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Chapter 1

1. Introduction

Micro-algae and cyanobacteria

Microalgae and cyanobacteria, also called blue-green algae, are most widely known as a
nuisance to the public. Algae stick to the wall of your aquarium and cyanobacterial blooms
can spoil surface waters just because the water does not look very attractive anymore and
smells. Cyanobacteria even can release toxins dangerous for humans. But these unicellular
microorganisms can also be exploited in many different ways as will be explained later. For
this they need to be cultivated in controlled and preferably closed systems with sufficient
supply of light energy. In this introduction a theoretical background is given on microalgae,
microalgal cultivation and enclosed photobioreactors. At the end of this chapter an outline of
the thesis is presented.

Microalgae and cyanobacteria are oxygenic photoautotrophic microorganisms. They are able
to use sunlight to metabolize carbon dioxide (CO,) inside energy-rich organic compounds
(CH,0) under liberation of oxygen (O,). The organic compounds, represented by CH,O, are
used as building blocks for microalgal growth; for brevity the term microalgae is also used for
cyanobacteria. As can be seen in the following generalized equation, water (H,0) is needed as
an additional substrate:

CO;, + H,O + ‘light energy’ — CH,0 + O,

This process of light-driven biomass growth is called photosynthesis, which is the only

biological process of importance that can harvest energy from the sun.

Oxygenic photosynthesis

Microalgae, including cyanobacteria, have the capacity to absorb light energy, photons, and to
store it as chemical energy via the formation of chemical bonds. The basic unit of the
photosynthetic apparatus is the photosystem. Light energy, i.e. photons, is absorbed by
carotenoid and chlorophyll pigments of the photosystem antenna complex. In Figure 1.1 the
operation of photosytem II is shown schematically. The excitation energy is funneled through
the pigment bed towards the reaction center (P680), which is brought to a higher energy level
(P6807). Almost 95 to 99 % of the excitations can be transferred to the reaction center. The

transfer of energy is that efficient because the excitations ‘fall” inside an ‘energy hole” with



Introduction

the reaction center at the bottom. During transport the excitations loose some energy and this
is the reason reverse transport is not possible. Inside the reaction center the remaining
excitation energy activates the reaction center (P680 — P680") by promoting an electron from
the highest-energy filled orbital to the lowest-energy unfilled orbital. The electron is quickly
transferred to an acceptor generating an oxidant and reductant, respectively, and this process

is called charge separation.
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Figure 1.1. The photosystem, funneling of light-induced excitations from the antenna

complex to the reaction center; light-induced excitation energy is marked with .

A considerable diversity exists among the carotenoid and chlorophyll pigments. The different
divisions of microalgae are characterized by a specific pigment composition. In Figure 1.2,
characteristic absorption spectra of a green alga (Chlorohyta), a diatom (Chrysophyta) and a
cyanobacterium (cyanophyta) are shown. The absorption peaks between 650 and 700 nm, the
red region, are caused by chlorophyll absorption. Carotenoids, also called accessory pigments,
absorb most strongly in the blue region (400-500 nm) and transfer the excitation energy to the
chlorophylls, making photosynthesis efficient over a wider range of wavelengths. In addition
to chlorophylls and carotenoids, cyanobacteria have other pigments called phycobilisomes.
This enables the blue-green algae to absorb a part of the solar spectrum (600-650 nm) more

strongly than the other microalga (Figure 1.2).
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Figure 1.2. Characteristic absorption spectra of microalgae: a green alga, Dunaliella
tertiolecta, a diatom, Skeletonema costatum (Courtesy of Kromkamp and Limbeek, 1993)

and a cyanobacterium, Anacystis nidulans (Courtesy of Louis Aubriot).

In addition to light harvesting, carotenoids have other functions in the cell. They protect the
photosynthetic system in the situation algae are exposed to high light intensities. An overdose
of excitation energy can lead to production of toxic species (e.g. singlet oxygen) and to
photosystem damage (Vacha, 1995; Barber, 1994). Carotenoids are capable of scavenging
toxic photoproducts (Vacha, 1995; Edge, et al., 1997). More important, they can prevent the
formation of these products because an overdose of excitation energy can be dissipated as
heat by carotenoids in the antenna complex (Demmig-Adams, et al., 1995; Gilmore, 1997
Niyogi, et al., 1997b; Casper-Lindley and Bjorkman, 1998; Masojidek, et al., 1999). This
process of heat dissipation is always present, but additional capacity can be induced after

long-term exposure to high light intensity. Also carotenoids (e.g. astaxanthin) can accumulate
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and possibly act as a ‘sun-shade’ during high-light exposure in combination with other stress
factors (Masojidek, et al., 2000). But the exact role of carotenoids in these processes is still
under discussion. Moreover, the exact mechanisms of heat dissipation are diverse.

In oxygenic photosynthesis two photosystems, Photosystem II (PSII) and photosystem I
(PSI), operate in series (Figure 1.3). The reaction center of PSII shows the strongest
absorption at 680 nm and is called P680. Practically this means that the excitation energy of
every photon with a wavelength smaller than 680 nm, absorbed by the antenna pigments, can
be transferred to P680. Accordingly, the PSI reaction center, P700, absorbs most strongly at
700 nm. PSII generates a strong oxidant capable of liberating electrons from water. The
reductant delivers the reducing equivalents via a series of electron carriers and the cytochrome
bsf complex to the oxidized reaction center of PSI. The light energy absorbed by PSI is not
only used to oxidize the reaction center, but is also used to produce a strong reductant capable

of reducing oxidized nicotinamide adenine dinucleotide phosphate (NADP") to NADPH.
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Figure 1.3. The ‘light reactions’ of oxygenic photosynthesis, production of reduced
nicotinamide adenine dinucleotide phosphate (NADPH); light-induced excitation energy is

marked with *’.

In Figure 1.4 the structure of the photosynthetic machinery is shown in more detail. Both
photosystems are inserted in the lipid bi-layer of the so-called thylakoid membranes. The

thylakoid membranes enclose an inner space called the lumen. The strong oxidant formed
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after excitation of the PSII reaction center induces splitting of water into oxygen, electrons
and protons. The protons are left in the lumen. In a continuous process electrons are used to
reduce the reaction center, and, after renewed excitations, they are transported to
plastoquinone (PQ). Protons are picked up from the surrounding medium (stroma) producing
fully reduced plastoquinone (PQH,). This membrane-soluble protein diffuses to the
cytochrome bef complex. Via the cytochrome complex electrons are transferred to the water-
soluble electron carrier plastocyanin (PC). A special mechanism inside this complex allows
for additional pumping of protons across the lipid bilayer (Figure 1.4). Via the lumen,
plastocyanin diffuses to PSI, which acts as an oxidant after light-induced excitation. One by
one, the electrons released by plastocyanin reduce the reaction center, and, afier renewed
light-induced excitations, they are transported to the electron carrier ferredoxin (Fd). Finally,
NADP" is reduced to NADPH via the action of ferredoxin-NADP reductase (Fp). The proton
gradient across the thylakoid membrane drives adenosine triphosphate (ATP) production via

the action of ATP synthase.
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Figure 1.4. The site of the ‘light reactions’. the thylakoid membrane, linear electron

transport and production of adenosine triphosphate (ATP) via a proton motive force.

In the eukaryotic microalgae the thylakoid membranes are found in the chloroplast. In the
prokaryotic cyanobacteria the site of photosynthesis is the plasma membrane or membranes

derived from it. The energy and reducing power derived as ATP and NADPH is used to fix
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carbon dioxide via the action of ribulose-biphosphate carboxylase (Rubisco) in the Calvin
cycle. The carbon reduction reactions take place in the aqueous region of the chloroplast, the
stroma, or in the cytoplasma (cyanobacteria). The product of the Calvin cycle is
phosphoglyceraldehyde (triose P) and this is the building block for synthesis of fats, fatty
acids, amino acids and carboxylic acids. In addition, triose P is the starting point for synthesis
of hexose P, followed by carbohydrate synthesis. Carbohydrates (e.g. starch) are stored and

used later as energy source (respiration) and building blocks.

Products from microalgae

The process of photosynthesis itself may be very interesting, but this is not the reason why
photoautotrophic microorganisms are cultivated. Microalgae are rich in many specific and
attractive compounds (Cohen, 1986; Benemann, 1990; Apt and Behrens, 1999). Long-chain
polyunsaturated fatty acids are one category of potential products. Eicosapentaenoic acid
(EPA) has a significant effect on the vascular status of humans because of the antithrombotic
and antiaggregatory effects. In addition, docosahexaenoic acid (DHA) is a dominant fatty acid
in neurological tissue, i.e. the gray matter of the human brain. These compounds are very
interesting as nutritional supplements. Other nutriceuticals already derived from microalgae
are [3-carotene (pro-vitamin A) and astaxanthin (antioxidant) and these two processes are
scaled to a commercial scale (Borowitzka, 1992 and 1999; Olaizola, 2000). But also other
vitamins and antioxidants can be derived from microalgae (Cohen, 1986; Benemann, 1990;
Borowitzka, 1992).

Because of the large photosynthetic machinery, microalgae are very rich in pigments.
Especially cyanobacterial phycobilisomes (e.g. phycocyanin) are interesting because of their
excellent fluorescent properties (Apt and Behrens, 1999). Photoautotrophic microorganisms
as microalgae, including cyanobacteria, are also capable to carry out very specific
conversions. Because microalgae incorporate inorganic carbon (CO, and HCOy5'), they are
very useful for production of isotopically labeled *C-compounds. In addition to carbon, it is
easy to produce labeled *H- or ’N-compounds from nitrate ("NOs") and water (‘H,O) (Apt
and Behrens, 1999).

Moving further into the pharmaceutical market microalgae contain sterols, which could be
used as building blocks for pharmaceuticals (hormones). Moreover, cyanobacteria are a
potential source of compounds with biomedical applications (anti-microbial, -viral or anti-

cancer compounds) (Cohen, 1986; Borowitzka, 1995; Apt and Behrens, 1999).
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Finally, photosynthesis is the only biological process of importance in which light energy is
fixed as chemical energy by means of production of energy-rich carbon compounds.
Microalgae therefore have the potential to be used for bioenergy production (Casadevall, et
al., 1985; Braun and Reith, 1993). Although this has been studied extensively, large-scale
application is not yet feasible because of the complications involved with the scale-up of
photobioreactors (Chapter 7). Possibly new insights could be gained in the future as a spin-off

of the potential commercial exploitation of microalgae described above.

Cultivation of microalgae

Cultivation of microalgae seems quite easy. Only simple nutrients need to be provided such as
ammonium or nitrates, phosphates, trace amounts of certain metals and, most importantly, the
greenhouse gas carbon dioxide. Because algae are autotrophic they can grow on these simple
and cheap media. The only problem is that algae are phototrophic and that light energy is the
growth limiting ‘substrate’. This is nice on one hand because the energy source can be for
free: sunlight! But, on the other hand, it is very difficult to expose your culture to a sufficient

amount of light energy and to utilize this energy efficiently for biomass production.
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Figure 1.5. Relative intensity on energy basis of sunlight at ground level (American

Society for Testing and Materials, ASTM, spectrum E892).
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Light as the substrate

Sunlight is the ultimate energy source for microalgae. In Figure 1.5 the relative light intensity
of sunlight at ground level is shown. Although the wavelength range of solar radiation is very
broad, only radiation between 400 and 700 nm can be used by microalgae (Figure 1.2). This
part of the solar spectrum is called ‘Photosynthetic Active Radiation’ (PAR) and is enclosed
with dotted lines in Figure 1.5. On an energy basis 43 % of the solar radiation is in the PAR
region (Thimijan and Heins, 1983).
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Figure 1.6. Horizontal global and direct daily irradiance on ground level in: Amsterdam
52°21°'N and Sevilla 37°22'N in 1996 and 1997 according to The European Database of
Daylight and Solar Radiation (Fontoynont, et al., 1998).

The magnitude of solar radiation is dependent on the geographical position on Earth and the
climatological conditions at that position. As an illustration the irradiance on a horizontal
surface at two different geographical locations is shown in Figure 1.6: Amsterdam and
Sevilla. Global irradiance is the sum of direct beam irradiance and diffuse irradiance. Diffuse

irradiance is caused by scattering of light by small aerosols in the atmosphere and water
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droplets (clouds). In June global irradiance in Amsterdam is 18.0 MJ m™ d', which is 68 % of
that in Sevilla, 26.6 MJ m™ d”. In Sevilla much more than half of the global radiation (69 %
in June) reached ground level as direct beams. In Amsterdam this is less than half (49 % in

June) because of more days with overcast skies.
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Figure 1.7. Relative intensity on energy basis of artificial light: Tungsten-halogen lamp
(Philips Halotone, 300 W, 230 V, R7s), ‘plant-growth’ fluorescent tube (Osram-Sylvania,
Britegro 2023, 36 W) and a Light Emitting Diode, LED (Kingbright, L-53SRC-F). In all

graphs the relative intensity of sunlight is presented as a reference.

Studies on microalgae are preferable done under controlled conditions. Since outdoor sunlight
cannot be controlled, microalgae are usually studied indoors under artificial illumination.
Many different types of lamps are available. The cheapest and simplest to use are fluorescent
lamps and tungsten-halogen lamps. Both were used in the experiments leading to this thesis.

Fluorescent tubes can be specially adapted to provide more homogeneous illumination in the

17



Introduction

PAR region. An example of such a ‘plant-growth’ fluorescent spectrum is shown in Figure
1.7, together with the spectrum of a tungsten-halogen lamp.

The tungsten-halogen lamp shows a low intensity in the blue region (400-500 nm) but
intensity increases strongly at higher wavelengths and a large part of the radiation is
composed of wavelengths higher than 700 nm. In addition to these lamps, light-emitting
diodes (LEDs) were used. LEDs show a very narrow emission peak. In this thesis LEDs
peaking between 660 and 665 nm were used, which coincides with the chlorophyll absorption
peaks (Figure 1.7 and Figure 1.2). LEDs are very robust and can be alternately switched on
and off at higher frequencies than tungsten-halogen lamps, which was important in the
experiments of this thesis.

It is clear that light is not a simple substrate for algae as is glucose for yeast, for example.
Depending on the light source the exact composition of light is different (Figure 1.7). Also
light absorption by microalgae is wavelength dependent (Figure 1.2). But, to be able to
quantify light intensity in a single number it is common practice to sum all contributions
between 400 and 700 nm of the light source (see dotted lines in Figure 1.7). This wavelength
range is chosen because this is the part of the spectrum which can be absorbed and utilized by
microalgae, hence the name ‘photosynthetic active radiation” (PAR). In addition it is common
practice to express light intensity as the photon flux density (PFD): the number of photons
impinging on a flat surface per unit of time, pmol m™ s™'. Light sensors in photosynthesis
research are adapted in such a way that every photon in the PAR range results in the same
output.

The reason not to use energy units (W m™) is the fact that photosynthesis is a quantum
process. Every PAR-photon absorbed by the antennae can be used inside the reaction center
to induce charge separation (Figure 1.1). This is illustrated in Figure 1.8. For two different
microalgae, Chlorella (green alga) and Navicula minima (diatom), the quantum yield is
shown as a function of wavelength. A quantum yield of 0.1 corresponds to a quantum
requirement of 10, which means that one molecule of oxygen is produced upon absorption of
10 photons. It can be seen that the quantum requirement is more or less constant in the PAR
range. This means that every photon absorbed results in an equal photosynthetic output
although the affinity for absorption is different (Figure 1.2).

Whenever irradiance on a surface is expressed on energy basis (e.g. Figure 1.6) and the
spectral distribution of the light source is known it is possible to calculate the corresponding
photon flux density. In the case of Amsterdam in summertime, daily irradiance on a

horizontal surface is 16.0 MJ m™ d™". Assuming a 12 hours day period this corresponds to
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370 W m™. Combining the solar spectrum (Figure 1.5) and Planck’s Law this can be
recalculated to a PFD of 818 pmol m™ s™ in the PAR range.
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Figure 1.8. Quantum yield (oxygen basis) as a function of wavelength in two microalgae:
Chlorella (green alga, after Emerson and Lewis, 1943) and Navicula minima (diatom,
after Tanada, 1951).

Photosynthesis, i.e. microalgal growth, is strongly dependent on the photon flux density
(PFD). This dependency can be determined in short-term oxygen production experiments.
Photosynthesis can be measured as the specific oxygen production rate under increasing PFDs
(Figure 1.9). Under low PFDs oxygen production increases linearly with the PFD, illustrated
with the dashed line in Figure 1.9. At PFDs higher than 100 umol m™ s™ the increase of the
oxygen production rate slows down and, eventually, the alga reaches its maximal oxygen
production rate. This phenomenon is called light-saturation of photosynthesis. The
discrepancy between the straight dashed line and the curved solid line is a measure of the PFD
that cannot be utilized by the alga although this photon flux is absorbed. In other words light
energy is only utilized efficiently under low PFDs; lower than approximately 100 pmol m™s™
in this case.

At high PFDs the antenna complexes of the photosystems (Figure 1.1) absorb too much light.

A considerable part of the excitation energy cannot be utilized in the reaction centers because
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their capacity is limited. As a result, the surplus of excitation energy is predominantly
dissipated as heat in the antenna. For this reason, the determination of the (maximum)

quantum yield, as shown in Figure 1.8, is always done under low light intensities.
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Figure 1.9. Specific oxygen production rate (Po; in g g'1 h'1) on a protein basis as a
function of the photon flux density (PFD in pmol m? s'1). Data obtained for
Chlamydomonas reinhardtii (green alga) cultivated under continuous light of 600 - 700

pmol m? s™, Chapter 3.

Cultivation, productivity and photosynthetic efficiency

A huge variety of very interesting cultivation systems for microalgae have been developed.
The only one used on a large scale and a commercial basis is the shallow open raceway-pond
(Figure 1.10). These ponds are usually no more than 30 cm deep and the water with nutrients
and microalgae is circulated with a paddle wheel. Sunlight impinges on the surface and is
absorbed inside the culture; the photon flux density will decrease with increasing depth. This
is visualized in Figure 1.11 for a pond depth of 30 cm and a photon flux density of 1000
umol m? s™. The attenuation coefficient was estimated at 0.15 m™', but in reality this is
determined by the actual biomass density and the specific absorption of the biomass. The
largest part of the volume is exposed to very low PFDs (Figure 1.11). In this zone the light
energy will be utilized efficiently. Close to the reactor surface, however, the PFD is very high
and there light efficiency will be very low (Figure 1.9). This is a general problem in

microalgal cultivation systems. Reduction of the irradiance level will lead to more efficient
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utilization of the remaining light energy. But, of course, shading is not an option in microalgal

biotechnology because overall light input, and hence volumetric productivity, will decrease.

Figure 1.10. Shallow open raceway pond (Courtesy of Cyanotech Inc., Hawaii, USA).
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Figure 1.11. Photon flux density (PFD in umol m? s'1) as a function of the distance to the

light-exposed surface (d in cm). The PFD is estimated using Beer's law and an

attenuation coefficient of 0.15 m™.
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From this open pond example it is clear that two parameters are very useful to characterize the
efficiency of microalgal cultivation systems: the volumetric productivity and the efficiency of
light utilization. The volumetric productivity is the product of the biomass density and the
specific growth rate. A high volumetric productivity is beneficial because this means you can
suffice with a small cultivation system. Moreover, a high volumetric productivity usually is
accompanied with a high biomass density, which is more attractive with respect to
downstream processing. These considerations are very common in the field of bioprocess
engineering. But, working with photosynthetic microorganisms, the efficiency of light
utilization should be considered too. An increase in the efficiency of light utilization will lead
to an increase of the volumetric productivity. Light energy is the growth limiting substrate
and light falling on the cultivation system should be used as efficiently as possible.

The efficiency of light utilization for photoautotrophic growth can be expressed in several
ways. In algal biotechnology the term photosynthetic efficiency (PE) is widely used and it is
equal to the ratio between the caloric value of biomass produced and the light energy
absorbed. The photosynthetic efficiency is usually expressed as a percentage. On the other
hand, the efficiency of light utilization can also be expressed as the biomass yield on light
energy in grams of dry weight or protein produced per amount of light energy absorbed (YawE
or Yproeg). If light energy is expressed as mol quanta in the PAR range (400-700 nm) this
yield can be determined easily using widely available PAR-based quantum sensors.

Returning to the open pond design it is known that the volumetric productivity is poor
because of the long light path, tens of centimeters. The photosynthetic efficiency on the other
hand is reasonable (Richmond, 1996). Nevertheless, this is a very successful concept because
of the simplicity and the low costs. However, only a few species can be grown in these
systems open to the environment: Dunaliella salina at high salinity, Spirulina platensis at
high alkalinity and fast-growing Chlorella species. Many other microalgae species are also
promising for the production of a large variety of compounds. To be able to grow such
monocultures for extended time, enclosed photobioreactors should be used to prevent
contamination with other (micro)organisms. A closed production system will be even more

important when the possibility exists to improve algal strains using genetic techniques.

Enclosed photobioreactors

Many different type of lab-scale and pilot-scale photobioreactors have been developed (Pulz
and Scheibenbogen, 1998; Tredici, 1999). Also a few have been scaled to a production level
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size (Olaizola, 2000; Pulz, et al., 2001). These designs, however, will not be introduced here.
In Chapter 7 the most important designs are covered in a detailed study. In this introduction

only one important common aspect of enclosed photobioreactors will be covered.

Liquid mixing and light/dark cycles in photobioreactors

An example of a photobioreactor is shown in Figure 1.12: an outdoor air-lift column with
internal draught tube and transparent wall. Only the outer surface is exposed to sunlight, the
so-called photic zone. This light will be absorbed by the algal culture inside, and, depending
on the biomass concentration, a certain part of the interior of the bioreactor can be considered
a ‘dark zone’. This is illustrated in Figure 1.12 where the dark zone comprises the volume
occupied by the draught tube of the air-lift reactor, which is called the ‘riser’. Due to the
air-lift type of mixing, algae will travel through the dark and the ‘photic’ zones. In other

words the algae will experience a fluctuating light regime or light/dark cycles.

sunlight

liquid
/ flow

| _— Dark zone
(riser)

— Photic zone

— Microalga

S

<+ Air/CO2

Figure 1.12. Example of outdoor enclosed photobioreactor: air-lift column with internal

draught tube and transparent wall.

Although this example is based on an air-lift reactor the fluctuating light regime experienced

by microalgae is a general characteristic of all types of photobioreactors. The interior of a
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photobioreactor will always be dark because it is not interesting operating photobioreactors at
biomass densities at which the light gradient is low. First of all because this implies that not
all the light energy entering the reactor is absorbed. Secondly, the biomass density is too low
under these circumstances to be commercially interesting, considering the costs of managing
large volumes of cultivation liquid. As a third, the efficiency of light utilization is low under
high light intensities, i.e. low biomass densities.

Based on the example given above it is easy to imagine that each type of photobioreactor is
characterized by a typical light regime. The light regime is characterized by the light gradient
when going from the light-exposed surface to the interior of the reactor. This light gradient is
dependent on reactor design and biomass density. A second characteristic is the frequency of
the light/dark fluctuations, which is dependent on reactor design and the intensity of mixing

of the reactor liquid.

Light/dark cycles, productivity and photosynthetic efficiency

The efficiency of light utilization is very important for an optimal photobioreactor design
because light energy is the growth-limiting energy source. Inside photobioreactors algae are
exposed to light/dark cycles with high light intensities close to the reactor surface and
darkness in the interior of the reactor. But, as was already shown on page 20 the
photosynthetic efficiency is low under high light intensities. The fact that light energy cannot
be stored and homogenized in a volume with photosynthetic microorganism is the one and
only factor limiting the application of these microorganisms.

It was demonstrated, however, that very fast alternations between high light intensities and
darkness could greatly enhance the photosynthetic efficiency under these high light
intensities. This is called the flashing light effect and was observed under very short light/dark
cycles from less than 40 us up to 1 s (Kok, 1953; Phillips and Myers, 1954; Terry, 1986;
Matthijs, et al., 1996; Nedbal, et al., 1996). This effect was more pronounced under the
shorter cycles in this range. Also the dark period should be considerably longer than the light
period. The short cycle-time flashing light effect is thought to result from the fast reduction of
the e-acceptors, Qa and Qg, associated to PSII (Figure 1.4), followed by their oxidation in the
dark period (Matthijs, et al., 1996). This will result in a maximum ‘photon-accepting
capacity’ of PSII during light flashes. The flashing light effect observed under relatively long
cycle times, 100 ms to 1 s, can be explained by a similar mechanism: the alternating reduction
and oxidation of the large pool of membrane-soluble plastoquinone molecules (Figure 1.4)

during light and dark periods, respectively (Matthijs, et al., 1996; Nedbal, et al., 1996). But,
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for the plastoquinone pool to be completely oxidized in the ‘dark’ a certain level of
background light would still be necessary to drive PSI (Figure 1.4).

On the other hand, it was suggested that some microalgae were able to maintain the maximal
growth rate under dark periods of almost 10 seconds (Lee and Pirt, 1981; Merchuk, et al.,
1998). It was thought energy-rich compounds were stored during the light period to be
utilized during the dark period (Lee and Pirt, 1981). And it was also suggested
photoinhibitory damage was less pronounced under light/dark cycles (Merchuk, et al., 1998).
In addition, evidence was provided that photosynthesis in higher plants is limited by sucrose
synthesis (Stitt, 1986; Sharkey, et al., 1986a). Carbon dioxide is fixed and phosphorylated
during the light period. In the following dark period Triose P is metabolized further to
sucrose, liberating inorganic phosphate (P;). As a result of the higher availability of P; the
photosynthetic capacity in the following light period also is higher.

The flashing light effect did not seem to be suitable to profit from in large-scale
photobioreactors (Powell, et al., 1965). However, if it would be possible to obtain similar
effects applying longer light/dark cycles of several seconds to tens of seconds (medium
duration), this would be very interesting. Mixing-induced light/dark cycles of this length are
much easier to apply in photobioreactors. Liquid circulation in air-lift reactors (Figure 1.12),
for example, is in this order of magnitude. This was the reason the relation between medium-
duration light/dark cycles and the efficiency of light utilization by microalgae is the subject of
this thesis.

Outline

In this thesis growth and efficiency of light utilization of different species of microalgae were
studied under light/dark cycles. In Chapter 2 the specific growth rate of the green freshwater
algae (chlorophyta) Chlamydomonas reinhardtii and Chlorella sorokiniana was determined
under different square-wave light/dark cycles (Figure 1.13). C. reinhardtii was chosen
because it is a well-studied model organism. C. sorokiniana was also used because this
organism was originally used by Lee and Pirt (1981) who suggested this microalga was able
to store sufficient energy during a light period to maintain maximal growth in dark periods up
to 10 seconds. In this chapter it is shown that this is not possible. Even more, evidence is
provided more light energy is wasted during the light period of a light/dark cycle than during

continuous illumination.
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C. reinhardtii was studied further under square-wave light/dark cycles of 6 to 25 s (t. in
Figure 1.13) and this is described in Chapter 3. The efficiency of light utilization was directly
measured as the yield of biomass (grams of protein) on light energy (moles of PAR). In
addition, the quantum yield of photochemistry was determined using pulse-amplitude-
modulation (PAM) fluorometry. Both determinations showed that the efficiency of
photosynthesis generally is lower during the light period of light/dark cycles in comparison to
continuous illumination.

In Chapter 4 these experiments were extended to higher photon flux densities (PFDs),
600 - 700 — 1100 - 1200 pumol m™ s™', In addition, also a green marine alga, D. fertiolecta,
was tested. Again it was demonstrated that the efficiency of light utilization does not change

or even decreases after introduction of a dark period (tq in Figure 1.13) in a continuous light

regime.
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Figure 1.13. Typical example of a square-wave light/dark cycle applied in lab-scale
experiments of this thesis: t., duration of complete cycle; t, duration of light period; g,

duration of dark period.

As described in Chapter 5, the relation between light/dark cycles of 10 to 100 s and the
biomass yield on light energy was studied more extensively for D. fertiolecta. A statistical
model and a corresponding experimental design were used to quantify this relation. In these
experiments the light/dark cycles were not artificial square-wave cycles, but mixing-induced

light-gradient/dark cycles as will be encountered in photobioreactors.
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Because it was clearly shown that light/dark cycles of several seconds to tens of seconds did
not result in enhanced photosynthetic activities, short light/dark cycles were checked too. In
Chapter 6 experiments are presented of D. tertiolecta grown under short, 0.19 and 6 s, square-
wave light/dark cycles. An increase in efficiency was observed under 0.19 s cycles in
comparison to continuous illumination. These results are discussed with respect to the
performance of short light-path photobioreactors operated at high biomass densities.

Finally, in Chapter 7, The light regime and the photosynthetic efficiency in characteristic
examples of state-of-the-art pilot-scale photobioreactors were analyzed. In short light-path
systems, high efficiencies can be reached at high biomass concentrations. It is demonstrated,
however, that these and other photobioreactor designs are poorly scalable and/or not
applicable for cultivation of monocultures. That is the reason new photobioreactor designs are

proposed in which light capture is physically separated from photoautotrophic cultivation.
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Chapter 2

2. Specific growth rate of Chlamydomonas reinhardtii and
Chlorella sorokiniana under medium-duration light/dark

cycles: 13 -87 s

Abstract

The specific growth rate of Chlamydomonas reinhardtii and Chlorella sorokiniana decreased
under square-wave light/dark cycles of medium duration, 13 -87 s, in comparison to
continuous illumination. Three experiments were done in three different turbidostats at
saturating and sub-saturating light intensities during the light period, 240 - 630 pmol m™s™.
Within each experiment the light intensity during the light periods of the intermittent light
regimes was equal and this intensity was also applied under continuous illumination.

The specific growth rate decreased proportional or more than proportional to the fraction of
time the algae were exposed to light; this light fraction ranged from 0.32 to 0.88. We
conclude that under these light regimes the chlorophyta C. reinhardtii and C. sorokiniana are
not able to store light energy in the light period to sustain growth in the dark period at the
same rate as under continuous illumination.

C. reinhardtii increased its specific light absorbing surface by increasing its chloropyll-a
content under light/dark cycles of 13 s duration and a light fraction of 0.67 at 240
umol m? s™. The chloropyll-a content was twice as high under intermittent illumination in
comparison to continuous illumination. The combination of a higher specific light absorption
together with a lower specific growth rate led to a decrease of the yield of biomass on light

energy under intermittent illumination.

This chapter has been published as: Janssen M, Kuijpers TC, Veldhoen B, Brik Ternbach M, Tramper
J, Mur LR and Wijffels RH. Specific growth rate of Chlamydomonas reinhardti and Chlorella
sorokiniana under medium duration light/dark cycles: 13 — 87 s. Journal of Biotechnology, Vol. 70, p.
323-333, 1999.
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Introduction

The possibility of using photo-autotrophic micro-organisms has been recognized in
biotechnology. Microalgae are produced on a commercial scale for the production of single-
cell protein, polysaccharides, health-food compounds such as polyunsaturated fatty acids and
vitamins. In addition, algae are capable of accumulating heavy metals (Becker, 1994). Other
promising applications of photo-autotrophic micro-organisms are the production of hydrogen
gas from water and (sun)light (Rao and Hall, 1996; Schulz, 1996) and the fixation of carbon
dioxide (Yoshihara, et al., 1996; Akimoto, et al., 1997; Hu, et al., 1998a).

Large-scale cultivation of photo-autotrophic micro-organisms, however, is still limited by
scale-up problems and economical considerations. Development of cheaper and more efficient
photobioreactors is a key issue. Light energy often limits reactor productivity and therefore
light should be used at the highest possible efficiency. But in high-density cultures only algae
close to the illuminated surface, the so-called photic zone, are exposed to light. Algae outside
the photic zone receive no light. Moreover, a considerable part of the light energy absorbed in
the photic zone will be dissipated as heat because the capacity at which algae fix light energy
is limited. This heat-dissipated light energy cannot be used anymore by the algae outside the
photic zone.

It has been shown that faster mixing of high-density cultures increases the yield of biomass on
light energy at high light intensities (Laws, et al., 1983; Hu and Richmond, 1996; Hu, et al.,
1996a). Mixing results in movement of algae through the culture and, as such, they are
exposed to an intermittent light regime. In other words, algae are alternately exposed to light
and no light at all. As a result of faster mixing, algae are exposed to high light intensities more
often, but the time of exposure is shorter. These shorter light/dark cycles probably have
caused the reported higher biomass yields on light energy (Richmond, 1996) because less
energy is wasted in the photic zone.

The duration of the light/dark cycles in the above studies was in the range of 0.2 to 1 s. For
providing these fast fluctuations reactors were developed with a short light path and a fast
mixing rate provided by intense aeration. It would be interesting to investigate the effect of
longer light/dark cycles on algal productivity. Light/dark cycles of medium duration, 10 to
100 s, can be applied more easily in closed photobioreactors. Reactor types in which the
suspension is circulated in a manner resembling plug flow, such as air-lift loop reactors, are

suitable for this. Only part of the reactor volume needs to be exposed to (sun)light. The algae
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are intermittently illuminated as they circulate through the reactor. Such systems can be better
temperature controlled, as the dark part of the reactor is not exposed to sunlight and can be
cooled more easily. Furthermore, the dark/light cycle can be controlled well by controlling the
superficial liquid circulation velocities. Finally, there is a lot of knowledge available on
hydrodynamics, mass transfer and scale up of air-lift systems (Chisti, 1989).

The influence of medium duration light/dark cycles is not clear. In short term oxygen
evolution experiments with non-acclimated Chlorella and Scenedesmus no influence of
fluctuating light, of equal time-averaged irradiance, (1 - 0.0038 Hz, 1 - 263 s cycle duration)
was found on specific oxygen production and carbon fixation (Grobbelaar, 1989 and 1991,
Grobbelaar, et al., 1992). However, an increase in specific oxygen production was observed
after three hours of exposure to fluctuating light and apparently physiological changes took
place under fluctuating light (Grobbelaar, 1991). Others observed a decrease of the specific
growth rate of the chlorophyta Chlamydomonas, QOocystis, Dunaliella, Chlorella and
Scenedesmus at frequencies of 0.2 -0.1 Hz (5-10 s cycle duration) in comparison to
continuous illumination of the same time-averaged irradiance (Walsh and Legendre, 1982;
Quéguiner and Legendre, 1986; Nedbal, et al., 1996).

On the contrary, Pirt (1986) suggested that Chlorella sorokiniana was able to store sufficient
ATP and reducing power to sustain maximal growth for about 9 s in darkness. In addition,
Merchuk et al. (1998) showed that the red microalga Porphyridium sp. could sustain maximal
growth in darkness for 6 s during light/dark cycles of 27 s. It is also suggested that
photosynthesis in green plants is limited by carbon metabolism and that short dark periods (up
to 30 seconds) following a saturating light fleck can result in enhanced carbon fixation (Stitt,
1986; Sharkey, et al., 1986a and b).

With respect to photobioreactor design it would be very interesting to elucidate the effect of
medium duration light/dark cycles on algal productivity. Therefore we measured the specific
growth rates of two green algae (chlorophyta) under square-wave light/dark cycles. For
comparison the specific growth rate was also determined under continuous illumination. We
used Chlamydomonas reinhardtii and Chlorella sorokiniana and they were cultivated in three
different systems. The cycle duration ranged from 13 to 87 s and the fraction of time the algae

were exposed to light during a cycle (¢) ranged from 0.32 to 0.88.
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Materials and methods

Three different cultivation systems were used in three different experiments: 1) C. reinhardtii
was cultivated in two air-lift loop reactors under continuous illumination and under a 8.5/4.4 s
light/dark cycle at 240 pmol m™s™. 2) C. sorokiniana was cultivated in a bubble column
under continuous illumination at four different light intensities. At the highest and lowest
intensity a 30/10 s square-wave light/dark cycle was applied; 3) C. sorokiniana was cultivated
in a flat panel reactor under five different square-wave light/dark cycles at 250 - 290
umol m™? s™ which are presented in Table 2.1. Within each experiment the light intensity
during the light periods of the intermittent light regimes was equal and this intensity was also

applied under continuous illumination.

Table 2.1. Experimental design specific growth rate determination of Chlorella

sorokiniana in flat panel turbidostat under different light/dark cycles.

cycle duration, t; (s) light fraction, ¢ (-)
25 0.32
25 0.88
56 0.60
87 0.32
87 0.88

Experiment 1: Chlamydomonas reinhardtii

Organism and medium

A Chlamydomonas reinhardtii wild type strain, coded 21 gr, was kindly provided by Dr. C.
Vilchez from the University of Huelva (Spain). The organism was cultivated in a Sueoka high
salt (HS) medium as described by Harris (1989). The medium has the following composition
(amounts in g L'l): NHCIL, 0.5; MgS04.7H,0, 0.02; CaCl,.2H,0, 0.01; K,;HPO,, 1.44;
KH,PO,, 0.72 and 5 mL of Hiitner’s trace elements solution (Harris, 1989). Pure cultures
were maintained on agar slants containing Sueoka medium + 0.84 g L' NaHCO; + 1.75 %

w/v agar. The cultures were exposed to very mild daylight at room temperature.
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Light intensity
We used 2-n PAR (Photosynthetic Active Radiation, 400-700 nm) sensors made by IMAG-
DLO (Wageningen, The Netherlands) to measure the photon flux density in pmol m™>s™. The

photon flux density is used to calculate the average light intensity as is explained later.

Reactor

Chlamydomonas was cultivated under non-aseptic conditions in two glass 0.6 L air-lift loop
reactors (Figure 2.1). The reactors were equipped with a water jacket connected to a
temperature-controlled water bath (25 °C). The pH was maintained at 7.0 by automatic
addition of 1 N sodium-hydroxide solution. The applied gas-flow rate was 30.9 L h™'; the gas
was a mixture of air and carbon dioxide (3% v/v CO,). The downcomer of one reactor was
sealed with aluminum foil to create a dark part and the algal suspension circulated between
this dark part and the illuminated part. The circulation time (t.) through the loop and the
residence time in the downcomer (t4) of the reactor liquid were determined by following the
movement of a small colored k-carrageenan gel bead (2.6 % w/v): t. was 12.9 s and tq was 4.4

s leading to a light fraction (g) of 0.66 (= {t.-tq}/t;).

=®6
=@5

A

fJ—"
4 "o 0
I o0 [B
0 0 3
9 ., T2
7 : °° 3
‘I’\I/\I’ Doooo~___8/_
o i i
jL <1

\_/

Figure 2.1. Air-lift loop reactor used for cultivation of Chlamydomonas reinhardtii (front
view), (1) gas inlet, (2) water jacket, (3) quantum sensor, (4) pH electrode, (5) suspension

outlet, (6) medium inlet, (7) direction of suspension flow, (8) riser, (9) downcomer.

33



Specific growth rate of C. reinhardtii and C. sorokiniana under light/dark cycles: 13 — 87 s

The reactors were placed in a closed cabinet with 7 fluorescent light tubes placed horizontally
at one side (Philips TLD HF, 32W, color 94). Both reactors were placed close to the tubes.
One fluorescent tube (Pope FTD, 18W, color 94) was placed vertically at the opposite side of
each ALR. The photon flux impinging at a certain height on the surface of the riser of one of
the reactors was measured in 4 directions. The sum of these fluxes was divided by 2 to obtain
an estimate of the average flux crossing a flat surface from both sides, called the average light
intensity (I); I was 240 pmol m™s™'. The reactors were illuminated 24 h a day; no day/night
cycle was applied.

The reactors were operated as turbidostats. Each reactor was therefore equipped with a
quantum sensor positioned behind the riser (Figure 2.1) and this sensor was facing the wall
with the horizontal fluorescent tubes. When the biomass density increased the photon flux
impinging on the sensors decreased. On the moment the photon flux was lower than the set
point, 70% of the maximal flux measured when the reactor contained medium without algae,
the reactors were automatically diluted until the set point was reached again. This set point
was chosen arbitrarily and it is a compromise between a low level of mutual shading and a
cell density sufficient for measurements of biomass characteristics and accurate turbidostat
control. All these operations were monitored by a datalogger (CR10, Campbell Scientific
Ltd., UK).

Specific growth rate

The reactors were inoculated with pure C. reinhardtii cultures, maintained on agar slants and
they were operated as turbidostats for 66 days. The dilution rates of the reactors were
determined by daily measurement of the diluted culture volumes. Since the reactors were
operated as turbidostats the biomass density in each reactor was constant and the specific

growth rate was equal to the measured dilution rate.

Photosynthetic activity

Photosynthetic activity (Po;) was measured in a small reaction vessel with a water jacket
connected to a temperature-controlled water bath (25 °C). The vessel was placed in a closed
cabinet. The reaction vessel was equipped with a Clark-type oxygen electrode (YSI 5331,
Yellow Springs Instruments Co., USA), connected to a read-out unit (YSI 5300) which in turn
was connected to a pen-recorder.

The reaction vessel was surrounded by 4 halogen lamps (Osram 44875 MFL Natura, 12V,

35 - 50W, 30°) which were connected to a power supply equipped with two timers to turn on
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and off the lamps alternately to apply a light/dark cycle. The light intensity in the vessel could
be adjusted by means of neutral density filters (Schott NG-filters, Schott Glaswerke,
Germany). The photon flux in the vessel was measured by placing a quantum sensor in the
vessel. The photon flux was measured in 8 directions. The sum of these fluxes was divided by
4 to obtain an estimate of the average flux crossing a flat surface from both sides, called the
average light intensity (I).

For each measurement at one light intensity a fresh 6 mL sample was used consisting of 4 mL
75 mM phosphate buffer of pH 6.8 and 2 mL (diluted) culture suspension from the
turbidostats; the oxygen activity in the sample was lowered by purging nitrogen gas; extra
carbon dioxide was added as sodium bicarbonate (25 pl., 0.56 M). First, the oxygen evolution
rate was measured under illumination. Folowing, dark respiration was recorded after it had
reached a constant rate. The photosynthetic activity was calculated by adding the measured

dark respiration rate to the oxygen evolution rate.

Chlorophyll-a

A known volume of the algal suspension (containing 24 - 98 ug of chlorophyll-a) was filtered
through a glass-fiber filter (Whatman GF/F) coated with a thin layer of CaCOs. The filter was
put in a glass tube with screw-cap. The extraction was done with 10 mL of 90 % v/v ethanol
and was facilitated by heating the solution for three minutes (78 °C) in closed tubes. The
tubes were stored in the dark at 4 °C to complete extraction overnight. After centrifugation the

chlorophyll-a concentration was determined according to Nusch (1980).

Dry weight

A known volume (20 - 50 mL) of the algal suspension was filtered through a pre-dried and
pre-weighed glass-fiber filter (Whatman GF/F). The biomass on top of the filter was washed
filtering de-mineralized water. The filter with biomass was dried at 105 °C and allowed to

cool in a desiccator. After this the filter was weighed again.
Experiments 2 and 3: Chlorella sorokiniana

Organism and medium

The chlorophyt Chlorella sorokiniana (CCAP 211/8k) was obtained from the Culture
Collection of Algae and Protozoa (Ambleside, UK). This organism was also used by Lee and
Pirt (1981) and was called Chlorella vulgaris (Sorokin strain). We used the same A9 medium

as described by Lee and Pirt (1981). Since this medium was developed for high-density
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cultures we decided to half the concentration of most components. Only the buffer
concentration was maintained at 19.5 mM during the experiments in the bubble column.
During the experiments in the flat panel reactor the phosphate buffer was decreased to 4.85
mM and the urea concentration was also decreased from 33 mM in the bubble column to 10
mM in the flat panel. The medium was not autoclaved but was stored in the dark as 4 separate
solutions. Prior to an experiment the solutions were combined to obtain medium for one

week. Growth of contaminant organisms in the medium did not occur in this period.

Reactor

C. sorokiniana was cultivated in two types of reactors with different light sources. The first
type was a glass bubble column with 380 mL liquid volume with a gas inlet of sintered glass
in the bottom. This bubble column was illuminated from two opposite sites by a series of 6
halogen lamps (Osram Decostar Titan, 12V, 50W, 60°) placed on top of each other to
illuminate the whole of the column length. This reactor was illuminated 24 hours a day; again
no day/night cycle was applied. A 2-1 PAR sensor was continuously placed in the center of
the bubble column containing the growing culture suspension The signal of this diode was
used to apply a turbidostat control. The photon flux in the center of the column was allowed
to drop to 70 % of the value measured when the reactor contained medium without algae. The
average light intensity in the bubble column was measured in an empty column without
liquid. The photon flux density was measured on 5 different heights and at each height in four
directions. The sum of these 20 measurements was divided by 10 to obtain an estimate of the
average flux crossing a flat surface from both sides and this was called the average light
intensity (I).

The second type of reactor was a plexiglass flat panel of 225 mL liquid volume and a depth
(= light path) of 1 cm. The height and width of the rectangular panel was 28 cm and 10 c¢m,
respectively. At the bottom gas was injected via an inlet of sintered glass. The complete
reactor surface was illuminated by a screen (9 x 28 cm) of 578 light emitting diodes (LEDs).
The emission wavelength of the LEDs (Kingbright, type L 53 SRC E) was 660 nm. Matthijs
et al. (1996) concluded there was no need for an additional supply of blue light when using
these red LEDs for cultivation of Chlorella pyrenoidosa. The photon flux density leaving the
reactor at the opposite side was continuously measured by a 2-n1 PAR sensor (LI-COR, type
LI-190 SA) and this sensor was used to apply turbidostat control. The photon flux leaving the
reactor was allowed to drop to 50 % of the value measured when the reactor QO00O

contained medium without algae. The average light intensity in the reactor was measured as
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the photon flux leaving the reactor, which contained medium without algae. In this flat panel
reactor C. sorokiniana was illuminated according to a 14/10 hours day/night cycle.

Both reactors were equipped with a water jacket connected to a temperature-controlled water
bath (35.5 - 37.5 °C). Carbon dioxide was added bubbling the reactors with a carbon
dioxide/air mixture, 3 - 5 % v/v CO,. The pH was controlled between 6.5 - 7.2 by automatic
addition of 1 N sodium hydroxide or hydrochloric acid. The light sources of both reactors
were connected to power supplies each equipped with two timers to turn on and off the lamps

alternately to apply a light/dark cycle.

Specific growth rate

Batch cultures (50 mL) were inoculated from pure cultures maintained on agar slants. The
batches were cultivated under low light (< 100 pmol m?s™) and used to inoculate the
turbidostat reactors. The turbidostats were operated non-aseptically for one or two weeks
under a certain light regime. During this period the specific growth rate was determined on
three to five days by daily measurement of the diluted culture volume. Since the reactors were
operated as turbidostats the biomass density in each reactor was constant and the specific
growth rate was equal to the measured dilution rate. The growth rate measurements on the
different days were used to calculate the 95 % confidence interval. After each experimental
run at a certain light regime the reactors were emptied, cleaned and inoculated for a new run

at another light regime.

Results and discussion

Experiment 1: Chlamydomonas reinhardtii

The air-lift loop reactors were inoculated and three days later, denoted as day 0, the biomass
density had reached the set point at which the reactors were automatically diluted. From day 0
until day 66 the reactors were operated as turbidostats and the dilution rate was followed.
After about a week a considerable amount of algae attached to the reactor surface. The PAR-
sensors controlling the dilution rates were placed behind the riser. In the riser attachment of
algae and concomitant biofilm growth were negligible due to the rising gas bubbles. As a
consequence, the biomass density in the suspension was maintained constant. Attached algae
were detached once or twice a day resulting in a temporal increase of biomass density and,

consequently, optical density. After detachment the dilution rate increased until the
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turbidostat set point was reached again. The extra volume diluted in the hour following
detachment was estimated and subtracted from the volume diluted daily. Detachment was
done by scraping the inner surface with a magnet or with a rubber ring connected to a stick.
The magnet was moved around by another magnet outside of the reactor.

The specific growth rate of both cultures was measured almost continuously by following the
dilution rate. The average specific growth rate of the intermittently illuminated culture,
0.11 h™', was 69 % of the average growth rate of the continuously illuminated culture, 0.16 h™
(Table 2.2). The specific growth rate of 0.16 h' is higher than to maximal growth rate we
measured in another experiment (not shown) with C. reinkhardtii, 0.14 h™. The light intensity
of 240 umol m™?s™ obviously is sufficient for maximal growth and this is said to be
saturating. The intermittently illuminated culture was exposed to light 66 % of the time.
Hence the specific growth rate was proportional to the fraction of time the algae were exposed

to light.

Table 2.2. Average specific growth rate (u) and dry weight concentration (C,) in the
continuously and intermittently illuminated cultures during days 0 to 66. STD represents

the estimated standard deviation.

w(h™) C(gL™
average (n) STD
continuous 0.16 0.22 (6) 0.02
intermittent 0.1 0.16 (6) 0.02

Although the specific growth rate of both cultures is measured, we do not know whether the
biomass yield on light energy has changed without information about the amount of light
energy that is absorbed by the biomass. The overall biomass yield on light energy (Y«g) in
dry weight per amount of photons absorbed (g pmol™) is calculated according to Eq. 2.1.
R [z pmol

Ycr represents the ratio of biomass production over energy consumption, including
maintenance requirements. The volumetric light absorption rate of the algal suspension, E in
pumol L h', is not known. But E will be the same under continuous and intermittent
illumination because the optical density of the cultures in both turbidostats was equal. The

biomass densities (Cy) of both cultures were determined several times as dry weight per
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volume during the 66 days experimental period and are presented in table 2. The densities of
the continuously and intermittently illuminated cultures were 0.22 and 0.16 gL,
respectively. The ratio of the yield under continuous and intermittent illumination now can be
calculated and was 1 : 0.76. Y<g decreased under intermittent illumination in comparison to
continuous illumination.

The specific light absorption of the intermittently illuminated culture obviously is higher
because the biomass density is lower in comparison to continuous illumination. This is caused
by a difference in the chlorophyll-a content of both cultures. The chl-a content of the
continuously illuminated culture was twice as low as the chl-a content of the intermittently
illuminated culture, 0.51 + 0.057 (95 % confidence interval). This ratio was determined

several times during the experimental period and is presented in Figure 2.2.
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Figure 2.2. Ratio of the chlorophyll-a (chl-a) content of algal biomass from the

continuously and intermittently illuminated cultures during the period of operation (@®).

The intermittently illuminated culture acclimated to this light regime by increasing its chl-a
content, enabling the algal cells to intercept a larger part of the photon flux. This was also
reported in other investigations (Quéguiner and Legendre, 1986; Shin, et al., 1987). The
higher chl-a content, however, could not prevent the decrease of the specific growth rate of C.
reinhardtii under intermittent illumination in comparison to continuous illumination and

consequently also Yy g decreased.
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Increased pigmentation is also found during the process of acclimation to low light intensities,
which is called photoacclimation (Falkowski and LaRoche, 1991). Grobbelaar et al. (1996)
already concluded that one of the most important factors influencing photosynthetic rates
under continuous or intermittent illumination was whether algae were low or high light
acclimated. Low light/dark frequencies (20 s period) were perceived as low light conditions
and high light/dark frequencies (20 ms period) as high light conditions. Our results are in
agreement with these findings since we applied medium frequency light/dark cycles and C.

reinhardtii showed low light acclimation.
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Figure 2.3. Photosynthetic activity (Po,), oxygen production per dry weight, versus light
intensity (I) for the continuously (@) and intermittently (A) illuminated cultures under
continuous and intermittent illumination (8.5/4.4 s light/dark cycle), respectively. Samples
from the turbidostats were analyzed on days 64 and 66, respectively. The light intensity
() on the x-axis represents the intensity in the light period.; the solid lines represent a

curve fit with the hyperbolic tangent model (Eq. 2.2).

Next to the specific growth rate also the photosynthetic activity (Po,), oxygen production per
dry weight, was measured for both C. reinhardtii cultures. This was done at several light
intensities to obtain a so-called photosynthesis-irradiance (PI) curve. P, of the intermittently
illuminated culture was determined under intermittent illumination and Po, of the

continuously illuminated culture was determined under continuous illumination. The results
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are graphically represented in Figure 2.3. The data were fitted with the hyperbolic tangent
model (Chalker, 1980), see Eq. 2.2.

FQ.22 Py =Py *tanh( d *1} [mg g h']

02, max
In this model, T is the light intensity during the light period in case of intermittent
illumination. At increasing light intensities the slope decreases and the activity increases until
the maximal activity (Po2max) 1S reached. The fitted constants o, the initial slope of the
Pl-curve, and Poy max are presented in Table 2.3. These constants were used to calculate the

specific oxygen production rates in the turbidostats on a dry weight basis.

Table 2.3. Pl parameters o and Poy max @s determined from the data presented in Figure
2.3 by a curve fit of the hyperbolic tangent model, including 95 % confidence intervals.
The chl-a content on dry weight basis of the continuously and intermittently illuminated

cultures was 10.3 and 20.2 mg g'1, respectively.

(04 POZ,max
-1 2 141 1t
(mg gh™” (umol m?s™") (mgg h7)
continuous 1.49 £ 0.43 297 + 37
intermittent 1.19+£0.22 270+ 21

The light intensity in the turbidostats is 240 pmol m™ s or lower. At this light intensity the
Pos is 248 and 212 mg O, g h™' for the continuously and intermittently illuminated cultures
under continuous and intermittent illumination, respectively. The lower photosynthetic
activity per dry weight of the intermittently illuminated culture under intermittent illumination
corresponds to the lower specific growth rate of this culture. The decrease of the
photosynthetic activity under intermittent illumination, however, is not proportional to the
decrease in specific growth rate under intermittent illumination compared to continuous
illumination. Under these circumstances specific growth rate and oxygen production do not

seem to be linearly correlated.

Experiments 2 and 3: Chlorella sorokiniana

The specific growth rate of C. sorokiniana was measured under continuous illumination at
four different light intensities in the bubble column. The results of these measurements are
shown in Figure 2.4. As expected the specific growth rate increased with an increasing light

intensity. At 630 pmol m? s™ a specific growth rate of 0.27 h™' was measured. Lee and Pirt
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(1981) measured a maximal specific growth rate of 0.235 h™' for C. sorokiniana and 630
umol m™ s™! obviously is saturating.

At 630 umol m?s™ C. sorokiniana was cultivated under a 30/10 s light/dark cycle and the
average specific growth rate was 0.18 h™ (Figure 2.4). This corresponds to a decrease of 33 %
in comparison to continuous illumination. Lee and Pirt (1981) and Pirt (1986) suggested that
under this light/dark cycle C. sorokiniana would be able to maintain the maximal growth rate.
We were not able to confirm their conclusion and we found a reduction of the specific growth
rate proportional to the fraction of time the culture was exposed to light. Unfortunately the
variation of the measured growth rates was considerable. This was caused by attachment of

algae to the reactor surface and concomitant biofilm growth.
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Figure 2.4. Specific growth rate (1) of Chlorella sorokiniana under continuous illumination
(@) and intermittent illumination (A), 30/10 s light/dark cycle. Error bars represent the
95% confidence intervals. The light intensity (I) on the x-axis represents the intensity in
the light period; the intensity during intermittent illumination was ‘increased’ by 10

umol m~? s in this graph to allow better comparison of the intervals.

C. sorokiniana was also cultivated under intermittent illumination at a low light intensity of
58 pmol m™s™. Again a 30/10 s light/dark cycle was applied and the average specific growth
rate was 0.060 h™ in comparison to 0.077 h™' under continuous illumination. Although the
confidence intervals are big, the average specific growth rate decreased by 22 % under

intermittent illumination in comparison to continuous illumination.
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Similar experiments were done in the other turbidostat, the flat panel illuminated with the
LED screen, at 250 to 290 umol m™ s™. The results of these experiments are shown in Figure
2.5. The specific growth rate under a large light fraction of 0.88 was 0.15 h™' and this is low in
comparison to the growth rates measured in the bubble column. The introduction of a 10
hours night period caused a reduction in the specific growth rate. Furthermore, the light
intensity could be just too low to support the maximal growth rate and maybe is sub-
saturating.

In Figure 2.5 the specific growth rate is plotted as a function of the light fraction (€). The
dotted line represents the specific growth rate when it would be proportional to €. We
assumed that the maximal growth rate could be obtained by extrapolating the line from the
origin to the point corresponding to the highest growth rate at a light fraction of 0.88 and
cycle duration of 25 s. All measured growth rates are on top or below the dotted line. At a low

light fraction of 0.32 the growth rate decreased even more than proportional to €.
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Figure 2.5. Specific growth rate (u) of Chlorella sorokiniana under intermittent illumination
of different cycle duration (t;) and light fraction (g) at 250 - 290 umol m?s™ presented as

a function of < (@). t. is given in seconds inside the graph. The error bars represent the

95 % confidence intervals.

Although large variations were observed in the growth rate measurements all three
experiments using C. reinhardtii and C. sorokiniana showed that the specific growth rate

under intermittent illumination decreased proportional, or more than proportional, to the
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fraction of time the algae were exposed to light in comparison to continuous illumination. We
conclude that these algae are not able to store light energy during the light period to sustain
growth in the dark period at the same level as under continuous illumination, as was
suggested by Lee and Pirt (1981) and Pirt (1986). At higher light intensities leading to
photoinhibition (> 600 pmol m?s™), algae could react quite differently to intermittent
illumination. Under these intensities the dark period could provide time to recover from
photoinhibitory damage as was suggested by Merchuk et al. (1998).

In this study accurate determination of growth rates in dilute culture suspensions was
negatively affected by attachment of algae to glass or other surfaces in the reactor. This is an
important aspect, which should be kept in mind when designing experiments. Wall growth
itself and also the influence of wall growth on measurements should be minimized.

To finalize, we found that the overall biomass yield (specific growth rate over specific light
absorption rate) can vary significantly under different light regimes. The overall biomass
yield of C. reinhardtii under an 8.5/4.4 s light/dark cycle was considerably lower than the
yield under continuous illumination. As a result, the dark period will have to be shorter than
4.4 s for optimal light utilization efficiency. Moreover, it is not possible to increase the
efficiency of C. reinhardtii by applying light/dark cycles of medium duration, 10 — 100 s, at a

saturating light intensity of 240 pmol m™ s,

Nomenclature

PAR photosynthetic active radiation, 400 - 700 nm

€ duration light period as a fraction of full cycle duration [-]

o initial slope of Pl-curve [mg g’ h! (umol m?s')"]
1 specific growth rate [h']

Cs biomass density, dry weight basis [g L]

E volumetric light absorption rate [umol L' h']
1 light intensity in PAR range [umol m?s™]
Pos specific photosynthetic activity [mg g’ h']
Poomax maximal specific photosynthetic activity in Pl-curve [mg g’ h']
Y yield of biomass on light energy, dry weight basis [g umol™]
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dioxide concentration, 3 - 10% v/v. Carbon dioxide was never limiting under these conditions.
The turbidostat was operated under non-aseptic conditions. Cultures were checked regularly

under a microscope but contamination was never observed.

Specific growth rate

The specific growth rate (i) was measured in three separate batch reactors equal to the
turbidostat shown in Figure 3.3. These reactors were inoculated with a known volume of
suspension (V) from the turbidostat and diluted with a known volume of medium (Vy,).
Suspensions from the turbidostat were always taken three or more days after inoculation of
the turbidostat itself to allow C. reinhardtii to acclimate. The ODggy of the undiluted
turbidostat inoculum (ODy,¢) was measured. After transfer to the batch reactors growth was
allowed to continue for 24 hours and after these 24 hours ODggp was measured again (ODgyq).
The specific growth rate now could be calculated according to Eq. 3.1. By choosing the
proper dilution of the turbidostat inoculum, OD,q was always maintained below 0.25 in order

to minimize self-shading of algae.

ln ODend ODSl[l?‘T 'VS‘
' V.+V, 1
Eq. 3.1 U= 2 (h™)

At each light regime, corresponding to a 1 or 2-weeks turbidostat run, growth rate was

measured on two or three days. On these days we used two or three batch reactors. All these
separate determinations at one light regime were pooled to calculate the 95 % confidence

interval.

Photon flux density

The photon flux density (PFD) was measured in the PAR-range (Photosynthetic active
radiation, 400 - 700 nm). The PFDs at the bottom of the turbidostat and the batch reactors
were measured regularly. The different lamps and lampholders used for the different reactors
were placed above a ‘dummy’ reactor with an open bottom. The photodiode, 190SA 2-n
PAR-sensor (LI-COR, NE, USA), was placed on different positions spread over the fictional

bottom surface and the PFD was measured and averaged.

Spectrally averaged absorption coefficient
Following the growth rate determinations, biomass from the batch reactors was also used for
the determination of the specific absorption coefficient. The suspensions from the batch

reactors were collected and centrifuged separately, 5 min at 5000 g and 4 °C. The pellets were
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