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Abstract A major limitation in achieving high photosynthet-
ic efficiency in microalgae mass cultures is the fact that the
intensity of direct sunlight greatly exceeds the photosynthetic
capacity of the cells. Due to the high pigment content of algal
cells, the light absorption rate surpasses the much slower
conversion rate to biochemical energy. The excess of light
energy is predominantly dissipated as heat, decreasing the
light use efficiency of the culture. Algae with a truncated
antenna system could substantially increase biomass produc-
tivity of mass cultures because oversaturation of the photo-
systems and concomitant dissipation of light energy are min-
imized. In this study, we measured the areal biomass produc-
tivity of wild-type strain cultures and four promising antenna
size mutant cultures of Chlamydomonas reinhardtii. This was
performed under simulated mass culture conditions. The
strains were cultivated in turbidostat controlled lab-scale panel
photobioreactors at an incident light intensity of 1500 pmol
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photons m 2 s~'. The mutant cultures did not exhibit the
expected higher productivity. The greatest mutant culture
productivity values were approximate to those of the wild-
type productivity of 1.9 g m 2 h™'. The high sensitivity to
abrupt light shifts indicated that the mutant cultures experi-
enced reduced fitness and higher susceptibility to
photodamage. This can possibly be explained by impaired
photoprotection mechanisms induced by the antenna complex
alterations, or by unintended side effects of the genetic mod-
ifications. Still, if these effects could be eliminated, the prin-
ciple of antenna size reduction is a promising strategy to
increase productivity. Selection criteria for the future creation
of antenna size mutants should, therefore, include tolerance to
high light conditions.

Keywords Chlamydomonas reinhardtii - Areal biomass
productivity - Photosynthetic efficiency - Antenna size
mutants - Biomass yield on light energy

Introduction

Cultivation of microalgae occurs in open race-way ponds and
photobioreactors exploiting sunlight as an energy source. To
achieve an economically viable process, high sunlight energy
to biomass conversion efficiencies are crucial as they will
decrease the production costs of microalgal biomass
(Norsker et al. 2011). In relationship to biology, the absorption
of light energy is the first step in the photosynthetic process
and determines the degree of saturation of the photosynthetic
apparatus. At approximately 10 % of full sunlight, photosys-
tems already become saturated. If more light is absorbed, the
excess light energy is mainly dissipated as heat or re-emitted
as fluorescence. Oversaturation of photosynthesis leads to
efficiency losses and photodamage of the photosystems
(Deblois et al. 2013; Melis 1999; Vejrazka et al. 2013) and
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preventing oversaturation thus would increase the biomass
yield on light energy.

The primary reason that microalgae cannot be cultivated at
a high photosynthetic efficiency under outdoor conditions is
the non-homogeneous distribution of sunlight in
photobioreactors. Cells near the reactor surface become
oversaturated due to being exposed to the intense sunlight,
resulting in dissipation of excess light energy. By improving
the light energy distribution within the reactor, the effects of
oversaturation are alleviated. To date, the concept of light
dilution is a frequently employed approach to optimize
photobioreactor performance by increasing its surface area
per unit of reactor volume (Cuaresma et al. 2011; Dye 2010;
Tredici and Zittelli 1998; Zemke et al. 2013) whereby the light
use efficiency can be increased. However, increasing the
surface area to volume ratio of photobioreactors is complex
and is often accompanied by increased material costs.
Alternatively, with respect to the biological characteristics of
microalgae, there continue to be opportunities for the im-
provement of light use efficiency.

An alternative approach to light dilution is to genetically
engineer the microalgae cells to reduce the size of their antenna
complexes (Formighieri et al. 2012; Kwon et al. 2013; Melis
2009; Mussgnug et al. 2007; Nakajima and Ueda 1998; Oey
et al. 2013; Ort et al. 2011; Perrine et al. 2012). Antennae are
light-harvesting systems that are evident in all known photo-
synthetic organisms (Grossman et al. 1995). They comprise
protein-pigment complexes located in, or on, photosynthetic
membranes. With genetic modification, the pigment content of
the antennae can be reduced. These so-called antenna size
mutants are more transparent and are light saturated at higher
light intensities than wild-type cells. Antenna size mutants
absorb less light per cell, however, so conversion of solar
energy to chemical energy is expected to occur at a higher
efficiency as direct sunlight is no longer oversaturating.

From an evolutionary perspective, individual cells benefit
from an extensive antenna system because the natural habitat of
many microalgae species can be relatively dark. In addition,
wasting excess light energy can be advantageous as it is a way to
outcompete other photosynthetic organisms, by shading them.
Conversely, under mass culture conditions, it is not the individ-
ual cell productivity but, instead, the productivity of the culture
in its entirety that should be optimized. Therefore, in a con-
trolled mass culture, metabolic costs associated with competi-
tion strategies should be minimized. By truncating the light-
harvesting antennae, cells will not experience oversaturation by
light and, consequently, no light energy will be wasted.
However, as this provides a competitive disadvantage, main-
taining a monoculture of these mutants is of crucial significance.

Studies have demonstrated that, at light intensities that
oversaturate wild-type cells, dilute cultures of antenna size
mutant have greater photosynthetic activity (i.e., higher oxy-
gen production rate) per unit of chlorophyll (Kirst et al. 2012;
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Nakajima and Ueda 2000; Perrine et al. 2012). These findings,
however, cannot be translated to the potential of antenna size
mutants under mass culture conditions. Since a mass culture
possesses a very steep light gradient due to the high biomass
density, the light regime in the photobioreactor is completely
different. In addition, if measurements are expressed based on
chlorophyll without providing the chlorophyll content itself,
extrapolation to areal biomass productivity values (gm >h ")
is complicated. As there is no linear relationship between light
absorption and chlorophyll content and because chlorophyll is
not the only light-harvesting pigment in green algae, express-
ing the biomass productivity per unit of light absorbance
would have been more appropriate and a more valuable
benchmark of the efficiency at which light energy is utilized.
Another argument in opposition to oxygen evolution experi-
ments is that they originate from short-term measurements (a
time scale of minutes), indicating that it cannot be evaluated
whether there is a progressive negative effect of the excessive
light intensity on the cells in the long term.

In this study, we present an approach to quantitatively
assess the long-term areal biomass productivity of microalgae
cultures under simulated mass culture conditions. We
employed this approach in order to evaluate the most promis-
ing antenna size mutants that are currently available. These
mutants were selected based on the characterization and pre-
liminary experiments performed by the developers of the
strains, encouraging scale-up to mass culture conditions
(Bonente et al. 2011; Kirst et al. 2012; Mussgnug et al.
2007). The performance of the mutants was compared to
wild-type reference strains by measurement of the areal bio-
mass productivity in continuous bench-scale culture systems.
Under nutrient replete conditions, the areal biomass produc-
tivity of an algal culture is determined by the amount of light
intensity that it is exposed to and the efficiency at which light
energy is converted into biomass. The applied incident light
intensity was comparable to direct sunlight, and the biomass
concentration was maintained constant utilizing turbidostat
control. The applied biomass concentration was sufficient to
absorb all incoming light. By combining algal productivity
with light absorption rates, the biomass yield on light energy
was calculated. This biomass yield on light energy of antenna
size mutants and the wild-type strain was employed to evalu-
ate the potential of genetically engineered microalgae with a
truncated antenna system in mass cultures.

Materials and methods
Organisms and medium
Chlamydomonas reinhardtii CC-1690, CC-124, and TLA2

were obtained from the Chlamydomonas Resource Center
(University of Minnesota). More information regarding
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TLA2 and the other mutant strains of interest (BF4, Stm3LR3,
AS2.2) is shown in Table 1 and the indicated publications. All
of these antenna size mutants possess partially assembled
light-harvesting complexes (LHC) and as a result lack pig-
ments located in the peripheral antenna complexes. The algae
were cultivated in a Sueoka high salt (HS) medium with the
following composition (in g L_l): urea, 1.48; KH,POy,, 0.706;
K,;HPO,, 1.465; MgS0O,7H,0, 0.560; CaCl,"2H,0, 0.114;
and 20 mL L' of a 100 times concentrated Hutner’s trace
elements solution (Hutner et al. 1950). The medium was filter-
sterilized (pore size 0.2 um) and was designed to sustain
biomass concentrations up to 9 g L™'. The cultures were pre-
cultivated in 250-mL shake flasks containing 100 mL of
medium at pH 6.7, at a light intensity of 200-300 pmol
photons m 2 s™', and at 25 °C. Cultures were mixed with
magnetic stirring bars.

Photobioreactor setup

The strains were continuously cultivated in flat-panel airlift
photobioreactors (Algaemist, Technical Development Studio,
Wageningen University, the Netherlands) with a working
volume of 0.4 L, an optical depth of 14 mm, and an illumi-
nated area of 0.028 m? (see Fig. 1 for a schematic overview).
Light was provided by LED lamps (BXRA W1200,
Bridgelux, USA) with a warm-white light spectrum (Fig. 2).
Reactor temperature was adjusted to 25 °C, and the pH was
maintained at 6.7 (£0.1) utilizing an on-demand addition of
CO, to a gas stream of N,, which was continuously supplied
at a rate 0of 200 mL min' (+20) in order to mix the suspension
and prevent oxygen accumulation. The flow rate was in-
creased to 350 mL min' to prevent settling of the biomass
for the wild-type in the event of floc formation. The photon
flux density (Iyn, nmol photons m %s ') was measured with a
LI-COR 190-SA 27t PAR (400-700 nm) quantum sensor (LI-
COR, USA). The incident light intensity was measured at 28
points evenly distributed over the light-exposed surface of the
front glass panel of the culture chamber (see Table 3 of
Appendix 2 for light distribution). The light measurement
was repeated for every experiment, and by averaging the 28
values, the surface-averaged incident light intensity was

Table 1 Overview of the genetic properties of different antenna size mutants

obtained /I, in. The outgoing light intensity I, o Was mea-
sured in the same manner at the back side of the reactor. Ly oy
was measured during the experiment because the transmission
of light is dependent on the biomass concentration and
pigmentation of the cells.

The reactors were operated in turbidostat mode to
ensure a constant light regime. The reactors were
equipped with a planar photodiode with integrated in-
frared filter (type SLD-70BG2, Silonex, Canada) behind
the rear glass panel to measure the transmission of light
through the culture. When light transmission decreased
below the selected set-point, the Algaemist dilution
pump (type 400A1, Watson Marlow, UK) was automat-
ically engaged, and the culture was diluted with fresh
medium. Each reactor was connected to a harvest vessel
via an overflow. Foam formation was prevented by
supplying a heat-sterilized 2 % (v/v) antifoam solution
(Antifoam B, Mallinckrodt Baker B.V., the Netherlands)
which was automatically pumped into the reactor for 1-
2 min every 2 h using a time switch. The flow rate (1
to 1.75 mL min"') was adjusted manually depending on
the amount of foam that had formed.

Photobioreactor operation

Reactors were heat-sterilized (90 min at 121 °C), and
cultures were first grown in batch mode. The light
intensity was increased stepwise as the biomass concen-
tration increased. After the desired biomass concentra-
tion was achieved, and turbidostat control was initiated,
cultures were allowed to adapt to the cultivation condi-
tions for at least 36 h. Utilizing turbidostat control, the
biomass concentration was maintained at a constant
value by automatically diluting the reactor with fresh
medium. The biomass concentration and the diluted
volume were measured on a daily basis. The average
areal biomass productivity was calculated from measure-
ments performed at least 96 h following the adaptation
phase. It was ensured that the cultivation was stable
during this period and that the biomass concentration,
dilution rate, and areal biomass productivity were

Strain Mutation method Gene involved Cell wall References
BF4 UV mutagenesis Unknown + (De Vitry and Wollman 1988,
Olive et al. 1981)
Stm3LR3 RNA interference Genes encoding for LHCI, - (Mussgnug et al. 2007)
LHCIL, CP26 and CP29
TLA2 Insertional mutagenesis TLA2-CpFTSY (Kirst et al. 2012)
AS2.2 Insertional mutagenesis Unknown (Bonente et al. 2011)
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Fig. 1 Schematic overview of the experimental setup

constant. Every 24 h, the culture broth harvested in the
overflow vessel was weighed and used for further anal-
yses. The equation to calculate biomass productivity can
be derived from the biomass balance and the definition
of bioreactor productivity r, (in g m > h™') as follows:

d(Mr
% = u'cx,R‘VR_Fout'Cx,out (1)
ry = u'Cx,R (2)
8.0x 107
6.0x 107
-
g 4.0x 1073
=
=
=
2.0x 10
0.0x 10° T

1 1 1 1 1
400 450 500 550 600 650 700
Wavelength (nm)

Fig. 2 Emission spectrum of the warm-white LEDs (BXRA W1200,
Bridgelux, USA). The parameter £, , represents the relative fraction of
PAR photons present within a 1-nm wavelength interval

@ Springer

Where My is the biomass dry weight content (g) in the
reactor, Cy r is the biomass dry weight concentration in the
reactor (g L"), Vx is the reactor volume (L), Fyy is the harvest
flow collected in the overflow vessel (L h™"), and Cy out 1s the
biomass dry weight concentration of the harvest flow (g L™).
By assuming no biomass accumulation (dMy g/dt=0), Eq. 3 is
obtained.

F u 'Cx u
0= rx'VR_Fout'Cx,othrx = % (3)

Similarly, it can be deduced from the same biomass balance
that the specific growth rate L equals the reactor dilution rate
D when assuming the reactor volume Vg is constant, and the
reactor is ideally mixed (Cyx g=Cx ou):

uw=2D (4)

Photobioreactor productivity is most effectively evaluated
by comparing the areal biomass productivity (in gm > h ") in
which the area reflects the illuminated area (Ar) of the
photobioreactor, and accordingly:

Fout'Cx out
X — : 5

The biomass yield on light energy was calculated using the
following equations:

rX
Y = —_— 6
x/ph o (6)
rph = (Iph7 in_Iph, ou[) '1'1076 (7)

Where 7y, is the areal light absorption rate (mol,, m>h™).
To calculate Yy, on an incident light energy basis, o ou¢ 1S
taken to be zero in Eq. 7.

Analyses

Biomass dry weight concentration To determine the biomass
dry weight content, the culture broth was passed through glass
fiber filters as described by Kliphuis et al. (2012) and, subse-
quently, the mass difference between the dried empty filters
and the dried filters with algae was recorded. All measure-
ments were performed in triplicate.

Biomass dry weight-specific optical cross section Light ab-
sorption was measured in a double-beam spectrophotometer
(UV-2600, Shimadzu, Japan) equipped with an integrating
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sphere (ISR-2600). With this setup, the effect of light scatter-
ing on the optical cross section is minimized since forward
scatter is collected by the integrating sphere. The light inten-
sity of the two beams following different paths is simulta-
neously compared. One light path comprised the reference
sample (fresh medium) and the other contained the sample of
the microalgae suspension. Absorbance was measured from
350 to 750 nm. The average absorbance that was measured
between 740 and 750 nm was subtracted from the absorbance
of 350 to 750 nm which is primarily induced by residual
backward and sideward scatter (Dubinsky et al. 1986).
Samples were withdrawn directly from the reactor, diluted
1:1 with fresh medium, and transferred to cuvettes (100.099-
OS, Hellma, Germany) with a short light path of 2 mm. The
wavelength-dependent dry weight optical cross section ax )
(m? g ") was calculated using Eq. 8.

ABS»-In10
o= 8
BN T T ®)
Where ABS, is the absorbance measured at wavelength A,
In(10) is the conversion factor to convert a base 10 logarithm
to the natural logarithm, Cy is the biomass concentration
(g m™) in the cuvette, and / is the cuvette thickness (m).

Cell number and cell size Cell number and cell size were
determined with a Beckman Coulter Multisizer 3 (50 um
orifice, Beckman Coulter, USA). The samples were diluted
with Isoton II dilution buffer. The biomass volume-averaged
diameter (dy,ay, um) of the cells was calculated according to
the following equation:

i=NJ i
dV,av = Z i—0 Vippl : dPA,i (9)

In this equation, d, is the average particle diameter at the
interval [i, i+1], V,; is the biomass volume at the
interval [7, i+1], and Vp is the total biomass volume measured
at the interval [0, NV]. NV is the total number of measurements.

Results

To estimate the potential of antenna size mutants, we con-
structed a simple mathematical microalgae growth model
whereby we calculated the theoretical improvement in
photobioreactor productivity by employing antenna size mu-
tants. During long-term experiments under simulated mass
culture conditions, we measured the areal biomass productiv-
ity (7) of four different antenna size mutants and two wild-
type reference strains. In this context, mass culture conditions

are defined as sunlight intensity (1500 pmol photons m s ')
and a biomass concentration (Cy) high enough to absorb 93 to
99 % of the incoming light energy, depending on the expected
optimal value for each strain. For the exact values of light
intensity and obtained experimental data of each experiment,
please refer to Tables S1 to S5 of the supplementary material.

Model estimation of biomass productivity and light use
efficiency

Using a simple kinetic model, we predicted the biomass
specific growth rate (i) and the biomass yield on light energy
(Yypn) for both an antenna size mutant and the wild-type strain
as a function of the light intensity (,,). The mutant produc-
tivity and yield were estimated using the optical cross section
of the BF4 mutant, which in our experiments had the lowest
optical cross section of the tested mutants. For a detailed
description of the model calculations, please refer to
Appendix 1.

As shown in Fig. 3, at non-saturating light intensities, the
specific growth rate (L of an antenna size mutant was predicted
to be lower compared to the wild-type because the mutant has
less light absorption capacity, limiting the amount of energy
available for growth. Antenna size mutants are not expected to
have a higher maximum biomass specific growth rate than the
wild-type strain. As clearly depicted in Fig. 3, the potential of
antenna size mutants can be found in their increased light use
efficiency at high light intensities compared to the wild-type
strain. By absorbing less light, the cell-specific light uptake is
reduced to a rate that can continue to be processed efficiently
by photosynthesis.

The filled area below the Yy/,—/pn curve represents the
maximal biomass productivity per unit of illuminated surface
area (1, g m 2 h™"). The incident light intensity is 1500 pmol
photons m >s ™!, and the light intensity at the back side of the
photobioreactor is assumed to be equal to the compensation
point I, . of photosynthesis, where net growth is zero. At this
point, the Yypn—Ipn curve crosses the x-axis. The model then
predicts an r, of 1.7 g m > h™" for the wild-type strain versus
3.7 gm > h™' for the antenna mutant. Otherwise stated, based
on our model estimation, we conjecture a doubling of
photobioreactor productivity employing the mutant when
compared to the wild-type.

Optical cross section of wild-type and antenna size mutants

The antenna size mutants and the wild-type strain were grown
in photobioreactors in turbidostat mode as described in the
“Materials and methods” section. After it was established that
Cx and D were constant and the cultures were completely
acclimated to the applied light regime, the biomass dry
weight-specific optical cross section (ay) was measured. The
absorption spectra of the wild-type and the mutants, which are
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Fig. 3 Estimation of the biomass specific growth rate (w, dashed line)
and biomass yield on light energy (Yy/ph, solid line) of the wild-type strain
and an antenna size mutant as a function of the light intensity (Z,;). The
mutant performance was estimated using the optical cross section of the

normalized to dry biomass weight, were measured to compare
the degree of pigmentation (Fig. 4.). A lower optical cross
section corresponds to more transparent cells and thus a more
prominent mutant phenotype. It was confirmed that the muta-
tions were successful since all mutants absorbed less light per
unit of dry biomass than the wild-type strain. The BF4 mutant
demonstrated the lowest pigmentation.

Areal biomass productivity of wild-type strain

The areal productivity of the wild-type strains was measured
at an incident light intensity (/phin) of 1500 pmol photons
m %s ! in eight different continuous experiments to provide a
robust dataset for comparison with the mutants. The measured
areal biomass productivity for the wild-type strain CC1690
was 1.9 g m 2 h™', the biomass concentration in the
photobioreactor was 2.6 g L', and the biomass specific
growth rate was 1.3 day '. As illustrated in Fig. 5, there was
variability in the measured productivities. In four of the eight
experiments, the areal productivity ry clustered around
19¢g m 2 h ! and, in the other four experiments, ry clustered
around 2.4 ¢ m > h™'. The latter value correlated with the
formation of cell agglomerates in four of the eight wild-type

14 - - 4.0
Mutant
1.2
- e e —
__o-; 1.0 - 3.0
0.8 - Lon =N
g A PR
o0 0.6 ~
006 =
=
<. 0.4
= / - 1.0
0.0 : : 0.0
0 500 1000 1500 2000

L, (umol photons m2s7)

BF4 mutant. By numerical integration of the area below the Yypn—Zpn
curves, the biomass productivity per illuminated surface area (ry) is
obtained. The dotted line indicates the incident light intensity used for
the experiments in this study

experiments, which led to increased productivity values. Since
single Chlamydomonas cells featured a size of approximately
8 wm during all experiments, cultures expressing agglomerate
formation could be clearly discerned. In the other four exper-
iments with the wild-type, no agglomeration was detected.
The mutant strains at no time exhibited agglomerate forma-
tion. To exclude agglomerate formation as a factor influencing
productivity, only wild-type experiments without agglomerate
formation were compared to the mutant experiments. The
averaged results of these four experiments are indicated
in Fig. 6.

In order to demonstrate the magnitude of oversaturation of
the wild-type strain at an /,p ;, of 1500 pmol photons m>s |,
this strain was also cultivated at an I, i, of 850 pmol photons
m 2s . At 1500 pmol photons m s !, r, was ascertained to
be 1.9 versus 1.5 g m 2 h™' at 850 umol photons m % s '
(Fig. 6). C, was found to be substantially higher at 1500 pmol
photons m *s ™' (2.6 g L") than at 850 umol photons m > s
(1.9 g L") because additional biomass is required to absorb
the additional light. The dilution rate (D), which is equal to the
biomass specific growth rate (i), did not increase at an I, j, of
1500 pmol photons m > s~ because the higher light intensity
was compensated by a higher biomass concentration. The

0.5
—Wild-type
AS22
044 TLA2
a — Stm3LR3
N;o o34 .-~ \X AN\ . BF4
~
‘; 0.2 - / MRS \
]
0.1 -+
0.0 , . '----'..; .................. ; ................ : -.I —
400 450 500 550 600 650 700 750
Wavelength (nm)

Fig. 4 Wavelength-dependent biomass dry weight-specific optical cross
section of four mutant strains and wild-type. Lines represent the average of
four reactor experiments=SD (wild-type) and a single reactor experiment
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(mutants). The incident light intensity (/i) Was 1500 pmol photons
m 2s . The culture outgoing light intensity (Iph,our) Was 10 umol photons

m 2s ! for the wild-type and 50 pmol photons m > s~' for the mutants
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Fig. 5 Areal biomass productivity (r,) of wild-type strain CC1690 as a
function of the volume-averaged diameter (dv;,,) of the cells and agglom-
erates of cells. Each data point originates from a 24-h interval measure-
ment during which dy,, and r, were determined

biomass yield on light energy decreased from 0.51 g mol][,}f1
at 850 umol photons m s ' t0 0.37 g molp{1 at 1500 umol
photons m 2 s~!, demonstrating the effect of photosaturation.

Areal biomass productivity of antenna size mutants

The performance of four Chlamydomonas antenna size mu-
tants was compared to that of wild-type strain CC1690 at an
Lphin of 1500 pmol photons m 2 s . None of the antenna
mutants exhibited the anticipated increase in areal biomass
productivity. The best performing mutants achieved similar 7
values to that of the wild-type (Figs. 7 and 8a). We also

4.0 0.8
B . (gm™h?)
Bl c gL
0 p@)
3.01 — Youpn (8 molp,.'l) - 0.6
o)

* 4 E
@) - 0 £
3 bl

V-
- 0.2
-0

850 1500
Iph,in (umol photons m2s1)

Fig. 6 Areal biomass productivity (ry), dry biomass concentration (Cy),
dilution rate (D), and biomass yield on absorbed light (Y1) of wild-type
at medium and high light conditions. Each bar represents the average of
n>4 (1500 pmol photons m 2 s™") or #>5 (850 pmol photons m 2 s~ ')
data points£pooled SD that were measured on a daily basis within four
(1500 pmol photons m 2 s~ ") or two (850 pmol photons m > s ') reactor
experiments

El r,(gm*h) ] D@

0 ¢ @gLh I C/ (gL
BF4 WT
AS2.2 WT
5.0 o
4.0 A
3.0 |
2.0
1.0 A
0.0 -
6.0
TLA2 WT
5.0
4.0
3.0 -
20{ G %
g
1.0 - S
4
0.0 - T T T
10 25 50 100 10

Lyn,out (umol photons m2s1)

Fig. 7 Areal biomass productivity (ry), biomass concentration (Cy), and
dilution rate (D) at an Iy, 3, of 1500 pwmol photons m 2 s ! and different
Lphoue- Cx’ is the extrapolated biomass concentration of a mutant strain if it
would have been cultivated at the same /;p, o, (10 pmol photons m 2 sfl)
as the wild-type. For mutants, each bar represents the average of n>4 data
points+=SD that were measured on a daily basis within one reactor
experiment. For wild-type, the bars represent the average of n=20 data
points=pooled SD that were measured on a daily basis within four
different reactor experiments

investigated the effect of the outgoing light intensity on r,.
For two of the mutants (BF4 and TLA2), , was significantly
higher at an I, o, of 100 umol photons m 2 s ! than at
25 umol photons m > s~ .

At an Ly, o 0f 25 pmol photons m 2 s ', the BF4 mutant,
which has the lowest optical cross section (a,) of all mutants

(Fig. 4), attained the highest biomass concentration (4.5 g L

@ Springer
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Fig. 8 a Areal biomass productivity (r,) at various outgoing light inten-
sities (Jh our)- For Stm3LR3, each bar represents the average of n>4 data
points+=SD that were measured on a daily basis within one reactor
experiment. For the wild-type, see Fig. 7. b Wavelength-dependent

measured in this series of experiments. In contrast, at an
outgoing light intensity of 10 pwmol photons m > s, wild-
type biomass concentration was only 2.6 g L™'. Although the
BF4 biomass concentration was much higher than that of the
wild-type, its specific growth rate p was markedly lower,
resulting in a lower areal biomass productivity than that of
the wild-type.

In all mutant cultures, a higher outgoing light inten-
sity (i.e., a lower biomass concentration) resulted in a
higher biomass specific growth rate as more light was
available per cell. At an outgoing light intensity of
100 pmol photons m 2 s™', AS2.2 and TLA2 attained
even higher specific growth rates than the wild-type.
However, this was counterbalanced by a much lower
biomass concentration and thus a lower areal productivity
than the wild-type.

We attempted to cultivate BF4 and TLA2 at an I,p, o Of
10 pmol photons m 2 s ', but these cultures collapsed. The
cultures were first grown in batch in order to attain the bio-
mass concentration corresponding to I,y o= 10 pmol photons
m 2 s '. However, this biomass concentration could not be
achieved as growth ceased at higher biomass densities. TLA2
exhibited the same behavior at I, o, =25 pmol photons
m2s "

To illustrate the effect of pigment reduction on the biomass
concentration in a turbidostat-controlled photobioreactor with
a fixed Iop in and Jop ou, We extrapolated the biomass concen-
tration of the mutants to the same /,p oy (10 pmol photons
m 2 s7') that was used for the wild-type strain. The
extrapolated biomass concentration is depicted as Cy’
in Figs. 7 and 8a. Please refer to Appendix 3 for the calculation
of C,’. The following extrapolated biomass concentrations
were calculated: BF4, 5.5 g L™'; TLA2, 3.4 g L™"; AS2.2,
2.9 g L''; and Stm3LR3, 4.4 g L™'. Wild-type C, was
26gL7"

Several experiments have been performed with cell wall-
less antenna size mutants (TLA1 CW- (Polle et al. 2003) and
Stm3LR3 (Mussgnug et al. 2007)) because cell wall removal
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biomass dry weight-specific optical cross section (ay) of the Stm3LR3

culture with a Cy of 3.0 g L' (dashed line) and with a C, of 2.3 g L™

(dotted line), as shown in (a). Lines represent the average of four reactor
experiments+SD (wild-type) and a single reactor experiment (Stm3LR3)

was required in the process of creating these mutants.
However, cultivation was cumbersome. Cell wall-less mutants
were found to be fragile in a well-mixed photobioreactor. This
fragility also created difficulty when determining the biomass
dry weight concentration utilizing vacuum filtration. Due to
cell breakage, less biomass was retained on the fiber filters
(i.e., biomass was lost), and there was greater variation in the
dry weight measurement. However, for the cell wall-less
mutant Stm3LR3, we managed to perform two successful
experiments by minimizing the hydrodynamic forces in the
photobioreactor (i.e., a lower gas flow). Figure 8a illustrates
the results of these experiments, which are similar to the
results established for the wild-type and the other mutants.
The measured biomass concentrations and dilution rates var-
ied significantly for the two replicate experiments; the analysis
of the accompanied absorption spectra revealed an increased
pigmentation for the culture with the lowest biomass concen-
tration (Fig. 8b). The productivity was not markedly affected
by the shift in pigmentation.

In Fig. 9, the performance of the strains is depicted as the
biomass yield on light energy (Yyn). For all mutant strains
that were cultivated under different I, ou, only the most
significant measured yield is indicated. Y, can be expressed
based on incident light or on absorbed light, the latter being
corrected for the outgoing light intensity (see Egs. 6 and 7). In
the latter case, strain performance is slightly higher than when
expressed on an incident light basis, especially for mutants
cultivated at a high /, o, If @ mutant showed a similar r, but
higher I, oy (€.g., 100 pumol photons m?Zs ' vs 10 umol
photons m % s~' non-absorbed light) compared to the wild-
type strain, its Yy, on an absorbed light basis will be higher
since less light was absorbed to achieve the same productivity.

An important observation was that all mutant cultures were
ascertained to be more sensitive to photodamage than the
wild-type. Growth of the mutants sometimes ceased when
the light intensity was increased too much. The same increase
in light intensity did not harm the wild-type strain. For the
mutants, this resulted in very low dilution rates or no dilution
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Fig.9 Biomass yields on light energy (¥ ;i) of antenna size mutants and
the wild-type. Yy, is indicated on an incident light energy basis (light
bars) and on an absorbed light energy basis (dark bars). For the mutants,
each bar represents the average of n>4 data points+SD that were mea-
sured on a daily basis within one reactor experiment. For the wild-type,
the bars represent the average of n=20 data points+pooled SD that were
measured on a daily basis within four reactor experiments. For results
based on absorbed light energy, the outgoing light intensity for each strain
was Stm3LR3, 50 pmol photons m > s '; TLA2, 100 umol photons
m?2 s AS2, 50 pmol photons m 2 s!; BF4, 100 pumol photons

m2s ' and WT, 10 pumol photons m?2s!

Y, xph (g molph'l)

at all. These cultures often recovered when the light intensity
was reduced; however, in some cases, the culture collapsed
while the wild-type strain cultivated under identical conditions
did not exhibit any sign of stress.

In additional experiments, we compared the performance
of three mutants with the wild-type at an Ly, i, of 850 pmol
photons m s " and an Iph,oue 0f 50 pmol photons m 2s ! for
the mutants and 10 umol photons m > s~ for the wild-type
strain (Fig. 10). Mutants did not exhibit a higher r, than
the wild-type (1.5 g m > h™') but attained similar values
(12t 14 gm?h").

B, (gm*h) EC L) [ ID@h
2.5
TLA2 Stm3LR3 AS2.2 WT

2.0 -

1.5 - .

AI,
jL

1.0 -

0.5 -

0.0 = T T 1

50 50 50 10

Iph,out (umol photons m2s?)

Fig. 10 Areal biomass productivity at an ingoing light intensity of
850 pmol photons m 2 s~ ' and an outgoing light intensity of 50 photons
pmol photons m 2 ™! for the mutants and 10 pmol photons m > s~ for
wild-type . For the mutants, the error bars indicate the standard deviation
(n=5) of a single reactor experiment. For the wild-type, the bars represent
the average of n=11 data points=pooled SD that were measured on a
daily basis within two reactor experiments

Discussion

Wild-type Chlamydomonas cells are easily oversaturated by
high light intensities. We measured biomass yields on light
(Ygpn) of 0.37 g molphfl at an I, 5, of 1500 umol photons
m~°s 'and0.51 g molph_] at an I,p, i, of 850 umol photons

25!, A biomass yield on light energy of 1.25 g molph_1 can
be attained at a very low incident light intensity (Kliphuis et al.
2012) when photosynthesis is limited by light and heat dissi-
pation is minimal or absent. Theoretically, the difference
between this value and the yields we measured determines
the scope for improvement of the biomass productivity
employing genetically engineered strains with truncated an-
tenna complexes. By preventing energy losses resulting from
the oversaturation of the photosystems, the excess light energy
can potentially be converted to algal biomass, increasing the
areal biomass productivity of the culture.

The optimal biomass concentration to maximize bio-
mass productivity is found when, at the back of the
reactor, the net photosynthesis rate is equal to zero
(Takache et al. 2010). The light intensity at this condi-
tion is the photosynthetic compensation point. For
C. reinhardtii, the photosynthetic compensation point
was found to be approximately 10 pumol photons
m 2 s~' (Takache et al. 2010; Vejrazka et al. 2013).
This value, however, does not represent a sharp opti-
mum. During the experiments with the wild-type cells
described in this paper, an outgoing light intensity of
10 pumol photons m 2 s~ ' was assumed to result in the
highest productivity. Since antenna size mutants have
less light absorption capacity, their photosynthetic com-
pensation point will be higher than that of the wild-
type. For this reason and with no reference data avail-
able, maximal mutant productivity was sought for in a
range of outgoing light intensities of 25—100 wmol pho-
tons m 2 s !

We used our model to estimate the areal biomass
productivity of cells with a high (wild-type) or low
(antenna size mutants) pigment content under mass cul-
ture conditions. The predicted r, for the wild-type strain
(1.7 g m? h™") is very much in accordance with the
experimentally achieved r, (1.9 g m > h™"). In contrast
to the expectations, the experimentally attained results
for the mutants did not meet the model predictions. Two
important assumptions were made that could have led to
an overestimation of the areal biomass productivity.
Foremost, a, is presupposed to be constant at any
position in the photobioreactor while, in reality, the
spectrum at the back of the reactor primarily consists
of green light, which can hardly be absorbed by green
algae and therefore results in a lower photosynthetic
rate at that specific position of the reactor. The second
assumption is that there is no backscattering in the
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photobioreactor. Otherwise stated, all photons are
absorbed by the culture except for the minimal amount
of light leaving the reactor at the back.

Overall, mutant cultures did not exhibit the estimated dou-
bling in productivity in comparison to the wild-type cultures.
Mutant cultures contained more cell debris than the wild-type
culture, probably as a consequence of a higher cell death rate.
This could also explain why mutant cultures displayed a
greater tendency to foam and were easily overgrown by bac-
teria. Microscopic analysis revealed that a small fraction of the
mutant cells was colorless, most plausibly the result of severe
photodamage. During the cultivations, both biomass concen-
tration and specific growth rate fluctuated more than that of
the wild-type, and mutants were more sensitive to abrupt light
shifts than the wild-type strain.

For three of the mutants, the areal biomass productivity
increased at an increasing higher outgoing light intensity
(from 25 to 100 umol photons m 2 s~ '). This signifies that
antenna size mutants do, indeed, require more light to achieve
the same photosynthetic activity as the wild-type, for which
the optimal /,p, o, Was estimated to be only 10 umol photons
m 2 s . In some cases, the applied outgoing light intensities
may have been too low for cells with a low pigment content,
which explains why mutants could not be cultivated at an
outgoing light intensity of 10 pmol photons m?Zs! We
hypothesize that, under the resulting light regime, respiration
became a significant factor balancing the photosynthetic rate.
Stated differently, the antenna size mutants probably experi-
enced a dark zone at the back of the reactor in which the net
photosynthetic rate was negative, and this even led to the
absence of net growth in the photobioreactor at very low
levels of Iy o (<10 wmol photons m 2 s !). However, even
with higher outgoing light intensities, cultivation of mutants
did not fulfill the expectation of improved biomass
productivity.

For the cell wall-less mutants, it is plausible that shear
stress caused by hydrodynamic forces in the photobioreactor
resulted in breakage of the cells, an increase in the amount of
cell debris, which subsequently led to an uncontrolled growth
of bacteria. Unstable cultures and unreliable biomass concen-
trations evidenced that cell wall-less mutants were unsuitable
for our experimental conditions. A remarkable finding was
that, under the same light regime in two reactor experiments,
different biomass concentrations were attained for the
Stm3LR3 mutant. This can only be explained by an increased
optical cross section of the culture. Otherwise stated, this
mutant possibly lost part of its phenotype after the first reactor
experiment was performed.

It is often erroneously supposed that the increased
light penetration in antenna size mutant cultures is a
major factor for improving the biomass productivity.
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However, in order to maximize productivity under mass
culture conditions, light penetration is a parameter that
is automatically controlled by adjusting the biomass
concentration. This results in a photobioreactor with a
similar light gradient as the wild-type culture but with a
higher biomass concentration. Mutants could not, how-
ever, be cultivated in the outgoing light intensity as-
sumed to be optimal for the wild-type strain. The pho-
tosynthetic compensation point of mutants appears to be
higher than that of the wild-type strain. This statement
is substantiated by our experimental data. An increased
light transmittance (i.e., by applying a higher outgoing
light intensity) in an antenna size mutant culture was
ascertained to be a requirement for maximizing produc-
tivity and not a feature of antenna size mutants with a
higher transparency.

The antenna size mutants were found to absorb less
light per cell and, as a consequence, could be cultivated
at higher biomass concentrations than the wild-type
depending upon the actual optical cross section of the
antenna size mutant and the selected Iy ou. In the event
of a healthy culture, the lower light absorption rate per
cell should have resulted in a lower dissipation rate and,
therefore, a higher biomass productivity and biomass
yield on light energy. We did not observe an increased
biomass yield on light energy. The attained results sug-
gest that the genetic modifications resulted in complica-
tions that ultimately eliminated the anticipated beneficial
effect of a truncated antenna complex. Therefore, a
possible explanation for the reduced fitness of the mu-
tants during long-term experiments is that the modified
antenna complexes lost essential regulatory functions
involved in the distribution, conversion, or dissipation
of light energy.

Most antenna size mutants are deficient in chloro-
phyll a/b binding proteins and the subunits necessary
for assembling the peripheral components of the light-
harvesting antenna. However, many of these binding
proteins and subunits have been evidenced to play a
role in photoprotection mechanisms and energy distribu-
tion. Loss of CP29, a binding protein, leads to impaired
state transitions (Tokutsu et al. 2009). LHCSR3, a Chl
a/b binding stress-related member of the LHC protein
superfamily, is of high importance for cell survival at
high light intensities as it is essential for the perfor-
mance of heat dissipation (qE) (Tokutsu and Minagawa
2013). Cells survival after switching from a low to high
light intensity has been found to be lower when LHCSR
genes were lacking (Peers et al. 2009). Moreover, sev-
eral antenna proteins are known to function in
photoprotective mechanisms in microalgae and higher
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plants (Alboresi et al. 2009). For example, recently, it
was shown that the LHCII protein LHCBM9 is highly
important for photoprotection during prolonged stress
conditions in C. reinhardtii (Grewe et al. 2014).
Antenna size mutants have also been generated in which
binding proteins are not downregulated in a direct way
(Perrine et al. 2012). In these mutants, the chlorophyll b
formation by the enzyme chlorophyllide a oxygenase
(CAO) is inhibited. It seems that this would be a more
safe approach. However, there is certain evidence indi-
cating that chlorophyll b functions as an antenna size
regulator and possesses an additional important structur-
al role in protein-pigment complexes (Tanaka and
Tanaka 2000). This signifies that a reduction of Chl b
would, in any case, be accompanied with a decrease in
antennae proteins involved in photoprotection.

Another possible explanation for the reduced fitness
observed in all tested mutants is the high probability of
unintended side effects resulting from genetic engineer-
ing. Using insertional mutagenesis (TLA2 and AS2.2
mutant) for example, multiple DNA deletions or DNA
rearrangements may take place, disturbing unknown
gene functions. Also, the use of antibiotic resistance
cassettes (AS2.2 and Stm3LR3 mutant) accompanied
by accumulation of a protein conferring antibiotic resis-
tance in the cell might affect cell fitness or maximal
growth performance. In addition, random mutagenesis
using UV irradiation (BF4 mutant) could also have
affected multiple genes responsible for important meta-
bolic processes. In another study, antenna size mutants
generated based on this technique were found to show
lower maximum specific growth rates and a poorer
stability than the wild-type (Huesemann et al. 2009).
Although the resulting mutants, tested in this study, were
viable, it is not unlikely that extreme cultivation conditions
like very high light intensities revealed their limitations.

A possible way to exclude unintended side effects is by
complementation of the mutants with the gene responsible for
the pigment reduction. The resulting strain(s) will have normal
pigmentation but might still suffer from the genetic side
effects. Such a reference strain should then be assessed for
its productivity. In our study, we did not choose for this
approach, first of all because generation and assessment of
these complemented strains, for each mutant separately,
would be very time consuming. Second, the goal of our study
was to investigate whether existing, genetically engineered
antenna mutant strains can outperform normally pigmented
wild-type strains under mass culture conditions. In-depth
analyses of the different mutant strains are required to find
the cause of their reduced fitness, which is beyond the scope
of this study.

Other researchers have encountered similar issues
with antenna size mutants. Although Cyclotella sp. mu-
tants demonstrated a higher light saturation level, culti-
vation was described as less stable than the wild-type,
and mutant cultures were found to collapse within
10 days (Huesemann et al. 2009). Less resistance
against high light intensities is provided as a possible
explanation. In another study, antenna mutants of the
cyanobacterium Synechocystis lacking the complete
light-harvesting antenna were found to have a lower
robustness and fitness than the wild-type (Kwon et al.
2013). This strain could not be cultivated at light inten-
sities higher than 300 pmol photons m > s~', and pro-
teomic analysis revealed an increased concentration of
enzymes that are normally synthesized in stress situa-
tions. This result shows that, for cyanobacteria, at least
some light-harvesting antenna subunits are essential for
cell survival at high light intensities. Another mutant
created by the same researchers which lacked only
specific antenna subunits did not exhibit this stress-
phenotype. However, these mutants had not been culti-
vated at a high light intensity where the need for
photoprotection is highest and the effects of
photosaturation are maximal. In a different study regard-
ing a Symechocystis mutant, researchers describe
phycobilisome reduction as a suboptimal strategy to
improve culture productivity as the modifications lead
to changes in many critical components that are essen-
tial for cell function which, consequently, results in
decreased productivity (Liberton et al. 2013).
Distinguishing essential photoprotection subunits from
subunits that are strictly involved in light-harvesting
and subsequently maintaining these essential subunits
in the mutant selection procedure might be the crucial
element to the realization of the ideal antenna size
mutant (Bonente et al. 2011; Peers et al. 2009). The
productivity increase achieved by genetically engineer-
ing Chlamydomonas perigranulata appears to be the
only successful experiment so far that was conducted
under mass cultivation conditions (Nakajima et al.
2001). The LHCI mutant demonstrated a 1.5 times
higher productivity than the wild-type at an I, of
2000 pmol photons m > s~'. The applied light regime,
however, is inadequately described, which raises the
question whether the wild-type, being the negative con-
trol, was cultivated under optimal conditions. It would
be interesting to study this specific mutant in more
detail under well-defined light conditions in a
turbidostat-controlled reactor.

During their generation, most antenna size mutant
strains were selected based solely on their low pigment
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content. Therefore, to prevent loss of photoprotection in
the future, in addition to a low absorptive capacity, high
light resistance of individual cells should be a criterion
during the selection procedure. Screening for high light
resistance is easily implemented and will lead to strains
that are much more appropriate as starter cultures for
further analysis of their biomass productivity under
mass culture conditions. Being aware that algae have
the natural capability to halve their pigment content at
high light conditions, there must be ways to achieve
this by genetic engineering without loss of
photoprotection and without genetic side effects. The
generation and evaluation of antenna size mutants is a
process in which researchers from various disciplines
are involved, each with their own focus and expertise.
In consideration of this, we would like to emphasize
that the engineering aspects of optimizing productivity
of antenna size mutants should not be underestimated.
Accurate and reliable productivity measurements under
simulated mass culture conditions are essential for a
viable evaluation of mutant performance. This requires
knowledge of the optimal conditions to maximize pro-
ductivity of microalgae cultures and how these condi-
tions change in the event of pigment reduction. In
addition, a continuous photobioreactor system combined
with a well-defined light regime is of critical importance
to create and maintain optimal cultivation conditions.
By modeling microalgae productivity using experimental
data from simulated mass culture conditions, a more
solid base is obtained to describe the future potential
and both theoretical and practical implications of anten-
na size reduction. In this perspective, it is advisable to
involve bioprocess engineers in an early stage of anten-
na size mutant creation process as well. By combining
expertise of molecular biology and bioprocess engineer-
ing, an improved understanding of the requirements for
creating the most superior antenna size mutant will be
obtained.

In conclusion, in this study, we present the areal
biomass productivities of antenna size mutants quanti-
fied under simulated mass culture conditions. The long-
term photobioreactor experiments under turbidostatic
control combined with biomass dry weight measure-
ments and a well-defined light regime provided a reli-
able basis to study culture productivity. A fixed incident
light intensity of 1500 pmol photons m 2 s ' guaran-
teed oversaturation of the wild-type strain and provided
the conditions in which antenna size mutant cultures
were anticipated to demonstrate a higher light use effi-
ciency and doubling of productivity. The antenna mu-
tants we tested were confirmed to have a lower light
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absorption capacity than the wild-type. The mutants,
however, did not exhibit the expected increase in bio-
mass productivity under mass culture conditions. The highest
mutant productivity values were comparable (1.8—
2.1 g m % h') to that of wild-type productivity
(1.9 g m? h'"). The biomass yield on light energy ranged
between 0.33 and 0.41 g molph_1 for the mutants and was
036 g molp{1 for the wild-type strain. Under turbidostat
control, mutant cultures required a higher outgoing light in-
tensity than the wild-type culture in order to achieve
maximal areal productivity. Observations indicated a
reduced fitness of the mutant cultures caused by a high
light intensity. This might be explained by either a
higher susceptibility to photodamage compared to the
wild-type strain or by unintended side effects of the
genetic modifications. The principle of antenna size
reduction is a promising strategy to increase productiv-
ity. However, for future generations of antenna size
mutants, in addition to reducing the light absorptive
capacity of the cells, emphasis must be placed on tol-
erance to high light conditions that are evident in mass
culture conditions.
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Appendix 1. Microalgae growth model
and photobioreactor productivity

A simple kinetic model was constructed to describe
microalgae productivity as a function of the light intensity.
The model is based on two compartments. In the first com-
partment, the chloroplast, there is photosynthetic production
of 3-carbon sugars (triose) symbolized by the 1-carbon sugar
equivalent CH,O. This sugar production rate in the chloro-
plast (¢°cr20, molcmomolx_ls_l) is dependent upon light
intensity /, and described by the hyperbolic tangent model
of Jassby and Platt (1976):

[ph'ax'YCHZO/ph.m> (A1)

9Cn20 = qCCHzo,m'tanh< c

4CcH20,m
Where 1, is the PAR photon flux density (molphmf2 s,
q°cH20.m is the maximal sugar production rate (molcuzo
mol, 's™") in the chloroplast, Ycio/phm is the maximal yield
of sugar on light energy (molCHzomolphfl), and ay, is the
spectrally averaged optical cross section of the microalgae
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Table 2 Overview of the model parameters

Parameter Value Unit Description References

Um 0.132 h! Maximal biomass specific growth rate; (Janssen et al. 2000)
assumed to be equal for WT and BF4

4 cH20m 6.17-107° molgpaomoly s Maximal 3-carbon sugar production rate;
calculated from p, using Eq. A4.

MCH20 3.5:10°° molepaomoly s Biomass specific maintenance rate (Kliphuis et al. 2012)

Yycmo 0.63 mol,molcypo | Biomass yield on 3-carbon sugar using (Kliphuis et al. 2012)
ammonia as N-source

ax (WT) 6.2 m? mol, ! Spectrally averaged optical cross section This paper

a, (Mutant) 1.9 m? mol, " Spectrally averaged optical cross section This paper

Ycr20/phm 0.10 molCHzomolphfl Maximal yield of 3-carbon sugar on light energy (Blanken et al. 2013)

My 24 g mol, ! Biomass dry weight to C-mol conversion (Duboc et al. 1999)

factor for algae

(m? mol, ). @, can be calculated according to the following
equation:

A=700

By =Y\ og@xnEnn- AN (A2)

In which ay , is the optical cross section at wavelength \.
Eqn (nm ") represents the normalized spectral distribution of
the light source (Fig. 2). It is the fraction of photons in the PAR
region in a 1-nm interval at specific A.

The cell minus the chloroplast comprises the second com-
partment in which the 3-carbon sugar is used to build new
biomass at a specific growth rate .. Another part of the sugar
is respired in the mitochondria to provide energy (ATP) to
support the growth reactions and to fulfill the maintenance
requirements. The consumption of sugar in the chloroplast can
be described by Pirt’s Law (Pirt 1965), resulting in the fol-
lowing relation:

i = (4o mcr0) Y x/c0 (A3)
and:
Hm = (qccmo,m_mCHZO)'Y x/CH20 (A4)

In these equations, mcpoo is the biomass specific mainte-
nance rate (molcinomoly, 's ™), Yycmno is the biomass yield
on 3-carbon sugar (molxmolcmofl), and W, is the biomass
specific growth rate (s ™).

The biomass on yield on light energy (molxmolphfl) can
now be calculated as follows:

Yyjph = — (A35)

qph

Here, gy is the specific light absorption rate (molphmol{1
s 1), which is defined as follows:
Gph = ax*Iph (A6)

The light intensity at which p is equal to zero (i.e., where
photosynthetic sugar production is compensated by
maintenance-associated sugar consumption) is referred to as
the photosynthetic compensation point (/,p, ). By numerical
integration of Yy, from I, =/yp ¢ to I, =1500 umol photons
m 2 s~!, the maximal biomass productivity per illuminated
surface area (ry) is obtained in g m 2 h™' (Eq. A7).

Inin
= 3600103 ¥y Al (A7)

Appendix 2. Light intensity distribution over reactor
surface

Table3 Incident light intensity (umol photons m 2 s~ ") distribution over
the reactor surface. The light was measured at 28 points evenly distributed
over the light exposed surface of the front glass panel of the culture
chamber. For this measurement, the average light intensity was 1501 pmol

photons m 2 s~

1235 1429 1352 1286
1464 1665 1656 1409
1683 1837 1737 1739
1586 1882 1953 1571
1601 1738 1670 1438
1383 1568 1591 1177
1001 1135 1144 1099
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Appendix 3. Calculation of the extrapolated biomass
concentration C,’ using the attenuation coefficient K,

For each mutant, the spectrally averaged attenuation coeffi-
cient (K, m*> g ') of the experiment with the darkest light
regime (i.c., lowest Iy, o,) Was calculated. This attenuation
coefficient K, was determined by measuring the light trans-
mittance in the photobioreactor by measuring the I, ;, and
Ioh,out using a PAR light meter. This attenuation coefficient K
therefore, also includes the effect of light scattering as it
occurs in the photobioreactor. The coefficient K, is fundamen-
tally different from the spectrally averaged optical cross sec-
tion (ay) which only reflects true light absorption. K, was
calculated using the equations indicated below in which d
(m) is the light path of the photobioreactor.First, K is calcu-
lated using Eq. C1 which was obtained by rearranging Eq. C2,
Lambert-Beer’s law equation.

lnlph‘out
]ph.in
Iph,oul = Iph,in'e-cx xKuxd (Cz)

With K known, C,’ at I, o,=10 pmol photons m2s ! can

be estimated using Eq. C3, which was also obtained by
rearranging Eq. C2.

lIlI ph,out
C = toin (C3)
* —K-d
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