF GAK GCD GCB RTD GAY YTD CC
9 | SnestedF CTG CCGTTC GCK CTG C
10 | SdegR RTA RTC RTA YTG YTC YAR
11 | C3RF CCA CAT CAGTAGCTG GATTGA C
12 | C3RR TCA ACA CTG GCG CTA TCA AG
13 | SMutNdelF TGC AGC CTG TTC ATA TGG TAA GAC CAG C
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14 | SMutNdelR GCT GGT CTT ACC ATA TGA ACA GGC TGC A

15 | SUTR TGC TCC TGA CACTCG ATT TG

16 | SMutSmalF TTT CTG TTG GCC CGG GTG CTG GTG AA

17 | SMutSmalR TTC ACC AGC ACC CGG GCC AAC AGA AA

18 | polyT-TAG ?ff lCIAIG1 TIC(I} ICIA](":TGAC GCA GCAGACTTTTTT
19 | TAG CAA CAG ACG CAC GAC GCA GCA GAC

20 | sulp3RACE CCA CAT CAG TAG CTG GAT TGA C

21 | sulPSRACE TCA GCA AAC GAC CAA GAA TG

22 | PmFClal ATC CAT CGA TGC CGC TCT AGA ACT AGT GGA
23 | PmRNrul ATC GTC GCG AAC GCC AAG CTC GAA ATT AAC
24 | SulPForClal ATC CAT CGA TAA TGC AGC CTG TTC TTC AGG

25 | SulPRevNrul ATC GTC GCG ACT GCC ATG GTA CGT CAC TGC

26 | In2F CTT AGG CTG GCT CACTCC TG

27 | Ex3F AGC AGT CAT GTT GGT GTT GC

28 | Ex4R CTG AAG AAC AGG CTG CAT TG

29 | PmF ACG GTG ACCTCC ACT TTC AG

30 | PmF1 ACG GTG ACCTCC ACT TTC AG

31 | PmR AAC ACC ATC AGG TCC CTC AG

32

HydF

TGC CCATGT TCACCA G
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Table 2.1 (continued)

33 | HdegR ACR TAG TGD GTG TGC AG

34 | SulRTF AGC AGT CAT GTT GGT GTT GC
35 | SulRTR TCA GCA AAC GAC CAA GAA TG
36 | HydRTF AACTTC GAC AAC CCT GTT GG
37 | HydRTR TTC TTA GCA TTG CCC AAA CC
38 | 18SRTF TGC GTA AAT CCC GACTTC TG
39 | 18SRTR AAC CCT AAT CCT CCG TCA CC

2.9 Green algae screening for H, production

2.9.1 Sampling and purification

The sterile 200 mL sampling bottles were prepared containing 20 mL of 10-fold
dilution BG11 medium in order to maintain the nutrient sources for microorganisms.
Water samples from fresh water sources including natural ponds and paddy fields were
collected. An equal volume of collected water was poured into sampling bottles, loosely
capped and placed in shaker under continuous light illumination at 30 °C for several
weeks until the culture become light greenish. A 300 uL of greenish culture was plated on
BG11 agar medium plate and placed under light for several weeks until green colonies
were observed. Every single colony was picked and streaked onto a new solid agar
medium plate. The re-streaking process was repeated to purify the culture until the

contaminant was eliminated.
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2.9.2 Screening for H; production

A purified culture was inoculated into a flask containing 100 mL liquid BG11
medium. Culture was placed with shaking at 160 rpm under continuous light illumination
at 30 °C for a week. Culture was then concentrated for 20 fold by centrifugation at
6000xg for 5 min, and resuspended by the old medium. A 5 mL of concentrated culture
was transferred to 13 mL gas-tight vial, capped and bubbled with argon gas at 0.2 bar for
5 min to eliminate atmospheric oxygen in solution and head space of vial. The vial was
then blocked from light by using aluminium foil wrapping, and incubated at 30 °C for 4 h

prior to biohydrogen production measurement.

2.9.3 Measurement of H, production

H, concentration in the head space of gas-tight vial was determined using a Gas
Chromatography. A 0.4 mL of headspace gas was withdrawn by 0.4 mL argon gas
replacement, and injected into gas chromatograph using a gas tight syringe. The samples
were separated and analyzed by a Gas Chromatograph (GC-15A, Shimadzu, Kyoto,
Japan, 2 m stainless column packed with molecular Sieve 5A (pore size 5 A), Mesh
60/80) equipped with a thermal conductivity detector. The injector and detector were
maintained at 100 °C. The column oven temperature was 50 °C with argon carrier gas at

the flow rate of 30 ml min™'. The calculation method was noted in appendix B.
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2.10 Strain identification

2.10.1 Morphology observation

2.10.1.1 Light microscope observation

Sample culture of the interesting isolate was sent to the Thailand Institute of
Scientific and Technological Research (TISTR) to determine its identity by light
microscopic observation for 21 days. Culture was grown for a week in liquid BG11

medium and aliquot for 10 mL into screw-cap glass tube prior sending to TISTR by post.

2.10.1.2 Scanning Electron Microscope observation

To determine the morphology surface observation by Scanning Electron
Microscope (SEM), 5 mL of the same culture was sent to Testing Laboratory Scientific
and Technological Research Equipment Center, Chulalongkorn University. Samples were
filtered through 0.45 pM membrane and fixed by submerging the membrane in 2.5%
glutaraldehyde in 0.1 M phosphate buffer pH 7.2 for overnight. The membrane was then
washed twice with the same phosphate buffer in the absent of glutaraldehyde followed by
deionized water once for 10 min. The sample was dehydrated by submerging the
membrane in each ethanol solution for 5 min with the concentration as the following step:
30%, 50%, 70%, 90%, and 100%, respectively. The sample was then dry to eliminate
trace ethanol using Critical point dryer. The membrane was then attached to the stub and
coated with gold using ion sputter and visualized under Scanning Electron Microscope

(JEOL model JSM-5410LV, Japan).
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2.10.2 188 rDNA identification by molecular technique

2.10.2.1 Primer design

To confirm the selected strain of culture, the /8S ribosomal DNA gene
determination was performed. The algal cells were used as template for PCR
amplification of the /8S rDNA with a pair of oligonucleotide primers (18SF and 18SR).
The two primers were designed based on the conserved region when aligned with the 78S
rDNA gene sequences available in the NCBI nucleotide database from seven different
green algae: Ankistrodesmus gracilis (Acc No. Y16937), Monoraphidium dybowskii (Acc
No. Y16939), Scenedesmus regularis (Acc No. AB037095), Chlorella ellipsoidea (Acc
No. X63520), Chroomonas caudate (Acc No. AB240963), Rhodomonas duplex (Acc No.
AB240960), Chlamydomonas reginae (Acc No. DQ009749). The positions of 18SF and

18SR primers were indicated in Figure 3.3 and their sequences were listed in section 2.8.

2.10.2.2 Polymerase Chain Reaction (PCR) and cloning

PCR amplification was performed as followed: pre-denaturation at 94 °C for 2
minutes, 30 cycles of denaturation at 94 °C for 30 seconds, annealing at 60 °C for 30
seconds, extension at 72 °C for 1 minute. The final extension step was performed at 72 °C
for 3 minutes. An expected PCR product size of /8S rDNA was approximately 882 base
pairs. A band was cut and purified by GeneJET™ Gel Extraction Kit. After column
elution, the DNA fragment solution was ligated to the pGEM-TEasy vector. The
recombinant plasmid ligation reaction was transformed into an E. coli strain DH5a using
calcium chloride method (Sambrook and Russel, 2001). The transformants were selected
using the blue/white screening on the ampicillin agar plates containing 40 pg/mL X-gal.

A single white colony of E. coli harboring a recombinant plasmid was grown in 1.5 ml
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LB broth containing 100 pg/ml of ampicillin and incubated with shaking at 37 °C for 16
h. The recombinant plasmid was prepared by a GeneJET™ Plasmid Miniprep Kit. The
plasmid was cut to check the size of an insert by using EcoRI restriction enzyme
digestion. The fragments were analyzed by 0.8% agarose gel electrophoresis. The size

corresponded fragment containing plasmid was sent to sequence.

2.10.2.3 Genomic DNA extraction

A loop of scraped culture was inoculated into fresh 100 mL TAP medium in 250
mL e-flask. Culture was then grown at 36 °C for 2 days and harvested by centrifugation in
50 mL plastic tube at 4,500xg for 2 min. Cells were washed once with equal volume of 40
mM sodium acetate buffer pH 5.0 and resuspended in 5 mL of the same buffer. A 10 pL
of 50 mg/mL cellulase was added to the mixture. The tube was incubated at 37 °C for 30
min with gently mixing on every 10 min to resuspend the precipitated cells. After
incubation, a 1 mL of 20% SDS and 0.5 uL of 50 mg/mL RNaseA were added to the
mixture and gently mixed then incubated at 37 °C for 30 min. Consequentially, 6 mL of
TE-saturated phenol was added and gently mixed by rotatory shaking at room
temperature for 30 min. The tube was then centrifuged at 4,500xg for 10 min at 25 °C to
remove cell debris. The colorless upper aqueous phase was transferred to a new
microcentrifuge tube. An equal volume of chloroform was added to the tube and mixed
gently prior to centrifugation. The DNA in an aqueous phase was precipitated by the
addition of 1/10 volume of 3 M sodium acetate pH 5.2 and 2.5 volume of absolute
ethanol. The mixture was stored at -20°C for overnight and centrifuged to collect the
DNA at 12,000xg for 10 min at 4°C. The DNA pellet was washed once with 70 % ice-

cold ethanol and then air-dried for 30 min. The genomic DNA was dissolved with 100 pl
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of TE buffer, determined and estimated the concentration by measuring the absorbance at

260 nm, and calculating in pg/ml unit, using the following equation:

[DNA] = Aygp % dilution factor x 50*

* The absorbance at 260 nm of 1.0 corresponds to the DNA of approximately 50 pg/ml

(Sambrook and Russel, 2001).

2.10.2.4 18S ¥yDNA walking by YADE method

A partial 18S rDNA sequence was used as a template to design the walking
specific primer to 5’- and 3’- direction. The walking primer, 18SWalkto5 and
18SWalkto3, sequences were listed in section 2.8

The extended sequence of /8S rDNA was obtained following the YADE method
(Xiao Y.H. ef al. 2002). A 1 pg of genomic DNA was digested by 4 blunt-end restriction
enzymes in a total mixture volume of 40 uL. The reaction was incubated at 37 °C for 1 h
prior to directly do the blunt-end ligation reaction to the YADE adaptor. The adaptor of
Y ADE method was prepared by using the YL and Y'S primers.

A 10 uM of YL and YS primers were annealed at the following condition: 1X
annealing buffer with 90 °C for 10 min and then cooled down to room temperature. The 1
X buffer composed of 100 mM NaCl, 10 mM Tris pH 7.0, 1 mM EDTA.

The PCR was performed by using adaptor-specific primer (YA) with either 5°- or
3’- walking primer. PCR amplification was performed as follows: pre-denaturation at 94
°C for 3 min, 30 cycles of denaturation at 94 °C for 30 sec, annealing at 55 °C for 30 sec,
extension at 72 °C for 1 min. The final extension step was performed at 72 °C for 3 min.

The PCR reaction was then electrophoresed, cut, and cloned prior to sequencing.
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2.11 Phylogenetic tree determination

The required sequence of algal DNA/protein sequence was used to generate the
phylogenetic tree against other known sequences available in NCBI database. All
sequences for desired gene were retrieved and prepared in Fasta format in the same file
and used in doing the complete alignment by Clustal-X program version 1.83
(Jeanmougin et al. 1998). The alignment output file was further used in Bootstrap NJ
phylogenetic tree determination by the same program. The tree was viewed by TreeView

(win32) program version 1.6.6 (Roderic, 2001).

2.12 Growth optimization

2.12.1 Media optimization

Culture will be optimized for suitable growing culture media including normal
culture media and nitrogen-deprived media to check whether the cell can fix atmospheric
nitrogen. Cells were grown in BG11 liquid medium at 30 °C for a week, and then
harvested by centrifugation at 6,000xg for 1 min. Cells were washed twice with equal
volume of sterilized water prior to measuring optical density at 730 nm by
spectrophotometry. Cells were then inoculated to the final optical density of 0.1 into
various media including Tris-Acetate-Phosphate (TAP) (Harris, 1989), BG11 (Rippka,
1979), N8 (Vonshak, 1986), N-free (Stewart, 1962), BG11, (BG11 minus NaNO3), Allen
& Armon's (AA) (Amon, et al. 1974), and Zarrouk media (Zarrouk, 1966). Media
compositions were listed in appendix C. The cultures were placed in shaker with speed of
160 rpm under continuous light illumination at 30 °C. The turbidity of culture was

monitored on every 3 days by the optical density observation at 730 nm for 18 days long.



36

2.12.2 Physical parameters optimization

After media optimization, cells were then grown in TAP medium for 3 days, and
inoculated to the fresh TAP medium to the final concentration of 0.01 and placed in
shaker with the fixed speed of 160 rpm under various light intensity ranging from 0 to 92
uE/m’s at desired temperature. Each culture was monitored the optical density of 730 nm
on every 12 h for a total of 3 days. The set of experiment was also performed at several
temperatures of growing ranging from 32 °C to 40 °C. To compare the growth in each
condition, doubling time (dt) was determined by using an equation as expressed in (1):
where ¢ is cultivation time; OD730 is final optical density of cell culture, and OD730 is

starting optical density of cell culture when incubated at the time of ¢.

tlog(2)
Va (1)
OD730
VAN ————
0D730,

2.13 Optimization for H, production conditions

2.13.1 Optimization during growth phase

With the condition resulted in the shortest doubling time, cells were inoculated in
TAP medium with the initial OD730 of 0.01. The culture was placed in the shaker under
the continuous light illumination of 10 pE/m’s at 36 °C for 24 h, with the shaking speed
of 160 rpm. Two following parameters, culture age and light intensity, were tested to
optimize the biohydrogen production affected during growth phase. A 5 mL of culture
was directly placed in a gas-tight vial, and further caped The aluminium foil was used to
wrap around the vial. After that, such vial was bubbled with argon gas for 5 min. The vial

was incubated at 30°C for 4 h prior to GC injection.
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2.13.2 Optimization during production phase

To enhance the production, the following parameters were tested: temperature,
buffer solution, additive carbon sources, additive salts, light intensity, additive reducing
agents, and adapting deprivation media. Cells were grown in the optimized condition
during growth phase. The additives were then separately added to the culture before
placing the culture in gas-tight vial to further check the production rate. The vials were
prepared in the same manner as describe in section 2.11.1, but the aluminium foil
wrapping was omitted for light-dependent experiment. Vials were incubated for 4 h
before the gas injection to GC.

For the deprivation condition, cells were grown in TAP medium for 24 h and then
washed twice with sterile water prior to transferring to S- and N- deprived media. Sulfur
and nitrogen deprivation conditions were obtained by omitting NH4Cl (N deprivation)
and by using MgCl,, FeCl,, (CH3COO),Zn, and CuCl, instead of corresponding sulfate

salts (S deprivation).

2.14 cDNA library construction

2.14.1 Total RNA preparation

Cells were grown in TAP medium for 24 h and harvested at 4,500xg for 2 min.
The cells pellet was washed twice with equal volume of sterilized water and then
transferred to S-deprivation medium (TAP-S) for 6 h. The culture was centrifuged to
collect the cells and kept in 2 mL screw-cap tube. One ml of TRI reagent was added to
the tube and briefly homogenized by Precellys Bead Beater (Bertin technologies, France)

for 20 seconds with the speed of 5,500 rpm. The homogenate was stored at room
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temperature for 5 minutes to allow complete dissociation of nucleoprotein complexes.
Consequently, 200 ul of chloroform was added and vigorously shaken for 15 sec. The
mixture was incubated at room temperature for 2-5 min and centrifuged at 12,000xg for
15 min at 4 °C. The colorless upper aqueous phase was transferred to a new
microcentrifuge tube. RNA was precipitated by the addition of 0.25 mL high salt solution
(1.2 M sodium chloride and 0.8 M sodium citrate) and 0.25 mL of isopropanol. The
mixture was left at room temperature for 10 min and centrifuged at 12,000xg for 10 min
at 4 °C. After centrifugation, the pellet was washed with 2 mL of 75% (v/v) cold ethanol.
Then, the pellet was collected by centrifugation at 12,000xg for 10 min at 4 °C and briefly
air-dried for 5-10 min. The total RNA was dissolved with 20 pl of diethylpyrocarbonate
(DEPC)-treated water, determined and estimated the concentration by measuring the

absorbance at 260 nm, and calculating in pg/ml unit, using the following equation:

[RNA] = Ay x dilution factor x 40*

*The absorbance at 260 nm of 1.0 corresponds to the RNA of approximately 40

pg/ml (Sambrook and Russel, 2001).

2.14.2 First-stranded cDNA synthesis

The first-strand ¢cDNA was generated using the method according to the
manufacturer protocol of iScript’™ ¢cDNA Synthesis Kit (Bio-Rad). A microgram of the
total RNA sample and 1 unit of DNasel were mixed and incubate at 37 °C for 30 min.
Five microliter of DNA-free RNA and 4 pL of 5X iscript buffer were mixed. Sterile
water was added and adjusted the final volume to 19 pl, then a microliter of RNase H+

MMLYV reverse transcriptase was added. The reaction was incubated at 25°C for 5
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minutes followed by 42°C for 30 minutes. Consequently, the reaction was incubated at 85
°C for 5 minutes to terminate the reverse transcription activity. The cDNA can be used as

a template for PCR reaction, and stored at -20 °C until used.

2.15 Gene investigation

2.15.1 Sulfate permease (sulP) investigation

The cDNA from the S-deprivation cells was used as template for PCR
amplification of the Su/P gene with a pair of degenerate oligonucleotide primers. The
degenerate primers were designed to flank around the DNA region corresponding to the
conserved regions in SulP protein sequence alignment. Five sequences of SulP protein
were obtained from NCBI nucleotide database: Nephroselmis olivacea (Acc No.
NP_050928), Chlorella vulgaris (Acc No. NP _045890), Chlamydomonas reinhardtii
(Acc No. XP 001692459), Mesostigma viride (Acc No. NP 038441), Chlorokybus
atmophyticus (Acc No. YP_001019170). Two forward (SdegF and nestedF) and a reverse
(SdegR) degenerate primers were designed for first PCR and the following semi-nested
PCR.

PCR cycles for the first reaction were conducted in 20 pL reaction mixtures
containing 1X DreamTaq' " buffer (Fermentas), 8 pmol of each primer (SdegF and
SdegR primers), 4 nmol of dNTP, 2 pL of cDNA and 0.8 U of DreamTaq'" polymerase
(Fermentas). The PCR program was 3 min at 94 °C followed by 30 cycles of 94 °C for 30
sec, 50 °C for 30 sec, 72 °C for 30 sec, and then a final extension at 72 °C for 3 min. A 1
uL of 200 fold dilution from the first reaction was used as a template for semi-nested
PCR (nestedF and SdegR primers) and used the same PCR profile as in the first reaction.

PCR reaction mixture was electrophoresed in 1.0 % agarose gel and visualized by
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ethidium bromide staining. PCR fragments were purified prior to ligation into pCR*2.1-
TOPO® Vector Systems (Invitrogen) and then transformed into E. coli strain TOP10
according to the manufacturer’s instruction. Recombinant plasmid was extracted using

GeneJET™ Plasmid Miniprep Kit (Fermentas) and further used in DNA sequencing.

2.15.2 Full-length sulP determination by 5’RACE and 3’ RACE

The 3’RACE reactions utilized the poly-A tail of mRNA transcript as a initiation
point in cDNA library construction. An adaptor-linked oligo(dT) primer (polyT-TAG)
and gene specific primer (sulp3RACE) were used in amplification for the first reaction at
the annealing temperature of 50 °C with the same PCR profile as described previously
using cDNA as a template. A microlitre of 200 fold dilution solution from the first
reaction was used as a template for semi-nested PCR using sulp3RACE and adaptor-
specific primers (TAG). The 3° RACE fragment was purified, cloned, and further
sequenced. In addition, the sequence of polyT-TAG primer was slightly modified from
previous study (Skjénes et al., 2010). The sequence from 3’RACE reactions was used to
design gene specific primer for further sequence determination at genomic DNA level.

The 5’RACE reactions were conducted by the 5" RACE System, Version 2.0
(Invitrogen). Gene specific primer (sulPSRACE) was used to synthesize the first stranded
cDNA and used as a reverse primer in PCR amplification. Seminested PCR was
conducted by using sulPSRACE primer and adaptor specific primer provided in the
system kit. The 5° RACE fragment was purified, cloned, and later sequenced. This
sequence was used as a template to design gene specific primer for further sequence

determination at genomic DNA level.

2.15.3 Hydrogenase (hydA) investigation
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Based on the same approach to investigate the su/P gene, without nested PCR, the
forward (HydF) and degenerate reverse (HdegR) primers were designed from the
conserved sequence, when aligned with other five algal AydA cDNA sequences: Chlorella
fusca hydA (Acc No. AJ298228), Chlamydomonas reinhardtii hydAl (Acc No.
AY055755), Chlamydomonas reinhardtii hydA2 (Acc No. AY055756), Chlamydomonas
moewusii hydA2 (Acc No. AY578072), and Scenedesmus obliquss hydA (Acc No.
AF276706), and used in PCR amplification by the same PCR profile as in su/P. The PCR

product was purified, cloned, and sequenced.

2.16 Algal transformation

2.16.1 Cell wall digestion

Cells were inoculated to TAP medium with an initial OD of 0.01 and grown for
24 h at 36 °C under continuous light illumination before cell harvesting by centrifugation.
Cell pellet was resuspended in one-tenth volume 50 mM sodium acetate, pH 5.0. Ten
microlitre of 50 mg/mL of Cellulase (ONOZUKA R-10, PhytoTechnology Laboratories®
company, USA) and 2 pL of 20 mg/mL RNase A were added to the culture suspension.
The mixture was incubated at 37 °C for 30 minutes, the tube was gently swirled to
resuspend the precipitated cells at the bottom of tube. After incubation, the culture was
centrifuged to collect the cellulase-free algae by centrifugation at 2,000xg for 1 minute.

Cells were washed by TAP medium for five times with the same speed of centrifugation.
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2.16.2 Electroporation

The electroporation method was modified from the optimization electroporation
for C. reinhardtii (Shimogawara et al., 1998). The transformation reaction was
conducted in 250 pL TAP medium comprising about 10° cellulase-treated algal cells, 5
ng of required linearlized exogenous DNA, 50 pg of carrier DNA (Calf thymus DNA:
DNA was sheared by sonication and denatured by heating at 100°C for 10 min.), and 40
mM sucrose. The reaction was incubated at 15 °C for 3 min before placing the reaction to
2-mm electroporation cuvette. The electroporation cell was pulsed by a voltage of 2,000
V/cm for 2.5 msec at 15 °C using MicroPulser Electroporator (Bio Rad). Transformation
reaction was placed in a microcentrifuge tube and incubated under darkness at

temperature of 36 °C without shaking for 3 h before plating on a selective medium.

2.16.3 Glass bead vortexing

The modified method was based on the optimal condition for C. reinhardtii
transformation studied by Kindle (1990). A 250 pL TAP-containing transformation
reaction composed of 10° cellulase-treated cells, 5% PEG 4,000, 5 pg required linearlized
plasmid, and about 150 mg glass bead (212-300 um diameter). The reaction was
incubated at 15 °C for 3 minutes before vortex mixing at the highest speed for 15
seconds. Cell suspension was directly spreaded on the selective medium, and incubated at

optimal condition until green colonies were observed.

2.16.4 Biolistic microparticle bombardment
The 0.6 um gold particle was coated with the required linearlized plasmid. About
3 mg of gold particle was added in a 1.5 mL microcentrifuge tube followed by 5 pug of

linearlized plasmid, 34 pL of 2.5 M calcium chloride, and 14 pL of spermine (free base).
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The final volume was adjusted to 96 puL by water. The mixture was briefly vortexed in
few seconds, and placed on ice for 30 minutes with occasional vortexing. Two hundred
microlitre of 70% ethanol was added and vortexed the mixture briefly prior to collect the
gold pellet by centrifugation at 13,000xg for 10 sec. The pellet was further washed with
250 uL absolute ethanol for 4 times before resuspending. The gold particle was finally
dissolved in 60 pL absolute ethanol and kept on ice for use within 4 h.

Algae of approximately 10° cells were spreaded on 0.45 um cellulose acetate
membrane filter with a diameter of 47 mm (Whatman, London, UK). A 12 pL of gold
particle suspension was poured equally onto the macrocarrier to a scarcely visible film.
Then, ethanol was allowed to evaporate prior to placing in macrocarrier holder. The
optimal parameters using in bombardment module were obtained from Lerche K and
Hallman A (2009). The pressure on helium tank gauge was set to 1300 psi above the
strength of the ruptor disk used with 1,100 psi. The gap between macrocarrier and
stopping screen was set to 8 mm. The space between rupture disk and macrocarrier was
adjusted to 7 mm. The membrane filter with the layer of algal cell was adjusted in the
bombardment chamber, the distance between the target cells and stopping screen was 6
cm, and the chamber was evacuated to 27 inch Hg. After bombardment, the algal cells
were washed off from the membrane filter with TAP medium. Bombarded culture was
incubated under darkness for 6 h at 30 °C before directly spreading on the selective
medium containing 5 pg/mL paromomycin. After about 2 weeks of incubation in medium
contains antibiotic, green colonies were obtained and further re-streaked for the next
generation with 5 pg/mL stepwise increasing of antibiotic concentration until reaching 30

pg/mL paromomycin.
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2.17 Fluorescence analysis

An equal optical density of culture was diluted with the corresponding growth
medium for fluorescence measurement using fluorescence spectrometer (Luminescent
spectrometer 55, Perkin Elmer, USA). The diluted culture was placed under darkness for
5 minutes before placing in cuvette holder. The culture was activated by the incoming
light with the wavelength of 430 nm and scanned for the emission light with the
wavelength ranging from 610 to 750 nm, using cell-free culture as a blank. The
fluorescence value at the wavelength of 683.5 nm peak expressing in relative unit was

plotted against the time.

2.18 Gene expression analysis

The sequences obtained at a cDNA level were used as templates for su/P and
hydA primer designs. All primer sequences were indicated in Table 2.1. Primers SulRTF
and SulRTR were used in su/P amplification, HydRTF and HydRTR were used in /ydA
amplification, and 18SRTF and 18SRTR for /8S which was used as a reference gene.
PCR cycles were conducted using 20 pL reaction mixtures containing 1X DreamTaq ™
buffer (Fermentas), 8 pmol of each forward and reverse primer, 4 nmol of dNTP, 2 uL of
cDNA and 0.4 U of DreamTaq™ polymerase (Fermentas). The PCR program consisted
of 30 sec at 94 °C followed by 27 cycles (for sulP and hydA) and 15 cycles (for 18S) of
94 °C for 15 sec, 60 °C for 15 sec, 72 °C for 15 sec, and a final extension at 72 °C for 30
sec. The PCR reaction was run in 1 % agarose gel electrophoresis and visualized by
ethidium bromide staining under Gel documentation (gel doc) machine, Syngene, UK.

The band intensity was calculated by using Gene tools program obtained from Syngene
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company. The expression level was reported in relative unit and calculated with the

respect to 18S rDNA, and this ratio at 0 h was set to 1.

2.19 General techniques

2.19.1 Preparation of E. coli competent cells

A single, well isolated colony of E. coli strain DH5a was inoculated into 2 mL of
LB media and incubated at 37 °C for overnight with shaking at 250 rpm on a rotary
shaker. A 0.5% inoculum volume of the overnight culture was transferred to 100 mL of
LB media and grown until the ODgyp nm reached between 0.3 - 0.4. The cells were chilled
on ice for 15 minutes followed by 4 °C centrifugation at 3,500xg for 10 minutes. The
supernatants were discarded and cells were resuspended in 10 mL of 0.1 M ice-cold
CaCl,. Cell suspensions were chilled on ice for 5 minutes followed by 4°C centrifugation
at 3,500xg for 10 min. The supernatant was discarded and the pellets were resuspended in
1/20 volume of 0.1 M ice-cold CaCl, supplemented with 15% (v/v) glycerol. Aliquots of
100 pl cell suspension in sterile 1.5 mL microcentrifuge tubes were stored immediately at

-80°C.

2.19.2 Restriction engyme digestion

Restriction enzyme(s) and the required plasmid with the proper amount were
incubated at the optimum temperature of restriction enzymes for 30 minutes. The total
volume of the reaction was 10 pl containing 1 x proper restriction buffer, 5-10 U of
restriction enzyme, and the DNA sample. The digested plasmid was analyzed by 1 %

agarose gel electrophoresis and visualized by ethidium bromide staining.
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2.19.3 Ligation

A suitable molecular ratio between vector and inserted DNA in a mixture of
cohesive-end ligation is usually 1:3, and blunt-end ligation is 1:1. To calculate the

appropriate amount of PCR product (insert) used in ligation reaction, the following

equation was used

ng of vector x kb size of insert _ ‘ _ .
X insert:vector molar ratio = ng of insert

kb size of vector

A 10 pl ligation reaction was composed as described in Table 2.2

Table 2.2 The composition of the ligation reaction
Component Reaction (ul)
2x Quick ligation reaction buffer 5
Vector (50 ng) 0.5
Insert X'
Quick Ligase (3U/ul) 0.5
Nuclease free water to a final volume of 10

The reaction was incubated at 25 °C for 5 minutes. Two microlitre of the ligation

mixture was transformed into competent cells of E. coli DHSa.

2.19.4 Heat-shock transformation

An aliquot of competent E. coli DH5a was gently thawed on ice for 5-10 minutes.

The cells suspension was gently mixed with 2 pl of ligation reaction mixture and
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incubated on ice for 30 minutes. The cells were transformed by heat-shock at 42 °C for 1
minute, then placed on ice for 2 minutes following by adding 900 ul of LB medium and
incubated at 37 °C with shaking at 250 rpm for 1 hour. The mixture was spread on the LB
agar plates containing appropriate antibiotic and incubated at 37 °C overnight. On the

next day, obtained colonies were randomly selected for plasmid isolation.



CHAPTER III

RESULTS

3.1 Green algae screening for H, production

Twenty milliliter of water from rice paddy fields and fresh water ponds was
collected in six provinces locating around central part of Thailand: Nakornsawan,
Chainat, Singhburi, Angthong, Ayuthaya, and Pathumthani. By re-streaking technique, a
total of 210 isolates were obtained from 12 natural water sources. The biohydrogen
evolution of each isolate was measured and plotted in the same graph with a unit of

umolH,/mg chl a/h as shown in Figure 3.1. The production rate of each isolate was listed

in appendix D.
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Figure 3.1  The biohydrogen production distribution of screened isolates
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From the distribution, the results showed that 45 isolates (21.4 %) have no
production ability; the rest demonstrates the production rate up to the maximum of 1.19
umolH,/mg chl a/h. One strain with the highest production rate was isolated from water
source in Pathumthani province, about 20 km north of Bangkok, was selected for study in

all experiments.

3.2 Strain identification

3.2.1 Morphology observation

The selected isolate was then sent to identify the strain by cell morphology
observation at Thailand Institute of Scientific and Technological Research (TISTR).
Under light microscope observation for 21 consecutive days, single cells, tetra cells
surrounded by transparent sheath and truncated transparent sheath can be observed.
Moreover, the cells showed the average diameter of 6.74+0.92 um (Means = S.D., n =3).
Figure 3.2A shows the morphology of selected isolate observed under a light microscope.
This selected isolate was named Tetraspora sp. CU2551. By taxonomic classification,
Tetraspora belongs to the phylum chlorophyta. The taxonomic definition of Tetraspora
sp. CU2551 is detailed as follows:

Domain Eukaryota

Kingdom Viridiplantae

Phylum Chlorophyta

Class Chlorophyceae
Order Tetrasporales
Family Tetrasporaceae

Genus Tetraspora
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Furthermore, the higher resolution of cell morphology was observed by a
scanning electron microscope (SEM). The SEM image of the cells where a disruption of

the sheath is evident shown in Figure 3.2B.
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Figure 3.2  Cell morphology of Tetraspora sp. CU2551 cells observed under a light

Microscope (A) and a Scanning Electron Microscope (SEM) (B).

3.2.2 Molecular technique by 18S rDNA identification

185 tDNA gene specific primers given as 18SF and 18SR were designed from the
conserved regions of the /85 rDNA complete alignment as mentioned in section 2.9.2.1.
Amplification using 18SF and 18SR primers gave a PCR product size of 1,348 bp. The
fragment was cloned into pGEM®-T easy vector prior to sequencing. This sequence was
used as a template for primer design in gene walking to 5° and 3’ direction. 18SWalkto5
and 18SWalkto3 primers were designed and used as a primer in gene walking to 5’ and 3’
direction, recpectively.

Genomic DNA of Tetraspora sp. CU2551 was extracted and cut with 4 blunt-end
restriction enzymes: BsaBl, Hincll, Nrul, and Smal. The digested genomic DNA

fragment was then ligated to YADE adapters. To extend the sequence in 5° and 3’
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directions, this ligated reaction was used in PCR reaction using YADE-specific and
18SWalk primers. The fragments from these reactions were obtained, cloned, and
sequenced. Using 18SWalkto5 primer resulted in 563 bp extra sequence in 5’ direction
where the 18SWalkto3 primer resuted in 747 bp extra sequence in 3’ direction. A total of
2,658 bp was obtained for 18S rDNA sequence of Tetraspora sp. CU2551.

Figure 3.3 showed the alignment of 18S rDNA sequences from Tetraspora sp.
CU2551 and other 7 algal 18S rDNA sequences that were used in primer design. Arrows
indicated the regions of all primers used in 18S rDNA sequence determination. This
Tetrasposa sp. 18S rDNA sequence was subjected to alignments (CLUSTAL-X) prior to
Bootstrap NJ phylogenetic tree determination against 13 other species as shown in Figure
3.4. The 18S rDNA sequences of three identified Tetraspora isolates, accession numbers
TSU83121, AF006314, and AF306793 (underlined) are included for comparative
purposes. The tree shows several groups of algae where the Tetraspora isolates were
separated into different groups. Even though the phylogenetic tree does not classify
Tetraspora into a single group, we presume that this alga should belong to Tetraspora.
The distance between each group in the tree is very close. Thus, few differences in the
DNA sequence may lead to a separation into different groups. However, the present

strain, CU2551, clusters with Scenedesmus, Scotiellopsis terrestris, and Schroederiella.
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Figure 3.3

Alignment of 18S rDNA sequences from Tetraspora sp. CU2551 and other 7 algal 18s rDNA sequences that used in primer
design. Arrows indicated the regions of primer used in 18S rDNA sequence determination. Seven 18S rDNA of green algae
obtained from NCBI database: Ankistrodesmus gracilis (Acc No. Y16937), Monoraphidium dybowskii (Acc No. Y16939),
Scenedesmus regularis (Acc No. AB037095), Chlorella ellipsoidea (Acc No. X63520), Chroomonas caudate (Acc No.

AB240963), Rhodomonas duplex (Acc No. AB240960), Chlamydomonas reginae (Acc No. DQ009749).
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{ Ankistrodesmus gracilis Y16937
_ Monoraphidium dybowskii Y 16939
— Tetradesmus wisconsinensis AB037097

Chlamydomonas reginae DQ009749
Tetrasporasp. TSU83121

Nanoscyph tetraspora AF006314
— Chroomonas caudate AB240963
- Rhodomonas duplex AB240960

Tetraspora discoidea AF306793

Chlorella ellipsoidea X63520
Tetrasporasp.CU2551

Scenedesmus regularis ABO37095

Scotiellopsis terrestris AB012847

Schroederiella apiculata AB037098
0.1
Figure 3.4  Phylogenetic tree using the obtained 18S ribosomal DNA sequences of Tetraspora sp. CU2551 (boxed) and 13 other green

alga species including 3 named Tetraspora isolates (underlined). The number at the end of each name is the accession number

available in the NCBI database.
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3.3 Growth optimization

There are several culture media available to grow the green organisms. Media
optimization for cell culturing media was performed separately for Tetraspora sp.
CU2551 in seven different media: N-free, BG11, BGl1,, N8, TAP (tris-acetate-
phosphate), AA, and Zarrouk (see appendix C for media compositions). The starting
culture was firstly grown in BG11 medium for a week before washing and inoculating
into different media. The turbidity of culture was monitored by spectrophotometer with
the wavelength of 730 nm. The growth curve was plotted and shown in Figure 3.5A.
When grown in TAP medium, Tetraspora sp. CU2551 showed a fast initial growth rate in
the first 3 d with no further growth observed afterwards, while the growth rates in BG11
and N8 media were similar and accounted for about half of that observed in TAP
medium. It is noted that cells in BG11 and N8 media continued to grow at a similar rate
up to 18 d. Slow growth rates were observed when cells were grown in N-free, BG11,,
AA, and Zarrouk media. TAP medium was identified as the most suitable for Tetraspora
sp. CU2551 growth since high cells density can be obtained within 3 d compared to 12 d
when grown in either BG11 or N8 medium to achieve equal cell density.

To identify the optimal condition for growth of Tetraspora in TAP medium, an
initial OD was used to compare for S-curve of growth. The initial ODs were ranged from
0.005 to 0.2 and the culture density was monitored by measuring OD every 12 hours
(Figure 3.5B). An initial OD of 0.01 showed the smooth pattern of S-curve. Then all
further experiments used an initial OD739 of 0.01 when growing cells.

Doubling time was used to compare the effects of light intensity and temperature.
Doubling time was calculated for cells grown under various light intensities ranging from

0 to 90 pE/m’s and the temperature ranging from 32 to 40 °C. Cells could even grow



60

under darkness with longer doubling time. The minimal (shortest) doubling time was
achieved when the cells were grown at 36 °C with light intensity ranging from 37 to 92
uE/m?/s (Figure 3.5C). It should be noted that Tetraspora sp. CU2551 grows faster

(shorter doubling time) under higher light intensity.
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Figure 3.5
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3.4 Optimization for hydrogen production

In screening step, the production unit was expressed as pmolH,/mg chl a/h as
described in section 3.1. To develop more reliable method, the production rate was
changed from nmolH,/mg Chl a/h to nmolH,/mgDW/h or pmolH,/mgDW/h. Using dry
weight to express the production unit in Tetraspora sp. CU2551 resulted in higher
accuracy and reproducibility than using the chlorophyll content. The standard curve
between OD73 and dry weight was determined as shown in Figure 3.6. The dry weight
was converted using and equation shown in the figure where y-axis is an optical density

of the culture and x-axis is dry weight of Tetraspora.
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Figure 3.6  The standard curve of cell dry weight to the optical density. Means =+ S.D.

(n=3).
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The bioproduction process in green algae was designed as two-phase system:
growth phase and production phase. Culture was optimized during growth phase to obtain
the highest cell mass, while many physical parameters were optimized in the production

phase such as temperature, pH, and chemical effects.

3.4.1 Optimization during growth phase

3.4.1.1 Culture age

Cells were grown for 72 h and made an aliquot to check the hydrogen production
rate every 12 hours starting from 24 h. Figure 3.7 showed the production rate of cells in
different culture age ranging from 24 h to 72 h. The 24-h cell culture showed the highest
rate of hydrogen production. The older culture exhibited the slower rate. Growing culture

longer than 48 h resulted in no significant difference in hydrogen production.
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Figure 3.7  The production rate of cells at different culture age. Means = S.D. (n =3).
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3.4.1.2 Light intensity

Even cells can grow in the absence of light as described in section 3.3, the light
intensity during culturing was also tested in order to compare the H, production. Cells
were grown in different light intensities ranging from 0 to 90 pE/m’s for 24 hours and
further checked for the production rate as shown in Figure 3.8. The highest rate was
significantly obtained from cells grown under darkness. Increasing light intensity resulted

in lowering down the H; production rate.
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Figure 3.8  The production rate of cells at different light intensities during cultivation.

Means = S.D. (n =3).
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3.4.2 Optimization during production phase

As two parameters, culture growth period and light intensity, were optimized
during the growth phase, cells were grown at 36 °C for 24 h under the light intensity
around 37 pE/m’s to let cells grow. Culture under this condition was used for the

production-phase optimization.

3.4.2.1 Temperature

On the first parameter optimization, culture was tested for the production of
hydrogen gas at various temperatures. Gas-tight vials were incubated in water bath with
various temperatures. Figure 3.9 showed the production rate when incubating cells at
each temperature. Tetraspora sp. CU2551 demonstrated the optimal temperature of 35 °C

for hydrogen production.
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Figure 3.9  The production rate of cells in different incubation temperature. Means +

S.D. (n=3).
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3.4.2.2 Light intensity

Tetraspora sp. was finally grown under the optimal condition. After transferring
cells to the gas-tight vials, the vials were unwrapped from aluminium foil and let light
pass through the culture vial during incubation. The light intensity was varied during
incubation; and the production rate of culture under each condition was measured as
shown in Figure 3.10. Increasing light intensity from darkness to 9 pE/m’s resulted in the
corresponding increase of hydrogen production rate. Interestingly, light strikingly
increase the production yield more than 10 times when compared to that under the dark
incubation. From this result, the presence of light under incubation step was further

performed as light-incubation during the hydrogen production in all experiments.
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Figure 3.10 The production rate of cells at different light intensities during production.

Means £+ S.D. (n =3).
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3.4.2.3 Additive carbon sources

Many carbon sources with the stock concentration of 20% were added to the
culture to obtain the final concentration of 0.1% before starting the hydrogen production
(Figure 3.11A). Glycerol was used as C-3 sources. Glucose, fructose, galactose, and
sorbitol were used as C-6 source. Maltose, sucrose, and lactose were used as C-12
sources. The hydrogen production was compared with the rate of culture without any
carbon source addition (control). Under darkness incubation, the results in Figure 3.11A
showed that addition of extra carbon sources could not stimulate cells to produce
biohydrogen at a higher rate. Then, the experiment was re-designed to add the carbon
sources at the beginning of the growth phase. The C-sources were added to the culture
with the same final concentration and the culture was grown at the same condition. The
hydrogen production of each condition was measured as shown in Figure 3.11B. The
hydrogen production was not significantly stimulated when carbon sources were added
during growth phase, whereas glucose caused a significant decrease on the hydrogen

production.
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3.4.2.4 Additive salts

A 500 mM salt stock solution was prepared and added to culture after cells
growing in TAP for 24 h and made a final concentration of 50 mM of each salt type.
Under 4 h light incubation, hydrogen production of each condition was measured as
shown in Figure 3.12. The results revealed that all kinds of salt could not promote the
hydrogen production compared to that without any salt (TAP). Especially, the carbonate
salts including Na,COs3, NaHCO; and KHCOj; inhibited the production by about 50%.
The inhibition was also observed when nitrite salts, NaNO, and KNO,, were present in
the culture. The same pattern is also noted when the culture contained the denaturing

agent, guanidine hydrochloride (GnHCI).
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3.4.2.5 pH

The 24-h culture was aliquoted to the same volume and then buffered with 500
mM buffer solution to the final concentration of 50 mM. Acetate salt solution was used as
buffer solution at pH 5.25 and 5.75. Citrate was used to buffer the culture at pH 5.9 and
6.4. Tris was used to buffer the solution at pH 7.3, 7.8, 8.3, 8.8 and 9.3. In Figure 3.13, H,
production by Tetraspora sp. CU2551 under light condition showed in broad range and
increased when increasing the pH from 5.75 to 9.30. In contrast, the production was

dropped when lowering pH to 5.25 where almost no detectable H, evolution was

observed.
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Figure 3.13 Effect of pH on hydrogen production by Tetraspora sp. CU2551. The
cultures were buffered with 50 mM acetate buffer (m), citrate buffer (A),

and tris-HCl buffer (®). Means + S.D. (n=3).
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3.4.2.6 Additive reducing agents

Naturally, a reducing agent is a good source of electrons to common acceptors.
Some studies have shown that hydrogenases may function as electron sink controlled by
the redox status (Kruse, O. and Hankamer, 2010). When Tetraspora CU2551 was grown
in TAP medium supplemented with 0.5 mM B-mercaptoethanol, a two-fold increase in H,
production was observed with a maximal value of 0.42 pmol/mgDW/h (Figure 3.14). On

the contrary, addition of dithiothreiol up to 1.25 mM had no effect on the H, production.
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Figure 3.14 Effect of the addition of reducing agents on hydrogen production by
Tetraspora CU2551. B-Mercaptoethanol (¢) or dithiothreiol (m) was added

to the cells of Tetraspora CU2551. Means + S.D. (n=3).
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3.4.2.7 Adapting media

The deprivation of some nutrient sources causes an enhanced effect on the
hydrogen production production in other green algae. Cells were grown in TAP medium
for 24 h, then replaced by sulfur-deprived medium (TAP-S), nitrogen-deprived medium
(TAP-S) and nitrogen-sulfur-deprived medium (TAP-N-S). The production was measured
as shown in Figure 3.15A. Sulfur or nitrogen deprivation condition promoted the
production by about 1.2 fold, but the combination of nitrogen and sulfur sources increase
the production about 1.5 fold.

The result from section 3.4.2.6 indicated that 0.5 mM [-mercaptoethanol
efficiently help cells produce the biohydrogen at higher rate. The experiment also
monitored the effect of nutrient deprivation on cells grown in the presence of B-
mercaptoethanol. After cells were grown in TAP medium supplemented with 0.5 mM f-
mercaptoethanol (TAP+f) for 24 h, the medium was replaced by TAP-N-S, and would be
so called TAP+B-N-S culture. Interestingly, when cells were incubated under both
nitrogen- and sulfur- deprived conditions, there was no effect of the reducing agent on

hydrogen production (Figure 3.15B)
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Figure 3.15 Effect of nutrient deprivation on hydrogen production by Tetraspora sp.
CU2551. (A) The production rate of cells grown in TAP medium (solid
bar) and nutrient-deprived media (open bar): nitrogen-deprivation (TAP-
N), sulfur-deprivation (TAP-S), and nitrogen- and sulfur-deprivation
(TAP-N-S). (B) The production rate of cells grown in TAP medium
supplemented with either 0.5 mM B-mercaptoethanol (TAP+f) (solid bar)
or a nitrogen- and sulfur-deprived medium (TAP-N-S) (open bar). Means +

S.D. (n=3).
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3.4.2.8 Combination effect on H, production

Cells of Tetraspora sp. CU2551 were further examined for H, production under
the combination of positive parameters. The production was observed when cells were
incubated under the increase of light intensity (Figure 3.16). As the result indicated in
section 3.4.2.6 that Tetraspora sp. grown in the presence of 0.5 mM B-mercaptoethanol
produced biohydrogen in double rate of production, the increase pattern was observed
when low light was applied to the culture ranging from 0 to about 5 uE/m’s. After light
intensity was higher than 7 uE/mzs, the production from TAP+ cells (A) reached the
maximum capacity yielding about 0.28 pmolH, (mg DW)™ h™'. This is in contrast to cells
grown in normal TAP medium (e) in which the production increased when high ligh was
applied up to 39 uE/m?s

Cultures of TAP and TAP+ were further examined under the nitrogen and sulfur
deprivation effect indicated by TAP-N-S (0) and TAP+B-N-S (A). Culture TAP+B-N-S
(A) showed higher capacity than that in TAP-N-S (o) under the low ligh as found in the
pattern of nutrient-rich medium from the previous experiment. When light intensity was
higher than 6 uE/m’s, the increase capacity was only found in TAP-N-S (o).

The result suggested that B-mercaptoethanol efficiently help Tetraspora cell
produce biohydrogen gas at a high rate during the low light ranging from 0 to about 6
wE/m?s. But, nitrogen and sulfur deprivation was more effective than the reducing power

when cells were incubated under light intensity above 6 pE/m?s.
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Figure 3.16 Effect of light intensity on hydrogen production by Tetraspora sp.
CU2551. The hydrogen production rates were measured under various
light intensities using cells grown in normal TAP (e) before transferring to
nitrogen- and sulfur-deprived medium (TAP-N-S: o) during the hydrogen
production phase or when grown in TAP supplemented with 0.5 mM (-
mercaptoethanol (A) before transferring to nitrogen- and sulfur-deprived

medium (TAP+B-N-S: A).
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In summary, we identified the novel hydrogen-producing green alga as Tetraspora
sp. CU 2551. Tetraspora sp. has high potential to produce an alternative energy source,
molecular biohydrogen. They grow fast at 36 °C with the low-cost medium (TAP) under
light condition. With the optimal condition, Tetraspora can evolve the significant amount

of hydrogen yielding about 0.6 umol/mgDW/h.
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3.5 Molecular study for biohydrogen metabolism

The aim of this molecular study part is to enhance the capacity of the production
in wild-type Tetraspora sp. under the optimal condition. Based on the pathway studied in
Chlamydomonas reinhardtii, several proteins are involved in biosynthesis pathway of
molecular biohydrogen. One of these proteins, sulfate permease (SulP), was selected.
Several reports indicated that this protein was embedded on the inner membrane of
chloroplast and functioned as the sulfate transporter. Sulfate molecules can be transported
from cytoplasm to stroma through this channel. Sulfate will be further used in
biosynthesis pathway of cysteine which is a building block for other sulfur-containing
amino acids biosynthesis pathway.

DI protein is located in the reaction center of photosynthesis system II (PSII)
where the water is splitted to oxygen, proton and electron. Oxygen can function as an
inhibitor of hydrogenase enzyme which catalyzing formation of molecular hydrogen from
proton and electron. Inhibition of D1 protein resulted in low level of molecular oxygen.
This level of oxygen can be consumed by respiratory chain in mitochondria resuling in no
inhibitor of hydrogenase in the stroma of chloroplast. The hydrogen production should be
obtained in high yield.

One way to inactivate D1 protein turnover was to slow down the protein
biosynthesis pathway. Low level of stroma sulfate can be controlled by the sulfate uptake
channel (SulP). The SulP determination was started, and further studied with respect to

the inactivation by the genetic engineering technique.
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3.5.1 Sulfate permease gene (sulP) determination

As the cDNA sequences of green algal su/P were used in the multiple alignments,
there was no usable conserved region to design either specific primer or degenerate
primer. Thus, the strategy was changed to do the protein alignment. Five protein primary
sequences of algal sulP were retrieved from NCBI database: Nephroselmis olivacea (Acc
No. NP 050928), Chlorella vulgaris (Acc No. NP _045890), Chlamydomonas reinhardtii
(Acc No. XP 001692459), Mesostigma viride (Acc No. NP 038441), Chlorokybus
atmophyticus (Acc No. YP_001019170). The alignment showed the conserved regions on
the middle and the C-terminus. The cDNA sequences correspondinding to the conserved
parts were used as templates in degenerate primer design. More than a thousand
combinations of degenerate forward primers (SdegF), two combinations of nested
forward primers (SnestedF) and over a hundred combinations of degenerate reverse
primers (SdegR) were designed.

The PCR was performed using Tetraspora sp. gDNA as a template with
optimization on many parameters, but all reactions failed in amplification.
Complementary DNA was used as a template instead of gDNA. The reaction was
successfully amplified with 20-fold amount of both forward (SdegF) and reverse (SdegR)
primers indicated by the presence of the expected band size of 450 bp as shown in lane 1
(Figure 3.17). However, there was another non-specific product in the reaction showing
the size of about 800 bp. The more specific reaction was performed by seminested PCR
using nested forward (SnestedF) and the same reverse (SdegR) primers. Along with the
gradient annealing temperature, only one specific band was obtained when the annealing

temperature ranged from 45 to 60 °C as shown in lane 2-5 (Figure 3.17).
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Figure 3.17 PCR product of putative sulP gene.
Lane I: the first reaction using SdegF and SdegR primers
Lane M: GeneRuler™ 1 kb DNA Ladder (Fermentas)
Lane 2-5: gradient annealing temperature ranging from 45 — 60 °C

(5°C increment) using SnestedF and SdegR primers.

The PCR fragments in lane 2 — 4 were pooled, purified and cloned to pCR®2.1-
TOPO® cloning vector (Invitrogen) prior to sequencing. The sequencing result showed a
fragment size of 432 bp. This sequence was subjected to the basic local alignment search
tool (BLAST) in NBCI database. Blastn result showed no significant target to other
sequence, but tBlastx program revealed the homology to Chlamydomonas reinhardtii
chloroplast transport system permease (SulP) (Accession No. AF481828) with 3e-65 of
E-value by 100% query coverage (as of 02 May 2012).

Moreover, based on the fragment sequenced, the gene specific primers were

designed (C3RF and C3RR) for amplification using gDNA as a template in order to get a
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fragment of this gene at DNA level. This PCR fragment was sequenced and showed
larger size than that when using cDNA as a template. The result indicated the existence of
intron inside this fragment. Comparison of gDNA and cDNA sequence revealed an intron
fragment with a size of 231 bp (Figure 3.18). This fragment was ligated to pCR™2.1-

TOPO® cloning vector and it was later called pTgSulP.

> Putative Tetraspora sp. CU 2551 sulP (mRNA)

CCACATCAGTAGCTGGATTGACACTCGCCACAGTATACGGTGAAGAAGGCATTCTTGGTC
GTTTGCTGATGAGCTTGGGTGTAAATGTTGTGTACACCTGGCTGGGAGTAGCAGTGGCCA
TGGTGTTTGTGTCGTTCCCATTTGTAGTACGAACAATGCAGCCTGTTCTTCAGGTAAGAC
CAGCAGAGATGAGTGCGTCGACCTGTCGAATGGTTTGTGATTTTTTTGGCAGTGGGATAT
TGTTTACAACAAGGCTGAGTCAAGTGGCAAATATGAATCAGTCACAAGGTTCTTTCAGCG
CTGCACAGCAACAGCAATGGTTATGCATGTAGCAAGCACTGCAAGGCAGTATACCAGCAT
CTCATGTCACCAATGCTCATTGACTGTCATCTACATGCCTGCAGGAGATGGAGAAAGAGG
TTGAGGAAGCAGCTTGGTCTTTAGGAGCATCTCCCTGGTACACCTTCACCAAAGTCCTAC
TGCCACCTCTCCTACCACCCCTACTCACAGGCACAGCACTGGCATTCAGCAGGGCACTAG
GAGAGTTTGGCAGCATTGTGATAGTGTCTAGCAACTTCCCCTTTAAGGACTTGATAGCGC
CAGTGTTGA

Figure 3.18 A putative sequence of Tetraspora sulP. Specific forward (C3RF) and
specific reverse (C3RR) primers are underlined. Shaded area showed the
intron fragment with a size of 231 bp. Bold letters show the proper site for

Ndel-site directed mutagenesis.
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3.5.2 Construction of a sulP inactivation strain

Based on the recombination by homologous DNA moving close together during
DNA replication in cell cycle, the exogenous DNA can be introduced to the Tetraspora
sp. genome by transforming an antibiotic resistance cassette flanked by the particular
gene which is homologue to DNA sequence in algal genome. Searching for the restriction
enzyme digestion on pTgSulP showed no suitable position for antibiotic resistance
cassette insertion. Thus the Ndel restriction site was introduced to position of -7 before
the intron site (indicated by bold letters in Figure 3.18). The sequence of CTTCAG was
replaced with CATATG by site directed mutagenesis. The new plasmid was called
pTgSm and further digested with Ndel. The pTgSm/Ndel linearlized plasmid was
introduced to do the blunt-end tailing by T4 DNA polymerase followed by
dephosphorylation by Shrimp alkaline phosphatase (SAP) to protect self ligation of
vector.

Neomycin (Nm) and Chloramphenicol (Cm) antibiotic resistance cassettes were
selected and used in the gene-inactivated plasmid construction. The Nm®/Km" fragment
with a size of 1,252 bp was obtained from pUC4K digested with HinCII (Figure 3.19A).
And, the Cm" fragment with a size of 759 bp was obtained from pSB1AC3 digested with
EcoRV and BsaAl (Figure 3.19B). Each gene-inactivated plasmid was separately
constructed by Nm®- pTgSm/Ndel and CmR- pTgSm/Ndel ligation. The new plasmids
with Nm®*/Km® and Cm" were named pTgSmNm and pTgSmCm, respectively. The
plasmid maps of both constructs were confirmed by sequencing and shown in Figure

3.20.



83

Hinenl

pSB1AC3

3055 bp

'Hinent

A B
Figure 3.19 Plasmid maps containing antibiotic resistance cassette. (A) Nm*/Km" was
obtained from pUC4K digested with Hincll. (B) Cm" was obtained from

pSB1AC3 digested with EcoRV and BsaAl.

Figure 3.20 Plasmid maps for pTgSmNm (A) and pTgSmCm (B). The map showed the

single cut by Xbal to linearlized the plasmids.
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Due to the fact that the transformation method for Tetraspora sp. was not
developed yet, many possibilities of transformation were used for trial. The traditional
transformation methods, electroporation and glass bead vortexing, were selected. The
Xbal-linearlized pTgSmNm and pTgSmCm recombinant plasmids were transformed to
cellulase-treated Tetraspora sp. by those methods.

The TE buffer which is the plasmid solvent was used in transformation as
negative control. After transformation of Xbal-linearlized pTgSmNm plasmid to algal
cells by those methods, cells were spreaded on selective medium containing 30 pg/ml
neomycin starting to bleach in 2 days and recovering in green colonies within 2 weeks.
Both sets of transformation gave about 30 colonies on plate. Increasing the Neomycin
concentration up to 60 pg/ml resulted in no colonies grown on the selective medium.
However, the colonies on the selection of 30 pg/ml neomycin were picked and used in
colony PCR to check the integration of antibiotic cassette to the algal genome. Su/P gene
specific primers (C3RF and C3RR) were used in colony PCR to track the up-shift band
from Tetraspora sp. Forty-eight colonies from the 3 generation were randomly picked
and used as a template in colony PCR. The result showed no upshift band for the
integration of antibiotic cassette to the algal genome, only wild-type band of su/P with a
product size of 609 bp was observed.

Meanwhile, Xbal-linearlized pTgSmCm was transformed to Tetraspora sp. cells.
Only a couple of colony grew on the selective medium containing 30 pg/ml
chloramphenicol. These colonies were picked and streaked for the next generation on the
selective medium with the same concentration of antibiotic. The third generation of
transformants could not survive any longer. The confirmation of mutant strain was not

analyzed.
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Due to both pTgSmNm and pTgSmCm plasmids could not create the mutant
strain, the length of homologous sequence was considered to have longer sequence than

that in the present plasmids. The full-length of su/P was further determined.

3.5.3 Full-length sulP determination

As a Tetraspora sulP partial sequence was obtained, the cDNA sequence was
used as a template for primer design using in 5’RACE and 3’RACE. 5’RACE and
3’RACE reactions provided the extended sequences in 5’- and 3’-direction of Tetraspora
sulP. The cDNA sequence was shown in Figure 3.21. The transcript of Tetraspora sulP
contained the coding sequence of 1,014 bp, and showed 5°- and 3’- UTR with 285 bp and
225 bp, respectively. This full-length fragment was introduced to blast against NCBI
database. Blastn result showed no significant similarity to any other sequence in the
database. However, tblastx results showed a high similarity to Chlamydomonas
reinhardtii chloroplast sulfate transport system permease (Su/P) with e-value of le-120
(as of 13 February 2012). The deduced amino acid sequence was used as an input
sequence in protein alignment along with 14 other SulP sequences as shown in Figure
3.22. The shaded box ranging from a scale of 236 to 258 showed the conserved regions
that used as a template in the corresponding to cDNA sequences for forward and nested
forward primers design, and the region from a scale of 376 to 384 showed the region that
used as a template for reverse primers. Moreover, the deduced amino acid sequences was
predicted for chloroplast transit peptide (cTP) sequence by ChloroP 1.1 program. C.
reinhardtii SulP and SulP2 sequences encoded from genomic DNA contained chloroplast
transit peptides (cTP) with the length of 54 and 82 residues, respectively, while SulPs

from other organisms showed no signal peptide. Based on the same strategy, the
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Tetraspora SulP also showed the cTP with the length of 28 residues (underlined in Figure
3.22).

After alignment by ClustalX program, the Bootstrap NJ phylogenetic tree was
determined as shown in Figure 3.23. Setting the M. polymorpha as an outgroup sequence,
the map can be classified into several groups. Tetraspora SulP was grouped into the green
algal SulP and showed close relationship to C. reinhardtii SulP. The map also classified
the same group of SulP from cyanobacteria. C. vulgaris SulP was excluded from both
green algal and cyanobacterial group, while the C. reinhardtii SulP2 was grouped to

bacterial SulP which has close relationship to the liverwort M. polymorpha.
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>Tetraspora sp. CU 2551 sulP (cDNA)

TTTTGTTATTCTGCCGCAGCACACCCCTACAACACCTTATGCACTTCTTTGGCTGAATAG
CTGTACCTGTTGCCCTGGATTTTTCCGTTCCGTGCGTCTTTTTCGAAACGAACTTTCACG
CTTGGTAGTGATATATAACTTGCTTTTGTGCTCCTGACACTCGATTTGGTCTGTCCTCCG
TTTCACCGCCCGACTTCTCAGATGGACAGGTTGAGCATTCCACAGATCTACAGTGATAGC
AGATGAGCGATAACAGTGAGAAACCTTGATAGATAAGCTTGGTATATGGAGCGATCGATT
CTGCATGGAGCGCAGTACCAAGCAGGACTGCCAGTGCTGACAGTTGCTAGACAGCAGCAG
AGAGTGGCGGCAAGCACGCCAGCAAAAGGCCCTCTATTGGCAGCATGCAGGCATCCGCTA
GCTGCAGCGGTCCTGCAAAGTAGCAGAATTCGGCCATGCAGCTTGCACTATGGGAATCAG
CAACAAAGTCAAGTTCTGCAACCAGTAGCAGCAGTTGGTTCTATAGGCAGCAGCAGTGAC
GTACCATGGCAGCCCCCACAACAAGCAAGCGGCCTAAGGCTACCCAAGATATCTCTCTGG
GACTTGGGTGGCCCCTTGGCTTGGTTGTATATGCTGGGCTACCTAGCAGTCATGTTGGTG

TTGCCCATCAGTGCGCTGCTGGCAAAGTCAAGCTTGGTACCCTTAGAGCAGTTTATAGCT

AGAGCCACAGAGCCAGTAGCTTTATCAGCTTATTATGTGTCCTTCAGTATGGCCCTCATG
GCTGGCGCCATCAACGCAGTGTTTGGGTTTCTGTTGGCCTGGGTGCTGGTGAAGTTTGAG
TTTCCAGGCAAGAAGTGGATAGATGCTGCAGTAGATCTTCCCTTTGCTCTACCCACATCA
GTAGCTGGATTGACACTCGCCACAGTATACGGTGAAGAAGGCATTCTTGGTCGTTTGCTG

ATGAGCTTGGGTGTAAATGTTGTGTACACCTGGCTGGGAGTAGCAGTGGCCATGGTGTTT
GTGTCGTTCCCATTTGTAGTACGAACAATGCAGCCTGTTCTTCAGGAGATGGAGAAAGAG
GTTGAGGAAGCAGCTTGGTCTTTAGGAGCATCTCCCTGGTACACCTTCACCAAAGTCCTA
CTGCCACCTCTCCTACCACCCCTACTCACAGGCACAGCACTGGCATTCAGCAGGGCACTA
GGAGAGTTTGGCAGCATTGTGATAGTGTCTAGCAACTTCCCCTTTAAGGACTTGATAGCG
CCAGTGTTGATATTCCAGTGTCTGGAACAATACGACTATGTTGGTGCTACTGTGATTGGG
ACTGTGTTGCTGCTCATCAGTTTGGTCATGATGGTGGGAGTCAACTGGCTGCAGTCCTAT
GCACAGCGCTTCAGGAGGTAGCTTGGCACTTCGTGTTAGCAAGTGCTTACCTATCGCTGA
AGTGTGACTGGAGAAGTTGGTGTTTTTACTCTGCAGATGTGGTATTCCTACTCTGCAGAT
GCAACAATGTAACATGTGCCATATAAAAAAAAAAAAAAAAAAAAAAAAAAA

Figure 3.21 Full-length of putative Tetraspora sp. CU2551 sulP (cDNA). Shaded
boxes showed a predicted open reading frame of 1,014 bp. Underlines

show primer positions used in reverse transcription PCR analysis.
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Figure 3.22  Sulfate permease protein alignments with other 14 different sequences.
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Marchantia polymorpha

—— Chlamydomonas reinhardtii SulP2

Bacillus cereus ATCC 10987

T

Bacillus thuringiensis BMB 171

] Chlorella vulgaris

Synechococcus elongatus PCC 6301

Cyanothece sp. PCC 8801
Oscillatoria sp. PCC 6506
Nostoc sp. PCC 7120
T Anabaena variabilis ATCC 29413
—

Chlamydomonas reinhardtii SulP

Tetraspora sp. CU2551

—— Nephroselmis olivacea

—[ Mesostigma viride
Chlorokybus atmophyticus

Figure 3.23 Bootstrap NJ phylogenetic tree of sulfate permease protein sequences
using the deduced amino acid sequence of Tetraspora sp. CU2551

(bolded) and other 14 species
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The Tetraspora sp. full-length sulP sequence was also determined at DNA level.
Gene specific primers were designed to prime at the 5° and 3° end of cDNA sequence.
Using gDNA as a template in PCR reaction, a specific band size of 2,271 bp was obtained
and sequenced (Figure 3.24). The scaled position of introns as shown in Figure 3.25 was

confirmed by comparison to the cDNA sequence. The gene contains four introns.

>Tetraspora sp. CU 2551 sulP (genomic DNA)

TTTTGTTATTCTGCCGCAGCACACCCCTACAACACCTTATGCACTTCTTTGGCTGAATAG
CTGTACCTGTTGCCCTGGATTTTTCCGTTCCGTGCGTCTTTTTCGAAACGAACTTTCACG
CTTGGTAGTGATATATAACTTGCTTTTGTGCTCCTGACACTCGATTTGGTCTGTCCTCCG

TTTCACCGCCCGACTTCTCAGATGGACAGGTTGAGCATTCCACAGATCTACAGTGATAGC
AGATGAGCGATAACAGTGAGAAACCTTGATAGATAAGCTTGGTATATGGAGCGATCAATT
CTGCATGGAGCGCAGTACCAAGCAGGACTGCCAGTGCTGACAGTTGCTAGACAGCAGCAG
AGAGTGGCGGCAAGCACGCCAGCAAAAGGTATGCGCTCACAACCTCGATCGCGGAGGTAG
TAGGAATACTGGTTCTCAACCCATGACTGTCTTGCAGGCCCTTTATTGGCAGCATGCAGG
CATCCGCTAGCTGCAGCAGTCCTGCAAAGTAGCAGAATTCGGCCATGCAGCTTGCACTAT
GGGAATCAGCAACAAAGTCAAGTTCTGCAACCAGTAGCAGCAGTTGGTTCTATAGGTGGG
TGCAACGTTGCATTCCTGTTACTTCATCTTCGCCGTATTTCGAAGCACACTGTCCTGGGA
CTTAGGCTGGCTCACTCCTGCACTTGCTGTTTTCAGTCTTTCCGATATGCTGCAAGTCTA
GCTTTGTCTTCGCCCTGCAACCGCTTTGTTTAGTCAAACATGGCATCGGCTGCATAGCTG
GCCAACAGCTGTACATACCTGTATCATCTGCACTCCACTACAGGCAGCAGCAGTGACGTA
CCATGGCAGCCCCCACAACAAGCAAGCGGCCTAAGGCTACCCGAGATATCTCTCTGGGAC
TTGGATGGCCCCTTGGCTTGGTTGTATATGCTGGGCTACCTAGCAGTCATGTTGGTGTTG
CCCATCAGTGCGCTGCTGGCAAAGTCAAGCTTGGTACCCTTAGAGCAGTTTATAGCTAGA
GCCACAGAGCCAGTAGCTTTATCAGCTTATTATGTGTCCTTCAGTATGGCCCTCATAGCT
GGCGCCATCAGCGCAGTGTTTGGGTTTCTGTTGGCCTGGGTGCTGGTGAAGTTTGAGTTT
CCAGGTAAGTAAAAAACCGCAGCAGCAGTGGCTGTATTTGTGAGCTGAGTTGTGGTTGTT
GTAGTACATCCCACAAGACCTCCATATGGTTGCACCTAGCATGCAATGCCCATGTGTCAC
AGAGCCCTGCATTCTTGCTGTTGCTTGTCAGTCGGTCTGCTCTTTGTACTACAGCAGATA
GTCGTTGCCTGAGCTGCTGACACCATGCAATGGTTCCCTGCAGGCAAGAAGTGGATAGAT
GCTGCAGCAGATCTTCCCTTTGCTCTACCCACATCAGTAGCTGGATTGACACTCGCCACA
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GTATACGGTGAAGAAGGCATTCTTGGTCGTTTGCTGATGAGCTTGGGTGTAAATGTTGTG
TACACCAGGCTGGGAGTAGCAGTGGCCATGGTGTTTGTGTCGTTCCCATTTGTAGTACGA
ACAATGCAGCCTGTTCTTCAGGTAAGACCAGCAGAGATGAGTGCGTCGACCTGTCGAATG
GTTTGTGATTTTTTTGGCAGTGGGATATTGTTTACAGCAAGGCTGAGTCAAGTGGCAAAT
ATGAATCAGTCACAAGGTTCTTTCAGCGCTGCACAGCAACAGCAATGGTTATGCATGTAG
CAAGCACTGCAAGGCAGTATACCAGCACCTCATGTCACCAATGCTCATTGACTGTCATCT
ACATGCCTGCAGGAGATGGAGAAAGAGGTTGAGGAAGCAGCTTGGTCTTTAGGAGCATCT
CCCTGGTACACCTTCACCAAGGTCCTACTGCCACCTCTCCTACCACCCCTACTCACAGGC
ACAGCACTGGCATTCAGCAGGGCACTAGGAGAGTTTGGCAGCATTGTGATAGTGTCTAGC
AACTTCCCCTTTAAGGACTTGATAGCGCCAGTGTTGATATTCCAGTGTCTGGAACAATAC

GACTATGTTGGTGCTACTGTGATTGGGACTGTGTTGCTGCTCATCAGTTTGGTCATGATG
GTGGGAGTCAACTGGCTGCAGTCCTATGCACAGCGCTTCAGGAGGTAGCTTGGCACTTCG
TGTTAGCAAGTGCTTACCTATCGCTGAAGTGTGACTGGAGAAGTTGGTGTTTTTACTCTG
CAGATGTGGTATTCCTACTCTGCAGATGCAACAATGTAACATGTGCCATAT

Figure 3.24 Full-length of putative Tetraspora sp. CU2551 sulP (DNA). Shaded boxes
showed the introns fragments. Bold letters showed the site-directed
mutagenesis site for Smal-restriction enzyme site introducing. Underlines
are the primer-specific regions used in amplification for partial sulP

fragment amplification.
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%:'EliE2 | E3
5"UTR CDS 3'UTR
(285 bp) (1,014 bp) (225 bp)

Figure 3.25 The structural gene of su/P in both cDNA and DNA levels along with the

ruler indicating the length on the top. ‘E’ represents exon fragments.

3.5.4 Construction of a sulP inactivation strain (2)

As the full-length su/P was determined, a new long su/P fragment was amplified
by using gene-specific forward (SUTR) and reverse (C3RR) primers as underlined in
figure 3.23. A fragment size of 1,868 bp was produced and ligated to pCR*2.1-TOPO"
vector. The sequence and orientation were confirmed by sequencing. The Smal-restriction
site was introduced to position of -27 before the 3" intron (indicated by bold letters in
Figure 3.24). The sequence of CCTGGG was replaced to CCCGGG by site directed
mutagenesis. The new plasmid was called pTgLSm (Figure 3.26A) and further digested
with Smal. The linearlized plasmid was purified and treated with Shrimp Alkaline
Phosphatase (SAP) to protect the self-ligation during the ligation step. Cm" fragment
obtained previously in section 3.5.2 was used to ligate to produce pTgLSmCm plasmid as

shown in Figure 3.26B.
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Smal

pTgLSmMCm

Figure 3.26 Plasmid maps of su/P gene on cloning vector (left) and CmR-inactivated
construct (right). Smal and Xbal shows the position of single cut on

pTgLSm and pTgLSmCm, respectively.

Xbal-linearlized pTgLSmCm was transformed to cellulase-treated Tetraspora sp.
cells by glass bead vortexing method. About 10 colonies grew on the selective medium
containing 30 pg/ml chloramphenicol. These colonies were picked and streaked for the
next generation on the selective medium with the same concentration of antibiotic. Six
transformants of the fourth generation were used as a template in colony PCR to check
the segregation of the antibiotic resistance cassette to algal genome (Figure 3.27).
Another pair of primers were designed (3F and CmR) to track for the segregation to algal
genome. 3F and CmR primers primed to the upstream and inside of Cm"-cassette,
respectively (Figure 3.27 upper panel). The expected product was 850 bp as shown in
lane ‘P’ using pTgLSmCm plasmid as a template for positive control (Figure 3.27). A
product size of 850 bp was observed in transformant number 3 after PCR for 30 cycles.
This transformant, however, could not grow any longer to the 6™ generation. Searching

for new antibiotic cassette was done. Paromomycin antibiotic cassette, which is well
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known cassette used in Chlamydononas reinhardtii transformation, was chosen as an

alternative choice.

3F
ﬁ

h
CmR

Kb P Wt1 2 3 4 5 6

0.75
0.5

0.2

Figure 3.27 The negative exposure of PCR pattern after ethidium bromide staining.
(upper) the schematic represented the primer positions on the pTgLSmCm.
(lower) Colony PCR of 6 pTgLSmCm-transformants in the 4 generation.
P: positive control using pTgLSmCm plasmid as a template
Wt:  negative control using wild-type cells as a template

1-6: 6 4th-generation transformants of Xbal-linearlized pTgLSmCm
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Paromomycin antibiotic cassette (Pm"~) was carried on pSI103-1 plasmid

purchased from Chlamy center (USA). The Pm" cassette with the size of 1,809 bp was

inserted between the Pstl -- Kpnl sites on pBluescript II KS (+). Figure 3.28 showed the

paromomycin antibiotic cassette components developed previously (Sizova et al., 2001).

fo——{ sbesz [t H aph Vil J{srbes2 |

Figure 3.28 The Paromomycin resistance cassette components:

hsp70A:

5’rbcS2:

Inl:

aph VIII:

3’rbcS2:

heat shock inducing promoter from C. reinhardtii

5’ untranslated region of the endogenous Rubisco small
subunit gene from C. reinhardtii

rbeS2 first intron of rbsc2 gene from C. reinhardtii
aminoglycoside 3’-phosphotransferase gene (aph) from
Streptomyces rimosus

3’ untranslated region of the endogenous Rubisco small

subunit gene from C. reinhardtii

To obtain the Pm® fragment, the band of 1,809 bp was purified from pSI103-1

double digestion with Pst/ and Kpnl (Figure 3.29A). Pm® fragment was further treated

with T4 DNA polymerase to make blunt-end termini prior to use in ligation with Smal-

linearlized pTgLSm plasmid (Figure 3.29B). At the same time, in order to increase the

possibility to obtain a su/P-inactivated plasmid, a part of su/P with a size of 490 bp was

removed by pTgLSm/SmalHincll double digestion (Figure 3.29C). These vectors were

further treated with Shrimp Alkaline Phosphatase (SAP) to get rid of self ligation during
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ligation reaction in the presence of Pm" fragment. After optimization of both reactions,
the reactions unsuccessfully produced the recombinant plasmid. The strategies were
changed to use PCR-base ligation. Gene specific primers were designed to amplified in
the inverse PCR using pTgLSm as a template to produce a fragment with restriction
enzyme sites at both ends (Figure 3.30A). The Pm® fragment was also amplified with
gene specific primer containing the same restriction sites (Figure 3.30B). Restriction
enzymes, Clal and Nrul, treated fragments were purified and used in ligation reaction.
Ligation reaction was optimized to get the proper recombinant plasmid, but no E. coli

transformant was obtained after transformation.

Smal

pSI103-1
4725 bp

Hinell

Figure 3.29 Schematic shows plasmids used in Pm":sulP-inactivated plasmid
construction. (A) Pm® fragment was purified from Pm®-carrying plasmid
(pSI103-1) by double digestion of Kpnl and Pstl prior to blunt-end
treatment by T4 DNA polymerase. (B) A single digestion of sulP-carrying
plasmid (pTgLSm) by Smal. (C) A double digestion of sulP-carrying
plasmid (pTgLSm) by Smal and Hincll to remove a fragment of 490 bp of

sulP.
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sulPFCleR

pTgLSm
5800 bp

pSI103-1

4725 bp
sulPRNrul

A B

Figure 3.30 Schematic shows the primer positions on plasmids used in inverse PCR.

An indirect ligation was considered to solve the problem. The su/P fragment was
divided into two fragments and further ligated to the flanking region of pSI103-1, Pm"®
containing plasmid. The schematic of ligation strategies is shown in Figure 3.31.
Fragment so called A was purified from pTgLSm/Kpnl and fragment so called C was
purified from pTgLSm/Pstl. Each fragment was separately used in ligation to either
pSI103-1/Kpnl or pS1103-1/Pstl to get the first flanking part on Pm®. Fragment C was
successfully cloned to pSI103-1 at the Pst/ cloning site. This new recombinant plasmid
was called PmC plasmid. The PmC was then digested with Kpn/ and used in ligation with
fragment A. The final construct was called PmCA plasmid. Figure 3.32 showed the flow

chart of PmCA plasmid construction.
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Fragment A

pSI103-1
4725 bp

Fragment C

Figure 3.31 Schematic showing indirect ligation strategies. Fragment size of 899 bp
from pTgLSm/Kpnl was called fragment A and Fragment size of 425 bp

from pTgLSm/Pstl was called fragment C.

et
ra
Fragment C Fragment A
pSI103-1 PmC > PmMCA
4725 bp 5150 bp 6053 bp
L .

Fugure 3.32 Schematic showing the indirect ligation to obtain Pm®:sulP-inactivated
plasmid (PmCA). pSI103-1 was flanked by fragment C insertion followed
by fragment A. Xbal position shows the single cut to linearlize plasmid for

transformation.
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Xbal-linearlized PmCA plasmid was transformed to cellulase-treated Tetraspora
sp. CU2551. Glass bead vortexing transformation yielded no mutant by PmCA plasmid.
The transformation was then changed to use biolistic microparticle bombardment method.
After transformation, the transformants culture were spreaded on TAP agar medium
containing 10 pg/ml paromomycin. Many colonies were picked and further streaked on 5
pug/ml paromomycin-containing agar stepwise with increasing concentration until the 5th
generation. The final concentration of paromomycin was maintained at 30 pg/ml
paromomycin afterwards. One transformant had survived to 120 generation. Colony PCR
did not show any promising band in agarose gel. Then, genomic DNA of this
transformant was isolated and used as a template in PCR to confirm the availability of
mutant. Twenty combinations from 4 forward and 5 reverse primers around the

recombination sites were used for the test (Figure 3.33).



ST Y 3 F—i
5L Tg In2E Ex g PR

€ <—
PmF1l PmF

SUTR In2F Ex3F PmR
M 1 2 %83 4 5 1 2 3 4 5 1 2 3 4 3 1 2 3 4 5

N

<~
.~

SRACE  FxdR

-~

3RK

Kb

o oh
o —

= oS (e
W LN 0O

WT - - 1329 1433 (1869 = - 817 | 921 | 1357 - - 536 | 640 | 1076 - - - - -

Mut | 1558 | 2478 |2761| 2865 (3354 | 1076 | 1966 | 2249 |2353| 2788 795 1685 | 1968 (2072| 2507 | 447 1337 | 1620 | 1724 |2159

001



101

Figure 3.33 PCR pattern from genomic DNA of a 12 generation transformant. Upper
panel shows the schematic of primers around recombination sites. Four
forward and five reverse primers were used. Middle panel showed the PCR
pattern when 20 combinations of primers were used. Lower panel shows
the expected product sizes from each reaction in bp unit from both wild
(WT) type and mutant (Mut).

The lane numbers were listed as following:
M: 1 Kb Plus DNA Ladder (Invitrogen)

1: PmF1 reverse primer

2: PmF reverse primer

3: SRACE reverse primer

4: Ex4R reverse primer

5: C3RR reverse primer

The gel pattern tended to show the promising strain of wild type alga except the
reaction amplified with PmR and PmF1 primers, while the wild type genomic DNA did
not produce this fragment. A part of Paromomycin resistance cassette with expected band
was observed with a size of 447 bp. This band was purified, cloned and sequenced, and
showed the size of 451 bp. Figure 3.34 showed the local alignment of a 451-bp band
against the 447-bp known Pm cassette sequence between PmR and PmFI1 sites.
Alignment showed 52% similarity with identical primers sequence of 451-bp fragment to
known sequence of Pm" cassette. Sequencing result confirmed no mutant creation from

Pm resistance cassette transformation by biolistic microparticle bombardment method.
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Figure 3.34 Alignment of a 451-bp fragment amplified by PmR and PmF1 primers

using transformant genomic DNA as a template against the known Pm®

cassette sequence between PmR and PmF1 sites.

The overall results in mutant creation suggested that the reliable method to

transform the exogenous DNA to Tetraspora sp. genome was unsuccessfully developed.

The aim of this part is to investigate the gene(s) involved in hydrogen metabolism and

understand their function; however, the mutant could not be created. Alternatively, the

gene expression profile was investigted to understand the hydrogen production pathway

in the green alga Tetraspora sp. CU2551. Sulfate permease (su/P) and hydrogenase

(hydA) expression profiles were further studied.
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3.6  Sulfur deprivation

3.6.1 hydrogenase gene (hydA) investigation

Unlike sulP gene, the sequence of 4ydA from green algae showed high similarity
at DNA level. The cDNA sequences of hydA4 from several green algal strains were
obtained from NCBI. Five hydA sequences from Chlorella fusca (Acc No. AJ298228),
Chlamydomonas reinhardtii hydA1 (Acc No. AYO055755), Chlamydomonas reinhardtii
hydA2 (Acc No. AY055756), Chlamydomonas moewusii hydA2 (Acc No. AY578072),
and Scenedesmus obliquss (Acc No. AF276706) were aligned, and the conserved regions
were located. Although /ydA showed higher level of conserved region than that in su/P,
few numbers of degenerate primers were still designed from these conserved parts. Three
forward and three reverse primers were synthesized according to sequence under arrows
indicated in Figure 3.35. Sequence of 6 primers were listed in Table 1. Nine combinations
of primer pairs were tested in PCR amplification using cDNA as a template and one of
them showed a promising band in agarose gel electrophoresis. The primers giving PCR
product of the hydA fragment were HvF2 and HvR2. PCR band was purified, cloned, and
sequenced. A partial sequence of Tetraspora hydA was obtained. A full-length of this
gene was not available, however, the sequence we obtained was usable for further
experiment in gene expression analysis. By the same primer pair, the PCR reaction
produced a fragment at genomic DNA level. The band was purified, cloned, and
sequenced. Comparison between cDNA and gDNA sequences showed the existence of
two introns inside the gene with the size of 261 and 282 bp, respectively, as shown in
shaded regions (Figure 3.36). The sequence was also used as a template to design primer

as underlined for gene expression analysis. Forward and reverse primers were underlined.
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Figure 3.35 Alignment of hydrogenase (hydA) sequences from Tetraspora sp. CU2551 against other 5 algal hydrogenase sequences that

used in primer design. Arrows indicated the regions that primers used in 4ydA4 investigation.
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>Tetraspora sp. CU 2551 hydA (genomic DNA)

GCCCATGTTCACCAGCTGCTGCCCTGGGTGGGTTGCTATGGTGGAAAAGAGCAACCCGGA
GCTCATCCCATATCTTTCATCTTGCAAGTCACCCCAAATGATGCTGGGTGCCGTAATCAA
AAACTACTTTGCACAGCAGGTTGGAGTGCAGGCCAGTGACATTGTCAATGTGTCTGTGAT
GCCCTGTGTCCGTAAGCAGGGTGAAGCAGACCGTGAGTGGTTCAACACAACAGGTGGGTC
ACGCTTGTCTAGTGGGTTGCTGATACTGTATTGGTGATCCCACAGATAGCCTGAGCTACA
ACCGCTTGCTATTGTTGATGCACCCGACAGATTGATGGGGTGTGGCCCGATGTTTCCTTT
CTTTCCTTGCTCAAACTGTGTTGTCAACCAGCTAACAGGTTATAAGCTAGCACATTCATG
TCATTTGTGGCTACATCATACAGCAGGAGCGACATCAATTGACTGGCTGACCCTGCATGT
GTTGTGTTTCACAGGCCTTGCACGTGATGTTGATCATGTGATGACTACAGCTGAGGTCGG
CAAGGTTTTCCTTGAGCGTGGCATCAAGCTCAATGAACTGCCAGAGAGCAACTTCGACAA
CCCTGTTGGTGAGGGTACAGGTGGAGCCGTGCTGTTTGGTACCACTGGAGGTGTCATGGA
GGCAGCACTGCGAACTGTCTATGAGCTGGTGAGTGGATGCAATTGCAGGAAAGCGTACTT
TGTAGGCTGTAGCAGGTCATGCTCCAACCTGCTGACATTATCATGACGTTGCAACAGATA
TGTTGGCAGTAATCGTTTCCAATATCATCCAGTCTGGTCCCTGGCAATGAGTGTACATCT
AGCTGGTTGGGTTTTTGCTTGGCAGCCCTAGGGTTGGGTGTTGCATGCTGTCTACCTGGC
CAGATCATCAAGCAAGTAGCGGCATAACAGCTCAATAAGCCGCCTGCACTTGTGCAAATT
TCATGTACAGGTCACACAGAAGCCCATGGGCCGCATCGACTTTGCAGAGGTGCGTGGGTT
GGATGGTATCAAGGAGGCTACCCTGAACCTCAAGCCTGGTGAAAACAGTCCATTCAAGGC
ATTTGCTGGACCCGATGGCGAAGGCATCACGCTGAACATCGCAGTGGCCAATGGTTTGGG
CAATGCTAAGAAGCTGATCAAGAGCTTGTCAGAGGGCAAGGCCAAGTATGACTTCATCGA
AGTTATGGCCTGCCCAGGAGGATGCATCGGTGGAGGTGGTCAGCCTCGCAGTAGTGACAA
GCAGATCTTGCAGAAACGCCAGCAAGCTATGTACCAGCTGGACGAGCGCATGACCCTGCG
CCGCAGTCATGAGAATCCCTTCATACAGGCCCTGTACAACAACTTCTTAGAGGCACCCAA
TAGCCACAAGGCGCACGACCTGCTGCACACCCACTATGT

Figure 3.36  Partial sequence of putative Tetraspora sp. CU2551 hydA (gDNA). Shaded
boxes shows introns with a size of 261 and 282 bp, respectively.
Underlined shows primer positions used in reverse transcription PCR

analysis.
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The deduced amino acid sequence was used in protein alignment along with five
other sequences that available in NCBI database. However, some proteins contain the
Narf-like domain, which was proposed to play a role in Fe-S assembly in some
eukaryotes, and they were believed to have no hydrogenase activity (Balk et al., 2004).
Three sequences were included to the alignment as an outgroup: C. reinhardtii
Hyd3/prelamin A binding protein, H. sapiens nuclear prelamin A recognition factor
(Narf), and S. cerevisiae Nuclear architecture related protein (Narlp). As a part of
Tetraspora hydA sequence obtained, a local alignment of deduced amino acid sequences
was performed. The alignment showed the conserved regions found among all green algal
sequences as indicated by shaded areas among all hydrogenase genes from green algae
(Figure 3.37). The Bootstrap NJ phylogenetic tree determination was performed as shown
in Figure 3.38. The tree classified HydA proteins into several groups, and showed the

closet relation of Tetraspora HydA to C. fusca HydA.
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Homo sapiens Narf

Chlamydomonas reinhardtii Hyd3

Saccharomyces cerevisiae Narlp

— Chlamydomonas reinhardtii HydA1

— Chlamydomonas reinhardtii Hyd A2

Scenedesmus obliquus HydA

— Chlorella fusca HydA

—— Tetraspora sp. CU2551 HydA

Chlamydomonas moewusii HydA2

Figure 3.38 Bootstrap NJ phylogenetic tree of hydrogenase protein sequences using the
deduced amino acid sequence of Tetraspora sp. CU2551 (bolded) and
other 5 HydA sequences. The tree also showed three outgroup name

CrHyd3, HsNarf, and ScNarlp.
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3.6.2 Sulfur-deprivation condition

Cells were grown in normal TAP medium under continuous light illumination for
24 h. The culture medium was then replaced with TAP-S medium. Hydrogen production
and fluorescence were monitored. The Tetraspora sp. CU2551 rapidly lost the hydrogen
production ability under sulfate-deprived condition, and the production was hardly
detectable after 24 h (Figure 3.39A).

The result was also confirmed by fluorescence measurement using fluorescence
spectroscopy. A fluorescence value at 683.5 nm emission peak was used to compare the
fluorescence of chlorophyll in 7etraspora. As shown in Figure 3.39B, the trend of
fluorescence was increasing when cells were adapted under S-deprived condition
indicating that the damage of PSII occurred. It should be also noted that the relative
fluorescence value dropped by 20% for the control where sulfate was present in TAP
medium.

The gene expression profiles were also examined to investigate the response of
these genes to the sulfur-free condition. The relative expression level was calculated with
respect to the /85 rRNA expression level, and the relative expression at time 0 h was set
as 1. The results showed the increase of su/P and hydA expression when cells were
adapted in TAP-S medium and the expression almost reached the maximum after 6 h

(Figure 3.40). The up-regulation of both genes was about 2.3-fold.
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Figure 3.39 Effect of sulfate-deprived condition on hydrogen production (A) and

fluorescent (B) using fresh TAP (m) as a control set. Means + S.D. (n =3).
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Figure 3.40 Relative transcription levels of su/P (#) and hydA (m) with respect to /85
sulfur-deprived condition were shown, setting the level at 0 h as 1. Upper

panel shows the gel pattern of transcripts. Means + S.D. (n =3).
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3.6.3 Sulfur-repletion condition

After cells were adapted in sulfur-deprived condition for 16 h, the culture medium
was replaced by pre-warm TAP medium. Interestingly, the biohydrogen production was
rapidly restored within 4 h yielding about 0.93 pmol/mg DW/h (Figure 3.41A). This
capacity, however, did not reach the normal rate before sulfur deprivation. The PSII
activity was also indirectly monitored by fluorescence spectroscopy. The rapid decrease
of fluorescence by about 30% occurred when cells were put to normal TAP medium. This
data also supported that the PSII in Tetraspora sp. CU 2551 could restore the activity
within 2 h (Figure 3.41B).

The sulP and hydA expression profile showed similar pattern with an initial sharp
increase 1 h after sulfur repletion followed by a trend of decreased expression at longer
duration of sulfur repletion (Figure 3.42). The initial burst was observed in first 1 h after
media changing.

Overall results indicated that the existence of sulfur can help mediate the up and
down regulation of the transport of sulfur as well as the production of biohydrogen in

Tetraspora sp. CU 2551.
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Figure 3.41 Effect of sulfate-replete condition on hydrogen production (A) and

fluorescent (B) using fresh TAP-S (0) as a control set. Means + S.D. (n

=3).
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Figure 3.42 Relative transcription levels of su/P (#) and hydA (m) with respect to /8S
under sulfur-replete condition were shown, setting the level at 0 h as 1.

Upper panel shows the gel pattern of transcripts. Means + S.D. (n =3).



CHAPTER 1V

DISCUSSION

4.1 Background

Sunlight is a clean energy source directly reached to the earth surface from the
sun. The total solar energy absorbed by Earth's atmosphere, oceans and landmasses is
approximately 3.85 x 10** joules per year. Such a high amount of energy is enough for all
year round energy consumption of a whole world. However, the sunlight energy could not
be stored; several methods were developed to convert the light energy to other forms of
energy e.g. electricity and chemical. A solar cell is another way to convert the light
energy based on the physical chemistry aspect. The biological process is considered as
another way to convert the sunlight energy to be stored in chemical bonding of molecule.
Hydrogen molecule is one of interesting molecules since (i) the energy bonding of H-H is
high accounting for 436 kJ/mol which is higher than other energy bonding between

hydrogen atom to other atoms except for fluorine atom (Table 4.1).

Table 4.1 The energy bonding of hydrogen atom to others

Bond Energy (kJ/mol) Bond Energy (kJ/mol)
H-F 598 H-N 391

H-H 436 H-O 366

H-Cl 432 H-Br 366

H-C 413 H-1 298
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(i1) Its combustion process produces heat and water as a by-product, which is
environmentally friendly to our world. (iii)) The combustion reaction produces no global
warming gas e.g. carbon dioxide. (iv) It can be produced through the electrolysis of water
and through the biological process from hydrogen-producing organisms. For the
biological approach, chlorophyll in green organisms will function as an antenna
absorbing the light to use in water breaking down in PSII system. Besides, growing green
organisms can help reduce the atmospheric carbon dioxide, which is the major problem of
the global warming. This work supports and enables the opportunity to produce an

alternative clean energy source.

4.2  Screening and identification

Thailand has warm temperature in all year round with the average range of 25°C
to 35 °C, and high intensity of sun light. Culture isolated from Thailand should have the
optimal condition for growth under these parameters continuously. The continuous
hydrogen bioproduction process could take place under Thailand weather.

Hydrogenase is an enzyme catalyzing the formation of hydrogen molecule from
proton and electron. Previous reports showed that the Chlamydomonas hydrogenases are
sensitive to oxygen molecules and are irreversibly inactivated within minutes after
exposure to atmospheric O, (Abeles 1964, Erbes et al., 1979, Happe and Naber 1993,
Ghirardi et al., 1997, Cohen et al., 2005 ; King et al., 2006). Under anaerobic condition
by argon gas bubbling, the atmospheric oxygen is eliminated. As a result, no hydrogenase
inhibitor is present. To screen culture, the anaerobic condition was used to determine the

production yield of each isolate.
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Culture screening gives the opportunities to find the new strains of hydrogen-
producing green organisms in Thailand nature. In this work, 210 isolates were obtained
and 80% of them showed the hydrogen production ability. This result suggested the
availability of culture in Thailand nature to produce the hydrogen gas from green
organism. Less than 20% of isolates showed no production. This was similar to the
previous works reported by Melis and Happe (2004) and Boichenko et al. (2004). The
selected strain showed the production capacity of about 1.2 umol/mg chl a/h under
anaerobic condition. Several reports showed the screening of cyanobacteria cultures from
Baltic Sea and Finnish lakes (Allahverdiyeva et al., 2010). The highest rate was found in
filamentous cyanobacterium Calothrix XSPORK 27A wunder microaerobic with
continuous light illumination of 70 pmol photons/m*/s yielding 0.737 pmol/mg chl a/h. In
2012, the hydrogen-producing micro algae from natural source in China (He ef al., 2012)
were also screened. A hundred isolates were obtained and 52% showed the biohydrogen
production ability. Among these H; producing isolates, freshwater Chlorella
protothecoides showed the highest H, producing capacity yielding 2.93 ml H,/1/ h.

The selected strain was identified as Tetraspora sp. CU2551 by the morphology
observation under light microscope and Scanning Electron Microscope (SEM). The strain
was confirmed by 18S rDNA sequence and phylogenetic tree determination. Although the
tree did not classify Tetraspora sp. into the same group, the distance bar showed the close
relation among all green algae, thus, changing in some bases could cause the different

classification in the tree.
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4.3 Growth condition

Culture was previously maintained in BG11 medium during screening step, but
each photosynthetic green organism might be able to grow in other medium. After
medium optimization, Tetraspora sp. CU2551 was able to grow well in Tris-Acetate-
Phosphate (TAP), and showed slower growth in BG11 and N8 media. Nitrogen-free
media, N-free, BG110 and AA media, were also tested for the nitrogen fixing ability by
Tetraspora sp. since filamentous cyanobacteria showed nitrogenase activity. The results
showed that the growth was hardly observed when cells were kept in these media
suggesting that there was no nitrogen fixing capacity of Tetraspora sp. Zarrouk medium
was optimized for growing Spirulina sp. where the pH of culture was about 10; however,
that Tetraspora sp. could not grow normally in zarrouk medium under strong alkaline
condition.

It was known that the initial optical density could affect the S-curve of growth.
Initial OD73p of 0.01 showed a typical curve of sigmoid pattern. Under the optimal
parameters of light intensity and temperature, cells mass could be increased 30 — 40 times
within 24 h. These conditions of growing could be easily found in Thailand in all year
round making this Tetraspora sp. growth with low cost to produce cell mass during

growth phase.

4.4 Optimization for hydrogen production

The production unit was changed since many reliable methods were developed for
this strain. After 90% methanol extraction was done, chlorophyll could not be extracted
out completely, This can be noticed by the presence of green pellet after centrifugation.

Freeze-thaw repeating, glass bead vortexing, and cell breaking by mortar could not make
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cells completely broken. Some researchers also used the production unit by weight of
dried cell mass (Kumazawa and Mitsui, 1985), or the amount of protein (Antal and
Lindblad, 2005, and Troshina et al., 2002). Unfortunately, Tetraspora sp. CU2551 could
not be broken by 5% phosphoric acid of Bradford’s reagent. Using cell dry weight
resulted in more reliable and reproducible result for Tetraspora sp. CU2551. To reduce
the error of standard curve determination of cell dry weight and optical density of 730

nm, 20 mL of culture was filtered and used in dry weight calculation per 1 mL.

4.4.1 Optimization during growth phase

The culture age of 24 h showed the highest production rate when compared to
longer growing culture. This is probably due to the fact that during this mid-log phase of
culturing Tetraspora sp. has the highest metabolism rate, together with light intensity
effect on the production rate. Even though growing cell under the darkness can make cells
produce biohydrogen in the highest rate, the cell amount is very low. The growth result
can be confirmed by the doubling time of above 5 h. Thus we suggested to grow
Tetraspora sp. under the presence of light with the intensity about 37 pE/m’s. The
amount of hydrogen gas can be compromised by the double or triple amount of cells

when grown in the presence of light.

4.4.2 Optimization during production phase

As a biocatalyst, the hydrogenase enzyme uniquely showed the optimal
temperature for catalysis of the biohydrogen formation from proton and electron.
Tetraspora sp. CU2551 showed the optimal temperature for hydrogen evolution at 35 °C,
while the purified hydrogenase from several green organisms was determined. Even the

optimal production temperature was not reported, purified hydrogenase from green alga
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Scenedesmus obliquus showed the optimal temperature of 50 °C (Schnackenberg et al.,
1993), while some marine green algae Tetraselmis subcordiformis (Bhosale et al., 2009)
and Chlorococcum littorale (Ueno et al., 1999) showed the optimal temperature of 55 °C
and 50 °C, respectively. Unfortunately, the isolated hydrogenase from Chlorella fusca
was only used to study in terms of molecular characterization (Winkler et al., 2002b).

We previously determined the production yield from Tetraspora sp. CU2551
under the darkness to avoid the molecular oxygen production from PSII system under
light condition. Interestingly, the light incubation showed the unexpected result that
increasing light intensity enhanced the hydrogen evolution. Light acts as a powerful
energy source for water splitting in PSII system. As a result, molecular oxygen, proton,
and electron are produced. Generated oxygen molecules also function as an inhibitor to
hydrogenase activity. This obstacle can be overcome by the turnover rate of [FeFe]-
hydrogenase from green algae which showed 10-100 times higher than that in [NiFe]-
hydrogenase normally found in cyanobacteria (Frey, 2002). In addition, Lee and
Greenbaum (2003) proposed that 0.1% of O, could inhibit hydrogenase activity in vivo.
Moreover, some reports showed that different hydrogenases from different sources
respond to atmospheric level of oxygen with different time ranges (Cohen et al., 2005 and
King et al., 2006). Thus, the generated oxygen from PSII system might not reach the
threshold concentration to inhibit the hydrogenase activity in Tetraspora sp. CU2551.
Nevertheless, the produced oxygen molecules can be also consumed by mitochondria
during respiration and this would reduce the level of oxygen inside the cells.

It was known that the carbohydrate in green algae can be metabolized and the
reducing equivalents can be delivered to plastoquinone prior to PSI system (Antal et al.,
2009, Hemschemeier and Happe, 2011). This would cause higher amount of electron to

flow to hydrogenase enzyme. The higher hydrogen production should be obtained
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theoretically. Under light incubation, addition of carbon sources to Tetraspora sp. culture
within 4 h during adaptation time did not increase the rate of hydrogen production. The
result did not include the time course analysis to monitor up/down regulation in long
term. To improve the result, culture was grown for 24 h in the presence of many carbon
sources with the final concentration of 0.1% to saturate the cells with carbohydrate. The
hydrogen production showed the same rate as that in the control where extra carbon
source was absent. It should be noted that the production rate was lower when glucose
was used. This is due to the fact that glucose promoted the cell growth (data not shown),
then the cells amount in this condition was high. As a result, the production rate per cell
dry weight of glucose-grown cells was lower than others with lower cells amount.
However, the total hydrogen production by glucose-grown cells showed the highest
amount when compared to those grown in other carbon sources.

Salt was used to generate both osmotic and ionic stresses. With the final
concentration of 50 mM, no salt can enhance the production capacity. In fact, some salts
can inhibit the production by 50% e.g. carbonate salts: Na,CO3, NaHCO3, and KHCO;. It
is possible that these salts may alter the pH of the culture due to the carbonate system and
this reduces cells ability to themselves in a short time. Nitrite salt (NaNO, and KNO,)
and guanidine hydrochloride also inhibit hydrogen production more than 50%.

Tetraspora sp. CU2551 showed the wide pH range of biohydrogen production
ranging from pH 6.5 to 9.5. This indicates the opportunity to produce hydrogen gas from
Tetraspora sp. using water in many places so that the cost of pH control of water can be
reduced. Like in the temperature optimization section, the purified hydrogenase from
Scenedesmus obliqguus showed the optimal pH of 6.3 (Schnackenberg et al., 1993),
whereas some marine green algae Tetraselmis subcordiformis (Bhosale et al., 2009) and

Chlorococcum littorale (Ueno et al., 1999) showed the optimal pH of 7.5.
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As proposed, the hydrogenase activity is involved in redox balancing,
photoprotection, and fermentative metabolism in vivo. Therefore, the reducing agent was
used as a good source of electrons to any acceptors. Kruse and Hankamer (2010) showed
that the hydrogenase enzyme functions as electron sink which is controlled by redox
status. B-mercaptoethanol could deliver electrons to some acceptors in Tetraspora sp.
making about double rate of hydrogen production, while dithiothreiol could not promote
the H, evolution.

Melis et al. (2000) have developed a short-term method to avoid the O, sensitivity
of hydrogen production from green algae. They could achieve a sustainable hydrogen
production for a period of about 4 days. It is well known that Chlamydomonas reinhardtii
showed high production under sulfur deprivation condition (Laurinavichene et al., 2006
and Jorquera et al., 2008). Nutrient deprivation can cause metabolic changes. In our
study, either nitrogen or sulfur deprivation slightly promoted hydrogen production. On
the other hand, nitrogen-deprivation could stimulate cells under S-deprived condition to
increase biohydrogen production about 30%; however, this was obtained within 4 h after
anaerobic adaptation. Though there is no report on the effect of nitrogen deprivation on
hydrogen production in green algae, some studies showed that the lack of phosphate did
not help C. reinhardtii during sulfur-deprivation cultivation (Batyrova et al., 2012). The
experiments were also extended to include the effect of B-mercaptoethanol along with the
nutrient deprivation. Since reducing agent was considered as an electron donor for any
acceptor, the culture was saturated with the reducing agent to generate high redox
potential inside the cells. Unexpectedly, nitrogen and sulfur deprivation condition, where
the PSII system could not generate the molecular oxygen molecules, showed the

enhanced production by 6% approximately.
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All positive parameters were combined to test the production yield. Under the
reducing condition, B-mercaptoethanol could promote the production when light intensity
was below 7 pE/m?’s, but not when light intensity was above this level. Under the nutrient
deprivation, B-mercaptoethanol also enhanced the production when light intensity was
below 6 pE/m’s, but no enhancement was observed when light intensity was higher than
this level. These results provide a chance to produce biohydrogen from Tetraspora sp.
CU2551 in any place of the world. For the place with low light intensity, B-
mercaptoethanol is needed to enhance the production rate, while this reducing agent was
not needed for high light intensity area. All in all, nitrogen and sulfur deprivation was
necessary for improving the biohydrogen production from Tetraspora sp. CU2551.

In summary, Tetraspora sp. CU2551 produced high amount of biohydrogen
within 24 h after cultivation yielding about 0.6 umol/mgDW/h at the optimal condition.
This unit was unusable to compare with other studies due to unreliable method to
completely extract chlorophyll from Tetraspora sp. The comparison of this yield was
estimated on the chlorophyll content distributed in green algae (Piorreck ef al., 1984). By
0.03% (w/v) NH4Cl in TAP medium, the chlorophyll content was measured to be 0.96
and 3.43% dry weight in Chlorella vulgaris and Scenedesmus obliquus, respectively. If
we assume that Tetraspora CU2551 has a chlorophyll content ranging from 0.96 to 3.43
% dry weight, cells can produce H; at a rate of 17.3 - 61.7 umol/mg Chl a/h or 423 -
1,511 pl/mg Chl a/h. This is a very high production rate compared to those from other

green algae.
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4.5 Molecular study for hydrogen metabolism

Among many parameters listed to optimize for the increased capacity of
biohydrogen production from Tetraspora sp., the genetic engineering was used to
manipulate the strain to extend the capacity of the production yield. Knocking down some
genes involved in oxygen production pathway was considered. Membrane-bound sulfate
permease is involved indirectly to reduce the molecular oxygen generating pathway. In
stroma, blocking this channel resulted in no sulfate supply for cysteine biosynthesis
pathway which is used as a precursor for sulfur-containing amino acid biosynthesis. As a
result, protein turnover could not continue due to the lack of some important proteins
particularly D1- the reaction center of PSII system (Makarova et al., 2007). Water could

not be broken down to generate oxygen which is an inhibitor to hydrogenase activity.

4.5.1 Sulfate permease (sulP) investigation

The sulP fragment was unsuccessfully amplified by the degenerate primers
though many parameters were optimized. Nevertheless, the fragment was successfully
amplified at the cDNA level. This may be due to the fact that the algal genomic DNA has
high complexity for primer binding specifically, then the low complexity of cDNA
resulted in su/P amplification after semi nested PCR, where the first reaction showed 2
major bands. However, the cDNA sequence has the degenerate primer sequence at the
priming site, and the fragment was probably not suitable for use in exogenous DNA
transformation by the DNA recombination. Another pair of specific primer was designed
to amplify su/P at DNA level. The result showed the existence of intron inside this
fragment, and supported the hypothesis that the cDNA sequence might not be sufficient

for DNA recombination.
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4.5.2 Construction of a sulP inactivation strain

Leén and Fernandez (2007) reviewed many reporter genes and transformation
methods normally used in eukaryotic micro algae. For the green alga model organism C.
reinhardtii, many selectable markers were used such as adenylyl transferase (resistance to
spectinomycin) (Cerutti et al., 1997), aminoglycoside 3'phosphotransferase (resistance to
paramomycin) (Sizova et al., 2001), bleomycin binding protein (resistance to zeocin)
(Lumbreras et al, 1998), chloramphenicol acetytransferase (resistance to
chloramphenicol) (Tang et al., 1995), neomycin phosphotransferase 11 (resistance to
G418) (Poulsen et al., 2005), and acetolactate synthase (resistance to sulfonylurea
herbicides) (Kovar et al., 2002). The transformation methods that have been used in C.
reinhardtii were: glass beads vortexing (Kindle, 1990), electroporation (Shimogawara et
al., 1998), silicon carbide whiskers (Dunahay, 1993), biolistic microparticle
bombardment (Debuchy et al., 1989 and Kindle et al, 1989), and agrobacterium
tumefaciens-mediated gene transfer (Kumar et al., 2994).

In this work, since the exogenous DNA transformation methods for Tetraspora sp.
were undeveloped, several common transformation methods were used as trial. They
were electroporation and glass bead vortexing. Cell wall might act as significant barrier
for DNA transformation, thus cells were treated by cellulase before the transformation.
Unlike C. reinhardtii that the cell wall composition was explored, the composition of
Tetraspora sp. cell walls was unknown. The mixed-enzyme cellulase was considered for
use in cell wall digestion of Tetraspora sp. Cellulase, ONOZUKA R-10, was purchased
from PhytoTechnology Laboratories® company. The powder is composed of cellulase,
hemicellulase, pectinase, o-mylase, and protease. This enzyme mixture showed an
optimal pH over the range from 3 to 7, with a peak at 4 to 5, under the incubation

temperature of 40 °C (data from the company).
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Xbal-linearlized Nm:su/P-inactivated plasmid (pTgSmNm) was successfully
constructed and transformed to cellulase-treated cells by both electroporation and glass
bead vortexing methods. The results showed an approximately equal amount of
transformant on the test set and on the control set. Colony PCR confirmed that no mutant
was obtained after keeping cells to the 31 generation. Neomycin resistance cassette might
not be suitable for Tetraspora sp. transformant selection, then this cassette will not be
further discussed.

The construction of Xbal-linearlized Cm:su/P-inactivated plasmid (pTgSmCm)
also followed the same strategies as that in Nm:su/P-inactivated plasmid. Unfortunately,
transformants was not observed by electroporation transformation, but few colonies could
survive up to the 3™ generation by glass bead vortexing method. Although, the reliable
explanation was unclear for the instability of these transformants, there are some
possibilities to explain these negative results. One could be the efficiency of
transformation method. The plasmid might not enter the host cells resulting in no
transformant on selective medium, or they entered but could not integrate completely to
genome due to the length of sulP upstream Cm" fragment. This part of su/P has a length
of 169 bp, which is not too long for recombination. Some studies showed that the length
of up-stream and down-stream sequence of resistance cassette could effect the integration
efficiency in cyanobacterial Synecococcus R2 (Kolowsky et al., 1984). These results were
similar to the recombination in bacteria as reviewed by Oliveira et al. (2008). Secondly, if
Cm" integrated to algal genome, the resistance cassette might be incompatible to the

genome. Host cells need to eliminate an alien DNA.
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4.5.3 Full-length sulP determination

A full-length sulP was successfully determined at both cDNA and genomic DNA
levels. The cDNA sequence showed an open reading frame of 1,041 bp encoding 346
amino acid residues with the 5’ and 3’untranslated regions size of 285 and 225 bp,
respectively. This genomic sulP showed the existence of 4 introns with a size of 69, 228,
219, and 227 bp, respectively. We identified Tetraspora sulP as the second strain having
introns fragment in DNA sequence after the first strain intron-containing C. reinhardtii
sulP. Deduced amino acid residues showed the predicted chloroplast transit peptide (cTP)
of 28 residues. The results showed the coherence of C. reinhardtii SulPs: SulP and SulP2.
These two protein sequences reported by Lindberg and Melis (2008) showed the cTP
length of 54 and 82 residues, respectively, while others showed no putative signal peptide
from ChloroP 1.1 program (Emanuelsson ef al., 1999) prediction. Besides, many reports
revealed the existence of su/P in chloroplast. These results indicated the possibility of the
existence of sulP in Tetraspora nuclear DNA. A long discussion was provided by Chen ef
al. (2003) followed by Melis and Chen (2005) that during the evolution, it is possible that
the sulfate permease genes of the liverwort Marchantia polymorpha SulP and the
Chlamydomonas reinhardtii SulP2 migrated from the symbiosis of the prokaryote, e.g.
Bacillus.

4.5.4 Construction of a sulP inactivation strain (2)

The long flanking regions of antibiotic cassette was used to construct the new
gene-inactivated plasmid. Xbal-linearlized plasmid (pTgLSmCm) was transformed to
Tetraspora sp. CU2551. Interestingly, the transformant number 3 showed the promising
band with a size of 850 bp corresponding to the size in positive control. Unfortunately,
this fragment was not sequenced to check whether it is the target band or a fault positive

band. Moreover, this transformant could not grow to the 6" generation. Again, the
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explanation is still unclear and there is no report revealing the incompatiblility of
chloramphenicol resistance cassette to algal genome; we proposed the possibility of
incompatibility of this cassette to Tetraspora sp. genome.

Paromomycin resistance cassette was developed by Sizova et al. (2001).
However, this cassette was developed for C. reinhardtii system since hsp70A, 5’rbsc2,
In1, and 3’rbsc2 were obtained from C. reinhardtii genome sequence. They also reported
that the existence of hsp70A promoter along with intronl fragment could promote the
expression level of aph VIII by 140 folds. Even though this system was developed for C.
reinhardtii, this cassette was selected for use in Tetraspora sp. transformation.

Since the Pm® in pSI103-1 could not be expressed in E. coli system due to the
promoter upstream the aph VIII derived from C. reinhardtii, the recombinant plasmids
were screened from the plasmid extracted from E. coli followed by restriction enzyme
digestion. Several methods were used to initiate ligation using optimized parameters, but
no positive construct was obtained. In addition, the PCR-product obtained also contained
no expected construct. In this case, some investigations was performed to address the
cause. We found the high GC content of 62% along the Pm"® cassette, especially high in
aph VIII of 69%. We also found that the normal PCR using gene specific primer could
not produce the expected band, but the band was found when 3% DMSO was present in
PCR reaction. This result confirmed that the high GC content affected the topology of
Pm® fragment and the DMSO could help stabilize the topology of the fragment for
suitable amplification.

An indirect ligation was used to get the Pm":sulP-inactivated construct. Each
portion of sulP was ligated to flank to Pm® in pSI103-1 in order to destroy some topology
in the cassette. Fragment C of sulP was firstly cloned to flank at the upstream of Pm"

where the GC island of aph VIII region stayed far from this cloning site. After PmC
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plasmid was constructed, fragment A could ligate to another end with the coherence
direction to fragment A. Finally, PmCA plasmid was obtained and ready to transform to
algal genome.

To make sure that an exogenous DNA can be delivered to cells, biolistic
microparticle bombardment method was selected. The green alga Gonium pectoral has
the morphology suitable for cell attachment to other cells. In addition, many optimized
parameters for this technique were obtained from the study by Lerche and Hallmann
(2009) to be applied in Tetraspora sp. transformation. After transformation, many
transformants were obtained on the selective medium plates and only one transformant
was grown to the 120 generation. The mutant confirmation was initially proved by colony
PCR, but the reaction failed to produce any promising band. Using genomic DNA as a
template, all 9 primers were combined to get a total of 20 combinations of primer pairs to
check the segregation at recombination sites. The PCR pattern showed no product when
one of primers primed to the PmR resistance cassette except Ex3F/PmF1 and PmR/PmF1.
Ex3F/PmF1 primer pairs did not produce the promising band, but the size of about 300 bp
was obtained. This fragment was not sequenced. While PmR/PmF1 gave the expected
PCR product size, the sequence result did not show the correct sequence. It should be
noted that the wild type genomic DNA failed to produce this expected band size of 447
bp using PmR/PmF1 primers.

Overall results indicated that even many developed mutant creation methods were
applied to Tetraspora sp., the stable mutant was not obtained in this study. However, the
new approach was used to understand the genes involved in the metabolism of
biohydrogen production. The gene expression analysis study of some genes was used to

unveil the mechanism of cells response under sulfur deprivation condition.
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4.6  Sulfur deprivation

4.6.1 hydrogenase gene (hydA) investigation

Since the su/P-deficient mutant strain was unsuccessfully construct by
optimization in this study, the gene expression profile analysis was selected to understand
the biohydrogen production pathway in green alga Tetraspora sp. CU2551. The study
would like to connect between the hydrogen production catalyzed by hydrogenase
enzyme (HydA) under sulfur deprivation condition. A sulP full-length sequence was
determined previously and used as a template for primer design for use in gene
expression analysis. Unlike su/P investigation, hydrogenase gene (hydA) investigation
was started in both cDNA and gDNA level at the same time. Primers were designed
around the conserved regions and one combination of them gave a PCR product at both
cDNA and gDNA level. Structural gene showed two introns with the size of 261 and 282
bp, respectively. The deduced amino acid sequence of this partial sequence was subjected
to the phylogenetic tree determination. Tetraspora HydA showed close relationship to
other green algal HydAs. However, the cDNA sequence is sufficient for primer design for

use in gene expression profile analysis.

4.6.2 Sulfur deprivation condition

Under S-deprivation the protein biosynthesis is geared towards those products that
are necessary for maintaining under the conditions of reduced metabolic activities
(Wykoff, et al. 1998). As a consequence, the D1 protein which is essential to the reaction
center of the PSII system cannot restore the activity of PSII during rapidly continuous
photodamage resulting in low electrons flow to hydrogenase. Tetraspora sp. showed the

decrease of hydrogen production after sulfur deprivation; however, the long term
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cultivation in 100 h of C. reinhardtii under sulfur deprivation condition could promote
cells to produce biohydrogen in large amount, while Scenedesmus obliquus showed
almost no detectable production (Winkler et al., 2002a). PSII activity during sulfur
deprivation was indirectly monitored by fluorescence measurement. The fluorescence
increased when Tetraspora sp. was adapted in S-deprived TAP medium. The control set
showed the decrease fluorescence by 20% when fresh TAP was replaced within 1 h. This
may be due to the resumption of PSII activity caused by the presence of sulfate in fresh
TAP medium. This result was similar to C. reinhardtii when deprived the culture of
sulfate (Volgusheva et al., 2007). Both sulP and hydA were sharply up-regulated and
saturated within 6 h. This is in agreement with the previous study by Lindberg and Melis
(2008) revealed that the C. reinhardtii sulP transcript level rapidly increased and
saturated within 3 h under sulfur deprivation. Although the report from Winkler et
al.(2002) showed the increase of C. reinhardtii hydA for more than 1,000 folds under
anaerobic condition, Tetraspora hydA showed the up-regulated for about 2.3 folds under
aerobic condition. This was from the fact that oxygen acts as the most powerful inhibitor

for hydA expression (Melis 2007).

4.6.3 Sulfur replete condition

From the sulfur deprivation study, the hydrogen was hardly detectable at 16 h, it
was assumed that the electron flow existed at very low level. Then, the culture was
replaced by pre-warm fresh TAP medium to allow cells to restore all activities.
Interestingly, hydrogen production was restored in 4 h, but the rate of production did not
reach the production rate that cells attained before adapting in S-deprived medium. The
cell culture showed the different maximum capacity of production when cells were

repeated using +/- sulfate cycle (Kim et al., 2010). PSII activity was also restored within
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2 h after repletion suggesting that this is a result of the su/P expression in high amount on
the chloroplast surface during S-deprived adaptation. Then, after sulfate was present in
culture medium, cell could uptake sulfate to reach an equilibrium point in short time. The
expression level of sulP also indicated the possibility of SulP protein translation in short
time to expedite sulfate uptake restoring cells in equilibrium status before the expression
of sulP declined afterwards. This process also affected the hydA expression profile. The
expression profile declined and the production was restored in short time.

In conclusion, Tetraspora sp. CU2551 has high potential for biohydrogen
production in Thailand where light is plentiful with optimal temperature for cells to grow.
Cells showed the highest production rate when nitrogen and sulfur deprivation condition
was adapted to the culture under the light intensity of about 30 pE/m*s. Compared to
other studies, Chlamydomonas reinhardtii showed the highest capacity of production to
produce hydrogen gas under sulfur deprivation condition; however, Tetraspora sp.
CU2551 could still produce the gas in high level under normal condition. Genetic
manipulation could be applied to enhance the production from this strain even the method
could not be developed in this study. Gene expression analysis allowed us to understand
the hydrogen production metabolism in Tetraspora sp. Sulfate permease and hydrogenase
genes were up regulated when sulfur was deprived from the culture resulting in low
electron flow from PSII followed by low biohydrogen production. The gene expression
level was restored upon replacing the medium with sulfur-containing TAP which resulted
in the increase of electron flow from PSII followed by the increase of hydrogen
production. Gene expression analysis results provided the understanding of the genes
response involved in H, metabolism, and fluorescence results highlight the importance of
electron flow from PSII to hydrogenase enzyme that resulted in enhanced hydrogen

production.



CHAPTER V

CONCLUSIONS

The present study of the hydrogen production in green microalgae has revealed the

following findings:

1. Screening showed the distribution and availability of hydrogen-producing
microalgae in nature of Thailand.

2. The high-producing selected strain was named as Tetraspora sp. CU2551, which
belonged to green algae group confirmed by 18S rDNA determination.

3. Tetraspora sp. rapidly grows in TAP medium at 36 °C under continuous light
illumination ranging from 37 — 92 pE/m?/s, and competent to produce hydrogen
gas at high rate when cells were grown for 24 h and produced the gas at 35 °C.

4. Increasing the pH ranging from 5.75 to 9.3 resulted in an increased hydrogen
production rate, whereas almost no production was observed when pH was
dropped to 5.25.

5. Under light incubation, supplementation of carbon sources and salts could not
promote the production, while high rate hydrogen production for Tetraspora sp.
was obtained when cells were incubated under sulfur and nitrogen deprivation.

6. P-mercaptoethanol increased the hydrogen production capacity when light
intensity was below 7 pE/m?/s.

7. The full-length of new chloroplast envelope-localized sulfate permease (su/P) was
investigated. This study showed that Tetraspora sp. CU2551 is the second strain

after Chlamydomonas reinhardtii where sulP contains intron fragments after sulP
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in. The putative gene product also shows the close relationship to each other with
the existence of chloroplast transit peptide.

Several methods were used to create the mutant, but no reliable method was
developed for the transformation of exogenous DNA to Tetraspora sp. genome.
Hydrogenase gene (hydA) was investigated showing the existence of two intron
regions in hyd4A at DNA level. The putative protein encoded from this 878-bp
gene contains 292 amino acid residues which shows the closet relationship to
hydrogenase from Chlorella fusca.

Under sulfur deprivation condition, the hydrogen production was decreased as a
result of less electrons flow to hydrogenase enzyme indirectly measured by
fluorescence of PSII system. However, sulfate permease gene and hydrogenase
gene were increased about 2.3 folds to the saturation point within about 6 h.
Hydrogen production was rapidly restored in 4 h and the fluorescence of PSII
system was recovered in 2 h when the culture medium was replaced by new
sulfur-containing medium. The gene expression profiles of su/P and hydA showed
the decrease of both genes after sulfur source was restored.

In summary, this study highlights the importance of the hydrogen production in
Tetraspora sp. CU2551 which depends on the electron flow from PSII system to

hydrogenase enzyme.
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APPENDIX A

Cloning vector maps: pGEM®-T Easy Vector

Amnl 2009
174 ’
Scal 1890 Nael 2707 Apal 14
\ Aatll 20
f1 ori Sphl 26
BstZl | 31
Ncol a7
AmpF BstZ| -:413
pGEM®-TEasy  /acZ bt Ol et
Vector J EcoRl | 52
(3015bp)

Spel 64
EcoRl 70
Notl 77
BstZI 77
Pstl B8
ori Sall 90
Ndel 97
Sacl 109
BstXl |[118
Nsil 12?
41

T SP6

T7 Transcription Start

5 ... TGTAA TACGA CTCAC TATAG GGCGA ATTGG GCCCG ACGTC GCATG CTCCC GGCCG CCATG
3 ... ACATT ATGCT GAGTG ATATC CCGCT TAACC CGGGC TGCAG CGTAC GAGGG CCGGC GGTAC

T7 Promoter
Apal Aatll Sphl BstZ| Ncol
GCGGC CGCGG GAATT CGATTS, — insert) ATCAC TAGTG AATTC GCGGC CGCCT GCAGG TCGAC
CGCCG GCGCC CTTAAGCTA I'TTAGTG ATCAC TTAAG CGCCG GCGGA CGTCC AGCTG
: o o
el Sacll EcoRl Spel  EcoRl Pst sall
BstZI BsiZ

SP6 Transcription Start

CATAT GGGA GAGCT CCCAA CGCGT TGGAT GCATA GCTTG AGTAT TCTAT AGTGT CACCT AAAT ... &
GTATA CCCT CTCGA GGGTT GCGCA ACCTA CGTAT CGAAC TCATA AGATA TCACA GTGGATTTA ... &'

SP6 Promoter

Ndel Sacl BstXI Nsil



lacZo ATG

M13 Reverse Primer

CAG GAA ACA GCT
GTC CTT TGT CGA

ATG AC

GTA ACG GCC GCC
CAT TGC CGG CGG

EccljRV
AGA TAT CCA TCA
TCT ATA GGT AGT

T7 Promoter

Bs‘tX |
AGT GTG CTG

TCA CAC GAC

Bstx1  Not|
|

CAC TGG CGG
GTG ACC GCC

AGT GAG TCG TAT
TCA CTC AGC ATA

ATG TTA AGT

Sarl,‘l BiamHI

CCA AGC TTG GTA CCG AGC TCG GAT CCA CTA
GGT TCG AAC CAT GGC TCG AGC CTA GGT GAT

C ATG ATT ACG
TAC TG[ TAC TAA TGC

GAG CAT GCA TCT AGA GGG
CTC GTA CGT AGA TCT CCC

M13 Forward (-20) Primer
TAC AAT TCA|CTG GCC GTC GTT TTA

GAC CGG CAG CAA AAT QTT GCA GCA

Cloning vector maps: pCR*2.1-TOPO®Vector

EcoR |

Apla |

CCC AAT TCG
GGG TTA AGC
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S,iJe |

CCC TAT
GGG ATA

4

GAC TGG GAA AAC

CTG ACC CTT

TTG




155

APPENDIX B
H, content calculation

Determine the amount of H2 corresponding to the peak area for each time point

against 4% Ar-balanced hydrogen gas.

Calculate the concentration of hydrogen produced in vial head space (X %) by using the

following equation:

Peak area of sample

X% =

0
Peak area of 4% standard hydrogen gas (4 A))
3
22.4 dm (L) =1 mol Hy, thus the volume in head space was used to calculated.
Normalize the hydrogen content by using the dry weight amount.

Express the H2 evolved in umol/mg DW/h unit.



N-Free

NaCl
MgS0,4.7H,0
CaCb

K,HPO,
Fey(S04);3.6H,0
Na,-EDTA
H;BO;s
MnS0,4.4H,0
NaMo0O4.2H,0
ZnS0,4.7H,0
CuS04.5H,0
CoCl,

Diltilled water to

N8

Na,HPO,4.2H,0
K,HPO,

CaCl,

Fe.EDTA
MgS0O4.7H,0

KNO;

Trace element mixture*
Diltilled water to

*Trace element mixture for N8

Aly(S0O4)5.18H,0
MnCl,.4H,0
CuS04.5H,0
ZnS04.7H,0
Diltilled water to

APPENDIX C

Media compositions

70.00
380.00
80.00
600.00
10.00
27.00
3.00
2.00
8.00
0.30
0.08
0.02
1.00

260.00
740.00
10.00
10.00
50.00
1000.00
1.00
1.00

3.58
12.98
1.83
3.20
1.00

mg
mg
mg
mg
mg
mg
mg
mg
mg
mg
mg

mg

mg
mg
mg
mg
mg
mg
mL

oo 0o 0o 09
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BG11

NaNO;

K,HPO,4.3H,0
MgS04.7H,0

CaCb

Citric acid

Ferric Ammonium citrate
Mg,-EDTA

Na2CO3

Trace metal mix A5 +Co*
Diltilled water to

*Trace metal mix A5 +Co
H;BO;

MnCl,.4H,0
ZnS04.7H,0
NaMo0O4.2H,0
CuS04.5H,0
Co(NO3),.6H,O

Diltilled water to

Zarrouk
NaHCO3
K,HPO,

NaN03

NaCl
MgS0O4.7H,0
FeSO4.7H,0
CaCl,2H,0
EDTA

K;,SOq4

Ajs solution*

B¢ solution*
Diltilled water to
*As solution (g/L)
H;BO;
MnCl,.2H,0
ZnS04.4H,0
MOO3

1.50
40.00
75.00
36.00

6.00

6.00

1.00
20.00

1.00

1.00

2.86
1.81
220.00
390.00
79.00
49.00
1.00

16.80
0.50
2.50
1.00
0.20
0.01
0.04
0.08
1.00
1.00
1.00
1.00

2.86
1.80
0.22
0.01

mg
mg
mg
mg
mg
mg
mg
mg
mL

mg
mg
mg

mg

gQ 0@ 00 00 0Q O 0o 09 09

mL
mL

gQ 0 0o 09
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CuSO4.5H20
Diltilled water to

*Bg solution (mg/L)

NH4NO3

K2Cr2(S04)4.24H20

NiSO4.7H20
Na2S04.2H20
Ti2(S04)3
Co(NO3),.6H,0
Diltilled water to

Tris-Acetate-Phosphate (TAP)

NH,C1
CaCl,2H,0
MgS0,4.7H,0
KH,POy4
K,HPO,

EDTA

Tris (base)
Glacial acetic acid
FeSO,4.7H,0
ZnS04.4H,0
H;BO;
MnCl,.2H,0
CuS04.5H,0
NaMoQO,4.2H,0
CoCl,.6H,0
Diltilled water to

AA

solution A*
solution B*
KNO;3

NaNO;

Diltilled water to
*Solution A

4% MgS04.7H,0

0.08
1.00

22.90
96.00
47.80
17.90
40.00

4.40

1.00

0.40
0.05
0.10
0.05
0.10
0.05
242
1.00
5.60
22.08
11.40
5.52
0.16
0.75
0.17
1.00

25.00
6.25
0.25
0.21
1.00

500.00

- oo

Moo 00 0o O 09 09

ge 09 09 0o 09 0o OQ

mL

mg
mg
mg
mg
mg

mg

mL
mL

= ooe oo
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1.2% CaCl, 2H,0 500.00 mL
3.8% NaCl 500.00 mL
Microelements stock solution * 500.00 mL
*Solution B

K,;HPO, 28.00
Diltilled water to 500.00 mL
*Microelements stock solution

A&A Fe-EDTA solution* 160.00 mL
MnCl,.2H,0 360.00 mg
MoO; 36.00 mg
ZnS04.4H,0 44.00 mg
CuS04.5H,0 15.80 mg
H;BO;3 572.00 mg
NH4VO; 4.60 mg
CoCl,.6H,0 8.00 mg
Diltilled water 1090.00 mL
*A&A Fe-EDTA solution

Dissolve 5.2g KOH in 186 ml distilled water, then add 20.4 g
NazEDTA 2H20

Dissolve 13.7g FeSO4-7H;0 in 364 ml

Mix these two solutions
Bubble filtered air through solution until color changes (minutes to
hours)

Final pH of FeEDTA solution approximately 3.5
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Hydrogen production of each isolate in section 3.1

APPENDIX D

Isolate No.

Isolate name

Production rate

(nmol/mg chl a/h)

1 All 0.00
2 Al2 0.12
3 A21 0.06
4 A22 0.01
5 A23 0.76
6 A24 0.00
7 A25 0.11
8 A26 0.15
9 A27 0.13
10 A28 0.12
11 A29 0.26
12 A3l 0.00
13 A32 0.09
14 A33 0.05
15 A34 0.08
16 A35 0.14
17 A36 0.15
18 A41 0.02
19 A42 0.00
20 A43 0.00
21 Ad44 0.00
22 A45 0.00
23 A46 0.06
24 A47 0.00
25 A48 0.04
26 A51 0.22
27 A61 0.00
28 A62 0.19
29 A63 0.05
30 A64 0.01
31 ACV 0.01
32 ACV-W-01F 0.00
33 ACV-W-02F 0.00
34 Ankistrodesmus falcatus 0.17
35 Aphanocapsa biformis 0.00
36 ATG-S-01 0.08
37 ATG-S-02 0.04
38 ATG-S-03 0.13
39 ATG-S-04 0.02
40 ATG-S-05 0.06
41 ATG-S-06 0.04
42 ATG-S-10 0.09
43 ATG-S-11 0.04
44 ATG-S-12 0.09
45 ATG-S-13 0.01
46 ATG-S-15 0.00
47 ATG-S-16 0.08
48 ATG-S-17 0.08
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Production rate

Isolate No. Isolate name (umol/mg chl a/h)
49 ATG-S-18 0.00
50 ATG-S-19 0.04
51 ATG-S-20 0.10
52 ATG-S-21 0.00
53 AYT-S1-01F 0.08
54 AYT-S1-03 0.12
55 AYT-S2-01 0.58
56 AYT-W0-01 0.05
57 AYT-W0-03 0.06
58 AYT-W1-02 0.07
59 AYT-W1-04 0.09
60 AYT-W1-09F 0.06
61 AYT-W2-03 0.03
62 AYT-W2-04F 0.00
63 AYT-W2-05F 0.01
64 AYT-W2-06F 0.00
65 AYT-W2-07F 0.01
66 BOT-S-01 0.02
67 BOT-S-02 0.05
68 BOT-S-03 0.05
69 BOT-S-04 0.07
70 BOT-W-01 0.05
71 BOT-W-02 0.22
72 BOT-W-05 0.00
73 BOT-W-06 0.07
74 BOT-W-07 0.40
75 BOT-W-09 0.01
76 BOT-W-10 0.35
77 BOT-W-11 0.02
78 BOT-W-12F 0.09
79 BOT-W-14F 0.38
80 BPT-S-01 0.04
81 BPT-S-05 0.00
82 BPT-W-02 0.00
83 BPT-W-03 0.00
84 BPT-W-04 0.00
85 BPT-W-06 0.03
86 BPT-W-07 0.01
87 BPT-W-08 0.02
88 BPT-W-09 0.01
89 BPT-W-10 0.01
90 BPT-W-11 0.01
91 BPT-W-12 0.05
92 BPT-W-13 0.01
93 BPT-W-14 0.00
94 BPT-W-15 0.01
95 BPT-W-16 0.00
96 BPT-W-17 0.00
97 Calothrix elenkinii 0.00
98 Chlorogloea fritschii 0.00
99 Chrorococcus turgidus 0.00
100 CMU-W-01 0.05
101 CMU-W-02 0.02
102 Coccomonas orbicularis 0.02
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Production rate

Isolate No. Isolate name (umol/mg chl a/h)
103 Finnland 0.02
104 Fischerella muscicola 0.00
105 Gleocapsa atrata 0.00
106 JET-S-01 0.01
107 JET-S-02 0.20
108 JET-S-05F 0.00
109 JET-S-06F 0.00
110 KK (BG11) 0.01
111 LG1 0.19
112 LG3 0.31
113 LG4 0.22
114 LG6 0.19
115 LG7 0.10
116 LPD-W-01 0.10
117 LPD-W-03 0.02
118 LPD-W-08 0.02
119 MAY-W-01 0.11
120 MAY-W-02 0.06
121 MAY-W-04 0.86
122 MAY-W-04.1 0.13
123 MAY-W-04.2 0.31
124 MAY-W-04.3 0.31
125 MAY-W-04.4 0.23
126 MAY-W-04.5 0.26
127 MAY-W-04.6 0.19
128 MAY-W-04.7 0.18
129 MAY-W-04.8 0.32
130 MAY-W-04.9 0.42
131 MAY-W-07 0.44
132 Microcystis pulvaria 0.07
133 Mpyxosarcina burmensis 0.00
134 NFP-W-02 0.05
135 NFP-W-03 0.05
136 NFP-W-07 0.10
137 NFP-W-10 0.06
138 NKN-S-01 0.04
139 NKN-S-02 0.05
140 NKN-S-03 0.04
141 NKN-S-04 0.02
142 NKN-S-05 0.04
143 NKN-S-06 0.00
144 NKN-S-07 0.17
145 NKN-S-08 0.13
146 Nostoc calcicola 0.00
147 Oscillatoria salina 0.14
148 Phormidium calcicola 0.00
149 PK8-W-01 0.06
150 PK8-W-04 0.04
151 PK8-W-05 0.03
152 PK8-W-06 0.08
153 PK8-W-07 0.32
154 PK8-W-09 0.07
155 PK8-W-10 0.06
156 PK8-W-11 0.02
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Production rate

Isolate No. Isolate name (umol/mg chl a/h)
157 PK8-W-12 0.06
158 Plectonema gracillimum 0.00
159 PTH-F-01 0.08
160 PTH-F-03 0.09
161 PTH-F-04 0.07
162 PTH-F-05 0.06
163 PTH-F-06 0.16
164 PTH-F-07 0.07
165 PTH-F-08 0.06
166 PTH-F-09 0.05
167 PTH-S-01 0.06
168 PTH-S-02 0.01
169 PTH-S-03F 0.00
170 PTH-W-01 0.36
171 PTK-W-02 0.04
172 PTK-W-03 0.00
173 PTK-W-04 0.08
174 PTK-W-05F 0.00
175 PTK-W-06F 0.00
176 PTK-W-08 0.01
177 SBR-S-01 0.21
178 SBR-S-02 0.09
179 SBR-S-03 0.29
180 SBR-S-04 0.06
181 SBR-S-05 0.07
182 SBR-S-06 0.04
183 SBR-S-07 0.05
184 SBR-S-08 0.00
185 SBR-S-09 0.12
186 SBR-S-10 0.05
187 SBR-S-11 0.06
188 SBR-S-12 0.06
189 SBR-S-13 0.04
190 SBR-S-14 0.16
191 Scenedesmus acuminatus 0.07
192 Scytonema bohneri 0.02
193 SS-2 0.03
194 SS-3 0.20
195 SS-4 0.15
196 STH-W-01 0.06
197 STH-W-03 0.04
198 STH-W-04 0.11
199 TPS-W-01 0.04
200 TPS-W-02 0.01
201 TUR-dark green 0.04
202 TUR-filament 0.00
203 TUR-green 0.06
204 TUR-light green 1.00
205 TUR-W-20 0.96
206 TUR-W-21 0.06
207 TUR-W-22 0.15
208 TUR-W-24F 0.08
209 WBU-W-02 0.00
210 WBU-W-03 0.00
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APPENDIX E

PERSONAL INFORMATION

FIELD OF RESEARCH INTEREST

I have started my PhD since 2008 in Cyanobacterial Biotechnology Laboratory,
Biochemistry Department, Faculty of Science, Chulalongkorn University, Thailand. I
have focused on the finding of new energy source for our world, and the green energy
source like the hydrogen production by biophotolysis process interests me. For my work,
I have screened several hydrogen-producing green microalgae and optimized the
production condition for use as an alternative energy source. Genes involved in hydrogen
metabolism in green algae were investigated and were monitored under nutrient
deprivation to understand their function in vivo.

In the past, I worked as research assistant at the Shrimp Molecular Biology and
Genetics Laboratory (SMBGL) Bangkok Thailand, the same place where I performed my
Master thesis work. My work is focused on an antimicrobial peptide gene isolated from
the hemocyte cDNA library of the black tiger shrimp (P. monodon). Alternatively, I have
additionally developed 30 type I microsatellite markers which were extended from my
thesis area. I have done these works since June 2005. After relocated to a new job in
January 2007, I have joined the Protein-Ligand Engineering and Molecular Biology
Laboratory, National Center for Genetics Engineering and Biotechnology (BIOTEC),
Thailand. At BIOTEC, my researche was mainly focused on drug screening for inhibiting
malarial key enzyme (DHFR-TS) in Plasmodium falciparum via X-ray crystallography
technique. In addition,I also earned experiences in data collection from National

Synchrotron Radiation Research Center, Taiwan in 2008.
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During my Master thesis research, I worked on type I microsatellite markers to
extend the genome mapping of the black tiger shrimp (Penaeus monodon). The work is
intended to provide the additional markers to the previous P. monodon genetic linkage
map of AIMS (The Australian Institute of Marine Science). I had developed 50 type I
microsatellite markers in my study and found that 36 markers could be placed on the

previous genetic linkage map.

SCHOLARSHIPS

e June 2009- May 2010
Academic scholarships from the 90" Anniversary of Chulalongkorn University Fund
(Ratchadaphiseksomphote Endowment Fund), Bangkok, Thailand

e June 2008 - May 2011
Academic scholarship from Thailand Research Fund through the Royal Golden
Jubilee Ph.D. program, Bangkok, Thailand

e June 2004 - May 2005
Local Graduate Scholarship (LGS). This scholarship was funded by National Center
for Genetics Engineering and Biotechnology (BIOTEC) for local master degree

student.

AWARDS

e 20 April 2012
Best presentation award from The Science Forum 2012 (Applies Science and
Technology session). Mahamakut Building, Faculty of Science, Chulalongkorn

University, Thailand: April 19 — 20, 2012.
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e 03 April 2011
Outstanding presentation award from RGJ-Ph.D. Congress XII, Jomtein Palm Beach
Resort Pattaya, Chonburi, Thailand: April 1-3, 2011.

e 17 June 2010
Recognized as best graduate student, Chulalongkorn University, Thailand

e 21 August 2005
The excellent graduate student award, the Prof. Dr. Tab Nilanidhi Foundation (the
award was presented to the student who received the highest GPA above 3.70 in each

department).

ACADEMIC EXPERIENCES

1. Science Forum 2012, Faculty of Science, Chulalongkorn University, Thailand: April
19 — 20, 2012. High Rates of Hydrogen Production by a Novel Green Alga
Tetraspora sp. CU2551 (Oral presentation).

2. RGJ-Ph.D. Congress XII, Jomtein Palm Beach Resort Pattaya, Chonburi, Thailand:
April 1 — 3, 2011. High Rates of Hydrogen Production by a Novel Green Alga
Tetraspora sp. CU2551 (Oral presentation).

3. CAP meeting, Department of Photochemistry and Molecular Science, Uppsala
University, Sweden: October 05, 2010. Identification and characterization of a novel
hydrogen-producing green alga Tetraspora sp. CU2551 isolated from natural pond in
Thailand (Oral presentation).

4. The 9™ International Hydrogenase Conference, Uppsala, Sweden: June 27 — July 2,
2010. Identification and characterization of a hydrogen-producing green alga
Tetraspora sp. TURW 20.6 isolated from natural pond in Thailand (Poster

presentation).
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5. The 14" Biological Sciences Graduate Congress. Faculty of Science, Chulalongkorn
University, Bangkok, Thailand. December 10 - 12, 2009. Screening for
photosynthetic hydrogen-producing bacteria and optimization for the hydrogen
production (Poster presentation).

6. The 13" Biological Sciences Graduate Congress. Faculty of Science, National
University of Singapore, Singapore: December 15 — 16, 2008. Screening of hydrogen
producing cyanobacteria from natural ponds in Thailand (Poster presentation).

7. The 16™ Annual Meeting of the Thai Society for Biotechnology on “Innovative
Biotechnology: The Opportunity for Kitchen of the World”. 12 — 15 December 2004,

Phitsanulok, Thailand (Poster presentation).
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