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A B S T R A C T

Chlorella sp. is both an important model for green algal photosynthesis and is produced using industrial scale
photobioreactors. In photobioreactors, cells travel through steep gradients of illumination at rates determined by
photobioreactor design, mixing rates, culture density and surface irradiance levels. We used non-invasive, rapid
fluorescence measures to show that Chlorella vulgaris tolerates short-term exposures to super-saturating irra-
diance by transiently accelerating electron transport away from Photosystem II. This capacity lasts for only
10–20 s, and longer exposures to supersaturating irradiance induced down-regulation of electron transport
through slowing of down-stream electron sinks, induction of non-photochemical quenching and net Photosystem
II photoinactivation. Cells previously acclimated to high growth light were able to partially recover from the
down regulation within 300–600 s, but cells previously acclimated to low growth light suffered more sustained
down-regulation after exposure to super-saturating light. These metrics can be used to guide and constrain
culture density, mixing rate and irradiance regime decisions in photobioreactors.

1. Introduction

1.1. Photo-bioreactors and light environments

Light conversion is a key aspect in the optimisation of microalgal
cultures. For large scale applications, mass photoautotrophic produc-
tion is necessary, usually in open ponds or in closed photobioreactors
(PBR). Growth rate in these cultivation methods is limited by light,
which most of the time, for mass cultures, is obtained from the sun [1].
In such solar cultures, cells experience light fluctuation dynamics across
different time scales. Firstly, light fluctuations are driven on an hourly
scale by diurnal cycles as sunlight at the surface of the photobioreactor,
the photon flux density (PFD), changes during the day. These diel
variations shift predictably with season and latitude [2]. Secondly, PFD
is also impacted by weather and can be obstructed by clouds for less
than minutes to hours [3]. Furthermore, some fast light variations re-
sult from cell displacement due to mixing through the strong light
gradient in dense cultures which steeply attenuate light with depth. In a
few seconds, light can vary from near-dark to super-saturating level [4].
Depending on the light and dark periods, these mixing cycles can lead

to a better growth or can have a negative impact compared to con-
tinuous light [5–8]. Finally, most microalgae culture systems include
cell transits through unlit regions including pumps. Those designed
dark fractions can represent more than 20 % of the nominally illumi-
nated volume of the PBR, with residence times from seconds to several
minutes. The impact of these dark regions can be quantitatively com-
pared to the impact of L/D cycles [9].

1.2. Time dependencies in photosynthesis processes and mechanisms

Upon light exposure, photons are absorbed by light harvesting
complexes [10] which form an effective absorption cross-section ser-
ving Photosystem II (σPSII) or Photosystem I (σPSI). In PSII, photon en-
ergy is transmitted to the reaction centre chlorophyll a-protein that
contains the primary electron donor P680. P680 is oxidised and an
electron is transferred via pheophytin to the quinone acceptor quinone
acceptor QA and then to the plastoquinone acceptor QB within 200 μs
[4].

Four such photochemical electron transfers result in a water mole-
cule oxidized, with an O2 and 4 protons released. These electrons from
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water are used to reduce the oxidized form of P680 within 1 μs.
Reduced QB joins the plastoquinone pool (PQ pool) and becomes a
plastoquinol PQH2. PQH2 is re-oxidised by cytochrome b6-f within a life
time, termed τ, between 2 and 15 ms [11]. Then, electrons pass through
Photosystem I to carbon fixation or to other sinks, notably back to
oxygen [12].

Under high light some mechanisms pre-empt saturation of down-
stream electron transporters. For example there is an electron cycle
around PSII, when the oxidized PQ pool decreases, through which
about 15 % of the QA

− can be directly re-oxidized, without oxidising
water [13]. The water to water cycle is another alternative electron
cycle (AEC) in which dioxygen (O2) is photoreduced, via PSI, by the
electrons originating from PSII, to re-form water, so that excess photons
and electrons are dissipated. This path does not generate net reductant
but may contribute to generating trans-membrane electrochemical
gradient of protons [14,15]. Green microalgae are also able to modulate
the allocation of excitation energy between PSII and PSI. This process,
termed a state transition, operates over 5 to 20 min [16,17]. Beyond
these mechanisms of photoprotection, Non Photochemical Quenching
(NPQ) is probably the most important process that protects cells from
excess light. In this regulated process, excess light energy which cannot
be used for photosynthesis, is dissipated as heat. This process is induced
in a timescale of seconds to a few minutes [18]. However, when cells
are exposed to a change in the irradiance level for a longer time, they
change their pigment content through processes of photoacclimation
over generational timescales [19]. Finally, if the light energy capture
outruns protective processes, then PSII photochemical damage can in
turn outrun counteracting repair processes, leading to net photo-
inhibition. Nevertheless, in many taxa, rapid turnover of PSII protein
subunits mediates PSII repair after photoinactivation [20,21].

1.3. σPSIIʹ and 1/τʹ determine achieved Photosystem II electron transport

Chlorophyll fluorescence is an information rich, rapid and non-in-
vasive approach to monitoring photosynthetic performance and accli-
mation state. Chlorophyll fluorescence-based estimators of PSII electron
transport are founded upon incident irradiance (I), σPSIIʹ, a parameter
for the capture and delivery of excitation to PSII, and a counteracting
parameter, 1/τʹ, for the capacity to carry electrons away from the ex-
cited PSII [22]. Both functional parameters show a genomically-de-
termined range of short-term regulatory and longer-term acclimatory
responses to the environment.

σPSII can be extracted from a fit of fluorescence rise from F0 towards
FM in response to cumulative incident photons m−2 [23], applied by a
train of flashlets in the widely used Fast Repetition & Relaxation
fluorescence (FRRf) protocol [23]. Under illumination σPSIIʹ can be
down- or up-regulated through photoprotection mechanisms from le-
vels observed in darkness [24]. Induction of regulatory responses to
increasing light can provoke down-regulation of σPSIIʹ, with evidence
for thresholds for the progressive induction of NPQ down regulation, in
response to the degree of closure of the PSII pool, to the length of time
held above an induction threshold, and/or the influence of photo-
receptor mediated signalling [15,25].

Once a PSII is closed by excitation delivered through σPSII, 1/τʹ acts
to re-open PSII for further photochemistry. Note that 1/τʹ is estimated
as a rate constant for re-opening of PSII after a single turnover satur-
ating flash, which, because of AEC, does not imply that all the electrons
leaving PSII are directed towards assimilatory biosynthesis. A variable
fraction of photochemical electrons, dependent upon time and growth
rate, is indeed retained in biomass [26–28]. Upon illumination 1/τʹ can
accelerate or decelerate [29] depending upon physiological state and
the illumination level. σPSIIʹ and 1/τʹ show both short and longer term
responses to changing irradiance [24,29,30], so that the resultant rate
of electron transport through PSII, termed PSII ETR, observed at a given
irradiance can vary and may show hysteresis [31] depending upon the
short- and longer-term history of the illuminated sample.

1.4. Chlorella vulgaris as a model and industrial organism

Chlorella vulgaris is a freshwater green microalgae, first described in
1890 by Beyerinck [32]. This species has been used as a model in many
studies [20,33,34] and is also produced on large scales because of its
nutritional benefits [35].

Using the model green alga Chlorella we used non-sequential light
curves [29,31] of different durations to investigate the interactive ef-
fects of light and time upon achieved electron transport rates, as
mediated through up- and down- regulation of σPSIIʹ and 1/τʹ extracted
from FRRf measures. Such non-invasive measures are amenable to
rapid, low-cost real time monitoring of bioreactor performance across
mixing and irradiance regimes.

2. Material and methods

2.1. Culture protocol

Chlorella vulgaris CCAP 21119 was grown in a modified Bold’s Basal
Medium at 23 °C under 30 μmol m−2 s-1 (low light, LL) or
330 μmol m−2 s-1 (high light, HL). Light in growth chambers was pro-
vided by warm white T8 fluorescent tubes and measured with a mi-
crospherical quantum sensor (Walz, Effeltrich, Germany). All cultures
were grown in 250 mL Erlenmeyer flasks. The photoperiod started at
07:00 and stopped at 19:00 giving 12:12 L:D cycle. To track growth,
chlorophyll fluorescence was measured at 680 nm with an excitation at
440 nm before and after dilutions in new fresh medium. Growth rate
was estimated on the basis of change in chlorophyll fluorescence as:

=
−μ ln N ln N

t
( ) ( )

Δ
t 0

where Nt is the chlorophyll fluorescence emitted by the culture at time t
and N0 the fluorescence at time 0. Subculturing was every 2–3 days to
maintain cells in exponential phase [36].

2.2. Light treatment and Fast Repetition Rate fluorescence measurement

Depending on the culture concentration, dilutions were made into
fresh medium prior to optical measurements. 2 mL of each culture were
loaded into a 1 cm spectrophotometer cuvette. For each light treatment
protocol a parallel sample with + inhibitor was prepared by adding
50 μL of 20 mM dithiothreitol (DTT) into the cuvette to inhibit the
xanthophyll cycle [37] that mediates accumulation of much of the NPQ
in green algae. For samples for treatments with cumulative light ex-
posures of at least 30 min, a second sample + inhibitor was made by
adding 20 μL of 50 g L−1 lincomycin [38,39] stock solution in the
cuvette to block the PSII repair cycle. Triplicates were made for each
condition. The culture was mixed in the cuvette with a stir bar and
maintained at 23 (+/− 1) °C. The culture was then dark acclimated for
15 min to allow action of the inhibitor, if any, and relaxation of the
growth light acclimation state.

An FL3500 fluorometer Superhead (Photon Systems Instruments,
Drasov, Czech Republic) was used to both apply light treatments and to
measure the Chl a fluorescence using a Fast Repetition Rate fluores-
cence (FRRf) induction protocol [23,40] following previous works
[24,29]. Fig. 1 presents schematic summaries of the measurement
(Fig. 1A) and light treatment protocols (Fig. 1B, C and D) we applied to
C. vulgaris. Fig. 1A shows a representative example of the double FRRf
protocol applied at each light step. At the end of each light period
(Fig. 1B, C and D) a FRRf induction/relaxation flashlet series ({1.2 μs
flashlet + 2 μs darkness} × 40 = 128 μs, at 27527 μmol.m−2.s-1 of
blue (455 nm) light) was applied on top of the actinic light, if any
(Fig. 1A). These FRRf settings were sufficient to drive the samples to
saturated maximum FM level within 30 of 40 consecutive flashlets
(Fig. 1A) [41]. After the rapid train of 40 cumulatively saturating
flashlets we then applied a further 15 flashlets logarithmically spaced
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over 250 ms. This allowed downstream electron transport time to
progressively re-open the pool of PSII between each probe flashlet,
thereby generating an negative exponential curve. Then a 2 s dark
period intervened to allow PSII to fully re-open, and we applied a
second FRRf induction/relaxation (Fig. 1A). We applied the protocol in
a sequence of actinic light periods, ranging from 0 to 1490 μmol m−2 s-
1, as shown schematically in Fig. 1B, C and D. The duration of light
periods was 10 s (Fig. 1B), 60 s (Fig. 1C) or 300 s (Fig. 1D), depending
upon the protocol. Note that the three light treatment protocols plotted
here in sequence across the X axes (Fig. 1B, C and D) were actually
applied to separate culture samples to limit issues with progressive
photoinhibition or acclimation. Nevertheless we chose the 10, 60 and
300 s treatment period durations so that each light treatment trajectory
overlapped with the duration of the first steps of the next longest tra-
jectory. Arrows (Fig. 1B, C and D) indicate the timing of applications of
the FRRf measures during the light treatment protocols.

2.3. Fluorescence parameters

For each FRR induction and relaxation curve we exported the data
from the FluorWin data capture software (Photon Systems Instruments,
Drasov, Czech Republic). We used the psifluo package [42] running
under the R statistical programming environment [43] to fit the fluor-
escence rise profile using a model [23] with four parameters:

- minimal fluorescence, F0, before any closure provoked by the se-
quence of flashlets;

- maximal fluorescence, FM, once all PSII are closed by the cumulative
action of the sequence of flashlets;

- the effective absorption cross section for PSII photochemistry, σPSII
(A2 PSII−1), which is based upon a target concept whereby incident
photons are captured by the pigments serving PSII and thereby drive
an increase in fluorescence; and

- the coefficient of excitonic connectivity ρ which measures the de-
parture of the rise profile from a simple exponential function, and
which is believed to reflect equilibration of excitation among PSII
centres during the sequence of flashlets.

We thereby determined F0, FM, σPSII, ρ after the initial dark period.
We then used the same measurement and fitting protocol to determine
FS, FMʹ, σPSIIʹ ρʹ for each actinic light period; and F0ʹ2 s, FM ʹ2 s, ρʹ2 s,
σPSIIʹ2 s following 2 s of darkness immediately after each actinic light

period (Fig. 1). We could then estimate variable fluorescence in the
illuminated state, FVʹ, as FM ʹ2 s - F0ʹ2 s. In parallel we used the psifluo
package [42] to fit the re-opening curves with a single phase ex-
ponential model to estimate an overall lifetime for re-opening of PSII
[44], τ, or τʹ if measured immediately after illumination. The reciprocal
1/τʹ is then a rate constant for re-opening of the PSII pool following
complete closure.

We estimated the quantum yield for PSII photochemistry under light
acclimated conditions but with all PSII opened as:

′ =
′ − ′

′
F F F F

F
ʹ/ ( ) ;V M s

M s s

M s
2

2 0 2

2 (1)

We estimated the yield [45,46] of photochemical electron transport
(YPSII) under actinic illumination as:

=
−YPSII F F

F
( ʹ ʹ)

ʹ
;M S

M (2)

YPSII is arithmetically equivalent to FVʹ/FMʹ multiplied by the
fraction of PSII remaining open under the given illumination (Eq. (6)).

We estimated the yield of non-photochemical quenching (YNPQ) as:

= −YNPQ F F F F/ ʹ /S M S M (3)

and the yield of non-regulated excitation dissipation (YNO) as:

=YNO F F/S M (4)

In some cases in phytoplankton the maximum of FM or FMʹ is not
found from measures taken in darkness, but rather from measures taken
under, or just after, low to moderate light levels. We therefore followed
Serôdio et al. [47] and used the maximum value of FM (FMʹ) attained for
a given sample, not necessarily the value measured after initial dark
acclimation, as our basis for estimation of YNPQ and YNO. This avoids
confusing values for YNPQ or YNO when plotted vs. a series of light
levels.

Electron transport rate was estimated as [48]:

= × ×

× ×

× ×

− −

−

− −

PSII ETR (e PSII s ) σ YPSII I

(6.022 10 photons μmol )

(1 10 m A )

1 1 PSII
F
F

17 1

20 2 2

V
M

(5)

Where I is actinic irradiance (μmol photons m−2 s−1).
σPSII convolutes both the absorption cross section for PSII, and an

implicit quantum yield for conversion of absorbed excitation to

Fig. 1. Fluorescence measurement and light treatment proto-
cols. 1A, FRRf protocol applied at each light step, with an
induction/relaxation curve applied on top of actinic light, and
then again after 2.5 s of darkness to allow re-opening of
PSII.1B, 10 s, 1C, 60 s and 1D, 300 s durations for light ex-
posure periods in treatment protocols. Arrows indicate timing
of applications of the FRRf measures during the light treat-
ment protocols.
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photochemistry. In this formulation we use σPSII measured in darkness,
which we divide by our metric of maximum quantum yield measured in
darkness, FV/FM. This cancels the quantum yield implicit in σPSII,
leaving us with an absorption cross section serving PSII in darkness. We
then multiply by YPSII, the quantum yield for photochemistry under
illumination, which as discussed above is arithmetically equivalent to
the fraction of PSII still open under illumination (Eq. (6)) multiplied by
FVʹ/FMʹ. This apparently overly convoluted equation allows us to use
σPSII and FV/FM reliably measured in darkness and YPSII, which can
usually be reliably measured even under high actinic light. In contrast,
although σPSIIʹ can be estimated under actinic light the fitting routine
for extraction of the parameters can become unreliable for FRRf in-
duction curves obtained under high actinic light.

We estimated the coefficient of photochemical quenching (qP) as a
metric of the fraction of open PSII centres derived from fluorescence
levels [49]:

= − −

=
−

−

q F F F F

q F F
F F

( ʹ )/( ʹ ʹ)
( ʹ ʹ)
( ʹ ʹ)

;

P M S M

P
M S

M

0

0 (6)

Alternatively, a model can be used to estimate a conceptually
equivalent metric of the fraction of PSII centres, and then PSII ETR
[22], solely from parameters derived from the shape of a single fluor-
escence induction and relaxation profile, thereby avoiding use of ab-
solute fluorescence levels, which can be technically challenging to es-
timate or compare across samples or instruments.

↔PSII PSII[ ] [ ]open closed (7)

Under some steady state irradiance:

× × ′ = × ′PSII I σ PSII τ[ ] [ ] 1/open PSII closed (8)

where I is the irradiance in photons m−2 s-1, σPSIIʹ has units of m2

quanta-1, and 1/τʹ has units of s-1.
Assuming that:

+ =PSII PSII PSII[ ] [ ] [ ]open closed total (9)

We can then re-arrange Eq. (8) to:

=
+ × ×

= −[PSII] /[PSII] 1
(1 (σ ' I τ'))

[1 C]open total
PSII (10)

where [1-C] is the proportion of open PSII, a metric comparable to the
more familiar qP derived from steady state fluorescence levels (Supp.
Fig. 1), and where again I is the irradiance in photons m−2 s-1, σPSIIʹ has
units of m2 quanta-1, and 1/τʹ has units of s-1.

The rate of electron transport through PSII [22,50,51] can then be
estimated as:

= × × −− −PSIIETR ePSII s I σ C( ) ' [1 ]PSII
1 1 (11)

Note that all of the parameters for Eq. (11) can be extracted from a
single FRRf induction/relaxation profile applied at a given irradiance I,
with a total measurement time of ∼1–2 s, thereby eliminating any re-
quirement for cross-comparison of metrics taken from different FRRf
induction curves under different conditions. In Supp. Fig. 2 we compare
the PSII ETR estimates from Eqs. (5) & (11), showing that the equations
display differential sensitivity to the presence of inhibitors.

2.4. Data analyses

The following R [43] packages were run under the RStudio [52]
environment for data analyses and presentation: psifluo [42], Min-
Pack.lm [53], MASS [54], nlstools [55], ggplot2 [56], tidyverse [57],
ggpubr [58], grid [43], gridExtra [59] and shape [60].

3. Results and discussion

3.1. Electron transport rate light responses and hysteresis

Fig. 2 shows PSII ETR (e- PSII−1 s−1), estimated using Eq. (5), as a
function of instantaneous actinic light level in C. vulgaris cultures. Ar-
rows show the direction of increasing time of treatment; dashed lines
show steps that follow the maximum applied actinic light, to emphasize
hystereses of responses. C. vulgaris shows an acceleration of PSII ETR
under saturating light after brief (10–20 s) exposure to super-saturating
light (Fig. 2A, B). This pattern holds true for cultures from both low
light and from high light, although the effect is more marked for the low
light cultures (Fig. 2A vs. B). This acceleration is, however, only tran-
sient because exposure to 60–120 s of super-saturating light (Fig. 2C, D)
leads to a small drop in light-saturated PSII ETR, while more prolonged
exposures for 300–600 s lead to a strong inhibition of PSII ETR (Fig. 2E,
F). At the level of PSII ETR, C. vulgaris can thus exploit transient ex-
posures to inhibitory super-saturating light by accelerating electron
transport upon a return to saturating light levels. Longer super-satur-
ating exposures, however, impose a sustained penalty upon return
down to saturating light levels. We next sought to understand the me-
chanism(s) underlying these interactive responses to light and time.

3.2. Changes in YPSII driven by ′σPSII and 1/ τʹ explain hystereses in PSII
ETR responses

The averaged (n = 3) PSII ETR estimates presented in Fig. 2 are
based upon Eq. (5). For a given sample exposed to a given trajectory of
light periods σPSII and FV/FM are constant inputs to the estimates of PSII
ETR. Therefore the dynamics and hystereses seen in Fig. 2 derive from
the light and time responses of YPSII within a replicate, compounded by
any variations in σPSII and FV/FM among replicates. The patterns of
YPSII as a function of instantaneous actinic light level in C. vulgaris
cultures are illustrated in Fig. 3. Note that YPSII was measured in the
presence of actinic illumination. As in Fig. 2 we see a positive hysteresis
with a small increase in YPSII after brief (10–20 s) of supersaturating
light (Fig. 3A, B). This positive effect disappears with exposures of
60–120 s of supersaturating light (Fig. 3C, D), and reverses to a sus-
tained inhibition of YPSII after 300–600 s exposure to supersaturating
light (Fig. 3E, F).

YPSII is in turn an integrative measure of the quantum yield of
electron transport through open PSII centres, encompassing both
changes in the delivery of excitation to drive PSII photochemistry
through ′ ×σ IPSII , and changes in the re-opening of PSII after a pho-
tochemical event, which is determined by the down-stream capacity to
remove photochemically generated electrons from PSII, 1/ τʹ. Therefore
changes in YPSII are driven by changes in I (the X axes of Fig. 2), but
any hysteresis in the response of YPSII to changing light instead reflects
changes in ′σPSII , and/or 1/ τ ′ ʹ over the course of the light treatment
protocol (Fig. 1B, C and D).

Fig. 4 therefore shows σPSIIʹ 2 s as a function of actinic light in C.
vulgaris cultures. We used the σPSIIʹ 2 s measures taken after 2 s of
darkness, to allow re-opening of PSII to support consistently reliable
estimates of σPSIIʹ 2 s across the light protocol steps. Our estimates of
σPSIIʹ under actinic illumination were in some cases scattered (data not
shown) because σPSIIʹ derives from a fit of the change in variable
fluorescence (Fig. 1A) and under actinic illumination the amplitude of
remaining variable fluorescence can be small. The drawback of this
approach is that over the 2 s dark re-opening period some fraction of
non-photochemical quenching may also relax, leading to potential
discrepancies from estimates of σPSIIʹ taken under actinic light [36].
Induction of non-photochemical quenching mechanisms would be ex-
pected to cause a drop in σPSIIʹ 2 s [24]. Instead, across our data we
observed either no hystereses in σPSIIʹ 2 s (Fig. 4A, F) or upward shifts in
σPSIIʹ 2 s (Fig. 4B,C, D, E) following transient exposures to super-satur-
ating light, particularly in cells from high light growth after 10–120 s
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exposure to super-saturating irradiance (Fig. 4B,D). Thus, we found no
evidence for down-regulation of σPSIIʹ 2 s in response to transient ex-
posures to super-saturating light up to 600 s duration, and in some cases
we observed increases in σPSIIʹ 2 s. Increases in σPSIIʹ therefore contribute
to some cases of acceleration in PSII ETR in high light cells transiently

exposed to super-saturating irradiance (compare Figs. 2B and 4 B) but
in the other cases changes in PSII ETR are not explicable by changes in
σPSIIʹ 2 s (Compare Figs. 2C, D, E and F with 4 C, D, E and F).

Fig. 5 shows the change in 1/τʹ 2 s, the rate constant for re-opening
of PSII in C. vulgaris cultures after 2 s in darkness, as a function of the

Fig. 2. PSII ETR (e- PSII−1 s−1) as a function of
instantaneous actinic light level in C. vulgaris
cultures. Each light period lasted for 10 s (A,
B), 60 s (C, D) or 300 s (E, F). Cultures were
grown at 30 μmol m-2 s-1 (low light, A, C, E) or
330 μmol m-2 s-1 (high light, B, D, F). Arrows
show direction of increasing time of treatment;
dashed lines show light steps done after the
maximum applied actinic light, to emphasize
hystereses of response. Error bars represent
standard deviation of three replicates. PSII ETR
was estimated according to Eqn. 5.

Fig. 3. YPSII quantum yield for PSII electron
transport measured under actinic light levels in
C. vulgaris cultures. Each light period lasted for
10 s (A, B), 60 s (C, D) or 300 s (E, F). Cultures
were grown at 30 μmol m−2 s-1 (low light, A,
C, E) or 330 μmol m−2 s-1 (high light, B,D,F).
Arrows show direction of increasing time of
treatment. Dashed lines show light steps done
after the maximum applied actinic light to
emphasize hystereses of response. Error bars
represent standard deviation of three re-
plicates.
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immediately preceding actinic light level. Now we have our final me-
chanistic contribution to the accelerations in PSII ETR after transient
exposures to super-saturating light (compare Figs. 2A, B with 5 A, B). 1/
τʹ 2 s increases substantially after 10–20 s exposure to supersaturating
light. After 60–120 s of exposure to supersaturating light 1/τʹ 2 s shows

scattered responses when cells return to saturating light. But after
300–600 s of exposure to supersaturating light 1/τʹ 2 s clearly drops
when cells return to saturating light. Thus the explanation for the
transient acceleration of PSII ETR lies largely in a transient opening of
electron sink(s) downstream of PSII, in response to super-saturating

Fig. 4. σPSII effective absorption cross section
for PSII measured after 2 s dark as a function of
immediately preceding actinic light level in C.
vulgaris cultures. Each light period lasted for
10 s (A, B), 60 s (C, D) or 300 s (E, F). Cultures
were grown at 30 μmol m−2 s-1 (low light, A, C,
E) or 330 μmol m−2 s-1 (high light, B, D, F).
Arrows show direction of increasing time of
treatment. Dashed lines show light steps done
after the maximum applied actinic light to
emphasize hysteresis of response. Error bars
represent standard deviation of three re-
plicates.

Fig. 5. 1/τ rate constant for re-opening of PSII,
measured after 2 s dark as a function of im-
mediately preceding actinic light level in C.
vulgaris cultures. Each light period lasted for
10 s (A, B), 60 s (C, D) or 300 s (E, F). Cultures
were grown at 30 μmol m−2 s-1 (low light, A,
C, E) or 330 μmol m−2 s-1 (high light, B, D, F).
Arrows show direction of increasing time of
treatment. Dashed lines show light steps done
after the maximum applied actinic light to
emphasize hysteresis of response. Error bars
represent standard deviation of three re-
plicates.
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light.
For C. vulgaris grown at both growth limiting (30 μmol m−2 s-1)

(Fig. 5A, E and C) and growth-saturating (330 μmol m−2 s-1) (Fig. 5B, D
and F) light, the response patterns of 1/τʹ 2 s are broadly similar, so the
transient opening of electron sink(s) is consistent in cells from both of
light acclimations.

To summarize these patterns Fig. 6 shows responses of PSII ETR (e-
PSII−1 s−1) to actinic light level and duration of light exposure in C.
vulgaris without and with DTT.

Electron transport rates reach higher maxima in high light accli-
mated cells (compare Fig. 6A, B). By comparing achieved PSII ETR
across equal levels of instantaneous actinic light (Fig. 6A, B) we see
strong hystereses in responses, depending upon the previous light his-
tory of the sample. In particular the PSII ETR reached its maxima only
after short, but not prolonged, prior exposure to super-saturating irra-
diance. Prolonged exposure to super-saturating irradiance was, in
contrast, strongly inhibitory. In cultures incubated with DTT PSII ETR
was inhibited under high irradiance, particularly in cultures acclimated
to growth at high light (compare Fig. 6B, D).

3.3. PSII inactivation, repair and non-photochemical dissipation

Fig. 7 plots the quantum yield of PSII in the light acclimated state
measured after 2 s dark, FVʹ/FMʹ 2 s (left Y axes) as a function of time (X
axes) with the 300 s period light treatment protocol (grey line, right Y
axes) in C vulgaris cultures grown at 30 μmol m−2 s (low light, A) and at
330 μmol m−2 s-1 (high light, B).

Across the exposure periods 1–3 at low to moderate light, FVʹ/FMʹ2 s

showed modest up regulation from darkness to measures taken under
low light (all traces). Upon exposures to super-saturating light periods 4
& 5, FVʹ/FMʹ2 s dropped sharply (all traces), reflecting induction of non-
photochemical quenching and/or photoinactivation of PSII. Upon a
return to a moderate light for 600 s (periods 6 & 7), FVʹ/FMʹ2 s remained
almost steady in the cultures acclimated to low light (Fig. 7A, all
traces). It is worth noting that for a same light level, FV’/FM’2 s was

severely inhibited in period 6 as compared to 3. In the cultures grown
under high light, FVʹ/FMʹ2 s recovered partially over periods 6 & 7 to-
wards initial levels (Fig. 7B, blue control and red DTT trace). Over the
final dark periods 9 & 10, FVʹ/FMʹ2 s remained steady and never reached
the initial values (Fig. 7 all traces).

Multiple factors interact to influence the instantaneous FVʹ/FMʹ2 s.
Sustained forms of NPQs [18,61,62] can keep FVʹ/FMʹ2 s down-regulated
even through 2 s of dark relaxation applied to allow photochemical re-
opening of PSII (Fig. 1). Adding the inhibitor DTT (red trace) to block
xanthophyll cycling, which mediates some NPQ mechanisms had little
effect upon the observed patterns of down regulation or recovery of FVʹ/
FMʹ2 s. Thus NPQ responding dynamically through xanthophyll cycle
regulation had only a modest influence in cultures acclimated to sa-
turating growth light (Fig. 7B, compare blue control and red DTT
traces).

When exposed to high light, PSII can be subject to photoinactivation
through multiple mechanisms [63,64], which are countered through a
PSII repair cycle [21] which depends upon removal and replacement of
PSII subunits dependent on chloroplastic protein degradation and
synthesis systems. In cells acclimated to growth-limiting light, inhibi-
tion of chloroplast protein synthesis had marginal influences on re-
sponses of FVʹ/FMʹ2 s (Fig. 7A, compare blue control and green linco-
mycin traces). In contrast in cells acclimated to growth-saturating light
inhibition of chloroplast protein synthesis accelerated the decline of
FVʹ/FMʹ under 600 s of super-saturating light and blocked subsequent
partial recovery under 600 s of low light (Fig. 7B, compare blue control
and green lincomycin traces). Furthermore as expected for a chlor-
ophyte, the PSII recovery stopped in darkness, because chlorophyte PSII
repair depends upon photosynthetic energization [65] in these taxa.
Thus, net photoinactivation of PSII function under 300–600 s of su-
persaturating light contributed to the down-regulation of PSII ETR upon
a return to saturating light (Fig. 2C, D). Cells acclimated to growth-
saturating light up-regulate their capacity for the repair of PSII photo-
inactivation and so show stronger responses to loss of PSII repair
through lincomycin inhibition.

Fig. 6. Actinic light levels (black trace) plotted
vs. duration of light exposures PSII ETR (e-
PSII−1 s−1) in C. vulgaris control cultures (A
and B) and in presence with DTT (C and D)
shown by symbol size and colour scale.
Cultures were grown at 30 μmol m-2 s−1 (Low
light, A and C) and 330 μmol m−2 s−1 (High
light, B and D). PSII ETR was estimated ac-
cording to Eqn. 5.
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The evolution with time of the fraction of open PSII centres ([1-C])
measured in C. vulgaris cultures at each actinic light level is shown in
Fig. 8. Cells acclimated to low or to high growth light showed similar
trajectories of PSII closure in response to changing light, at least at the
level of resolution afforded by the changes in irradiance of our protocol.
Two independent metrics of PSII closure under excitation ([1-C] and qP)
track each other closely (Supplemental Fig. 1). There is a linear re-
lationship between these two parameters with R2 equal to 0.9595.

Fig. 9 shows YNPQ for C. vulgaris measured at each actinic light
level (grey trace, right Y axis), plotted versus time. In cells acclimated
to low growth light YNPQ does not accumulate significantly in the
shorter light treatment sequence of less than 10 min (Fig. 9A). In con-
trast the cells acclimated to higher growth light were able to induce
significant YNPQ within 10–30 s exposure to moderate light (Fig. 9B).
For cells acclimated to either low or high growth light and exposed to
longer light treatments (Fig. 9C, D) YNPQ accumulated only after ex-
posure to ∼675 μmol photon m−2 s-1, sufficient to drive the fraction of
open PSII down to∼ 0.2 (Fig. 8). Above that threshold YNPQ induction

proceeded at comparable rates in both cultures acclimated to low light
or to high light (Fig. 9C, D). Addition of DTT caused a moderate drop in
the rate of induction of YNPQ (Fig. 9C, D), while addition of lincomycin
to block PSII repair had negligible influence on accumulation of YNPQ
(data not shown). This induction of YNPQ corresponded to only mar-
ginal down-regulation of σPSII (Fig. 4E, F), consistent with findings [24]
that measured induction of YNPQ does not result in proportional down
regulation of σPSII, but does coincide with the significant down-reg-
ulation of YPSII (Fig. 3E, F) and FV'/FM' (Fig. 7).

4. Conclusions

Chlorella vulgaris tolerated transient 10–20 s exposures to super-
saturating light by transiently accelerating electron transport away
from PSII. This mechanism was saturated or overwhelmed by 60–120 s
of supersaturating light exposure. With more prolonged exposures in-
duction of YNPQ was induced although in the present work this phe-
nomenon did not significantly down-regulate the effective absorption

Fig. 7. FVʹ/FMʹ quantum yield of PSII under
light acclimated state for C. vulgaris (left Y
axes) measured after 2 s dark immediately fol-
lowing the preceding actinic light period (grey
trace, right Y axis), plotted vs. elapsed time.
Cultures were grown at 30 μmol m−2 s−1 (A,
low Light) or 330 μmol m−2 s−1 (B, high
Light). Blue squares: control cultures. Red cir-
cles: cultures with DTT to block the xantho-
phyll cycle which mediates NPQ. Green trian-
gles: cultures with lincomycin to block PSII
repair. Error bars represent standard deviation
of three replicates.

Fig. 8. Fraction of open PSII centres [1-C] for
C. vulgaris (left Y axes) measured at each ac-
tinic light level (grey trace, right Y axis),
plotted vs. elapsed time. Cultures grown at
30 μmol m−2 s−1 (low light, A) or
330 μmol m−2 s−1 (high light, B). Blue
squares: control cultures. Red circles: cultures
with DTT to block the xanthophyll cycle. Green
triangles: cultures with lincomycin to block
PSII repair. Error bars represent standard de-
viation of three replicates.
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cross section controlling PSII photochemistry efficiency.
Further experiments will aim to translate these results to the con-

ditions encountered in photobioreactors, where the cells undergo sig-
nificant variations in light, with characteristic times of the order of
10–120 s. Our analysis also demonstrates that kinetic phases of the
different mechanisms displayed by the algae to tolerate or exploit
fluctuating light are accessible from rapid, non-invasive FRRf measures
compatible with online monitoring of photobioreactor performance
under mixing and irradiance regimes. This methodology and approach
could thus be of great use to control and optimize the phenomenon of
light conversion in microalgal solar cultures at large scale.
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