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Experimentsto investigate the maximum yield on light were conducted to give a better explanation of
the volumetric productivity experimentnd make a fair comparison of the productivities of cudsur
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To sum up, these results supported the hypothesis that low specific light uptake per cell, such as amber
lightwith the addition of a bit of blue lightesults in high volumetric productivityloreover, he
addition of blue light showed that can trigger and increase the photosynthetic efficiency of the



organism.
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Furthermore we will try to investigate photosystem Il (PSII) efficiamgmng fluoremetryDirect reactor
samplesweretaken every day to measure the Fv/Fm ratio using the Aquapen device aalosianptive
cross section areasing a spectrophotometer with an integrating sphere. The absorbed light follows
three pathways: used in ATP and NADPH productieamited as fluorescence or dissipated as heat.
The Fv/Fm ratio compares the daskiapted microalgae prphotosynthetic flwrescent state, called
minimum fluorescence to aximum fluorescence, called Fm.

A productivity model for this algaeill be usedy which the theoretical biomass concentration and
the productivity can be calculated. This productivitpdel is a useful tooto determine what
wavelength of light wiljive the highest productivity.

It i s expected that monochromatic | i ghtpewhifal i
growth rate, because the photosyntshetpitec omatpe rwic
| ower but the amount of | ight constthaente froorree tahl eg
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amber | ight results in higher volumetric product
the same increased productivity.

Aim

The aim of this project is to show that less light absorption rate per cell leads to higher volumetric
productivity and biomass yield on light, which will be calculated by cultivétmglgaChlamydomonas
reinhardtiiunderdifferent light colours\{hite, blue, deep redprange redamber) Monochromatic

light that is hardly absorbed by algagll help to ahieve the low light absorption rate per cell
conditions. This report is a fundamental research, which will support the theory that genetically
engineered algae with reduced pigments can work. This research is not applicable outside and on a
large scale beause itis not cost effective to apply coloured light on scale up reactors.



Theory

Microalgae

Microalgae are small (60 micrometers diameter) prokaryoti¢Cyanobacteriapr eukaryotic
organisns and they can be found both in fresh and salt water. Despitemany thousands of
microalgae species, only some thousands of them have been descrildedt of them contain
chlorophyll in order tdunction as sunlight driven cell factorid3uring their photoautotrophic growth
they convertinorganic carbon into biomss.Moreover, microalge have become a promising
alternative feedstock for food and biochemical produgtbjchled tomanyresearchareasn thisfield.
(Olaizola 2003; Harun et al. 2010; Pulz & Gross 2004)

Applications of microalgae

Microalgae have a big variety of applicatioRsst of all, algae are useful for nutritional puges and
can be found in snack foods, beverages and candy bars. Algae are ableite@duge variety of
vitamins, something that makes them useful in nutritiQriamaguchi 1996)

Moreover many microalgae have benefi@éfects in cosmetics, such as in face or aging creams,
hair careproducts and sun protectors. Ather application is in animal feed because thewehigh
amounts ofproteins and fatty acids~or instance, microalgae produce pigments such as astriarant
and-carotene, which are used as fish fe€ldorenz & Cysewski 2000)

Except foapplications in animal feed, microalgae contain fatty adttht can bébeneficid for human
health. Fatty acids from fish oil cannot cover the human needs, so other sources of fatty acids have to
be investigated(Nettleton1993)

Last but not least, microalgaanhaveahigh oil contentan@ highbiomass productiity, whichmakes
them potentiallyusefulsource for biofuel productiorRecentlythe useof microalgae as alternative
biodiesel feedstock is considere¢d be of high interest byresearchers andhe general public.
(Priyadarshani &#&h 2012)

Chlamydomonas reinhardtii

Chlamydomonas reinhard(Figurel) isagreen microalgae, unicellular (aroundutd diameter), and

it can be found in freshwater. |t consists of
are encbsed in the cell wall rich in hydroxyproline rich glycoproteins. Moreover, it can move thanks to
its two anterior flagella. It grows on a medium rich in inorganic salts during day using photosynthesis,
but it can also grow in the absence of light if thes@ny alternative carbon source such are organic
molecules(Falkowski & Raven 1997)



Figurel: Chlamydomonas reinhardtii: On the left side a microscopic picture of the microorganism is depicted and ol
right side a schematic overvigwillustrated(Ninghui Shi 2013)

Photasynthesis

Microalgae use light energy as fuel for their metabolism. Photosynthehis [gocess by which plants
and microorganism convert liglenergy to chemical energy. This chemical energy is stored as
carbohydrate moleculesvhich are produced by carbon fixation accompanied by water splitting. The
result of this reaction is oxygen productidiquationl)

light

CO,(g) + H,0() =23 CHL0(s) + 0.(g) (1)

This reaction illustries that microalgae can convert carbon diox{@€)) and water(H,O)into organic
products(CHO) and produce oxygen £

Photosynthesis occur s ilightd evoe rsd ergte slightdeadtionschnes "f i r
capture the energy of ligland use it to make the eneregtorage moleculeATRPandNADPHDuring

the second stage, thigght-independent reactionsise these products to capture and reduce carbon
dioxide.Equation an be modified tohe next two reactions

2H,0 +Light — <2 5 4H* + 4e + O, @

Where Chlh is the plant pigment chlorophyd. Thi s equation represents
photosynthesisaand it is an oxidation processvhere electrons are extracteddm water to form
molecular oxgen. The other reaction, the reduction of @fanbe described bgquation (3):

CO, + 4H* + 4e— — CH,O + H,0O (3)
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Figure2: Schematic overview of th@mplete phobautotrophic growthprocessof microalgae(.]anssen & Lamers 2013

Thelight reactionhappens in the thylakoid membrane and converts light energy to chemical energy.
This chemical reaction must, therefore, take place in the light. Chlorophyll and seveeapaiments
such adbeta-caroteneare organized in clusters inthe thylakoid membrane and are involved inthe light
reaction. Each of these differentyplored pigments can absorb a slightly different color of light and
pass its energy to the central cmpiyll molecule to do photosynthesis.

The first step in light reactions is the light absorption in photosystem Il in the thylakoid membranes
(Figure 3. The energy of light, which is captured by P680 reaction center, activates electieagdo

the chloophyll molecules in the reaction centérhese electrons pass through a series of cytochromes
intherear by el ectron-transport sysliteemexistephespehte r t o ¢
electrons from P680 enter the P700 réian center in phaosystem I. ight now activatesthe electrons,

which receive a second boost out of the chlorophyll molecules. There they reach a high energy level.

Now the electrons progress through a second electron transport systamder to reduceNADP. This

reduction occurs as two electrons join NADP and energize the molecule. Because NADP acquires two
negatively charged electrons, it attracts two positively charged protons to balance the chasges.

result, the NADP moleculeis reduced to NADPH, a molecule th&ios much energy.

Because electrons have flowed out of the P680 reaction center, the chlorophyll molecules are left
without a certain number of electrons. Electrons secured from water molecules replace these
electrons. Each split water molecule releases electrons that enter the chlorophyll molecules to

replace thosehat werelost. The third product of the disrupted water moleculesis oxygen. Two oxygen

atoms combine with one another to form molecular oxygen, which is given off as the byproduct of
photosynthesis

What has been described above are §ie2 y O& Of A O Sy S NBestainfplaisiare &IsoNB I O A
known to participate iD & Ot A O Sy S NH.&hede kekchoyisinvdivB oni phat@sysi@m | and

P700 reaction center. Excited electronsvedhe reaction center, pass through coenzymes of the

electron transport system, and then follow a special pathway back to P700. Each electron powers the

11



proton pump and encourages the transport of a proton across the thylakoid membrane. This process
enriches the proton gradient and eventually leads to the generation of ATP. production in the
energy-fixing reactions of p dnemiosneogiskssentealyyittis o cc ur
process consists of a rush of protons across a membrane (the thylakoid membrane, in this case),
accompanied by the synthesis of ATP emiles. Biochemists have calculated that the proton
concentration on one side of éhthylakoidis 10,000 times tham the opposite side of the membrane

(Allen et al. 2012)Falkowski & Raven 2013)

Chloroplast /& ] Grana

3
Increasing Energy for
energy Electron pathway | chcmudsmosm
o~ A,
for cyclic Ny c”: red
energy-fixing reactions 7\~ /C—y\‘ red
A red NADPH
E\\ze,:: red. a
e E?‘ red, ‘\/ NADP:oq used
;\/ Ey\‘ X for
o kY, NADP.., carbon-
Ox fixing
ox reaction
Light Y
Light P70 O CO.
ATP for O000° g
sis PHOTOSYSTEM |
o PGSOOO/\ CYCLE
Cpp0 Cyclic energy-fixing reactions
pHOTOSYSTEM X% Snose
LQ}' CgH»20¢
H,0 ==——» 2H'
\ 0+0->0;

Noncyclic energy-fixing reactions

Figure3: Energy fixing reactiongSource: Wikipedia. Image by Unknown)

These reactionare of great importance because the ATP and NABRithare producedare used
in the Calvin Cyclé@-alkowski & Raven 2013This cycle produces triose, which is conedito algal
biomass. Equationgresents the overall photoautotrophic growth process.
light
+ energy +
a C0,(g) + b H,0() + ¢ NH," (aq) —— d CH,, 0, N, _(s) +e 0,(g) + f H*(aq) (4)

Plants and algae use ligharvesting complexes to collect nelight than would be absorbed only by

the photosynthetic reaction center. This complexes are part of the photosystem and have been found
in avariety of photosynthetic species. They surround the photosynthetic reaction center and consist
of proteins and potosynthetic pigmentsA photon is absorbed by one of the pigment molecules and
transfers that energy by successili@orescenceevents to neighboring molecules until it reacties

action center where the energy is usedto transfer an energetic electronto an electron acqgapr.

G, 2008 (Moore etal, 1995)
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Figure4: Photosystem Antenna Compl@tcGrawHill)
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Figure5: Absorption spectrum of several pigments of cyanobact@iaelonandro et al. 2008

Despitelight isa requirementfor growth of photoautotrophic microalgaegversaturatingight can
causephoto-oxidationand cell damagéRise et h 1994). Microalgaare able to absoriphotonsonly

in the photosynthetic active radiation (PARght wavelengthsrom 400 to 700 nmPhotons can be
absorbed as energy source. Both lightintensity and quality (colour or wavelength) influence the light
use efficiencyMohsenpour et al investigated the effect of light conditions on the growth of green
algae. He filtered different wavelengths of visible light containing violet, green, orange and red and
found that the highest specific growth rate was acledwsing orange range. Moreover he examined
the pigment production and foundthat red and green light result in maximum chloroppytiduction

for different green alga¢gMohsenpour et al. 2012)Microalgae gown under high irradiance show
lower photonuse efficiencies than microalgae grown under low irradegiohsenpour & Willoughby
2013) The antenna chlorophylls are forced to absorb more photons than carproeesse
biochemically. Therefexin case of exposure to high irradiantieese photons are dissipated as heat
and fluorescence. According to this theory, in a microalgae cultur¢hiimeayer of reactor volume
close to the reactor surfacabsortsa large percatage of the incoming photons, while at the back of
the culture this additional light energy could have been used efficidMBiis et al. 1999) This
problem leads to low light use efficiency ilne culture and causes a reduction of the biomass
productivityas comparedo maximum theoretical productivitied=ormighieri et al. 2012)

To respond in changing | ight conditions microal
reconfiguri ng ¢ hhtea rpvheostt d snygn talpetaircatiuis. When photo
photosystem I the transition to State 2 is indu
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PSI is over excited compared with PiSsl It rtarnasnfseirtrie
PSMur 41998 9)

Thefractionof light that microalgae absorbe pends on the wavelength specificity of the different
pigments, and the concentration of these pigmenihis fractioncan be calculated fronthe
absorption coefficientad is different for each lightolour because it depends wavelength and the
acclimation state of the microalgaAlgae an anticipate on the experienced light conditiotisanging
the amount of pigments in order tdxsorb more or less lighivhichis caled photo acclimationThus,
when a culture isultiavedunder low light intensity, they increase the amount of pigmemtsn other
words, the optical cross section so that they can absorb more light enezggell On the other hand
when they areexpeaiencing ehigh light intensity, they decrease their pigmentationin order to prevent
oversaturation. (Jansse&Lamers 2013

12.000
10.000
8.000
6.000

4.000

ay; (m2Cmott)

2.000

0.000
400 450 500 550 600 650 700 750

wavelength (nm)

Figure6: Optical cross sectioof C.reinhardtii in white lighfJanssen & Lamers 2013

In many of thgghotosynthetic organismshe photosyntheticsaturation level is approximate\25%

of the full solar light intensitywhich means that any additional absorbed light is dissipated as heat or
fluorescence(Blankenship & Chen 2013)here are several optiato prevent this waste of light
energy. Oneapproach is to genetically engineer the microalgal ¢eldsderto reduce the size of their
antenna complexe@Viussgnug et al. 2009Kwon et al. 2013)To mimic this mutant behavior one
optionis the use of different light colours, like greémaculture exposed to green lightnly a small
lightfractionwill be absorbedand the rest will penetrate deper into the culture. It is known that
greenlight, at high light intensities, can penetrate deepénaculture and drive photosynthesis more
efficiently than the other colours. In this wag higher volumetric productivity can be achieved
(Terashima et al. 2009)

Fv/Fm ratio

Fv/Fmis the most used chlorophyll fluorescenceasuring parameter in the world and tests whether
plant stressaffects photosystem Il in a dark adapted state. When lightis absorbed, it can follow three
pathways. Tk first one is to be used in photosynthesis and produce ATP and NADPH, the second
option is to be reemitted as fluorescence and the third to be dissipated as hEa¢. Fv/Fm test is
constructed to force the maximum amount of light energy to follow theféscence pathway. Fo is

15



the minimum fluorescencenthe pre-photosynheticfluorescent statevhen algae are darkdapted

Fois measured using too low light sourceltive to photosynthesid=m is the maximum fluorescence,
when the maximum number of retion centers have been reduced or closed by the oversaturating
light. Fm is measured when the algae sample is exposed in an intense light flash, which closes all
reaction centers. The difference between maximum and minimum fluorescence is Fv and is called
variable fluorescencelThe greater the algae stress, the less open reaction centers available and as a
result the Fv/Fm ratio is loweFv/Fm ratio indicates the mazsimum potential quantum efficiency of
photsystem Il, when the reation centers are all opéBaker 2008)

16



Materials and methods

Organism, medium and cultivation conditions

Chlamydomonas reinhardt©CC1690 obtained from theChlamydomonas Research Centveas
cultivated firstin 250ml shake flasks containing 100ml mediTable }at pH 67 Thecomposition of
Chlamydomonas reinhardtiiediumwasdesigned to reach 6 g/L biomass dry weidfite recipe for

the medium can be found in the appendMedium sterilization was done by filtering through
Sartoriudiquid filter (0.2um pore size) in a sterilized vessel. The cultures were placedin a cultivation

room, which hada constanttemperaturef2 5 C and | i qumd | 3stmThe mesliuntingy 200

photobioreactors for turbidostat and chemostat experiments was enrichedewitha 0.49 L* urea to
ensure high growth of microalgae. For the cultivatiorGiflamydomonas reinhardtn plates the
same medium was used with the addition of 15'q\gar.

Tablel: Medium composition

Medium ¢NF OS 9t SYSyi

Macronutrients  final concentration (g &) 3 ) i final concentrationd L
aAONRYdzi NA S 10

KHPQ 0.706 F e $xO ,OH 0. (

KeHPQ 1465 NgEDTA, XX 2H 0. 1:

MgSQ.7HO 0.560 Z n $ O, 4 . H002

CaCGl.2H0 0.114 HBQ 2  R082

CO(NH2)2 0.99 Mn @14 1. B012
Co &l ©H 3 . 023
Cu S GOl 3. BO43
( NJMo,O, x OH 2 . 22003

Reactor set up and experiments

Chlamydomonas reinhardtivas cultivaéd in pre-sterilized( 3 0 mi n  phbtobidr@attor C)
(Algaemist, mechanical workshop WagenindéR) which has a volume of 0.4L, a lightpath of 1.4cm

and an irradiated surface area@028 ni. The culture temperaturewasa6® C, t he pH was
0.1) with 200 mL/min airflow. Antifoam solution 1(%v) (Antifoam B, Mallinckrodt Baker B.V g th
Netherlands) was being pumped in the reactor for 1 min every 2 hours in the begiahthg
experiment when the bimass concentration was loand for 2 min per 2 hourghen the biomass
concentration was much highgwhich was 16-20 ml per day
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Figue 7: Algaemist flat panel phobioreactor for cherostat and turbidostat experimentsThere are pH sensor,
temperature sensor and secondary light sensdrnich are connectedith the microcontroller and secure the optimal
conditionsfor microalgae cultivations. Moreover, Algaemist@nected with C&and air supply that flow into the reactor
through a gas distributofhere are two pumps, one for medium and one for antifoam, and a vessel for culture overflow.

Model estimation of volumetric productivity

A productivity model were used in order to predict the volumetric productivify, the biomass
concentration (¢) and the biomass specific growth rai@) (This model was constructed to calculate
these values according to specific parameters about photobioreacto€Céraiimydomonas reinhardtii
strain.For a detailed description of the model calatibns please refer to appendix.

Volumetric productivity mea surements

Turbidostat experimentsvere done to determine the volumetit biomass productivity. féer the
inoculation the reactor was started runningbatch mode untithe biomass concentration reach the
preferred valugn order to have an outgoing lighttensity of 1qumol nt2s. Theingoinglight intensity
wasbeing increased every day for 3 day#il an ingoing light intensity df500 pmol nt? s andan
outgoing lightintensity 010 umol m? s* were obtainedThe ingoing light intensity the first day was
around 100 pmol m? st. This outgoing light intensity was chosen because is the minimum light
intensity needed for maintenance of the algae. If the outgoing light intensity is lesdthanol n?
s'the culture at the back of the reactor is in dark zone, lilght is limited, which has negative effect
in the productivity Tubidostat mode ensuia constant light regime, under different light colours
(blue, red, amber and ambdriue) Daily measurements afilution rateand biomass concentration
were conducted until when at least 5 measurements with stable values were obtairteath
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photobioreactor was connectedto a harvest vessel via the overflow. Samples from these vessels were
taken every dagt a specific timén order to measure the dry weight.

Maximum vy ield on light measurements
The maximal yield of biomassaameasured irachemostat mode undeblue and whitdight at low
lightintensitiesanddilution rates between 0.013hand 0.053H.

Thespecifiogrowth rate ¢) could be measured because in a chestat in steady state it igsssumed
to beequal to the dilution rate. Moreovethe following equatioswere usedhat correlates> (h%) to
the yield of biomass per photor(yn m) (g molt)and the maintenance requirement of algag)((mmol
gt h?).(Janssen & Lamers 2014)

Or 7 N i (5

Whereq,» (Mol s* Cmol?)is the specific photon consumptiagate whichcan be calculated using the
following equation

., Or ©Op

" e @ ©
WhereG, (gL?)is the biomass concentration adm)isthe reactor depth. By measuringandqp,a
plotof gpnversup can be constructedyherethe intercept of the graph is the,, value and the slope
is equal toY,ypn m.
Different ingoing light intensities werselected for white and blue light in order to haa® high as
possible photon consumption rate but still low enough to prevent oversaturation. The white and blue
reactor should have the same biomass specific light absorption rate equal tor@848 Omol?, in
order to have fair comparison of the yields, thasident light intensities 082 umol m? s* and 32
pumol m? srespectivelywere cdculated according to equation 7

®w JO n (7

wherea, (m? Cmotl?) is the biomassspecific absorption coefficient arlgh (umol m2 s) is the light
intensity.q and w are known for each light colour aff@ can be calculated.

Biomass concentration

The dry weight biomass concentration was determined after taking fresh samplegle reactor and

the overflow, almost 1mg biomass per filtér.Buchner flask and\&hatman filter (55mm diameter

and 0.7um pore sizeyvere used to filter the sample of microalgae diluted with 50 ml demineralized

water under mild vacuumlust before filtration the filter was washed with demi wat&he empty
filtersfirstweredriedove ni ght at 95 C and then placed in a d
Before filtration the filters were weighted and wigtd with demineralized water. After filtratigrthe

wet filters that c¢ont aovernighhEenheadmiiterewereplaccdim dr i e d
desiccator for 1 hour and weighteBinally, the filters were weighted on accurate scales and the
biomass in gtwere calculated.

Fv/Fm ratio
The analysiss conductedusingan Aquapen AP 10(Photon Systems InstrumentBrasw, Czech
Republic). The samples the reactorexposed to amber coloured lighontaired 60ul sample and
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1.94 ml tap waterAll other samplegontained120 pyl sample and 1.88 ml tap water. Before the
measurementthe samples were placed in the dark for 20 minutes.

Absorptive cross section
Everyday samples were taken directly from the reactorsjpectrum analysis with a double beam
spectrophotometer (UM2600, Shimadzu, Japan). 2 mm light path cuvettes with 2 ml tap water as blank
and 1ml (diluted) or 2 ml (undiluted) samples were used. The samples from a reactor under amber
light were diluted beause the biomass concentration was too highd the microalgae were creating
sedimentinto the cuvette. The spectrophotometer measures the wavelength dependent absorbance
between 300 and 750 nm. The Lamb@&eer equation was used in order to calculate #sorption
coefficient gPW(m? g?).
0 Op T
R ®

Where Cx is the biomass concentration in§and | the light path inm
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Results and discussion

Predicted volumetric productivity

Usinga simple kinetic model we predial¢hevolumetric productivity k), the biomass concentration
(GQ) and thebiomass specific growth ratgu)for different light colours For a detailed description of
the model calculations please refer to appendmwth model It was estimated that fortie alga
Chlamydomonaseinhardstii cultivated at high light intensities (1500mol nm?s?t), the biomass
productivity using ambecolouredlight will be higher compared to the other colours, such as blue
light, where the produtvity will be lower (Table2). Figure8 illustrates that by combining the
absorption coefficient and lighhtensity (equation 3, the highest and lowest biomass specific light
absorption rate is observedfor blue and amber light respectively. It is impddanéntionthat these
differences between colour are in the first layers of the reactor, while whetigie: pnetrates deeper

in the reactor these differences are getting low&hus, a microalgal culture will get oversaturated
easier under high intensities of blue light thanderamber light.

Table2: Estimated biomass concentrati, productivity and specific growth rate according to the model

Peakwavelength (nn Cx(gt) r(gLl*d?) p dql

Sunlight 2.2 35 1.6
Amber light 60075 2.5 4.5 1.8
Warm-white light 400-700 2.4 4 1.7
Blue light{(450nm) 460+50 0.8 1.7 2.2
Deep red ligh{660nm) 660Q:20 1.2 2.5 2
Orange red light 640+50 1.7 3.3 2
2.50E-02
2.00E-02 \
é \ = \Warm-white
TO,, 1.50E-02 \\ Amber
E 1.00E-02-+ Deep red
= = QOrange red
= \
5.00E-03- =Blue
M Sunlight
0.00E+00 T - —
0.00E+00 5.00E-03 1.00E-02 1.50E-02
z (m)

Figure8: Biomass specific light absorption rate for different colour versus reactor depth z.

Volumetric productivity

In a series of experiments the volutrie productivity of Chlamydomonas reinhardtii was measured
under different light colours at high light intensities, 15@Mol n? s* (Figure9). The experiments
under orange red and white light and some series for the other colours were conductetblier
student Guus de Vries. He used the same experimentalgand light intensities. The only difference
was that for tre medium of Guus experiments 0.99 g/L urea were used, velsilgd mentioned in
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Materials and Methods sectionourmediumna s enr i ched 'wri ¢ ATleaxtmras 0L 8s c
were used for two reasons. Fir sft tthoe sruepspuolrtts aonfd
and second bétchaseugetaulrleesn under orange |l ed | ig
| i gMet t ri ed to cul ti vateed duirghstt rneoirne unhdaenr 50 rta nngee
not stabl e d@days monehti b BuusflBugdithat cultares ender deepyred and

blue light resulted lower volumetric productivity than cultures under white light. Moredwehad

non-stable cultures under amber light but there is an indication that amber tghtresult in higher

volumetric productivityFigure dllustrates thatcultures undedeepred and blue lightl.25g I* d*

and 1.97g I d? respectivelypresent lower productivity than white lighB.52g I d. This result

confirms the hypothesighat higher light absorption rate per cell leads to lower productivity.

addition, for the deep red light experiments under 15000l m? s* deep red light the @sults were

not stable thus the light intensity was decreased to an average value ofi888 nr2s?.

I1;
g ;
= 25
% 2 I & ﬂ M
1.5
1
Ml

Deep red Blue Amber  Amber-blue Orangered White

o

Figure9: Volumetric productivity ) of continuouslyultivated microalgae exposed deep redplue, amberamberblue,
orange red and whiteoloured light. The blue bar is the volumetric productivity as prediicyethe microalgal growth
model. Each bar illustrates the average value of at least 5 daily measuren@etn bars indicate experiments conducted
at high light intensities under different colouRed bars illustrates experiments conducted under deémtréower light
intensity 838>mol m?2 si. Yellowbars representexperimens conductedat the same high light intensitigsy Guus de Vries.

On the other hand, Figure Shows that productivity foall colours is lower than the predicted
according to the radel, but specifically for amber light this edet between experimentally and
predicted valuesvas the biggesto we repeated the experiment with the addition of gthol n1? st

of blue light. We chose blue light because itis the best absorbed lightrcahd with this addition we
tried to keep the culture as much healthiémfortunately there was not much time to combine other
light colours as well for algae cultivatiofis already mentioned in theory blue light providaore
chlorophylicontent thanthe other colours. Moreover it was mentioned in theory tfiatarotenes that
absorb only blue light ar ot enoi ds protect the photosynthetdi
d a ma Bhe amount of blue light that was added was not too much to affect the productivity.
According to the modehicroalgae undebOpmol m? st of blue light present volumetric productivity
0.35 gt d?. Itis important that the combination of blue and amber light has as a result moreghan
doubling in volumetric productivit{8.85 g f d*) compared to only amber light and is the highest
among the other colours. Productivity for amber blue lightis even higher than for whitamhéis
statistically significantf<0.01)Thatconfirms our hypothesis that lower light absorption rate per cell
results in higher volumetric productivityt is obvious that addition of blue light has an enormous
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biological effect, because 5dmol m? s* as energy level are too low to double the productivity.
Furthermore in the deep red light, the bar graph shows that cultures undeerlight intensitiesed

bars) have higher volumetric productivity (1.25 gt and 1.17 gtd?) than unde highlight intensities
(greenbars) (0.9 gt d?). This difference is statistically significant (P<0.0013.interesting that there

is only a small differers; which means that the yield on light at high light was very [olae results of

the current studyand Guus resustwere not different for blue reactor ¢®.05), but they were different

for deep red (P<0.001) and amber reactor (P<0.05). One explanatiohlze thatalgaecultures under
amber light were not stablen this study nor in Guus experiments. This makes the results for amber
reactor not reliablelt is important to mention that all experiments were stopped whtacculation
appears in the cultwe. This might have been caused by the antifoam solution which was added in the
rector. It is known that antifoam could have negative influence in a microalgae culture but the
concentration that it would be harmful is not clear.

4.50
4.00
3.50

b
250 T =
2
(< 2.00 [
1.50 1
1.00 = Ix
0.50 II
0.00

Deep Red Bluelight Amber light Amber-Blue White light Orange red
light light

FigurelO: Biomass dry weight content fdeep red, blue, ambeamberblue, white and orange retight. The blue bar is dry
weight predicted by the productivity model. Each bar illustrates the average value of at least 5 daily measurémeemts.
bars indcate experiments conducted at high light intensities under different colours. Red bars illustrates experiments
conducted under deep red at lower light intensity 888l m?2 s, Yellowbars representexperimens conducted at the
same high light intensitiesy Guus de Vries.

Figure 1Qepicts that dry weightis highest foramber and amitéue reactor, 3.14 * and 3.05g I
respectively, compared to deep red antlib reactor, 1.43 and 0.94 I*. Moreover in this graph the
experimentally obtained dry weight measurements are in line with the predicted values by the
microalgal growth model. Values of dry weight is the easiest value for the model to predict because
there are not so many assptions to make. This graph verifies the main hypothesis of this report that
the higher the absorption rate per cell the lower the productivityimsall cultures 149Qimol m? s

were absorbed, however foramber one alot of biomass was produced in order to absorb all this light.
As aresultthere is less light absorption per cell. This supports the hypothesis that light caloles

used to simulate antenna mutantShe dry weight for deep red and blue reactor was lower than the
other colours because these lights are better absorbed and in high light intensities they cause
oversaturation to the photosystem aradow light useefficiency
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Figurell: Dilution rate (D) for deep red, blue, amber and amler light. The blue bar is the dilution rate as predicted by
the microalgal growth model. Each bar illustrates the average value of at least 5 daily measure@rerts bars indicate
experimetts conducted at high light intensities under different colours. Red bars illustrates experiments conducted under
deep red at lower light intensity 838nol m2 s. Yellowbars representexperimens conducted at the same high light
intensitiesby Guus de Nes.

According to mass balance in altidostat experiment dilution rate is equal with the specific growth

rate of the microalgae. Figure &fhows that the specific growth rate is the highest for blue light, 2.2d

1, compared to the other lights. That shs that blue light isvell absorbed by a small amount of

biomass, and therefore they are alla saturated and grow extremely fast compare to the other colours.

The mostimportant discovery is that the addition of blue lightin amber reactor result the iseeata

specific growth rate from 0.53-dto 1.34 d!, which shows that this additioimduces a biological

response of the cellyan and Zhengpund that blue light wavelengths can promote microalgal
metabolism by inducing PHvan & Zheng2014-c ar ot ene and | utei n harvest
the energy t o photAocss yasundenbluelighmidroalgasan phetasyntbeasize

better and have higher growth rate.

As figurel5shows the measurements for the amber light ex posesattor were not stable enougind

Guus faced the same problem under this colour. One explanation is that the antifoam solution that
was added was not constant or precise and maybe it was toxic for the culture. This explanation is not
supported by the otlkr results because under other colours the microalgae cultures were stable
enough. The most stable culture was under blue ligffigurel4) whichlasted 10 days before
flocculation startedTherefore we added a small fraction of blue light to the ambecteiato obtain
amore stable cultivatioriThe result was a more stable culture compare to the one under only amber
light. Itis important thatin a run of experiments a culture under combination of blue and amber light
was stable for 9 days and the'l@ay the culture started flocculatindn addition, for the deep red

light experiments under 1500mol m? s* deep red light theesults were not stable (Figur@)l thus

the light intensity was decreased to an average value ofi888| m? s*. However, tke culture under

deep red lightvas morestablewhen the light intensity was decreased to 8880l m?2 s*(Figure 13

On the contrary Guus manage to have a stable culture of microalgae under deef&fdamol nT

2 s1. Furthermore Guus had stable cultures under oramgd light as well, something that was
impossible in our experiments and our twkes under orangaed were being flocculated after the
second day at high lightintensities.
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Figurel5: Volumetric productivity for cultivation under ambe  Figure 14: Biomass productivity for cultitian underbluelight.
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Figurel2: Biomass mductivity for cultivation under deep red Figurel3: Biomass productivity for cultiviain under deep red
light of 1500>mol m2si, light of 838>mol m2stl,

As itwas already indicated, except for the blue reactail the culturesshow lower valuesfor
volumetric productivity(1.97g L* d?) thanthe valuethat waspredicted 1.7 g £ d** by the model
Howeverthe experiments irthe blue reactor showed slightly higher volumetric productivity and dry
weight and comparable dilution rate with the predicted values according to the model. These
differences arecaused probably by wrong assumpt®n estimations and calculations of the model.
For instance in the model there is the assumption that the maintenance coefficient is constant for the
culture, something that is not true in real experimemdso the modeuses the assumption that all
ingoing light intensity is used by microalgae. In reality there is the phenomenon of back scattering in
the reactor andhot all light intensity is going through the reactéurthermore, a model is based on
ideal and stableanditions, somethingthatis difficult to realize in practibareover the ingoing light
intensity that we measured and the model used and the actual light intensity were slightly different
because we measured the light intensity on the surface of theterawith the help of a dummy
reactor. Using this dummy reactthe light intensity is measured in 27 spots on the surface of the
reactor and it may be different than the true average ingoing light intensity. In addition, inside the
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reactor there is a maggt that is used in order to clean the glass of the reactor from the microalgae
glass growth. This magnet blocks a bit of the ingoing light intsity.

It is difficult to compare productivity results with other research performed in this field because there
are not many experiments witl. reinhardtiunder high light intensitiehlorella sp(Zhao et al.
2013) Scenedesmus spKim et al. 2014)Spirulina phtensis(Wang et al. 2007and Botryococcus
braunii(Baba et al. 20123howed higher productivity when theyerecultured under red light than
under blue or white lightMoreover Das and his team found thidannohloropsis sgpresents higher
light energy conversion to biomass when itis illuminated with blue light than with red[Dgistet al.
2011) Unfortunately these results are not comparable because all these experiments were conducted
in low light intensities (5Qmol m? s?). In these low light intensitiekght absorption is the limiting
factor and not the absorption efficiency that this report investigatésweverCuaresma et a(2009)
cultivatedChlorella sorakianaat 2100 ymol nt? st of orangered light ard the biomass yield on
photonsreached 1 g mal. It could be due to the different strain that they used and the different
dilution rate because the experiments were conducted under a variety of dilution rates.

Results fo dry weight deviate from what can be found in the literature. Cheng Yan and his
collaborators determined that the order of highest dry weight production for t@evulgaris
reproduction is red, white, yellow, purple, blue and green in 200@| 1?2 s*(Yan et al. 2013)These
experiments we conducted in shakeflasks, in batch reactor, thus it is not reliable to compare these
results with the results of your turbidostat experimenitoweverdeong et al(2012) found that lidnt

with shorter wavelengths, such as blue, green and purple are more efficient in photosynthesis.

The dilution rate values are highéran the literature resultsand not comparable with tha.
Mohsenpour & Willoughbg2013)found that the dilution rate for C. vulgaris was 0:5ahd 0.19 d

for green lightin lovand high density cultures respectively at 2800l m? s*. This is way lower than

the lightintensities that used for this report. For the other colours blue light has higher dilution rate in
low density cultures and red one for high density cultures. This literature is not comparable with our
results becausthe experiments conducted under only @thol m? s, which is much lower intensity.

In addition Guus de Vrie014) conducted the same experiments and found that the volumetric
productivity wasfor lower orange red, deep red and blue light than for white light. These results are
included in he graphs of this study because they are similar to our results and support our hypothesis.
However he found that amber light shows lower volumetric productivity than white light, something
that is not expected. We had the same result for the amber withibet addition of blue light. A
possible explanation could be that he also faced difficulties to keep the culture under amber light in
steady stateMoreover, Guus found that the culture under amber light produced the highest biomass
concentration and undeblue light the lowest concentration compare to the other colours. This
conclusion is similar to our and indicates that culture under amber light has to produce more biomass
in order to absorb the same light with the cultures under different colours. Hanaeer reactor
presents less light absorption rate per c&llirthermore, his results for the dilution rate are same as
our, because the highest and lowest dilution rate was investigated under blue and amber light
respectively.

Fv/Fm
Every day fresh samplfrom the reactors was taken directly to determine the Fv/Fm ratibich is

chlorophyll fluorescence measuring parameter and tests whether plant stress affects photosystem |i
in a dark adapted statdn other words Fv/Fm ratiis a measure for the maxirhguantum yield. For
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each culture the average of the daily measurements #mel standard deviatiorwere calculated
(Figure 18
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Figurel6: Fv/Fm measured for samples from algae cultures under 5 different colours of light (\Khiteerblue, Amber,
Blue and Deep red). The measurements for white light were taken from a thesis report of another (Gudsrde Vries)

Asfigure 16showsthe amount of light energy per cell has effect on the/Fv ratio It is illustrated

that algae altivated under white and blue light have the high&sh/Fvratio comparel to the other
colours, 0.64 and 0.63 respectively. Moreover, another important result is that cultures under
combination of amber and blue lights have higlken/Fv ratiathan the cukures under only amber
light. This difference is statistically significant (P<0.00Di)s was not expected, because according to
theory the addition of blue light would resultin more saturation and thus alower Fv/Fm ratio. The low
values for amber redor could be caused by the lower dilution rate and as a result more old cells in
the reactor. Furthermore, in the graph the values for deep red light are lower for higher light
intensities, which means that the photosystem ldénagedvhilein lower ligt intensities the value
ishigher, that shows that the microorganismisdiéhier. The difference betweendeep red in high and
lower light intensities is statistically significant (P<0.05).

If a photosystem Il in algae functions properly the Fv/Fm ratoughbearound0.7 (Simis et al. 2012)

. Cultures under white and blue light showed Fv/Fm ration in range of@6®8 so the photosystem

Il of the culture is morefficiencycompare to the cultures under other light colours. There are 2
possible explanation for theower Fv/Fm ratioof the other colours except blue. Firsgw Fv/Fm in
healthy cells can be a measurement artefact whenthe light source does not provide sufficient intensity
to saturate PS[Raateoja et al. 2004)Ve checked this explanatiphy measuring Fv/Fm ration in algae
under even higher lightintensitiesd it was not responsible for low Fv/Fm ratidime second one is

that high irradiance is a stress leading to photoinhibition. When algae are grown in different light
conditions, the photosystem Il responses differémincreasing light intensities. Algae acclimated in
low light intensity present low capacities for photoprotective responses and photosynthetic electron
transport. Thus these algae become photoinhibited by the sharplyincrease of lightin{@eitynig
Adams & Adams 1992 our case the light intensity of 150tol nm2stis probably too high for deep

red light and damaged the photosystem Il of algae causing photoinhibition. This hypothesis is
supported by the experiments for deep red ligtithigh and lowight intensity, which shows that the
culture under lower deep red light has much higher maximargum yield. Furthermorelamulaitis

et al. (2005) support our hypothesis, because they intigated that far red light influence the
physiological processes up to complete breakdown of photosynthesis. Moreovenason? s of

blue light are oversaturating the photosystem, but it looks like blue light activates photoprotdetion.

et al. (2013) state that in a culture oDunaliella salinablue light results in no-photosynthetic
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guenching, while it generates reactive oxygen species. This happens because photons of blue light have
higher energy than that photosynthesis requires. Hence algae accumulate photosynthetic pigments,
such ascanthophylls in order to proteé@hotosynthesis apparatus from reactive oxygen spedbies.
addition the light signal transduction of blue light may be differratn that of red light since plants
usually have differemhotoreceptorsanddomairs.

Yield of biomass on light energy
The homass yield olight energy was calculated for the microalgal culturesemtdifferent colours

(Figure 17.
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Figurel7: Biomass yield on light for 5 different colours of light (Desy blue, amber, ambdrlue and white light)Green
bars indicate experiments conducted at high light intensities under different colours. Red bars illustrates experiments
conducted under deep red at lower light intensity 8880l m2 st. Yellow bars represent experiments conducted at the
same higHight intensities by Guus de Vries.

First of allfigure 17illustrates thatmicroalgae under combination of blue and amber light present
higher biomass yieldn light energy than the other 4 colours, equal to Ogthol* and this difference

is statistcally significant (P<0.05uus de Vries found that white light presents the highest
productivityamong the other coloursMoreover, deep red reactor in 1500mol m? st has lower
biomass yield tham 838umol m?s?, 0.098 g mot and 0.246 g moirespectivelyThese values for
red reactor in lower light intensities are similar with Guus res#isthermore, for the amber reactor
the biomass yield on lighincreased 2imes when we added amall percentage of blue lighnd it is
statistically significant (P<0.01)s for the amber light experiments Guus results were statistically
significant higher that the results of the current study (P<0.5). This hagghbecause itis difficult to
achieve a stableulture under amber light, something that is indicated by the standlrdiationin
figure 17

Spectrum analysis

As itis already mentioned, every day fresh sample was taken directly from all the reactatsiito

measure the absorption spectrumihese valuesweremeasureddoy d oubl e beam spectr
and were used to det er mi neFigurdi@demmsrates thd massy pt i on
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absorption coefficient (&%), whichwas calculated accondg to equation 8against the wavelength
for 5 light colours.
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Figurel8: Average mass absorption coefficiefiat least 4 measurementer 3 different colours (Blue, Deep red and Amber
blue).Standard @viations for each colour for 4 peaks are indicated.

Figurel8shows that the highest mass absorption cih@éntbetween blue, deep red and ambeifos

amber light, whichwas expecteddowever this difference is not statistically significé+0.1) ands

a results these results are not so relialAenber lightis not strongly absorbed by the algae and they
behave like they are under low light intensity. Thus microalgae have to increase their pigmentation, in
order to absorb more light, which resultsligher mass absorption coefficient. Deep red and blue
cultures have lower mass absorption coefficient because these colours are highly absorbed by
microalgae. Microalgae sense these colours as high light intensities and adjust their pigmentation by
decreasng their pigment content. As a result they have Bawnass absorption coefficierftuus de

Vries (2014) conducted the same measurements and tesults are depicted in figure 19
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Figurel9: Mass absorption coefficient for fiwfferent colours used to grow C. reinhardtii. Results for different experiment
were averaged for each colour. The standard deviation for all the colours is shown at each wavelength, which result in a
black cloud of standard deviations. These data fropeements conducted by Guus de Vries.
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According to figurd9, amber lighggives significant lower results, compare to the other colours, which

is not expected as it was explained above. For the same reason cultures under blue or red light
expected to havéower mass absorption coefficient, because these lights are strongly absorbed and
microalgae think that they are under high light intensity. As a result they have to decrease their
pigmentation.
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Figure20: Average mass absorption coefficiaritat least 5 measurementsr deep red in 1500 pmol As? and 10
measurements for deep red @35 umol n? si. Standard deviation for 4 different wavelengths are indicated.

Figure D shows that in deep red cultueewhen the light intensity is lower the mass absorption
coefficientseems to bénigher. The explanation for this is that deep red is highly absorbed and when
the lightintensity isdecreased the pigment content is decreaSedhe other hand standard desion

are overlappingnd their difference is not statistically significant (P>0.5)
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Figure21: Average mass absorption coeffici@fitLlO measurementfor amber and anberblue light.Standard deviationdr
4 different wavelengths are indicated.

Figure2l illustrates thatabsorption coefficient foamberblued oes n’ t di f fer from t
(P>0.5)1t was expected thatbecause bluelighs better absorbed by microa
to produce asnany pigments as for the amber lighhe absorption coefficient for ambdiiue light
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would be slightly higheiThe standard deviations for the plots are overlapping so we cannot conclude
to a clear finding.

Maximum biomass yield on light measurements

BExperiments in chemostat mode were conducted in order to estimate the yield of biomass on light
(Y%son @ mmott) and the maintenance requirement{mmol g* h*). The experiments asitas already
mentioned were performed under low light intensities, becaus these intensities photosystems
workat maximum efficiency. The dilution rates were ranging from 0.Gi1®10.053 ht for white light

and 0.015 Hand 0.029H for blue light. For each dilution rate biomass &y G (g LX) and photon

flux densityabsorbed PFLs (umol m?2 st) were measured. With these measurements the spedcific
photon consumption rate g (mmol g* s*) muldbe calculated using equati@ Table3 and 4llustrate
biomass density, photon flux density and specific photon conswnpéite for different growthrates

for white and blue light respectively.

Table 3 Biomass density, absorbed photon flux density and specific photon consumption rate for different dilution rates for
white light. Standard deviations for each value are inield in the table.

Growth rate Biomass density Photon flux density absorbed Specific photon
p(h?t) G(gl PFRQ,{(umol m? s?) consumption rate
gph (Mmol g*s?)
0.013+0.001 1.02+0.2 80 20.145
0.028+0.001 0.46+0.2 73 41.245.5
0.039+0.001 0.42+0.1 65 40.19.4
0.053+0.001 0.33+008 60 46.#4.9

Table4: Biomass density, absorbed photon flux density and specific photon consumption rate for different dilution rates for
blue light.Standard deviations for each value are included in the table.

Growth rate Biomass density ~ Photon flux density absorbed Specific photon
p(ht) C(gLh) PFQy(umol n? s?) consumption rate
Qpoh (Mmol g*s)
0.015+0.001 0.18:0.2 25 36.2+4.4
0.029+0.001 0.13+0.2 22 45,92

In a graph of g, versugu the intercept of the trend line is the maintenanceg@irement and the slope
can help to calculate the biomass yield on light according to the equétion

n oy ! 9
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Figure22: Specific photon consumption rate versus growth rate under white light.

Figure 22illustrates the specific photon consumption rate versus growth rate for white light. The
inverse of the slope givegy=1.64 g mol and the offset of the line gives +17 mmol g* h*with a

R of 0.8 In chemostat experimentsthe dilutioate is steady but the biomass content diféeiday by

day. Moreover growth of microalgae on the glass of the reactor was observed. This can affect the
accuracy of outgoing light sensor and in low light intensitiesatiext be comestronger. This biomass

yield is higher than biomass yield for high light intensities, because at high light intensities the antenna
complexes become saturated and the photoinhibition appears.

According to literature thisbiomassyieldis too higakache et a(2010)estimated the observed,

for Chlamydomonas reinhardat 110, 500 and 1000mol m? stas 1.11, 0.73 and 0.51 g moThis is

the observed biorass yield on light and it is not corrected for maintenance requirements. This
literature verifies that in low light intensities th¥,,, is higher and that in high light intensities
phot osystems don’lttanbeseek comparing thefrdsoi bimmasd yield under
white light athigh light intensity (Figure 1@&nd atlow light intensities (Figure2. Under high light
intensities the biomass yield was almost 0.4 g fivehen under low light it was 1.64 g moKliphuis

et al. (2012) conducted the same experiment, witbhlamydomonas reinhardtinder red lightat
intensities <10@mol m? stand investigated biomass yield on light equal to 1.25 g'mol
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Figure23: Specific photon esumption rate versus growth rate under blue light

Figure 23llustrates the specific photon consumption rate versus growth rate for blue light. The inverse
of the slope is givesy, =1.48 g mot and the offset of the line gives, F26.37 mmol ¢ h*. For the
blue light there are only 2 dilution rates due to limited time for exp®&nts so the trend line is not

reliable. More points of dilution rates are needed in order to create a more reliable trendline and
equation.
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Conclusion

This report investigad the influence of different light colours at high light intensities the

volumetric productivity ofChlamydomonas reinhardtiThe results illustrated that all light coulours,

except the combination of ambdslue, showed lower volumetric productivigpmpared to white light.

Our hypothesiswas that higher light absorption per cell would resultin lower volumetric productivity,

while lower light absorption per cell result in higher productivity compared to the white light. The
obtained datasshows very tearlythat blue and red lightwhichare better absorbed light colours than

white, resultin lower volumetric productivitjMoreover, the results indicates that despite the amber

light shows reduced productivity, the addition of a small amount of bluehtigesults in higher

volumetric productivity than inwhite light. One possible explanationis that bluepigbsibly activates

a mechanisnand makes them fully functiondl.t possi bly activates somet
renders themUmdlolry unanettiyobhakere are not much | i

what the influence of Dblue | i Dlhe i mcrteraes ende tvaobl
producti v-bltyeot e gebyeiflr hypothesi s, beicnaus e upetrnue:
and it is not so well absorbed by microal gae so

For the bi omashse vaimdled avn tlhi @h s ma lghiea chd $($0i .\yodrbe lo d
g mxlompare to( wh7 t)@EMommeelgthhteer bi omass yi el d on |

experiments under |l ow | ightli &% ogsmali ¢ € samawdd 4
for blueuhdghthi ghahi b 8maind eh.s2r edg pRcclt Thies ywas
expebeeduse in high Ilight intensities the anten

saturated.

As for the mass tahbes odripftfieoa ne nccoee fbfeit oMmeeenit ea lhli gdelso u

mass absorpti on coobetfaffonce ubrudts suenednesr taombbeer | i ght .
because amber | ight i S not absorbed so well, t h
order to absorb more |Iight. The | owest mass ab:
becatuhsies i s easiest absorbed by microal gae, t hu:

not to become oversaturated.

The quantum yield meamer emébhtuurelsoged winhatmder de
amb-bfruet hepght phodrosggmséeasi wg at maxi mum capacit
high |ighHodvemage f or cultures under white or bl

Thehemosxmeri ment swéhhowed i ghat t helbbg mohaxis yi el
maintenance wad6.95 mmol g h. For blue light experiments only for two dilution rate were
performed, were the biomass yield whgl8 g mot and the maintenance ws26.37 mmol §h?.
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Recommendations for further research

The resultssweas mbrwasrekepected. They verified
cell is high the volumetric productivity will I
when the | ight abs dHropseiveenr rtanteearpdessu |clesl dfhd rswtdhomw . |
expected. The volumetric productivity was. | ower
One expl anat inotni fcooaunh ds obleu ttihcen at hat was added i n
and influenmaldi nhlgei ctubbhetabple. 1ITB@ ameuntdagf aad
precise or constant. The dosage of antifoam sholt
for the culture.

Moreover, the absemptioddéipé&ied mmbneber , bl ue ano
because when a | ightaimlsemolti gvletl,] talhes omibaerdoso rsguach
pi gmentation and has hHgWwevembsbeptsitamdaodf Ui s
spectrum ar e oveesrulatpsp iangeh ammadta t dleg are.r i nvesti gat
contwdaddtl give more insight knowl edge of what hap
when they are exposed in a well on not absorbed

I'n addi ti @an, expechemaosts untdree rmeavs i gment nfte@msdr
not stabbgkem@minadt edri rbatrise oefrrt Red)ZThagphédappPpiegerde b2

there was growth of <cell s on tbhieo ngalsass sveorfe twhaes tre
An option to avoid this glass growth of Tahligae i :
can be done by increasing the airflow in the re

The neixd tsad ewpse this reseairmhl atse aaptr®mra orhu tpan tr

promi sing technology of antenna mutants, experi.i
with truncatedramstudrnmrsa hai grhelrex®ds umetri c product
i ncomi mg enisght,i ldieghpterpamet mares al gae can be pr

ithensity when they are mutants.
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Appendix

Medium recipe

The macronutrients were all prepared in stock solutions and concentrated. For the Hiitner solution
preparation thefirst two salt were dissolved in 400mL of demin water and the pH was adjusted with
4M KOH (or NaOH) to about 5.5. The remaining salts were dissolved in the order indicated in 400ml
of demin water and until one by one all salt were completely dissolvedr fiat the two solutions

were mixed and pHwas readjusted to around 6.7 with 4M KOH (or NaOH). Finally the mixed solution
was filled up to 1L and stored in dark a84C.

Table5: Medium composition

Medium ¢NJF OS 9t SYSyi

Macronutrients final concentration (g £) 5 ) _ final concentrationdg L
aAONRyYdzi NA £ 10

KHPQ 0.706 F e $xO ,DH 0. (

KeHPQ 1465 Nage DTA., XX 2H 0. 1:

MgSQ.7H0O 0560 Z n $ O, 4 . H002

CaCGl.2H0 0.114 HBQ 2 . R082

CO(NH2)2 0.99 Mn gI4® 1. B012
Co&l ®H 3 .20 3
Cu S GOl 3. BO43
( NMoO, x  OH 2 . E2003

Productivity Model

A productivity model was uskin order to predict the productivity, dry weight and dilution rate for
different light colour The model calculated these values accordinghtofollowing parameters
(Table 5 and 6)

Table6: Photobioreactor parameters

[ 2yadl yd {e@Yoi:xl f dzf

I ncoming |I|(ingdfs)ymnt er Lxson, 1. 590
Depth of the reactor R 0.01

Il rradi ated surf anc®m3) g I K 71. 4
Table7: Chlamydomonas reinhardtii parameters

[ 2yadl yd {eéYozzxl f dzS
Mol ecul ar w@i €Wobl bi oma. ag 24
Ma X .,p C®d u c t(nalpE madt) e i9hus 7. 50
Max. yigidaof o@Quodommid ,9nucw 0. 1C
Yi e ludg aorfs,@oal @ Qlo?) S/l HhK/ 1.0C
Mai nt enanceénogdio@nididl) ci ent Y, 4w 3.50
Bi omass yiEmMdI gsaipsugar LB/ 0. 5¢
Di mensi-oemh & ce)he nt ( R 1. 7¢
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The light intensity is not the same in the whakactor path, becausé decreases while light
penetrates deeper in the reactor. According to this, spegifievth rate is not constant as well aad
average value has to be calculated. This can be done by dividing the reactor depth z in 10@itayers,

Az as |l ength for each | ayer, apggdo,whachis thdumbfe an a
depth specific growth rates. This calculation is done using the following equations:
‘ - n «a P a Wy (10)
5 @ _.ono.
1 & - 0 5 OATE— (11)
n o R P
, Oy, Oy
O O Q f (13)

Using equation 13 the lightintensity at depth z can be calculatedewlgjbiation 12 can calculate the

specific light absorption rate at each layer. The superscript cin equation 11 tef#eroplastUsing

this equation the rate of photosynthesis at each layer can be calculated, while equation 10 calculates

the specific growth rate. Each wavelength have a different mass absorption coefficient ax. Due to this
there are differencesineah wavel ength dependent mass absorpt
sumof which is the absorptionoefficient. Moreover the biomass concentratiosimissing in order to

calculate the volumetric productivity. Using Microsoft Excel the optimal bionwesntration can be

found with the specific growth rate. This is the method to predict the volumetric productivities that

were shown in Material and methods section.

Light intensity measurements

The incoming light intensity was measured on the irradiategaf the photobioreactor at 28

points. The reactor and the LED lights were placed in a proper position in order to have the best light
distribution over the surface of the reactor. The following tables indicate the ingmidgutgoing

light intensity fo each colour at these 28 points, but for the calculations only the average incoming
light was usedror the outgoing light intensity 27 points were measured because one point was
captured by the turbidity sensor of the reactor.

Table 8 Ingoing and outgimg light intensity for photobioreactor under blue light

Blue light
= | 1442 1493 1372 13%6 8 9 9 7
2 1488 1361 1492 1685 9 11 11 12
£ |1e56 1618 1600 1592 | _ 10 11 12 1
= |1459 1579 1573 1656 | S 10 11 12 -
2 | 1474 1488 1548 1270 | o 10 11 12 10
2 | 1397 1547 1413 1435 |5 5 9 10 10 9
S |1488 1317 1498 1379 | £ & 7 9 8 7
= Average 1489 | O & Average 10
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Table9: Ingoing and outgoing light intensity for photobioreactor under deep red light at high intensity

Red light(High intensity)

Ingoing light intensity

1303 1310 1251 1230 10 11 11 10
1604 1590 1619 1599 13 13 13 12
1620 1602 1686 1573 - 12 13 13 12
1614 1700 1681 1674 En 12 13 13 -
1631 1648 1628 1203 ?C» - 12 13 13 10
1542 1592 1608 1499 g) E 11 12 11 10
1232 1289 1302 1269 50 8 8 9 8

Average 1503 | © £ Average 11

Tablel0: Ingoing and outgoing light intensity for photobioreactor under deep red light at lower intensity

Red light (Lower intensity)

> | 737 754 748 708 10 11 11 10
2 |83 85 80 860 13 13 13 12
£ |80 862 905 845 | _ 12 13 13 12
= |85 930 901 898 S 12 13 13 -
2 |87 905 82 745 |9 _ 12 13 13 10
2 | 850 863 863 845 S G 11 12 11 10
S |727 795 796 753 25 8 8 9 8
= Average 836 C £ Average 11

Tablell: Ingoing and outgoingidht intensity for photobioreactor under deep red light at lower inten@tyrun of

experiments)

Red light (Lower intensity)

2 740 756 751 708 11 11 11 10
g 865 860 874 862 13 13 13 12
= 885 867 909 848 - 12 13 13 12
= |80 937 907 901 |B 12 13 13 -
2 |90 99 887 745 | o 12 13 13 10
2 |80 863 863 845 g 2 11 12 11 10
S |729 795 796 753 |£§ 8 8 8 8
= Average 838 O E Average 11
Tablel2: Ingoing and outgoing light intensity for photobioreactor under amber light
Amber light
2 1389 1469 1358 1380 10 11 11 10
g 1521 1614 1521 1524 13 13 13 12
e 1593 1604 1532 1493 - 12 12 13 12
= | 1650 1613 1606 1487 | & 12 13 13 -
2 1628 1565 1498 1320 é) - 12 13 13 10
8 1582 1533 1486 1494 S G 11 12 11 10
S |1367 1409 1357 1357 | £ & 8 8 9 8
= Average 1504 | O & Average 11
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For the chemostat experiments low light intensities were used for white and blue light. The outgoing
light was changing because the dilution rate was changing as well.

Tablel3: Ingoing light intasity for photobioreactor under white and blue light used for the chemostat experiments

White light Blue light
> [79 81 81 80 30 29 29 28
2 179 83 82 80 30 30 30 29
2 |80 84 84 81 31 2 3R 30
= |81 86 85 82 31 33 33 31
2 |80 85 85 82 29 32 32 28
2 |79 84 83 81 26 31 30 28
S |79 82 82 81 24 26 27 29
= Average 81 Average 30

Volumetric productivity, biomass concentration and dilution rate data

Daily measurements for productivity, dry weight and dilution rate were conducted for
cultures under different light colours, when they were in steady state. The following
graphs illustrate these measurements. The length of experiments was not the same for
all because some cultures flocculated and died before others.
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Figure25: Biomass productivity for Chlamydomonas reinhardtii  Figure24: Dry weight biomass composition for Chlamydomol

under blue light. reinhardtii under blue light
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Figure27: Dilution rate for Chlamydomonas reinhardiy R S Figure26: Biomass productivity for Chlamydomonas reinhe
60f dzS tA3IKI under deep red light 1508mol m2st,
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Figure28: Dilution rate for Chlamydomonas reinhardtii under Figure29: Dry weight biomass concentration for Chlamydomc
deep red light al 500>mol m? s*. reinhardtii under deep red light at 156nol m2 s.
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Figure30: Dry weight biomass concentration for Chlamydomc Figure3l: Biomass productivity for Chlamydomonas reinhard
reinhardtii under deep red light at 83810l m2 st. Green and under deep red light at 838mol m2 si. Green and light greer
light green bars represent two different runs of same experin bars represent two different runs of same experiment.
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Figure32: Dilution rate for Chlamydomonas reinhardtii un Figure33: Biomass productivity for Chlamydomonas reinhar
deep red lipt at 838>mol m? s1. Green and light green ba under amber light at 1508mol m2s1.

represent two different runs of same experiment.
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Figure34: Dilution rate for Chlamydomonas reinhardtii under
amber light 1500>mol m?2s?.
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Figure36: Biomass productivity for Chlamydomonas
reinhardtii under 143&mol m2 st of amber and 5>mol m?2
st of blue light. Green and light green bars represent twc
different runs of same experiment.
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Figure35: Dry weight biomass concentration for
Chlamydomonas reinhardtii under deep red light at 156l
m2si,
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Figure37: Dry weight biomass concentration for
Chlamydomonas reinhardtii under 143@& o0l m2 st of amber
and 51>mol m2s? of blue light. Green and light green bars
represent two different runs of same experiment.
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Figure38: Dilution rate for Chlamydomonas réardtii under
1436>mol m2st of amber and 5mol m? s of blue light.
Green and light green bars represent two different runs of

same experiment.

45



