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ARTICLE INFO ABSTRACT

Keywords: Chlorella vulgaris photoacclimation was monitored over eight instantaneous light intensity changes. The in-
Micr?alg?e tensities ranged between 35 umol Photonpagr.m 2.s~' and 600umolPhotonpsr.m~2.s~!. Cultures were grown in
Acclimation ultra-thin flat panel photobioreactors under continuous light and maintained in low cell density to ensure ho-
Eillgllt:trophyll mogeneous light availability. Photoacclimation was evaluated through spectral quantification of pigments and

fluorometric assays. The former gave access to a proxy of chlorophyll and carotenoid content, the latter to the
Photosystem-II cross-section (opsyr) and qualification of the photosynthetic machinery (via OJIP assays). Both the
acclimated steady-state values of pigment content and the dynamic of their evolutions after sudden light in-
tensity change were monitored. The characteristic times of the transitions were estimated based on a first-order
assumption. Results consistently showed that antenna size adjustment of Chlorella vulgaris was primarily dictated
by the light availability, both regarding the acclimated steady-state values and the acclimation dynamics. An
energetic limitation was highlighted by the acclimation dynamics at low light. The characteristic time of tran-
sition was estimated to be 16.6+217h for the transition to the lowest light intensity
(35 umol Photonpag.m—2.s~') and 3.55+1.01h for intensities higher than the maximal intensity of photo-
limitation (120 umol Photonpagr.m~2.s~1). No hysteresis effect was observed as light intensities were shifted once
and reverted to their original values. These results extend the literature regarding photoacclimation dynamics of
antenna size and photosynthetic apparatus. They are well-suited to calibrate photoacclimation models and can
provide valuable insight into the strategies to implement for culture scale-up, fed-batch, and semi-continuous

Light shift

processes.

1. Introduction

The culture of microalgae for biotechnological purposes has known
important growth over the last decades, especially because of its high
potential in terms of production of high-added value molecules (in
cosmetics, pharmaceutics, and the nutraceutical field [1,2]), and the
ecosystemic benefits associated with their growth, such as water
decontamination [3]. Other applications include animal feed - notably
in aquaculture [4] - and human nutrition [5]. Photoautotrophic growth
is in many cases the most suited solution, as, in addition to CO capture,
it provides specimens of better quality, especially for the production of
pigments, naturally associated with the photosynthetic apparatus of
microalgae [6], for costs comparable to heterotrophic growth [7].

Despite a high potential and promising laboratory results, the sector
of green microalgae struggles to overcome its limitations, mostly related
to the scale-up processes [8,9]. The main constraint in photoautotrophic
cultures is undoubtedly the light availability inside traditional
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photobioreactors (PBR) [10,11]. As cultures grow denser, the aphotic
zone of the PBR expands, and volumetric productivity declines.
Inversely, increasing the incident light limits the aphotic zone but
heightens the risks of photodamage near the wall of the PBR. This is a
complex tradeoff that must be addressed for the design of photo-
bioreactors and the development of illumination and agitation strategies
[12,13]. Many studies have focused on this topic, especially in the
design of photobioreactors to optimize light distribution, either in terms
of shape [10,12,14] or strategically positioned additional light sources
[15,16]. In particular, the mixing of the cultures generates patterns of
intermittent light of frequencies ranging between 0.1 Hz and 100 Hz,
which are difficult to control [17]. The impact of these light patterns on
the growth and pigmentation of green microalgae has also been widely
investigated [18-20].

It is now well known that microalgae can acclimate to different il-
luminations, primarily by adjusting their pigmentation [21]. The
amount of light-harvesting pigments (chlorophyll a and b, or primary
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carotenoids such as f-carotene or lutein) in acclimated states depends on
the illumination and other substrate availability [22-24]. This modu-
lation serves either a change in the antenna size (o-strategy) or in the
number of PhotoSynthetic Units (N-strategy) [25]. In addition, photo-
protective mechanisms involve modulation of the carotenoid content,
mainly to dissipate excess energy through Non-Photochemical
Quenching (NPQ) or Reactive Oxygen Species (ROS) scavenging
[26-28].

To the best of the authors’ knowledge, the dynamic of microalgal
acclimation to a light change within hours to days was significantly less
addressed than the characterization of their acclimated states. The
investigation of acclimation dynamics also differs from the one of the
influence of photoperiod that mimics natural sunlight (including a
period without light) and focuses on steady-state parameters after a few
days [29,30]. Most studies related to the subject investigate a limited
number of intensities and transitions between them. Besides, the pa-
rameters used to study the acclimation are biologically relevant but
often present limited applicability from a biotechnological standpoint.
Fisher et al. studied the dynamic of the ultrastructure changes in Nan-
nochloropsis sp. in a light shift between High Light (HL) and Low Light
(LL) [31]. Shapira et al. studied the acclimation of the inverse shift (LL to
HL) for Chlamydomonas reinhardtii, focusing mostly on consequent gene
expression [32]. Straka and Rittman performed a similar analysis on
both shifts, mostly focused on growth, with the cyanobacteria Syn-
echocystis sp. [33]. These studies conclude with different characteristic
times of photoacclimation. In addition, these studies are too dissimilar
(different strains, intensities, and nature of parameters studied) and the
data too scarce to identify the source of the discrepancies.

Overall, the lack of data remains substantial in this domain, espe-
cially considering the wide range of intensities used in microalgae cul-
ture and the complexity of the acclimation mechanisms. Notably, no
relation between the dynamic of acclimation and the light intensity has
been established. Similar observations apply to the potential presence of
a hysteresis regarding the acclimated states, as most studies focus on
light transitions as isolated events. A better characterization of these
phenomena could help the design of photobioreactors, as well as illu-
mination and agitation strategies, notably in the case of dense cultures
[34].

The main objective of this article is to extend the knowledge of the
photoacclimation dynamics of green microalgae by investigating
changes between multiple illumination levels. To this end, the main
parameter monitored was chlorophyll content. Additional assessments
of the photosynthetic apparatus status through fast fluorescence pro-
tocols were performed. The transitions were defined based on the clas-
sical PI curve to be representative of the different light regimes. The
reference microalgae Chlorella vulgaris was grown in ultra-thin flat panel
photobioreactors with an automated optical density control to guar-
antee an optically thin culture and a homogeneous light availability
inside the photobioreactors. This protocol allowed the dynamic of
acclimation of the microalgae to be visualized and the characteristic
time needed to adjust to new conditions to be identified. This informa-
tion is intended to help parameterize photoacclimation models [35,36],
to represent the consequent evolution of light availability inside a PBR
[37], and to investigate the consequences of slow agitation in dense
cultures.

2. Materials and method
2.1. Strain, growth medium, and subculturing

Chlorella vulgaris (211—12) was purchased from the Culture Collec-
tion of Algae at Gottingen University (SAG). The cells were grown in an
enriched B3N medium derived from BBN as described in [38]. The
medium was stored at 4 C in the dark. Subcultures were realized every
two weeks in 250 ml Erlenmeyer flasks by inoculating 5 ml of culture
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into 50 ml of fresh medium. Flasks were placed on an orbiting platform
at 25 C and low light (around 50 ymol Photonpagr.m=2.s71).

2.2. Experimental setup

The installation is represented in Fig. 1. The experiments were
realized in a flat panel photobioreactor with a V-shaped base, a 135 mL
working volume, and a 6 mm width. The light was provided using
computer-controlled LED panels. The cultures were placed into an
aluminum box isolated from exterior light sources. The spatial distri-
bution of light was assessed by measuring the intensity at various po-
sitions within the PBR plane (LICOR LI 250 A & LI-190R sensor). This
illumination cartography showed that the variation around the average
intensity did not exceed 10 % of this value. Three identical PBRs were
placed inside the light-deprivation box, constituting a biological tripli-
cate. The cultures were maintained at approximately 25 °C by a heater-
chiller system of cooling water and provided with 2.5 % CO,-enriched
air, bubbling from the bottom (flowrate of 200 mL.min!) for growth and
mixing purposes.

The cells were grown in a turbidostatic mode to ensure low cell
density and subsequent illumination homogeneity. Optical density was
measured through an optical fiber connected to a spectrophotometer.
Fresh B3N medium was automatically injected into the bioreactors when
the optical density exceeded a 0.1 threshold, which correspond to 80 %
of the incident illumination retrieved at the back of the PBR. It was
chosen to monitor the optical density based on the absorption at 463 nm,
which corresponds to the maximal absorption peak of the chlorophyll in
the blue region of the visible spectrum. An overflow valve was posi-
tioned on the upper part of the PBR to discharge the excess culture.
Samples of 4 mL were extracted at various time intervals from a dedi-
cated outlet at the base of each PBR to perform the experimental assays
described in the next section.

2.3. Pigment extraction and qualitative assessment

The first assay consisted of a qualitative assessment of the chloro-
phyll and carotenoid content through spectrophotometric measurement
of pigment extracts, based on the work of Porra et al. [39]. Samples of
1 mL were placed with 4 mL of methanol and 1 g of fine sand in 10 mL
test tubes. The latter were covered in aluminum foil to prevent light-
induced pigment degradation. The cells were crushed with a bead
beater (MP Biomedicals FastPrep42), placed for 20 minutes in a 60°C

©A
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Fig. 1. Experimental installation (only one of the three PBR is represented). A)
Culture compartment, B) Overflow valve, C) Vent, D) Gas injection inlet, E)
Medium injection inlet, F) Sampling outlet, G) Water-cooling compartment, H)
LED panel, I) Optical fiber connected to the spectrophotometer for turbido-
static control.



A. Oliver et al.

agitated water bath, and filtered before a spectral acquisition (Shimadzu
UV-1800 spectrophotometer) over the visible domain (400 nm—
800 nm, 0.2 nm resolution).

The maximum absorption of chlorophyll in the red (around 665 nm
in methanol) was retrieved and divided by the optical density of the
whole cells at 750 nm, previously measured as a proxy of the cell con-
centration. This represented a qualitative estimation of the chlorophyll
content per cell. A quantitative value could not be calculated without an
accurate estimation of the dry weight or a chromatographic protocol.
Both these solutions would have required a higher pigment content,
either with a higher cell concentration or a larger sample volume. The
first solution would have compromised the low-optical density para-
mount to ensure illumination homogeneity while the second was not
suited to the working volume of the PBR nor to the high sampling rate
required to monitor an acclimation dynamic.

The contribution of carotenoids to each spectrum was evaluated
through a subtraction method illustrated in Fig. 2. Chlorophyll a and
chlorophyll b spectra in 100% methanol were taken from the Photo-
chemCAD database [40] (no available data for 80% methanol). The
contributions of chlorophyll a and b to each spectrum were estimated
based on the readings between 600 nm and 700 nm, and then extrapo-
lated over the whole visible domain. The spectra of total carotenoids
were computed as the difference between the initial spectra and the
chlorophyll extrapolation. A proxy of total carotenoid content was
estimated as the ratio between the local maximum of the carotenoids
around 465 nm and the optical density of the whole cells at 750 nm. The
proportion of carotenoids relative to the chlorophyll (R..) was defined as
the ratio of the two proxies of pigment content. It corresponds to the
ratio of peaks (465 nm for the carotenoid spectrum and 665 nm for the
chlorophyll spectrum).

As mentioned, the method used to obtain the pigment content
(chlorophyll and carotenoids) is only qualitative. The main focus of
these experiments is to demonstrate how the organisms adapt, so the
precise numerical values are not the primary concern. Nevertheless, the
method’s accuracy was tested by comparing it to another experiment
where the pigment content was measured using an HPLC quantification
method (Ultima 3000 HPLC, Thermo Fisher Scientific). A linear
regression was performed between the results from both methods for
total chlorophyll and total carotenoids (lutein, violaxanthin, and zeax-
anthin for the HPLC). The coefficients of determination for this study
were satisfactory (respectively R? = 0.96 for the chlorophyll and R? =
0.87 for the carotenoids) as illustrated in Fig. S1 and Fig. S2.

2.4. Fluorometric measurements

In addition to the pigmentary qualitative assessment, two fluoro-
metric measurements were performed (Dual-Modulation Kinetic Fluo-
rometer FL. 6000, Photon System Instrument). The first analysis is

Carotenoids Chlorophyll Initial spectrum
S 0.31 Chlorophyll fit
c region
g Acar
=
@ Achi
Qo
<
O R LSRRI SR oy prrpeery o SR € & SR,
400 500 600 700

Wavelength (nm)

Fig. 2. Spectrum subtraction method. The shaded region highlights the points
used to estimate the proportion of chlorophyll a and b.
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inspired by the work of Lavergne and Melis [41-43]. Part of their
respective work aims to unravel the properties of PSI and PSII through
fluorometric measurements. They showed that it is possible to estimate
the cross-section of PSII (opsy) by observing the response of a photo-
synthetic sample to a single turnover flash (a light flash sufficiently short
to excite each photosystem no more than once). When exposed to such a
flash, photosystems transit from an open to a closed state with a rate
described by Eq. (1), where q represents the fraction of open Photo-
system II, and I the light intensity. The level of fluorescence measured by
the device is linked to the amount of closed photosystem, which makes
the identification of opgy possible. This method was used for the sake of
simplicity to the detriment of some biological subtleties out of the scope
of this study.

d
d*q = —opsilq (@)

The second analysis was a transient fluorescence analysis (OJIP)
based on the method described by Strasser et al. [44]. Three main pa-
rameters were derived from the OJIP. The absorbed energy per reaction
center (ABS/RC), the trapped energy per reaction center (TR, /RC), and
the transferred energy per reaction center (ET,/RC). They respectively
provide information on the ability of the antennae to harvest light, the
proportion of the light energy converted into electrons by the special
pair, and the proportion of electrons effectively transmitted to the
Electron Transport Chain. In light of the experiments’ nature and the
consequent evolution of the number of reaction centers, the indicators
were presented per excited Cross-Section (ABS/CSo, TRo/CSo,ET,/CSo)
[44]. The ratio of active reaction centers per excited cross-section was
also calculated (RC/CSy). This cross-section (CS,) must not be confused
with opgy defined in Eq. (1). The former relates to the active area of the
sampled cells, the latter qualifies the ability of photosystems to close the
reaction centers. In particular, CS, was not accessible with the OJIP
assays. Only ratios between different parameters were available, in
arbitrary units. Lastly, the quantum efficiencies of the photosynthetic
steps (TRo/ABS, ET,/TRy, and ET,/ABS) were calculated. For both
fluorometric assays, the samples were kept in the dark for 15 min be-
forehand to allow the recovery of all photosystems.

2.5. Experiment procedure

First, the cultures were maintained under a constant intensity I; for
at least 48 h to reach an acclimated state [45]. After this delay, the light
was shifted to an intensity I, for the same amount of time, before
returning to the initial level I;. This final stage was monitored for 24 to
48 h depending on the condition, due to restrictions in the accessibility
of the equipment. Samples were withdrawn approximately once every
hour during the 9 h following a light change, and twice a day otherwise.

For each experiment, the acclimated value of total chlorophyll con-
tent for I; and I, as well as the characteristic time of transition between
the two intensities (z.) were retrieved. The chlorophyll content of the
acclimated state was evaluated either as the value preceding a light
change or as the last point of the experiment (when >48 h had passed
since the light shift). The characteristic times 7. were evaluated by fitting
the experimental data to an exponential model described by Eq. (2).

t—to)

chi(t) = chi, + (chl,, —chl, e = ©)

With 7. the characteristic time of the transition, t, the instant of the
light change, and chl;,, chl, two constants referring respectively to the
initial and final chlorophyll content. The value of chlorophyll at t, was
taken as the value obtained with the preceding sample.

2.6. Illumination conditions

The light intensities were chosen based on an acclimated PI curve
obtained for Chlorella vulgaris, for which no photoinhibition was
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identified for intensities as high as 800 umol Photonpag.m~2.s71 [21]. The
trend of the curve and the corresponding levels of chlorophyll are
illustrated in Fig. 3. Three empirical zones were defined based on the
shape of the curve. A photolimitation zone (P.) below the photo-
limitation intensity I, = 120 ymol Photonpag.m2.s71, a zone of photo-
saturation in moderate light (Psy) between 120 ymol Photonpag.m=2.
s~1 and 350 ymol Photonpar.m~2.57!, and a last one of photo-saturation
in high light (Psy) over 350 umol Photonpar.m~2.s~!. Transitions be-
tween each of the three zones and an additional transition within the
first (where the changes are the most contrasted) were performed. The
shifts are summarized in Table 1 and illustrated in Fig. 3. The intensities
reported correspond to the mean of the incident light measured at the
surface of the PBR within the light-deprivation box.

The experiments were designed to allow the observation of the
reverse photoacclimation dynamics. The light was shifted once and
restored to its original value. This strategy was elaborated to highlight a
potential hysteresis effect in the acclimation mechanisms of the micro-
algae. One condition (N'2 in Table 1) had to be performed in two
separate experiments, so the evaluation of the hysteresis effect was
realized on the three remaining conditions. The OJIP assays were only
realized for two conditions (N"3&N 4 in Table 1). The first condition
presented the greatest intensity change, while the second was within the
most critical zone (Pg). To simplify the notations, the lower light in-
tensity in one experiment will be referred to as LL and the higher as HL.
Depending on the second intensity involved in the condition,
120 pmol Photonpag.m~2.s~! will then be referred once as LL and once as
HL (see Table 1).

2.7. Statistical analysis

The results are presented as the mean of replicates (n = 3), while the
error bars represent the standard deviations. When assessing the
equality of indicators over different conditions, Bartlett tests of variance
were performed. For conditions with equal variances (p < 0.05),
ANOVA tests were realized (the condition of mean equality was tested
with p < 0.05). Models were fitted with a particle swarm optimization
(PSO) algorithm (Npgreiie = 40, @ = 0.72, ¢; = ¢z = 1.19). Error distri-
butions were assessed with a Shapiro-Wilk test of normality. For
p > 0.05, the null hypothesis of normally distributed populations was
not rejected. In this case, the most likely normal distribution ./ (4, 6?) of
the error was estimated. If the interval [u — o, + o] contained 0, the
error was considered normal and zero-centered.

3. Results
The evolution of chlorophyll over time enabled the analysis of the

acclimation dynamics regarding the light-harvesting ability. Contrasted
changes in chlorophyll content were observed for all light shifts. The
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Table 1
Summary of the light shifts realized in the study.
N L (LL) I, (HL) Zone 1 Zone 2
(umolPhotonpsgr.m2.s71) (umolPhotonpag.m—2.s1)

1 50 300 P Psuy
2 120 500 Psu Psy
3 65 600 Py, Psy
4 35 120 P, P

fluorometric assays coupled with the pigment modulation granted
further insight into the acclimation strategies, especially regarding the
most extreme shifts (between 65 ymol Photonpag.m=2.s"' and
600 umol Photonpag.m=2.s71).

3.1. One experiment example

First, an example of the experiment is presented to ease the grasp of
the concepts at stake. Chlorophyll content (Arbitrary Units) over time

PBR 1 2=+3 - Light Intensity
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2005 q -----c-cccccccnanaaa L 65
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2020
5
€ =t ® Experiment = Fit
§0.15 Chi(t) = 0.052 +0.035.e' ?
z 1.=3.92 + 0.03h
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Fig. 4. Upper panel: chlorophyll content over time. Lower panel: focus on the
shift from LL to HL and the corresponding fit to an exponential model. The dots
represent the experimental values, the lines represent the model. The dashed
lines represent the fitted characteristic times 7.

1 P, Psy P,
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; .

3 Py Psy Py

[5+]

Fig. 3. Illustration of the zones of the PI curve and the light shifts of the study.
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2 1

between and

-1

for the transitions 65 umol Photonpag.m =.s
600 umol Photonpar.m~2.s7! is displayed in Fig. 4 (upper panel). This
condition corresponds to the most contrasted of all conditions evaluated.
The lower panel of Fig. 4 focuses on the transition between LL and HL
and the consequent decrease in chlorophyll content per cell. The fits to
the exponential model of Eq. (2) are also represented. The characteristic
times of transitions between LL and HL acclimated states and the
acclimated chlorophyll content are underlined respectively by the
original tangents and the asymptotes (dashed lines). The first-order
model faithfully represents the chlorophyll modulation. No evidence
of a lag phase was identified in the chlorophyll modulation after the
sudden light change. This example illustrates both the repeatability of
the triplicate and the stability of the chlorophyll >24 h after a light shift.

3.2. Acclimated states

Fig. 5 presents the acclimated states of the cultures for the tested
intensities in terms of pigment content, carotenoid/chlorophyll ratio,
and PSII cross-section. The trends of the pigmentary indicators are
comparable to literature results [21]. First of all, the chlorophyll content
follows the inverse trend of the classical PI curve. The three zones Py,
Pgy, and Pgy were identified. The photolimitation zone is distinctly
identifiable given the sharp decrease of chlorophyll content from
0.175 + 0.007 (arbitrary units) at minimal intensity to 0.094 + 0.018 at
120 umol Photonpagr.m~2.s!. A more moderate decrease can be observed
down to 0.060 4 0.005 at 300 umol Photonpagr.m~2.s~1, which corre-
sponds to the Pgy zone. Lastly, the content is statistically unchanged at
higher light intensities (corresponding to the Psy zone), averaging
0.062 =+ 0.007 between 300 pumol Photonpag.m=2.s71
600 umol Photonpag.m=2.s1.

Total carotenoid content follows the same trend as the chlorophyll
content in a lesser proportion, which explains that R, followed an in-
verse trend. The delimitation of the light domain in three zones is
identifiable but less pronounced. The difficulty of the analysis lies in the
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dual role of the carotenoids, some acting as primary harvesting pig-
ments, others being involved in photoprotective mechanisms. The ab-
solute quantity of the first category tends to lower values at HL, as it has
been shown for lutein in Scenedesmus obliquus and Chlorella vulgaris
[21,46]. On the contrary, carotenoids involved in photoprotective
mechanisms (energy dissipation through NPQ or ROS scavenging) usu-
ally accumulate with increasing illumination [26,47]. The trend of total
carotenoid content is indicative of the acclimation in terms of light-
harvesting capacity, while the trend of R¢c highlights the acclimation
in terms of photoprotection. The last acclimated state corresponds to the
PSII cross-section obtained with the fluorometric analysis. The tendency
is a downsizing of the cross-section with increasing light intensity, in a
considerably less abrupt fashion than for the other indicators. This
behavior suggests that the o-strategy of the algae was activated linearly
with the level of light. The overall compatibility of the results in terms of
pigments and cross-section with the well-documented acclimated states
of green microalgae strengthens the confidence in the validity of the
following results.

3.3. Dynamic of acclimation

3.3.1. Pigment modulation

The dynamic of the chlorophyll content modulation in response to
the illumination changes was assessed with the exponential model
described by Eq. (2). The associated characteristic times 7, are presented
in Fig. 6 (upper panel) as a function of the intensity of acclimation
(intensity after the light step). The curve exhibits a pronounced trend of
faster transition for higher intensity of acclimation. The data was
empirically fitted to a decreasing exponential model, presented as a
dashed line. The error and its most likely normal distribution are rep-
resented on the lower panel of Fig. 6.

The exponentially decreasing trend is a relevant model for the
acclimation times, supported by the statistical analysis of the error. In
particular, the error is distributed independently from the category of
transition (from LL to HL or inversely). The decreasing acclimation time
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Fig. 5. Biological indicators of algae acclimated to different light intensities. A: Chlorophyll content (Arbitrary Units). B: Carotenoid content (Arbitrary Unit). C:
Photosystem II cross-section (10-6.m~2). D: Ratio of carotenoids over chlorophyll content (Arbitrary Units).
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Fig. 6. Upper panel: Characteristic time of chlorophyll content adjustment
upon light changes depending on the intensity of acclimation. The equation of
the fitted exponential is also presented. Lower panel: Difference between the
experimental points and the theoretical exponential calculated on the upper
panel. The most likely Gaussian representation of the error is also represented.

with increasing light is also biologically significant, on account of the
energetic limitation of photosynthetic microorganisms in low light [48].
In particular, the light-harvesting capacity of the algae is reduced in high
light to prevent photodamage to the protein D1 and its repair system
[49]. When a transition to low light occurs, the reduced harvesting ca-
pacity of HL-acclimation combined with a darker environment naturally
limits the photon collection. Conversely, when the light is shifted to a
higher intensity, the harvesting ability of the LL-acclimated algae is
magnified, and the photonic collection is eased. This energy is used to
diminish the light-harvesting power of the antennae and foster photo-
protective mechanisms. This suggests that the starting light intensity
(hence the difference between the two levels) affects the acclimation
time. The present data suggest that this effect is minor compared to the
impact of the light of acclimation, provided that the two light intensities
involved are sufficiently different to observe an effective change.

For intensities outside of the photolimitation zone
(I > 120 umol Photonpar.m~2.s~1), the characteristic time of acclimation
was statistically constant (z. = 3.55 + 1.01 h). In comparison, Shapira
et al. found a characteristic time of approximately 6 h after a light shift
from 70 umol Photonpag.m=2.s~1 to 700 umol Photonpag.m=2.s~1 for
Chlamydomonas reinharditii [32]. These results constitute an indication
of an energetic limitation in the acclimation of green microalgae and
provide consistent values of acclimation time for intensities of the
photo-saturation zone.

One should note that the empirical model of the decreasing expo-
nential does not extend to extreme intensities for which other phe-
nomena come into play (principally photodamage and repair
mechanisms in exceedingly high light (above at least
800 umol Photonpar.m=2.s~! for Chlorella vulgaris [21]) and respiration
in extremely low light (below 10 umol Photonpar.m=2.s~! for Chlorella
vulgaris [50]).
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3.3.2. Photosynthetic apparatus

The photoacclimation mechanisms of the microalgae encompass
more than the sole modification of the light-harvesting ability, which
can itself be achieved through different mechanisms. Fluorescence
measurements provided more in-depth insights into the acclimation
processes pertaining to the photosynthetic apparatus. Fig. 7 and Fig. 8
present the different fluorometric indicators for four shifts. The first
rows represent the quantum efficiencies T,/ABS, TRo/ABS, and
ETy/TRo. The middle rows represent the phenomenological ratios
ABS/CSo, TRo/CSo, ETy/CSo, and RC/CS,, the last ones represent the
cross-section opg;;.

For the first (transitions between 35 and
120 pumol Photonpsr.m~2.s~1), most indicators remained constant. In the
transition from LL to HL, the absorption per excited cross-section and
trapping per excited cross-section slightly decreased, parallelly to the
chlorophyll content. This suggests that the acclimation essentially con-
cerns the antennae’s ability to collect and transfer light to the special
pair, either by modulating the antenna size (quantity of pigment bound
to the light-harvesting complexes [51]) or the geometrical arrangement
of the pigments that constitute it [52]. The opposite transition (HL to LL)
did not exhibit a sensible difference in most indicators for the first 8
hours, except the PSII cross-section that decreased from (0.860 +
0.010) x 107%m~2 to (0.825 4+ 0.002) x 10-%m~2 before returning to the
initial value (0.876 4+ 0.027) x 10-®m~2 after 24 h. Overall, most in-
dicators remained statistically constant throughout the two successive
light changes, which reflects the similarity of the photosynthetic appa-
ratus of the microalgae acclimated to these two intensities of the pho-
tolimitation zone.

The second condition showed a different and contrasted behavior.
For the transition from 65 ymol Photonpag.m 2.5 " to
600 umol Photonpar.m~2.s71, the value of TRy/ABS (commonly pre-
sented in the literature as 5—:[) followed a noticeable decrease from

0.736 £+ 0.012 to 0.626 + 0.019 in three hours, before starting to recover
after approximatively 6 h and finally reach back its initial value <24 h
after the light shift. This is, along with the steep decrease of the three
phenomenological fluxes (second row), an indication of the effect of this
intense light increase. ET/CSy stayed constant, showing that the pho-
toprotective mechanisms allowed the algae to cope and the photosyn-
thetic apparatus to function at the maximum of its possibility
throughout the experiment. In the meantime, the number of reaction
centers per excited cross-section slightly increased from 0.095 + 0.009
to 0.133 + 0.057 within the first eight hours, before reducing to 0.040 +
0.008 (final value after 72h) hinting towards an acclimation in two
steps. The first step most likely corresponded to a o-strategy, where the
cross-section decreased with a constant (or more slowly evolving)
number of reaction centers. The second step resembled an N-strategy,
with a decrease in the number of reaction centers per excited cross-
section.

On the inverse transition (from 600 umol Photonpag.m 2.s™1 to
65 umol Photonpag.m=2.s71), all phenomenological fluxes increased
more or less pronouncedly, along with the PSII cross-section. The
quantum efficiencies were very stable, which translates the fact that the
whole apparatus was evolving concomitantly. The dynamic of the
phenomenological fluxes was slightly more complex, and three phases
could be identified regarding their evolution. First, all indicators
(ABS/CSp, TRo/CSo, ET/CSo, and RC/CSp) increased and reached a
maximum after approximately 6h. Secondly, they experienced a sharp
decrease during the three following hours (8 h after the light shift).
Lastly, the indicators were statistically constant for the 16 following
hours (24 h after the light shift). The two first phases reflect a two-step
strategy of acclimation of the algae to increase its light-harvesting
ability. The initial phase most likely corresponds to a predominance of
an N-strategy regarding the marked increase of RC/C Sy. This increase
corresponds either to an increase in the absolute number of reaction
centers, a decrease in the excited cross-section, or both. In the second

condition
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Fig. 7. Fluorometric indicators (first part). First row: Phenomenological fluxes in arbitrary units. Middle row: Quantum efficiencies in arbitrary units. Last row:

Cross-section of Photosystem IT (10-6.m~2).

phase, the number of reaction centers per excited cross-section
decreased, indicative of the o-strategy adopted by the algae. The
behavior of the parameters during this second phase suggests that both
the number of active reaction centers and the cross-section were
increasing during the 8 h with different proportions and dynamics.

The evolution of 6pgy for the other conditions (not presented) was for
the most part similar to what is observable for the transitions between
65 umol Photonpag.m~2.s71 and 600 umol Photonpag.m=2.s~1. The PSI
cross-section evolved linearly (and inversely to the light shift) during 24
to 48 h and remained constant afterward. This modulation dynamic was
overall slower than the one of chlorophyll content exhibited by the
algae.

3.4. Hysteresis effect

In addition to the acclimation mechanisms, the data allowed the
absence of any hysteresis effect to be highlighted. Fig. 9 presents the
acclimated values of the three main indicators (chl, R.., and opsy) before
and after two successive shifts. One of the pairs did not qualify for the
analysis (Bartlett test p > 0.05). On the 8 remaining pairs, only opgy at
65 umol Photonpag.m~2.s~! was statistically different between the
beginning and the end of the experiment. Regarding the trend of the
corresponding curve presented in Fig. 8, this difference may stem from
an unfinished transition rather than a difference in acclimated cross-
section. Otherwise, the difference in cross-sections could be explained
by the two-phase acclimation (N and o strategies) revealed by the OJIP

assays. The remaining comparisons corroborate the fact that microalgae
adjust their photosynthetic machinery to illumination without a mem-
ory of the previously experienced light. In particular, the dynamic of
acclimation depends on the available light at the moment. For transi-
tions between two illuminations not burdened by energetic limitations,
the chlorophyll content transits between two fixed values with a com-
parable dynamic. One should note that these results do not suffice to
conclude about the absence of a hysteresis effect in the case of extremely
high light intensities that can induce photo-damage.

4. Discussion

The dynamic of acclimation of Chlorella vulgaris was highlighted by
the evolution of the chlorophyll content over time and comforted by the
consistency of the fluorometric measurements. However, some limita-
tions of the study must be addressed.

First of all, the results in acclimated states were closer to the litera-
ture for LL than for HL conditions. A difference of 66 % between
35 umol Photonpag.m 25! and 300 umol Photonppr.m 25!  was
measured, very close to the decrease of 68 % obtained with a similar
strain and PBR between these same intensities [21]. However, while the
decline continued in the literature (82% decrease between
35 umol Photonpar.m=2.s~! and 600 umol Photonpag.m=2.s71), it stayed
constant in the present study (Fig. 5). One should note that it is virtually
impossible to compare the characteristic time of antenna modulation
with the literature, due to both the scarcity of available data and the
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difference in the experimental protocols (strain, light intensities, nature
of the indicators).

Secondly, the fluorometric measurements helped validate the pre-
ceding conclusions but did not exhibit a consistent behavior among all
transitions. The data highlighted a s-acclimation strategy for all light
intensities, linearly scaled with the intensity. N-strategies of acclimation
were only observable for transitions involving intensities significantly
higher than I;. In this case, the results highlighted a symmetrical two-
step strategy. When changing the light from LL to HL, the o-strategy
was favored in the first phase and the N-strategy in the second. The
inverse occurrence was observed for the transition from HL to LL
(N-strategy followed by a o-strategy). These results represent a potential
indication of a prioritization system between one or the other strategy
based on the illumination and acclimated states. However, more data
would be necessary to untangle with precision the acclimation strategies
and identify conditions that foster one over the other. Lastly, the mod-
ulation in opgyy did not systematically follow an exponential behavior but
was consistently slower than the pigment modulation. One possible
hypothesis relies on the evolution of the PSII — PSI stoichiometry which
takes place over a longer time scale than antenna size modulation [53].
As the number of PSII increases with the acclimation to high light and
the harvesting ability lowers, ops;y decreases (lower photosystem closing
rate). A qualification of the PSI cross-section would be necessary to
assess the validity of this theory.

A last point should be underlined, concerning the carotenoid data.
The subtraction method proposed here did not allow to differentiate
between carotenoids, which rendered the analysis of photoprotective

mechanisms complex, if not impossible. Carotenoids have a dual role in
light harvesting and photoprotection in green microalgae, and their
dynamic of acclimation varies greatly depending on their role in the
photosynthetic apparatus. The proxy of carotenoid content and the ratio
of carotenoid relative to chlorophyll gave an insight into the acclimated
states of the algae (Fig. 5). However, analyzing their dynamic would
require further information on the carotenoid profiles to untangle the
concurrent mechanisms. Accessing the carotenoid profile with a similar
acquisition frequency would pose many challenges, mostly related to the
difficulty of increasing the volume of culture while keeping a short light
path and low optical density, both required to ensure a quasi-uniform
light intensity.

The results of this study confirm that green microalgae can adjust
their antenna size in a few hours, provided sufficient energy is available.
This has direct consequences on scale-up or fed-batch culture manage-
ment. In the former, the process implies at one point inoculating small
quantities of microalgae in PBRs, resulting in a low concentrated culture,
with low optical density and high light availability for the few cells
remaining. In the latter, part of the culture is removed and replaced by a
fresh medium, resulting in identical consequences. The acclimation
dynamic in both cases is dictated by the light availability in the diluted
culture. Hence, the algae quantity to respectively inoculate and sample
can be fine-tuned to optimize transitions. Similarly, the difference in
acclimation dynamics exhibited by this study can be useful in addressing
the acclimated states of microalgae in dense culture, especially consid-
ering the uneven dimensions of photic and aphotic zones within a PBR
and the difference in acclimation dynamics related to the illumination.
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In particular, the energetic limitation in low light must be addressed
when estimating acclimation to intermittent light conditions generated
by mixing in dense cultures.

5. Conclusion

Photo-acclimation of the green algae Chlorella vulgaris was moni-
tored for eight different light transitions, up and down, between in-
tensities ranging from 35 umol Photonpag.m=2.s71 to
600 umol Photonpar.m~2.s71. The acclimated values of pigment content
were consistent with the literature. A pronounced difference in char-
acteristic time of chlorophyll modulation at the lowest intensity
compared to higher illuminations indicated an energetic limitation in
the photoacclimation process. The dynamic of acclimation of
Chlorella vulgaris is primarily dictated by the intensity to which the algae
acclimates while the previous light intensity is of secondary importance.
The exponentially decreasing trend of the characteristic transition time
of chlorophyll content between 35 and 120 umol Photonpag.m=2.s7! to a
constant level was consistent with the delimitation of the light in-
tensities into photolimitation and photo-saturation zones. These con-
clusions were corroborated by fluorometric measurements consistent
with the knowledge about photoprotective mechanisms. In addition,
these fluorometric assays indicated a linear relation between o-strategy
and illumination level and highlighted an additional N-strategy for
transitions between photolimitation and high-light photo-saturation
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zone. Lastly, no hysteresis effect was observable for the pigment and
fluorometric indicators considering cycles of two successive light shifts.
Altogether, this study provides consistent information on the dynamic of
photoacclimation from a biotechnological standpoint and could help
design acclimation models, as well as strategies for cultures and scale-

up.
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