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ABSTRACT

The colonial microalga Botryococcus braunii is recognized for its original hydrocarbon content, making it a
promising candidate for the production of biofuels and other bio-based products. However, challenges related to
its slow photosynthetic growth rate hinder economically viable processes and large-scale applications. This study
investigates the effect of colony size on light absorption and growth efficiency in B. braunii BOT-22. To examine
this, large colonies were disrupted into smaller ones using a high-pressure homogenizer, resulting in a tenfold
increase in the mass absorption cross-section (from 8.0 to 79 m?kg ™), highlighting how colony size significantly
affects light absorption. Next, cultivation in a photobioreactor allowed the calculation of the Mean Rate of
Photon Absorption (MRPA), supporting a relationship between the colonial behavior of B. braunii and a pho-
toprotective strategy. Higher incident light flux was associated with larger colonies, which is likely a mechanism
to manage the light stress on embedded cells. Building on these results, medium-sized and larger colonies were
successfully generated by applying different light conditions during pre-cultivation. Photobioreactor cultures of
these medium-sized colonies (145 pm average diameter) showed 34 % higher biomass productivity (0.123
gL71.d"! or 492 gm?d™') and 74 % higher hydrocarbon productivity (0.033 g-L™*-d! or 1.30 g-m%d™})
compared to the larger colonies (434 pm). These findings highlight the important role of optimizing colony size
for better light absorption and productivity, providing valuable insights for improving photobioreactor perfor-
mance in B. braunii cultivation.

1. Introduction

antioxidant) [4], exopolysaccharides (i.e., to potentially produce bio-
sourced polyesters) [5], and nanoparticles with anti-microbial effects

In the context of global energy and environmental transitions, the
development of sustainable bioprocesses for producing biomolecules is
crucial, particularly as alternatives to fossil-based resources [1]. The
production of these biomolecules by microalgae offers key advantages,
including high areal productivity, the use of non-arable land, efficient
CO, fixation, flexible water requirements, and high lipid content,
making them ideal for the sustainable production of biofuels and other
compounds of interest [2]. Their ability to treat wastewater and avoid
competition with food production further enhances their ecological and
economic potential [3].

With its ability to accumulate hydrocarbons in its extracellular ma-
trix, Botryococcus braunii holds great potential for producing biofuels
and other petroleum-derived products. It also produces potentially
recoverable and profitable products such as echinenone (carotenoid,
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[6], possibly enabling better valorization of the biomass [7].

The colonial structure of B. braunii makes it a highly original subject
for bioproduction. This configuration is closely linked to the accumu-
lation of hydrocarbons in the extracellular matrix during growth [8].
Each colony consists of cells embedded in a polymerized aliphatic al-
dehydes network permeated by liquid hydrocarbons, all enclosed in a
supporting wall adorned with a fibrillar colony sheath rich in exopoly-
saccharides [9-11]. Depending on the nature of these hydrocarbons,
several races of B. braunii have been defined. Race A mainly produces
alkadienes and alkatrienes [12]; race B is characterized by botryo-
coccenes [13] and a small amount of methylated squalene [14]; race L
by lycopadiene [15]; and finally, race S, not always accepted as a race,
by alkanes [16]. A recent study proposed a reclassification of B. braunii
into separate species using a comparative genomics analysis. They
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described the 3 following three species: Botryococcus alkenealis (A race),
Botryococcus braunii (B race), and Botryococcus lycopadienor (L race)
[17].

The specific growth rate of B. braunii is typically low, ranging from
0.09 to 0.5 d~! under controlled laboratory conditions, compared to 1 to
2 d~! for Chlorella vulgaris [18,19]. This slow growth rate results in low
biomass and hydrocarbon productivities, increasing the overall pro-
duction cost. To address this limitation, various approaches have been
explored in the literature. This includes optimizing COy supply, with
studies showing that 2-5 % CO, enrichment of the gas phase can both
enhance biomass yield and hydrocarbon production [18,20,21].
Nutrient manipulation, particularly the use of high bicarbonate con-
centrations (a similar strategy as enhancing CO. content in the gas
phase), has been found to increase biomass and lipid productivity [22].
Moreover, the introduction of symbiotic bacteria, such as the alphap-
roteobacterial ectosymbiont BOTRYCO-2, has shown promise in pro-
moting B. braunii growth [23]. Finally, temperature and light intensity
optimizations have also been investigated [18,24-27].

However, while some studies have observed the impact of different
parameters on colony size, to our knowledge, the specific effects and
mechanisms by which colony size influences the growth of B. braunii
have been explored only minimally, with very few studies addressing
this aspect. In two studies, the discussion has primarily focused on how
colony size responds to changes in light intensity and how this change in
light supply influences growth and pigmentation [24,28]. Another study
[29] reveals that colony formation significantly reduces the average
mass absorption cross-section of the microalgae due to lower pigment
concentrations, mutual shading among cells, and the presence of an
extracellular matrix. Among these factors, nutrient limitation leading to
reduced pigment levels was identified as the most significant contrib-
utor. This raises questions about the actual impact of colony structure
independent of pigment concentration and the nutrient limitations used
to generate the colonies in the study. Optimizing light supply for
B. braunii cultivation in suspension within photobioreactors remains
challenging. This is primarily due to the limited understanding of several
key factors: the relationship between colony structure and size; the
amount of light effectively absorbed by embedded cells; the light
transfer conditions within suspensions of B. braunii colonies; and the
resulting impact on photosynthetic growth and hydrocarbon production
rates.

This work aims to investigate the role of colony size in determining
light absorption in B. braunii culture and its correlation with the growth
of B. braunii BOT-22 (race B). Initially, the differences in light absorption
across two striking examples of colony sizes, produced using a high-
pressure homogenizer (HPH), will be investigated, and the possible
underlying mechanisms will be discussed. Subsequently, calculations of
the Mean Rate of Photon Absorption (MRPA) will allow characterizing
the relation between colony sizes, light effectively absorbed, and culture
biological response. Finally, a clear correlation will be established be-
tween colony sizes and both biomass and hydrocarbon productivity. All
of these results will underscore the critical role of colony size in opti-
mizing light absorption in photobioreactors cultivating B. braunii, of-
fering perspective for improving the culture of this particular strain.

2. Materials and methods
2.1. Botryococcus braunii strains

The strain used is Botryococcus braunii BOT-22 (race B), isolated from
a reservoir in Okinawa Prefecture, Japan, and kindly provided by the
University of Tsukuba. It is primarily known for producing botryo-
coccene Cg4Hsg [30]. Another strain, SAG 30.81 (race A), obtained from
the Culture Collection of Algae at Gottingen University (Sammlung von
Algenkulturen, SAG), was also used. This strain exhibited a much
smaller colony size compared to the BOT-22 strain and was used solely
to illustrate the case of B. braunii forming colonies with very small
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diameters and the resulting impact on light capture efficiency. Unless
otherwise specified, studies were conducted on the BOT-22 strain.

2.2. Culture medium

BOT-22 was grown in the following medium, adjusted for the
biomass concentration reached in the present study to avoid nutrient
limitation, leading to the following composition in mgL~!: 1680
NaNOj3; 180 MgS04-7H20; 20 CaCly-2H20; 4 Fe-Citrate; 4 Citric acid; 80
K2HPO4; 160 KH2PO4; 16 NazEDTA~2H20; 2 FeCl3~6H20; 0.4
MnCly-4H20;  0.08  ZnSO47H20; 0.016 CoCly-6H0;  0.04
NayMoO4-2H,0; 0.02 Thiamine (B1); 0.004 Biotin (H); 0.002 Cyano-
cobalamin (B12).

2.3. Culture systems

2.3.1. Pre-cultures

The microalgae BOT-22 and SAG 30.81 B. braunii were cultivated in
flasks at an initial concentration of 0.15 g-L ™! in a culture volume of 200
mL, in 500 mL flasks with air-CO, bubbling (approximately 33
mL-min~! and 1.5 % CO,). The flasks were illuminated with incident
LED white light at 50 or 80 pmoly,-m~2.s~! and placed on an orbital
shaker at 130 rpm for 19 to 30 days.

2.3.2. Photobioreactor cultivation to assess the effect of colony size on
culture performance

Cultures were conducted in batch and continuous modes in a torus-
shaped photobioreactor, described in detail elsewhere [31]. The culture
volume was 1.35 L with a culture depth of 4 cm. Mechanical mixing was
obtained using a marine impeller. A rotation speed of 250 rpm was
applied, with periods at 500 rpm for 15 s every 15 min to prevent
biomass sedimentation. An airflow rate of 50 mL-min~' was added to
avoid oxygen accumulation with automated CO, injection regulated by
pH value (set at pH = 7). The culture temperature was maintained at
20 °C + 1 °C. Incident photon flux density (PFD) was obtained from an
LED panel providing white light. The initial PFD value was set to 50
pmolthn’z-s’1 to avoid light stress and then increased to 100
pmolpy-m 2571 9 days after inoculation. Biomass concentration at
inoculation was 0.1 and 0.2 g-L™! (expressed in dry-weight, denoted
DW) for medium colonies (MC) and large colonies (LC), respectively.
BOT-22 pre-cultures used for inoculation were exposed to two different
light conditions, 50 + 10 umolhv-m’z-s’1 and 80 + 10 pmolhv-m’z-s’l.
These pre-cultures were cultivated for multiple generations under these
conditions, leading to the formation of “large colony” and “medium
colony” lineages. Nine days after inoculation, continuous cultivation
was applied with constant dilution rates. A dilution rate value of 0.08
d~! was applied for MC colonies. Because of the lower growth rate, a
value of 0.05 d~! was used to avoid culture washout for LC cultivation.

2.3.3. Photobioreactor cultivation to assess culture response to the mean
rate of photon absorption (MRPA)

Cultivations were conducted in the torus-shaped photobioreactor
following a similar procedure as described in Section 2.3.3, but with the
aim to cover a larger range of PFD values to investigate the response of
B. braunii under different MRPA conditions. The culture was then
inoculated at 0.45 g-L ™! to ensure a substantial biomass for a faster in-
crease in incident PFD. The batch phase lasted for 26 days, followed by
continuous cultivation at a dilution rate of 0.05 d 1. Throughout the 46
days of cultivation, the PFD was gradually increased from 20 to 1000
pmoly,-m~2:s71 to achieve progressively higher MRPAs. Each PFD value
was maintained for 3 days to allow sufficient time for stabilization of
biomass concentration and pigment content through the photo-
acclimation process, which typically occurs over several hours to days
[32-35]. To assess pigment stabilization, pigment content measure-
ments for a given PFD value were conducted over several days. Stabi-
lization was found to occur in <3 days. Because of the larger biomass
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concentration achieved in this experiment, a 2.5-fold concentrated
medium was used to prevent nutrient depletion. The MRPA calculation
method is detailed in Section 4.4.2.

2.4. Measurement of colony size, biomass concentration, and productivity

2.4.1. Microscopic analysis of colony size

Colony size was measured using a microscope (Zeiss, Germany) with
Zen 3.0 software. Samples were placed on a slide with a 300 pm depth.
This method, adapted from Tanoi et al. [37], is based on microscopy
principles that distinguish colonies from the sample background. Mi-
croscopy produced 2D images, which were then analyzed using ImageJ
software to measure colony size. The colony size distribution was
generated using MATLAB software after processing the data obtained
from ImageJ. Each category of colony diameter was represented as a
percentage of the total biomass volume, using the approximation of
spherical colonies, even though their actual shape deviates from perfect
sphericity.

2.4.2. Dry weight biomass concentration measurement

The dry-weight biomass concentration, X, was determined by a
gravimetric method. A volume of culture was filtered (VWR® glass fiber
filter, 0.7 pm) and rinsed with at least three times the filtered volume of
distilled water. The filters (in triplicate) were then placed in an oven at
105 °C for 24 h, cooled in a desiccator, and weighed using a precision
balance (Mettler Toledo® XA105DU).

2.4.3. Pigment concentration measurement

The term “pigment” used in this article specifically refers to chlo-
rophylls and carotenoids. Secondary carotenoids such as echinenone
[4], botryoxanthins [37], and braunixanthins [38] were not investi-
gated. Therefore, the respective concentrations of primary and second-
ary carotenoids could not be determined. However, an estimate was
made based on absorbance at 480 nm. Pigment concentrations were
determined by spectrophotometry. Pigments were extracted by mixing
culture and methanol in a 1:4 volume ratio (20 % culture). The samples
were subjected to vortexing (10 s) and ultrasonication (30 s) three times,
then incubated for 1-2 h at 50 °C in the dark until the colonies turned
beige-white. After centrifugation (12,000 g for 5 min), the supernatant
containing the pigments was analyzed at 480, 652, 665, and 750 nm
(Jasco® V-630). The optical densities were used to determine the con-
centrations of chlorophyll a, chlorophyll b, and total primary caroten-
oids in the biomass using the equations of Ritchie [39,40] and Strickland
and Parsons [41].

2.4.4. Measurement of chlorophyll a, leakage indicator

Chlorophyll a served as a marker for monitoring cell disruption in
microalgae, as its release into the surrounding medium indicates dis-
rupted cells and chloroplast membranes. Samples were taken and
filtered (VWR® glass fiber filter, 0.7 pm) before and after treatment to
assess if the mechanical treatment had a lytic effect on the cells. The
filtrate was analyzed by spectrophotometry to determine pigment con-
centration as described in Section 2.4.3. Only chlorophyll a was used, as
secondary carotenoids such as echinenone can be stored in the extra-
cellular matrix [28].

2.5. Hydrocarbon analysis

2.5.1. Hydrocarbon extraction

Hydrocarbons were extracted from freeze-dried biomass or super-
natant using the Folch method [42] with a 2:1 CHCI3/MeOH (v/v)
mixture, involving vortexing (3 x 10 s), sonication (3 x 30 s), and a 2-h
incubation on a shaker plate. The samples were then filtered through
glass fiber columns, and the filtrate was evaporated at 40 °C under a
nitrogen stream. The remaining residues were dissolved back in n-hex-
ane for analysis by gas chromatography coupled with a flame ionization
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detector (GC-FID).

2.5.2. GC-FID analysis

Hydrocarbon samples were analyzed by GC-FID [43]. Analysis was
performed using a GC-8860 (Agilent Technologies, Santa Clara, CA,
USA) equipped with an injector (injection volume: 2 pL, split set to 1:10,
10 mL-min~'), an HP-5 capillary column (non-polar phase, 5 % phe-
nylmethylpolysiloxane, inner diameter 0.32 mm, film thickness 0.25
pm, length 30 m, Agilent Technologies, Santa-Clara, CA, USA), and a
flame ionization detector. The hydrogen flow during analysis was
maintained at 2 mL-min~!, and was produced using a COSMO H4000
hydrogen generator (F-DGSi, Evry, France). Analysis was performed
with and without a measured addition of a squalene standard (99.8 %)
to both serve as a quantitative reference and to isolate the quantity of
squalene naturally produced by the BOT-22 strain. The chromatograph
temperature program was as follows: injector temperature 280 °C, FID
340 °C, oven at 75 °C for 3 min, then ramped at 10 °C-min~" to 300 °C
for 28.5 min, and finally at 75 °C-min~! to 340 °C for 4 min. The two
main hydrocarbon peaks at retention times of 22.81 and 22.89 min
corresponded to Cs4 and C3o botryococcenes. The identification of Cgq4
and Cs, botryococcenes was validated using GC-MS analysis. These two
main hydrocarbons were combined and referred to as “hydrocarbons”.
These “hydrocarbons” may also include small quantities of methylated
squalenes, which are difficult to separate from botryococcenes by GC.

2.6. Cell disruption using a high-pressure homogenizer

The biomass obtained from the cultivation in a 220 mL flask, con-
ducted at a PFD of 80 pmolh\,~m’2~s’1 with 0.2 vvm aeration and 1.5 %
CO;, sparging for 38 days, was processed using a high-pressure homog-
enizer (HPH, TS series 2.2 kW from Constant Systems Limited, Daventry
Northants, UK) set at the lowest working pressure of 500 bar. The aim
was to disrupt all the colonies without damaging individual cells.

2.7. Experimental measurements of radiation characteristics

2.7.1. Measurement of hemispherical normal transmittance and reflectance

Hemispherical normal transmittance and reflectance (denoted Tyy
and Ryy, respectively) were measured for wavelengths ranging from 400
to 750 nm with 1 nm of spectral resolution for HPH-treated (HT) and
untreated (NT) biomass adjusted to the same concentrations with PBS
saline buffer at 0.82 g-L L. Note that the samples were not washed with
PBS, as biomass loss or colony disruption could occur during centrifu-
gation due to the low density of some BOT-22 colonies. Moreover, Ty
values of the transparent culture medium were compared to PBS and
showed no difference when used as a blank. Measurements were per-
formed in a quartz cuvette with a 1 cm path length (110-10-40 Hellma
Analytics, Miillheim, Germany) using an Agilent Cary 5000 series
UV-Vis-NIR spectrophotometer (model AU12410027) equipped with an
integrating sphere. The normal hemispherical transmittance was used
because it was deemed more suitable for measuring the light trans-
mission of diffused material, like microalgae [44]. It accounted for both
the directly transmitted light and the forward-scattered light.

2.7.2. Estimation of the spectral mass absorption cross-section

A procedure developed and described by Kandilian et al. [44] using
Normal-hemispherical transmittance and normal-hemispherical reflec-
tance was employed to estimate the spectral absorption cross section
(Aaps;) of B. braunii. Tyy and Ryy were used following the inverse
method to estimate the Ay, ;. Note, however, that the approach pre-
sented in Kandilian et al. was validated exclusively for non-colonial
microalgae. The colonial nature of B. braunii, which results in signifi-
cant heterogeneity, may introduce variations in effectively measured
Agps;. Therefore, the calculated Ags; should be considered as an
approximation rather than a true radiative property of the microalga.
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Microscopy scan : link between Cx, number & size of gimulated projected surface area for a given Cx, at a depth of 4 cm, and an average colony size:

colonies, and their projected area for real biomass

extrapolation from microscopic analysis. Colonies were added using random sampling.

Fig. 1. Illustration of the method used to evaluate the probability of light hitting a colony when cultivated in a PBR. The simulated projected surface (grid) shown is a
sample from the full analysis, which used at least 14,000 grid cells and 32 colonies, and up to several million grid cells and colonies in total, depending on the
biomass concentration and colony size. The numbers on the scale and in the grid cells represent the number of stacked colonies. Cx: biomass concentration.

A, was then used to calculate the MRPA and the local fluence rate
G,(z). MRPA, denoted (A), represents the amount of photons absorbed
in the photosynthetically active radiation (PAR) range (400-700 nm)
per unit weight of biomass and per unit time, here averaged on the total
culture volume, and is given for a photobioreactor presenting light
attenuation only along the culture depth L by [45]:

1 L 700
w=1 / / Auss G (2)didlz %)
o 400
Gi(2) = go el ) 2

with L the depth of the PBR, qq , the spectral incident PFD, X the biomass
concentration, and z the position along the PBR depth of culture.

2.8. Evaluation of the probability of light hitting a colony when cultivated
in PBR

As a first attempt to compare the effect of cells growing in colonies on
light penetration in PBRs, a simplified approach was employed. The
objective was to estimate the percentage of photons that would reach the
surface area representative of a colony, without assessing whether the
light is subsequently scattered or absorbed (which would require more
advanced approaches based on radiative transfer modeling, which was
not the aim of this research).

For this purpose, the projected surface area of the colonies growing
along the PBR depth (4 cm here) was used. An illustration to comple-
ment the description of this method is proposed in Fig. 1. To recreate the
PBR and the projection of the surface area of the colonies suspended in

this PBR, a grid system and random sampling were implemented in
MATLAB software. Based on the average area of a colony, squares
having the same surface area were generated, forming the grid. Colonies
were then added one by one with an equal probability of placement in
each grid cell, using random sampling. Colonies could also overlap,
thereby faithfully representing a projection of the surface area of all the
colonies suspended in the PBR culture volume. The link between
biomass concentration, average colony diameter, number of colonies,
and their occupied areas was established based on image analysis (see
Section 2.4.1.). All average sizes used were based on actual image
analysis data. Note that one of the main limitations of this approach is
that colony representation is simplified by using only the average size
and not their size distribution.

An assessment of the approach was performed by considering a
thickness of 300 pm, corresponding roughly to the slide used for image
analysis. The difference between the actual occupied total area and the
simulated area, corresponding to the fraction of photons reaching the
colonies, did not exceed 3 %. This small discrepancy can be considered
acceptable and is likely mainly due to the fact that no overlap is
considered in the case of the experimental measurement. In the simu-
lation, colonies were randomly positioned, and overlaps could occur,
although they were relatively few for a 300 pm thickness. We then
considered that this simple analysis thus enables, as a first approxima-
tion, the percentage of light reaching the colonies in culture as a func-
tion of biomass concentration, PBR thickness, and average colony size.

2.9. Statistical analysis

Error bars represent standard deviations of triplicate or quadrupli-
cate measurements. Size distributions were compared using the Mann-
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Fig. 2. Colony size distributions for a native BOT-22 population (A) and a disrupted population using HPH at 500 bar (B). The percentage of volume represents an
approximation of the relative biomass quantity in each size category. The difference between the two populations, non-treated (C) and HPH-treated (D), is visible to

the naked eye and in optical microscopy (E and F, respectively).
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Fig. 3. Normal hemispherical transmittance for the untreated colony popula-
tion (top line) and the HPH-treated colony population (bottom line). Standard
deviations are shown as thin curves surrounding the main lines, based on at
least three replicate measurements.

Whitney U test for non-normal distributions. Different letters indicate
that the distributions are significantly different (p < 0.05).

3. Results & discussion

3.1. Effect on light absorption of intact full-sized colonies and of
disrupted, smaller colonies

Previous research by Hoeniges et al. (2020) [29] on the impact of
B. braunii colonial structure on light absorption demonstrated that
mutual shading among cells reduces light absorption in colonies
compared to the same number of individual free-floating cells. Addi-
tionally, it was concluded that the colony's extracellular matrix had a
negligible effect on light absorption. However, in their study, nitrogen
limitation was used to induce colony formation, which affected pigment
content. Simulations using the Monte Carlo ray tracing method revealed
that a substantial part of the observed decrease in the spectral average
mass absorption could be directly attributed to reduced pigment con-
centrations. In the present study, we used native BOT-22 colonies and
generated smaller colonies from the same biomass by treating it with a
high-pressure homogenizer (HPH) at 500 bar. Thus, two biomass pop-
ulations were compared: untreated native colonies and HPH-treated
smaller colonies.

The biomass concentration was adjusted to 0.82 g-L™!, and the
chlorophyll a content was very similar at 0.92 + 0.09%X and 0.96 +
0.03%X, respectively, where %X refers to the percentage of pigment
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Fig. 5. Evolution of light flux density in a 4 cm depth flat panel PBR for the
non-treated biomass (dotted line) and the HPH-treated biomass (solid line). The
parameters used were: PFD = 100 pmolhvm’z-s’l, X=1.5 g-L’l, Agps) NT =
8.0 kg-m 2 and Ay, HT = 79 kg:m 2.
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relative to biomass dry weight. Chlorophyll a was chosen as an intra-
cellular marker to estimate cell disruption when it is released from the
cells. Chlorophyll a leakage in the filtrate (0.7 pm membrane) was
measured at 0.04 % of the total chlorophyll a content in the untreated
biomass and 3 % in the treated biomass. HPH successfully disrupted the
vast majority of colonies into significantly smaller ones, while gener-
ating between 1 % (0-10 pm in diameter) and 7 % (10-20 pm in
diameter) of single cells. If a direct relation between chlorophyll a
leakage and cell disruption is assumed, only approximately 3 % of the
biomass was found to be destroyed, which was considered acceptable for
generating colonies of various sizes without significantly compromising
the physical integrity of the embedded cells.

Fig. 2 highlights the clear difference in colony diameters between the
two populations, resulting from the HPH treatment. Fig. 3 illustrates a
large difference in Tyy between the two populations, with average Tny
values in the PAR of 0.80 for the untreated colonies and 0.42 for the
HPH-treated colonies. This indicates the cells' ability to absorb light
increases dramatically as the colony size is reduced, despite having the
same amount of pigments. This finding is consistent with the simulation
results obtained by Hoeniges et al. (2020). It is also consistent with the
relationship established by Khatri et al. [46] between optical density
measurements and the colony size of B. braunii.
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Fig. 6. Probability of light hitting a colony in a 4 cm thick flat-panel PBR as a function of biomass concentration, for mean colony diameters of 350 pm (dotted line),
43 pm (double dotted line), and 11 pm (solid line). The figure on the right is a zoomed-in view of the left figure.
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The effect on light absorption efficiency for a flat-panel photo-
bioreactor (PBR) is illustrated in Fig. 4. In the case of small colonies or
single cells, light attenuation occurs homogeneously. In contrast, as the
colony size increases, biomass suspension becomes more heterogeneous.
Three main phenomena are then identified: (i) self-shading occurs
within the colony, leading to very strong local attenuation as discussed
by [29]; (ii) light passes through the culture volume without interacting
with a colony; and (iii) colonies themselves generate strong shading.
Note that the light diffusion that can occur in such colony suspensions is
not accounted for in this description.

The quantitative differences in light absorption and attenuation can
also be estimated by calculating the strain's radiative properties, in this
case, the spectral absorption cross-section (Ags,), using the method
developed by Kandilian et al. (2016) [44]. By measuring Tyy and Rng
for specific biomass concentrations, Ay, ; was estimated for native col-
onies and HPH-treated colonies, yielding values of 8.0 m2kgx' and 79
m?kgx !, respectively. Using these values and Eq. (1), it was possible to
estimate the expected light attenuation in the 4 cm deep flat-panel PBR
for the two populations, under a PDF of 100 pmoly,-m~2-s~! and for a
biomass concentration of 1.5 g-L™!. For the non-treated colonies with a

low Ags s, light attenuation was incomplete, with a fluence rate value at
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the back of the PBR G(z = L) dropping to 63 pmoly,-m 251 (Fig. 5). In
contrast, for the treated colonies with the 10-fold higher Ay ,, G(z = L)
reached 1 pmoly,-m 257!, indicating that nearly all incident light was
absorbed over the culture depth.

Part of the explanation could be linked to light passing through the
colonies without interacting with them, even though complex light
diffusion and absorption are also likely at play. Some light paths along
the culture depth undergo strong attenuation due to the presence of
dense colonies, whereas others encounter no colonies at all along their
trajectory. This effect can be illustrated by estimating the projected
shaded area of the colonies, which corresponds to the percentage of
incident light interacting with them. For that purpose, the equivalent of
a PBR filled with colonies of either 11 pm, 43 pm, or 350 pm in diameter
was simulated using a simple probabilistic approach. Results are given
in Fig. 6.

The biomass concentration required to reduce the illuminated pro-
jected surface to <1 % varied significantly depending on colony size.
Note that this does not imply that all the light is absorbed, but rather that
all the incident light enters a colony or a cell, and could therefore be
attenuated. For the 350 pum colonies, a concentration of 3 to 4 g-L™! is
necessary, while for smaller colonies with an average radius of 43 pm
(HPH-treated), around 2 ng’l is needed. Finally, for small colonies and
single cells from the SAG 30.81 B. braunii strain with an average radius
of 11 pm, a concentration of only 0.2 g-L ™! is required. This result
highlights that, even without taking into account the complex light
diffusion and absorption processes in colony cultivation, the heteroge-
neity of the colonies themselves plays a significant role in the reduced
efficiency of light absorption in PBRs. The quantity of light inside and
around colonies can differ greatly, with high light intensity available
between colonies and substantial shading within them.

3.2. Light sensitivity of BOT-22 and colony size acclimation

Previous research on the relationship between light and colony for-
mation in Botryococcus braunii has shown that, when exposed to high
light intensities, colonies grow larger [47]. The increase in colony size,
along with the accumulation of extracellular secondary carotenoids,
reduces the light intensity experienced by most cells within the colony.
The increase in colony size has been suggested as a photoprotective
strategy [28]. In another study [46], colony size increased as the dilu-
tion rate increased. The rise in dilution rates logically reduced biomass
concentration, affecting the amount of light received per cell and lead-
ing to a similar effect as exposure to higher light intensities. In light of
this work and as suggested by the authors, this increase in colony size is
likely explained by light stress induced by the decrease in biomass
concentration.

The rate of photon absorption (RPA) is a key physical quantity in
microalgae cultivation, especially in PBRs. It encompasses parameters
such as the PFD and light attenuation within the culture volume, the
latter depending on the radiative properties and biomass concentration
of the microorganism. More importantly, RPA quantifies the rate at
which photosynthetic microorganisms absorb light energy. It serves as a
coupling quantity between light absorption and the microorganism's
kinetic and metabolic responses, thereby enabling the link between
biological performance and various light conditions or PBR designs
[48].

In the usual case of a single-cell suspension, the local value of RPA
(LRPA) decreases along the culture depth due to light attenuation within
the PBR. However, at a given depth, the LRPA can be considered
spatially uniform, which facilitates coupling with the kinetic response of
the cultivated microalgae. For BOT-22 colonies, however, the situation
is more complex. Indeed, as highlighted by Van den Berg et al. (2019)
[28], the pigment content of cells within colonies is not uniform, with
lower levels in the outer layers and higher levels in the interior,
regardless of the colony's position in the photobioreactor depth. As a
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result, cells within a colony may exhibit varying photon absorption
rates. In addition, smaller colonies (or single cells) receive less protec-
tion from available light and therefore exhibit higher RPA under the
same PFD conditions compared to larger colonies.

It is well known that microalgae undergo photoacclimation, result-
ing, for example, in changes in pigmentation depending on the light
received. Bonnanfant et al. (2021) [52] demonstrated that, in a PBR, the
pigment content of Chlorella vulgaris was directly related to the MRPA
value, thereby enabling the prediction of pigment acclimation as a
function of light attenuation conditions (as represented by the MRPA). A
similar investigation was then conducted here for the colonial strain
B. braunii, for which the phenomena are certainly more complex. In this
work, only chlorophyll a content was used, as the presence of secondary
carotenoids in the extracellular matrix of B. braunii prevents reliable
quantification of total carotenoids. The method used targets primary
carotenoids, but their absorption spectra overlap with those of second-
ary carotenoids, making it difficult to distinguish and quantify each

fraction accurately. Different PFD values were therefore applied in the
torus-shaped PBR during batch cultivation, with the PFD increased
every 3 days, allowing for variations in MRPA. This gradual change in
light intensity enabled the cells to acclimate over time, adjusting their
pigment content accordingly.

Fig. 7 illustrates the relationship between chlorophyll a content and
MRPA. Two distinct zones can be observed: the first zone, with a low
MRPA ranging from 0 to 3 pmoly,,-g s %, emphasizes pigment decrease
with increasing MRPA; the second zone, between 3 and 5
pmolhv~g’1~s’1, where much more limited reduction in chlorophyll a
content is observed despite increasing MRPA. A similar behavior was
observed by Bonnanfant et al. for Chlorella vulgaris. This was attributed
to increased light stress at high MRPA values, corresponding to lower
pigment content (as seen in the second zone here). In the present study, a
significant decrease in chlorophyll a content, as well as a moderate
decline in biomass was observed in the PBR for MRPA values exceeding
5 pmolp,-g~-s 1, indicating that an MRPA above 5 pmoly,-g s+ could
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lead to cell death in Botryococcus braunii BOT-22. This range of MRPA is
low compared to Chlorella vulgaris, ranging from 0 to 25
pmolhv»g_l's_las shown by Bonnanfant et al. (2021) [52]. This differ-
ence, along with the low maximum pigment content in the BOT-22
strain, estimated at around 1.8 % of biomass compared to other
microalgae (usually >5 %, as in Chlorella vulgaris), supports the idea of a
strong photosensitivity in Botryococcus braunii BOT-22. Consequently, it
also supports the idea that the formation of colonies may be part of a
protective strategy against light stress, allowing the cells to better
manage exposure to variable light conditions due to the protective role
of the colony structure. As shown in Fig. 8, applying both lower light
(100 pmolhv-m*zs*l) and higher light (440 pmolhv-m’z-s’l) to the same
PBR with similar biomass concentrations confirms that Botryococcus
braunii increases its colony size as part of its acclimation strategy to
manage increased light intensity.

As another illustration, Fig. 9 shows the evolution of colony size
distribution under low light (40 pmoly,,-m~2.s71). After 21 days of cul-
ture (i.e., flask orbital shaken batch culture with aeration of 0.2 vvm and
1 % CO3), the appearance of small colonies measuring between 20 and
60 pm in diameter was observed. No nutrient limitation occurred (i.e.,
the medium used was designed to support up to 1.5 g-L ™! of biomass
concentration, while only 0.37 g-L~! was reached here). Furthermore,
the pigment content remained stable throughout the cultivation, aver-
aging around 1.8 % of dry biomass. These results tend to confirm that
low-light acclimation leads to smaller colonies compared to medium-
and high-light conditions, as also noted by Van der Berg et al. (2019)
[28]. It tends to further demonstrate that this size acclimation can be
reversible, at least over a period of 21 days.

It was observed that under low MRPA, small colonies could be
generated even when starting from larger ones. In contrast, only large
colonies were observed under high MRPA. This difference might be
explained by heterogeneous light absorption within the culture volume.

s~ over multiple passages. C, D: Inoculum cultivated at 80 + 10 pmoly,-m

~2.571 over multiple passages.

As shown previously, this uneven light absorption resulted in higher
RPA values along light paths with few or no colonies, thereby preventing
the development of the more photosensitive, smaller colonies when the
PFD was too high. Excessively high RPA values hindered the growth of
small colonies due to photo-inhibition and could even lead to cell death,
allowing only larger colonies to thrive. Conversely, when MRPA was
sufficiently low, small colonies could develop successfully.

3.3. Comparison of cultivation performance between medium-sized
colonies (MC) and large colonies (LC) in a torus photobioreactor

The pre-cultures of BOT-22 used were exposed to two different light
conditions, 50 + 10 urnolhv~rn’2~s’1 and 80 + 10 pmolhv-m*zs*l,
generating different MRPA conditions. These pre-cultures were culti-
vated for multiple generations under these conditions, leading to the
formation of “large colony” (LC) and “medium colony” (MC) lineages, as
described in Fig. 10. These two populations are distinctly different, with
the average size of the LC being 434 pm, and the MC 145 pm. These two
pre-cultures, characterized by different colony sizes, were then used to
inoculate two similar torus-shaped PBRs.

After inoculation, the PFD was gradually increased to 100
prnolhv-m’z-s’1 for both cultures, and continuous cultures were initiated
after 9 days. As shown in Fig. 11, the two colony size distributions
derived from the pre-cultures were maintained, as supported by the size
distribution and photographs of both PBRs at similar biomass concen-
trations. In the case of MC, colony size appeared stable, whereas for LC, a
progressive increase in size was observed.

When comparing culture performances (Table 1), the volumetric
productivity of the MC PBR in both biomass and hydrocarbon content
was approximately 34 % and 74 % higher, respectively, than in the LC
PBR. This suggests that the difference in performance may be attributed
to colony size and their capacity to absorb light efficiently. Another
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hypothesis could be a limitation of nutrient diffusion within the dense
colonies, as is often observed in biofilms. The extracellular polymeric
substances (EPS) matrix, composed mainly of polysaccharides and pro-
teins, could indeed create barriers to nutrient transport [49].

One limitation in the comparison is in the application of different
dilution rates, 0.08 d~! for MC and 0.05 d ! for LC. Although the exact
impact on productivity cannot be determined, the 0.05 d ! dilution rate
was chosen to avoid the risk of washout, which had been observed at a

10

rate of 0.08 d ! in another LG culture in the same PBR. Note that this last
observation tends to support the direct relation between colony size,
light absorption, and light sensitivity of B. braunii. For large colonies, the
culture exhibits heterogeneity, with colonies providing substantial
photoprotection while the inter-colony spaces remain highly exposed to
light. Small colonies or single cells could then not thrive in these highly
light-exposed inter-colony areas, leading to growth predominantly
within the large colonies. This is also suggested by the progressive
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Table 1

Cultivation performance in a photobioreactor illuminated at a PFD of 100
umoly,-m 257! for two continuous cultures of BOT-22 with different colony
sizes. Identical culture conditions were applied. The dilution rate was main-
tained for at least one month. Errors represent the standard deviation of three
technical replicates, with uncertainty propagation when applicable. MC:
medium-sized colonies; LC: large colonies; MRPA: medium rate of photon
absorption.

Photobioreactor MC LC

Average colony diameter (pum) 145 434
Hydrocarbon content (g-gX™) 0.265 + 0.007 0.203 + 0.025
Biomass productivity (g-L1-d"1) 0.123 + 0.004 0.092 + 0.003
Hydrocarbon productivity (g-L.~'-d™") 0.033 + 0.001 0.019 + 0.001
Biomass productivity (g-m~2.d™1) 4.92 4+ 0.16 3.68 + 0.12
Hydrocarbon productivity (g-m 2d™?) 1.30 + 0.04 0.76 + 0.04
Dilution rate (d~ ) 0.08 0.05

MRPA estimated (pmoly, -g~'-s7") 1.63 + 0.06 2.03 + 0.07

increase in colony size observed in the LC PBR over time in Fig. 11. As
shown in Fig. 9, the reversion of large colonies to small ones was also
observed under lower light conditions, supporting this hypothesis. As a
consequence, cultures with large colonies cannot utilize light as effi-
ciently as smaller colonies due to light losses between colonies and
significant internal shading, leading to lower biomass productivity.

For the MC pre-culture, the lower light conditions seem more
favorable for the emergence and growth of small colonies, which are
then more efficient in light absorption in the PBR, resulting in better
biomass and hydrocarbon productivities. However, as seen in Fig. 11,
when MC was cultured under the same conditions as LC, the small col-
onies did not disappear. This is likely due to the more effective mutual
shading effect generated by these small colonies, allowing for uniform
light attenuation that provides photoprotection to the entire culture.
Nonetheless, BOT-22 is likely a light-sensitive strain, requiring careful
cultivation under low MRPA, typically between 1 and 3 pmolp,-g s 1.

It can be hypothesized that if the colony concentration reaches a
sufficient level in a PBR (for a PBR with 4 cm thickness as used here, this
would correspond to a minimum biomass concentration around 4 g-L 1)
then the shading effect among the colonies may approach that of classic
mutual shading, resulting in a relatively homogeneous light attenuation.
Under these conditions, the re-emergence of small colonies, which are
more efficient in light capture, is expected. Whether this phenomenon
occurs due to selective effects or acclimation remains unclear.

3.4. Recommendation for the cultivation of light-sensitive colonial
microalgae

As discussed, Botryococcus braunii, specifically the BOT-22 strain,
presents unique characteristics that make its cultivation and the
achievement of high productivity challenging. Although the primary
aim of this work was not to optimize productivity directly, some rec-
ommendations can be made.

First, a significant difference in light absorption was observed, with
smaller colonies absorbing light more effectively than larger colonies at
equivalent biomass concentrations and pigment compositions. Further-
more, it was found that the biomass and hydrocarbon productivity of
medium colonies (MC) were approximately 34 % and 74 % higher,
respectively, than those of large colonies (LC). This suggests that culti-
vating BOT-22 in the form of small or medium colonies may be advan-
tageous for maximizing productivity. It is worth noting, however, that
cultivating larger colonies may also hold value for specific applications,
such as enhanced resistance to predators [50] or specialized hydrocar-
bon extraction processes, such as the so-called milking process [51].

The low mean photon absorption rates observed in the culture, along
with the low pigment content compared to other strains such as Chlorella
vulgaris, suggest that this strain may be photosensitive. Therefore,
maintaining either a sufficiently low light intensity or a high biomass
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concentration is recommended to keep MRPA within the range of 1 to 3
pmolhv~g_1~s_1, as identified in this article. Pre-culture conditions also
appear to play a crucial role in this context. Indeed, maintaining this low
MRPA throughout the pre-culture phase is necessary to ensure that light
levels in the inter-colony zone do not become too high. Under such
conditions, smaller colonies can grow effectively, providing even more
light attenuation, which allows for increased PFD as biomass concen-
tration rises. This enables the use of high PFD values that could lead to
larger productivity without inducing light stress. Monitoring colony size
could also serve as a useful indicator of the degree of light attenuation.
Indeed, larger colonies are less likely to form, as internal colony shading
becomes unnecessary when light is sufficiently attenuated within the
culture depth.

4. Conclusion

This work has provided key insights into the relationship between
light absorption, colony size, and growth in Botryococcus braunii. Man-
aging colony size in photobioreactors through light intensity adjust-
ments appears to be a promising strategy to optimize both biomass and
hydrocarbon productivity. A deeper understanding of colony size con-
trol could also improve both destructive and non-destructive extraction
of valuable compounds such as hydrocarbons, exopolysaccharides, and
carotenoids. Further investigations into light absorption in colonial
photosynthetic microorganism cultures may enable more accurate sys-
tem modeling, facilitating the identification of optimal colony sizes and
corresponding light intensities. Finally, future research could focus on
the molecular mechanisms underlying colony size regulation and pho-
toprotective responses, with the goal of improving cultivation processes
and addressing the slow growth rate of B. braunii.
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