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Abstract Nannochloropsis is an eukaryotic alga of the
phylum Heterokonta, originating from a secondary
endosymbiotic event. In this work, we investigated how the
photosynthetic apparatus responds to growth in different
light regimes in Nannochloropsis gaditana. We found that
intense illumination induces the decrease of both photo-
system I and II contents and their respective antenna sizes.
Cells grown in high light showed a larger capacity for
electron transport, with enhanced cyclic electron transport
around photosystem I, contributing to photoprotection from
excess illumination. Even when exposed to excess light
intensities for several days, N. gaditana cells did not acti-
vate constitutive responses such as nonphotochemical
quenching and the xanthophyll cycle. These photoprotec-
tion mechanisms in N. gaditana thus play a role in accli-
mation to fast changes in illumination within a time range
of minutes, while regulation of the electron flow capacity
represents a long-term response to prolonged exposure to
excess light.
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Introduction

Oxygenic photosynthesis catalyzes the conversion of solar
light into chemical energy for CO, assimilation and release
of molecular oxygen. The complex redox activity of pho-
tosystems in the presence of oxygen easily induces the
production of reactive oxygen species (ROS), leading to
oxidative damage of the photosynthetic apparatus (pho-
toinhibition) (Szabd et al. 2005; Murata et al. 2007; Li et al.
2009). This phenomenon becomes particularly relevant
when the absorbed radiation exceeds the saturation level of
photosynthesis, and thus photochemical reactions do not
readily use excitation energy (Barber and Andersson 1992;
Demmig-Adams and Adams 2000; Li et al. 2009). To
survive and thrive in a highly variable environment, pho-
tosynthetic organisms evolved the ability to maximize
light-harvesting efficiency when solar radiation is limited
and dissipate energy when irradiance exceeds photosyn-
thetic capacity.

In a natural environment, changes in light intensity
occur with different rates spanning from seconds to weeks,
and photosynthetic organisms therefore have evolved
multiple regulatory mechanisms with different activation
timescales, enabling responses to short- and long-term
variations (Savitch et al. 2001; Walters 2005; Eberhard
et al. 2008). The long-term acclimation response involves
changes in the composition of the photosynthetic apparatus
according to the irradiance intensity (Falkowski and Owens
1980; Falkowski and LaRoche 1991; Zou and Richmond
2000; Walters 2005). In most photosynthetic organisms,
this regulation implies a reduction in the chlorophyll (Chl)
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content and an increase in photoprotective xanthophylls
when exposed to high irradiance (Rodriguez et al. 2005). In
some organisms, the photosystem antenna size, i.e., the
number of light-harvesting complexes associated with
every reaction center, also changes (Falkowski and Owens
1980; Falkowski and LaRoche 1991; Zou and Richmond
2000; Walters 2005). For example, in the green algae
Dunaliella salina, the diatom Skeletonema costatum and
most vascular plants, the functional antenna size of pho-
tosystems is significantly reduced in response to high
irradiance (Smith et al. 1990; Kurasova et al. 2002).
However, the same behavior has not been observed in other
green algae (Chlamydomonas reinhardtii and Dunaliella
euchlora) and in most diatoms (Phaeodactylum tricornu-
tum and Cyclotella meneghiniana) where the antenna size
in the photosystems is not modulated by light acclimation
(Bonente et al. 2012; Lepetit et al. 2012). This heteroge-
neous response, even within the same phylum, suggests
that the acclimation of the light-harvesting apparatus in
photosynthetic organisms is species specific.

Another common feature of light acclimation is the
modulation of the photosynthetic capacity. The high light-
acclimated cells of the diatom P. tricornutum and the green
algae C. reinhardtii showed an increased photosynthetic
electron transport rate (Nymark et al. 2009; Bonente et al.
2012). This is correlated with a high light increase in sinks
for photosynthetic electron flow, such as the Calvin—Ben-
son cycle enzymes, with RuBisCO being the main target
(Fisher et al. 1989; Simionato et al. 2011). The effects of
light acclimation were also observed in some cases at the
chloroplast ultrastructural level, with the modulation of the
number and reorganization of thylakoid membranes (Wil-
helm et al. 2014; La Rocca et al. 2015).

While these acclimation responses represent long-term
phenomena, requiring the de novo synthesis or degrada-
tion of proteins, photosynthetic organisms also possess
faster mechanisms to respond to sudden changes in illu-
mination. In this case, photosynthetic organisms activate
the dissipation of a fraction of absorbed energy, thereby
reducing ROS production. The fastest known mechanism
for the modulation of light-harvesting efficiency is called
nonphotochemical quenching (NPQ), involving the dis-
sipation of excess energy as heat (Li et al. 2009). In
several eukaryotic algae, NPQ activation depends on the
presence of a protein called LHCSR/LHCX, as demon-
strated in the green microalga C. reinhardtii, the
picoeukaryote Ostreococcus tauri, and some diatoms
(Peers et al. 2009; Zhu and Green 2010; Bailleul et al.
2010b; Gerotto and Morosinotto 2013). In different spe-
cies, the NPQ capacity is modulated under different
growth conditions through the regulation of LHCSR/
LHCX accumulation (Peers et al. 2009; Zhu and Green
2010; Gerotto et al. 2011; Taddei et al. 2016).
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In minutes, strong illumination also activates the syn-
thesis of the xanthophyll zeaxanthin from preexisting vio-
laxanthin through the activation of Violaxanthin de-
epoxidase (VDE) (Jahns et al. 2009; Arnoux et al. 2009).
The reverse reaction is mediated through the enzyme
zeaxanthin epoxidase, leading to the reconversion of
zeaxanthin into violaxanthin. Zeaxanthin enhances NPQ
and retards the relaxation of this process in the dark, but
also plays a direct role in ROS scavenging (Demmig-
Adams 1990; Niyogi et al. 1998; Havaux et al. 2007). The
Violaxanthin (Vx)-Zeaxanthin (Zx) cycle is widely dis-
tributed in photosynthetic organisms spanning from green
algae and plants to eustigmatophytes and brown algae, and
other xanthophyll cycles also mediate similar responses in
other organisms, such as the diadinoxanthin (Dd)-diatox-
anthin (Dt) cycle in diatoms (Coesel et al. 2008), which
plays a major role in the induction of the NPQ in diatoms
(Ruban et al. 2004; Lavaud and Kroth 2006).

While the above-mentioned regulatory mechanisms
mainly involve PSII, PSI can also be exposed to radiation
damage. This photosystem, however, appears to be more
sensitive to over-reduction, due to limitation of photosyn-
thesis by CO, assimilation, than to excess excitation. PSI
over-reduction is counterbalanced by two mechanisms:
(i) the large proton gradient generated in high light, as well
as redox feedback, slows down the activity of the cyto-
chrome bgf complex (Joliot and Johnson 2011), leading to
oxidation of PSI, due to donor side limitation. (ii) Addi-
tionally, activation of cyclic electron flow (CEF) avoids
over-reduction of PSI donors and acceptors, thereby con-
tributing to PSI photoprotection (Shikanai 2014). In addi-
tion to its role in photoprotection via the proton motive
force, CEF reinjects electrons from the acceptor side of PSI
to the PQ pool, in parallel to linear electron flow coming
from water to NADPH (LEF). CEF thus contributes to
proton translocation into the lumen without net NADPH
production, thus regulating the ATP/NADPH ratio
depending on the metabolic demand (Eberhard et al. 2008;
Peltier et al. 2010).

Although these basic regulatory mechanisms are wide-
spread in photosynthetic organisms, differences are seen in
different species, likely depending on the colonization of
specific ecological niches (Quaas et al. 2014; Goss and
Lepetit 2015; La Rocca et al. 2015): For example, it was
suggested that the transthylakoid proton gradient, seminal
for NPQ activation in plants and chlorophytes, does not
play a direct role in diatoms, where the activation of the
response only depends on the xanthophyll cycle (Lavaud
and Kroth 2006; Goss et al. 2006). Exploring the variability
of photosynthesis regulatory responses and understanding
how these responses are adapted to different environmental
conditions provide a valuable source of information for a
better understanding of the physiological role of these
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mechanisms. Nannochloropsis gaditana is a microalga of
the class Eustigmatophyceae within Heterokonta, a group
which also includes diatoms and brown algae (Cavalier-
Smith 2004; Riisberg et al. 2009). These species originated
from a secondary endosymbiotic event in which a
eukaryotic host cell engulfed a red alga and thus have a
different evolutionary history with respect to plants and
green algae (Archibald and Keeling 2002). In recent years,
species belonging to the Nannochloropsis genus have
gained increasing interest for their potential exploitation
for biodiesel production, reflecting the rapid growth rate
and accumulation of lipids in these species (Rodolfi et al.
2009; Sforza et al. 2012; Bondioli et al. 2012). Despite this
increased attention, information on the Nannochloropsis
photosynthetic apparatus and its regulation remain elusive.
Available studies have shown that Nannochloropsis species
have a unique pigment composition, presenting only Chl
a and lacking the other accessory Chl molecules, while
presenting violaxanthin and vaucheriaxanthin esters as the
most abundant carotenoids (Sukenik et al. 1992; Lubian
et al. 2000; Basso et al. 2014). Nannochloropsis was shown
to modulate its thylakoid membrane organization in
response to light intensity for example increasing the rel-
ative volume of the chloroplast and the number of stacks
during acclimation to low light (Fisher et al. 1996, 1998).

In the present study, the response of N. gaditana cells to
different growth irradiances was investigated. We found
that high light-acclimated cells modulated the composition
of their photosynthetic apparatus to increase photosynthetic
electron transport, showing an increased contribution from
cyclic electron transport. In contrast, no constitutive acti-
vation of the xanthophyll cycle and NPQ could be
observed, even in the extreme excessive light condition.
This shows that these mechanisms play a specific role in
response to rapid changes in illumination conditions. On
the other hand, changes in both the composition and mode
of functioning of the photosynthetic machinery represent
the most effective response to chronic exposure to high
light.

Materials and methods
Culture conditions

Nannochloropsis gaditana from CCAP, strain 849/5, was
grown in sterile F/2 medium containing 32 g 1" sea salts,
40 mM TRIS-HCI, pH 8, and Guillard’s (F/2) marine
water enrichment solution (Sigma-Aldrich). The cultures
were maintained and propagated using the same medium
supplemented with 10 g 17" of Plant Agar (Duchefa Bio-
chemie). The growth experiments were performed in
Erlenmeyer flasks through mechanical agitation, starting

from a preculture grown at 100 pmol of photons m™2 s~ !

maintained in the exponential phase by dilution with fresh
medium for at least 2 weeks. To start the acclimation
experiment, the precultures were diluted to an optical
density (OD) of 0.2 at 750 nm in a final volume of 200 ml
and transferred to different light intensities. Illumination
was provided over a 16-h photoperiod (16-h light, 8-h dark)
at intensities of 10 (Low Light), 100 (Medium Light) and
1000 (High Light) umol of photons m™2 s~ ', using a flu-
orescent lamp or a LED Light Source SL 3500 (Photon
Systems Instruments, Brno, Czech Republic). The tem-
perature was maintained at 22 £+ 1 °C in a growth cham-
ber. Growth experiments with additional CO, were
performed using a Multicultivator MC 1000-OD system
(Photon Systems Instruments, Czech Republic), in which
temperature was maintained at 21 °C and illumination was
provided over a 16-h photoperiod (16-h light, 8-h dark) at
intensities of 10, 100, and 1000 pmol of photons m~2 s~ "
using an array of white LEDs. In this case, experiments
were performed using a F/2 medium enriched to guarantee
nonlimiting nutrient conditions (ten times more NaNOj3 and
NaH,PO, and two times more FeCl;-6H,O and EDTA).
The suspension culture was constantly mixed and aerated
through air bubbling. The growth curves in the multicul-
tivator system were initiated using a preculture grown at
100 pmol of photons m~2 s in 0.25-L Drechsel bottles
under continuous air flow enriched with 5 % CO,. Algal
growth was measured through daily changes in the optical
density (OD7sq), and the cell number was monitored using
a Cellometer Auto X4 cell counter (Nexcelom Bioscience).

All curves were repeated at least at five independent
times. All analyses were performed on the fifth day of the
different growth curves when the cells were still actively
growing but had enough time to acclimate to different
conditions. To assess whether the cells had sufficient time
to acclimate to the growth conditions, flask cultures were
reinoculated under the same conditions for multiple gen-
erations. As shown in Supplementary Fig. S1, cell growth,
pigment composition, and functional analyses showed no
significant differences with the cells maintained at different
light intensities for multiple generations, supporting the
conclusion that 5 days were sufficient to activate responses
to different light intensities under these culture conditions.

Pigments analysis

Chlorophyll (Chl) and total Carotenoids (Car) were directly
extracted from intact cells using 100 % N,N’-dimethyl-
formamide for at least 48 h in the dark at 4 °C after cen-
trifugation of Nannochloropsis cells at 15,000xg for
10 min. The pigment concentrations were spectrophoto-
metrically determined using specific extinction coefficients
(Wellburn 1994). The content of individual carotenoids

@ Springer



294

Photosynth Res (2016) 129:291-305

was determined using high-pressure liquid chromatography
(HPLC), as previously described (Fiarber and Jahns 1998)
To perform this analysis, pigments were extracted from
Nannochloropsis cell using 80 % acetone after mechanical
lysis in a Mini Bead Beater (Biospec Products) with the
help of glass beads (150-212 pum in diameter). The HPLC
system comprised a reverse phase column (5 pm particle
size; 25 x 0.4 cm; 250/4 RP 18 Lichrocart, Darmstadt,
Germany) and a diode array detector to record the absor-
bance spectra (1100 series, Agilent, 141 Waldbronn, Ger-
many). The peaks of each sample were identified based on
the retention time and absorption spectrum. The
vaucheriaxanthin retention factor was estimated after cor-
recting that of violaxanthin for differences in absorption at
440 nm.

Thylakoid isolation

To obtain isolated thylakoids, Nannochloropsis cells were
broken using a Mini Bead Beater (Biospec Products),
according to the protocol of Basso et al. (2014). The thy-
lakoids in the appropriate buffer were immediately frozen
in liquid nitrogen and stored at —80 °C until further use.
All steps were performed at 4 °C in dim light. Total pig-
ments were extracted using 80 % acetone, and the
chlorophyll concentration of the samples was spectropho-
tometrically determined.

Spectroscopic analysis

The spectroscopic analysis was performed on the fifth day
of growth in vivo using a Joliot-type spectrophotometer
(JTS-10, Biologic, France), as previously described for N.
gaditana cells (Simionato et al. 2013). Changes in the
amount of functional photosynthetic complexes were
evaluated after measuring the electrochromic shift (ECS)
spectral change in intact cells, representing a shift in the
pigment absorption bands associated with changes in the
membrane potential (Witt 1979). Upon exposure to a sat-
urating single turnover flash, the ECS kinetics present
rather complex features including a fast phase (phase a),
not Kkinetically resolved in the measurements, which
reflects charge separation in the two photosystems (Bailleul
et al. 2010a). It is possible to evaluate the relative ratio of
the two photosystems by comparing the amplitude of this
phase in the absence and the presence of PSII inhibitors.
The PSII contribution was evaluated as the fraction of
phase a that was inhibited upon poisoning the algae with
DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea, 80 pM)
and HA (hydroxylamine, 4 mM). These molecules irre-
versibly block PSII charge separation, respectively, acting
as acceptor and donor side inhibitors of PSII. On the other
hand, PSI was estimated as the fraction of the signal that
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was insensitive to these inhibitors [e.g., (Bailleul et al.
2010a)]. ECS measurements were performed in intact cells
using a final concentration of 200 x 10° cell ml~'. Data
were collected as the difference between the signals at 520
and 498 nm (which represent the positive and negative
peaks of the ECS signal in Nannochloropsis, respectively)
to deconvolute this signal from other spectral changes not
related to the building of the transmembrane potential
(Simionato et al. 2013).

The spectroscopic quantification of the electron that
flows through the photosynthetic electron transport chain
was performed measuring P (the primary electron donor
to PSI) at 705 nm in intact cells. Analysis was conducted
exposing the samples (final concentration 300 10%
cells ml™") to saturating actinic light (2050 pmol of pho-
tons m~2 s !, 630 nm) for 15 s to maximize P oxidation
and reach a steady state. At the end of the treatment, the
light was switched off for the PJ, re-reduction to occur
subequently in the dark. The total electron flow (TEF), i.e.,
the sum of all the electron transport processes through PSI,
was estimated measuring the Pj, re-reduction rates after
illumination in untreated cells. This was done by fitting the
kinetics of P7,, re-reduction with a single exponential to
calculate the rate constant of P3,, reduction as 1/t. By
multiplying this rate constant times the fraction of P
oxidized (which was obtained by comparison with DCMU-
and DBMIB-poisoned cells, see below) we evaluate the
number of electrons transferred per unit of time electron
flux (Simionato et al. 2013). The same procedure was
repeated in samples treated with DCMU (80 uM) to eval-
uate the contribution of cyclic electron flow (CEF) and
with DCMU in combination with DBMIB (dibromothy-
moquinone, 300 uM) to measure any possible residual
electron injection into PSI (possibly occurring via redox
equilibration with the soluble redox carriers).

The total PSI content of cells in different light regimes
was assessed measuring the maximum P, signal in cells
treated with DCMU and DBMIB at a saturating actinic
light (2050 pmol of photons m % s~', 630 nm) in an equal
number of cells. Under these conditions, re-reduction of
P, through photosynthetic electron flow is largely slowed
down, thereby allowing to evaluate the full extent of photo-
oxidizable P,oo (Alric 2010; Simionato et al. 2013). To
confirm that this treatment was appropriate to completely
oxidize P9, we repeated this experiment at several light
intensities, as shown in Supplementary Fig. S2.

The PSI antenna size was qualitatively assessed after
measuring the kinetics of P;y oxidation at 705 nm in
isolated dark-adapted thylakoids incubated with methyl
viologen (375 uM) and ascorbate (2 mM) for 5 min
(Swingley et al. 2010; Bonente et al. 2012). The photo-
oxidation kinetics was measured upon excitation with
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150 pumol of photons m~2 s™' of actinic light at 630 nm (a

wide range of actinic light were tested as presented in
Supplementary Fig. S3). The presence of a strong final
electron acceptor, such as methyl viologen, facilitated Pqq
oxidation at a given actinic light. The antenna size was
quantified from the rate constant of the kinetics, calculated
again assuming a single-exponential character of the
kinetics. The thylakoids were analyzed based on a total Chl
amount of 40 pg.

Fluorescence measurements

On the fifth day of growth, the microalgae were collected
and dark adapted for 20 min to achieve the complete oxi-
dation of the primary electron acceptor Q4,, reaching a state
in which all PSII reaction centers are ‘open’. Chlorophyll
fluorescence was determined in vivo using a Dual PAM
100 (Heinz-Walz, Effeltrich, Germany). Photosynthetic
parameters were assessed using a light curve protocol,
where the cells were stepwise exposed to increasing light
intensities every 1 min. After this light treatment, cells
were exposed to dim light for 30 min to estimate the dark
recovery of fluorescence. The parameters Fv/Fm, NPQ and
gL, were calculated, respectively, as (Fm — Fo)/Fm,
(Fm — Fm’)/Fm’ and (Fm’' — F) Fo/(Fm' — Fo') F
(Demmig-Adams et al. 2008).

The PSII antenna size was measured according to the
fluorescence induction kinetics using a JTS-10 spec-
trophotometer in the fluorescence mode. Samples with a
final concentration of 200 x 10° cell ml™" after 20 min of
dark adaptation were incubated with DCMU (80 uM) for
10 min to prevent the oxidation of the primary quinone
acceptor Q4. The induction kinetics was measured upon
excitation with 320 pmol of photons m™2 s~ ' of actinic
light at 630 nm. In the presence of this inhibitor, an aver-
age of 1 photon per PSII center is absorbed at time f,
corresponding to 2/3 of the fluorescence increase. This
parameter was estimated for every fluorescence induction
trace to evaluate the number of absorbed photons by pho-
tosystems II, i.e., their antenna size.

Electron microscopy analysis

For transmission electron microscopy analysis, aliquots of
algal cultures, sampled on the fifth day, were gently cen-
trifuged (2000x g) for 10 min at room temperature, and the
pellets were fixed overnight at 4 °C in 3 % glutaraldehyde
in 0.1 M sodium cacodylate buffer (pH 6.9) and post-fixed
for 2 h in 1 % osmium tetroxide in the same buffer. The
specimens were dehydrated in a graded series of ethyl
alcohol and propylene oxide and embedded in araldite.
Ultrathin sections (800 nm) cut using an ultramicrotome
(Ultracut; Reichert-Jung, Vienna, Austria) and stained with

uranyl acetate and lead citrate were subsequently analyzed
under a transmission electron microscope (TEM, Tecnai
G2,FEl, Oregon) at 100 kV.

Results

Light intensity has little influence on N. gaditana
growth under CO,-limiting conditions

In the present study, N. gaditana cultures were grown in
conditions with artificial seawater and atmospheric CO,,
with mechanical agitation and a 16-h light/8-h dark pho-
toperiod. The growth light intensity was instead set to three
highly different intensities ranging from 10, 100, and
1000 pmol of photons mZs! (hereafter, respectively,
referred to as LL, ML, and HL). As shown in Fig. 1a, all
cultures have very similar growth kinetics, suggesting that
light availability is not a limiting factor under the culture
conditions tested.

The cell mortality in the different cultures was also
evaluated based on the difference between the cells coun-
ted according to the bright field and fluorescence signals,
where only Chl-containing living cells were visible. As
shown in Fig. 1b, in flask cultures, HL showed clearly a
higher number of bleached cells, ranging from 1 to 2 % in
LL to 2 % in ML and 14 % in HL. Such a strong increase
in the concentration of dead cells suggests that HL cultures
experience significant stress associated with intense
illumination.

Cells were also cultivated in a photobioreactor with air
bubbling and excess nutrients in the medium supply. As
shown in Fig. Ic, for ML and HL, higher CO, (via air
bubbling) and nutrients availability resulted in faster
growth compared with LL under the same conditions,
confirming that growth of the algae in flask was not limited
by light but rather by nutrient availability. Under nonlim-
iting nutrient conditions, HL cells grew faster than cells
grown in flasks but were not able to exploit the additional
light energy available with respect to ML, suggesting that
these cells achieved light saturation. LL cultures, on the
contrary, did not benefit from the additional carbon and
nutrient supply, suggesting a light limitation in all
conditions.

The increased stress under high light irradiance is con-
sistent with transmission electron microscopy images of
microalgae grown under different light intensities (Fig. 2).
LL cells are well organized; in the chloroplast thylakoids,
these cells consistently form groups of three membranes
linearly distributed in the stroma (Fig. 2a, b). In contrast,
HL cells, and, to a smaller extent ML cells, showed the
presence of storage lamellar vesicles and alterations in the
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Fig. 1 Cell growth with different illumination. Nannochloropsis cells
grown under a 16-h photoperiod (16-h light/8-h dark) at intensities of
10 (LL), 100 (ML), and 1000 (HL) pmol of photons m~> s~! are
shown, respectively, as black squares, empty circles, and black
triangles. a The growth rate (Erlenmeyer flasks) in F/2 medium was
evaluated after monitoring living fluorescent cells. b The dead cells in
the cultures shown in a were quantified as the difference between cell
counts using a bright field and fluorescence microscopy. ¢ The growth
rate under different light intensities with the external CO, supply
provided through air bubbling in a Multicultivator MC 1000-OD
system in a nutrient-enriched F/2 medium. Note the different Y axis
between panels due to the different growth. All growth curves were
repeated at least five independent times. Means and standard
deviation (SD) are reported. Although the same external light
intensities were applied, the geometry of the growing system was
different in experiments with air bubbling, and this light absorbed by
the cells was not identical

thylakoid membranes structure (Fig. 2c, e). These effects
were better evidenced at higher magnification, where
chloroplast membranes displayed a variable number of
thylakoids membranes (Fig. 2f). Furthermore, EM pictures
showed the presence of a number of highly damaged cells,
consistent with higher cell mortality, in HL cultures (not
shown).
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Modulation of the photosynthetic apparatus
composition under different light intensities

Photosynthetic organisms show long-term responses to
different light intensities through the modulation of the
composition of the photosynthetic apparatus. Among the
acclimation strategies to different light regimes, changes in
the content or composition of pigments are the most
common effects observed. Consistently, Nannochloropsis
cultures grown under different light conditions showed
marked changes in the cell pigment content, and the Chl
a per cell content was four times higher in LL than in HL
(Table 1). In addition, we observed a relative increase in
the Car/Chl ratio, consistent with the role of carotenoids in
photoprotective responses. The analysis of individual car-
otenoid species showed that the vaucheriaxanthin content,
normalized to Chl, remained stable, and there was a slight
increase in canthaxanthin and B-carotene in HL cells. The
strongest increase instead involved violaxanthin, which, in
absolute values, is majorily responsible for the carotenoid
increase observed in HL cells.

Overall, we observed a peculiar behavior of the car-
otenoids participating in the xanthophyll cycle (violaxan-
thin, antheraxanthin and zeaxanthin). On one side, these
pigments are always present in significant amounts, even in
cells growing under light-limiting conditions (1.8 and
2.9 % of total carotenoids are zeaxanthin and antheraxan-
thin, respectively). In ML cells, the de-epoxidized car-
otenoids content increased to 3.5 and 6.2 % for zeaxanthin
and antheraxanthin, respectively, clearly suggesting some
activation of the xanthophyll cycle. However, a further
increase in illumination by an order of magnitude (from
100 to 1000 pmol of photons m~2 s~ ") did not induce any
additional conversion of violaxanthin into zeaxanthin,
evidenced as the wunchanged de-epoxidation index
(Table 1). Thus, violaxanthin represented by far the most
abundant carotenoid in Nannochloropsis cells under all
growth conditions, even in cells exposed for days to a high
growth light intensity of 1000 pmol of photons m™>s™'.

Chl and carotenoids are bound to photosystem I and II
supercomplexes, and the observed changes in the pigment
content strongly suggest an altered accumulation of some
PS components. To verify this hypothesis, we combined
spectroscopic approaches with biochemical quantifications
to evaluate the content of all components of the Nan-
nochloropsis photosynthetic apparatus. The PSI content in
LL-, ML-, and HL-treated cells was quantified after mon-
itoring the PJ, absorption signal in cells illuminated with
saturating light in the presence of DCMU and DBMIB to
inhibit PSI re-reduction (Fig. 3a). The signal dependence
on actinic light intensity was also verified to ensure the
complete oxidation of the reaction centers in every sample
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Fig. 2 Transmission electron microscopy of N. gaditana cells.
Representative transmission electron microscopy of N. gaditana cells
in LL (a, b), ML (¢, d), and HL conditions (e, f). Damaged cells are
not shown. Panels b, d, and f show magnifications focusing on the

(Supplementary Fig. S2) and rule out any possible shading
effect in the Py, quantification. Once verified this pre-
requisite, the maximal P signal was exploited to quantify
the PSI content in all samples. Figure 3b shows that the PSI

thylakoid membrane organization. The organelles are indicated as
n nucleus; ¢ chloroplast; /v lamellar vesicles. Bars a, ¢, e = 500 uM;
b, d, f = 200 uM

content per cell progressively decreased with increasing
growth light intensity from LL to ML and HL.

The PSII content is not directly quantifiable using
spectrophotometric methods, but can be indirectly assessed
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Table 1 Pigment composition of Nannochloropsis cells acclimated to different light intensities

ug Chl/10° cells  Tot Car Violaxanthin ~ Vaucheriaxanthin
LL 0.151 £ 0.011 351 +£34 215+£29 82126
ML 0.082 + 0.005 402 +3.6 229+ 37 85+ 21
HL 0.039 £ 0.007 51.1 £44 323146 69 + 1.1

Antheraxanthin  Zeaxanthin ~ Canthaxanthin  B-carotene DI

1.0 £ 0.2 06+02 03=x0.1 55+£03 0.10
25+£05 14+£07 09+02 56+£02 0.20
35+ 04 2.1+£03 1.8 £0.2 6.8+ 03 0.20

The cells were collected after 5 days of growth under different illumination intensities, when the cells were still actively growing. The
carotenoids data are reported as mol/100 mol of Chl a, the only chlorophyll species present in Nannochloropsis. The data represent the
mean £ SD of five independent experiments. The de-epoxidation index (DI) was calculated as (2Z+A)/(V+A+Z)

A 04 B * 12000
.|. *
L 10000
-2000 - I 00
18000
-4000
= T -6000 =
< -6000 - 1 ‘
I L 4000
-8000
L 2000
-10000 4
T T T T T T T T 0
-15000  -10000  -5000 0 5000 LL ML HL
Time (ms) Growth Conditions

Fig. 3 PSI quantification in N. gaditana intact cells. a Representative
traces of PSI quantification from oxidized Py in the presence of
DCMU and DBMIB and a saturating light of 2050 pumol of photons
m~2s7'; 300 10° cells ml~" were employed for the measurement.
Actinic light was verified to be sufficient to reach complete saturation
of PSI reaction centers in all cells, as shown in Supplementary fig. S2.
LL, ML, and HL conditions are shown, respectively, as black squares,

from the determination of the PSII/PSI ratio using ECS
measurements upon exposure to a single turnover flash in
the presence/absence of PSII inhibitors (Fig. 4a) (Bailleul
et al. 2010a; Simionato et al. 2013). As shown in Fig. 4b,
the evaluation of this ratio in different cells showed a
decrease in the PSII/PSI ratio in HL-acclimated cells,
suggesting that even if the PSI absolute content decreased
with illumination intensity in HL cells, the PSII decrease
was even larger.

The PSI functional antenna size was qualitatively eval-
uated measuring the P,oo oxidation kinetics in thylakoids
treated with methyl viologen and ascorbate (Fig. 5a) (Bo-
nente et al. 2012; Iwai et al. 2015) in conditions where the
employed actinic light intensity (150 pmol of photons
m~? sfl) was limiting for the P,y oxidation rate (Sup-
plementary Fig. S3). The employed actinic light indeed
was chosen among the lowest actinic light intensities tes-
ted, where there is a linear relationship between the amount
of light provided and the rate of P,y oxidation

@ Springer

empty circles, and black triangles. b Maximal P,y, oxidation level
reached at the steady state during the light treatment a in cells
acclimated to different light conditions. These values represent an
indicator of the PSI content. The data are expressed as the
mean + SD, n = 4. Significantly different values are indicated by
an asterisk (ANOVA, p value <0.05)

(Supplementary Fig. S3). Thylakoids from different cells
showed different kinetics (Fig. 5), suggesting a gradual
decrease of PSI functional antenna size going from LL to
HL cells. Compared with ML, LL cells showed a slight
increase, while HL. showed a more significant decrease of
the antenna size, again when related to ML cells.

The PSII functional antenna size was instead quantita-
tively evaluated based on the kinetics of the increased
fluorescence in DCMU-treated cells, again using a limiting
illumination (320 pmol of photons m~> s~ Fig. 6) (Bo-
nente et al. 2012; Simionato et al. 2013). Prior to the
measurement, the cells were incubated overnight under dim
light to allow the recovery of eventual photo-inhibited PSII
reaction centers (Fig. 7a), which otherwise could alter the
antenna size determination. The recovery from photo-
damage was monitored measuring the Fv/Fm parameter
that, after the overnight incubation, returned to the maxi-
mum values also for HL cells (Fig. 7a). Using this caution,
the PSII antenna size showed a clear decrease in response
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Fig. 4 Evaluation of the PSII/PSI ratio in Nannochloropsis cells
based on the ECS signal. a ECS kinetics in N. gaditana cells grown
under low light conditions (10 pmol of photons m~? s—*). The ECS
signal is presented as the 520 nm minus the 498 nm absorption signal.
The signal was induced using a saturating flash (arrow). The solid
squares and empty circles represent, respectively, the kinetics of
untreated cells (where PSII and PSI both contribute to the ECS signal)
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Fig. 5 Modulation of the functional antenna size in PSI. a Represen-
tative P;q( oxidation kinetics at 705 nm from thylakoids treated with
methyl viologen and ascorbate. The measurements were performed

with 150 pmol of photons m~2 s~ of actinic light at 630 nm, and the

data with other light intensities are shown in Supplementary Fig. S3.

to growth light intensity, suggesting a modulation of the
number of light-harvesting complexes associated with each
reaction center (Fig. 6). Western blotting analysis with the
available antibodies recognizing Nannochloropsis proteins
confirmed the decrease in high light of VCP, the main
antenna complex in Nannochloropsis likely associated with
PSII (Basso et al. 2014). This was verified upon normal-
ization to the Chl content (Fig. 6¢) and the cell number
(Supplementary Fig. S4), confirming the results obtained
from the functional determination of the PSII antenna size.

PSI antenna size (e sec™)

Growth Conditions

and of DCMU and HA-poisoned cells (where only PSI is responsible
for the ECS signal). b The PSII/PSI ratio obtained from the ECS
signal in different acclimated cells with a final concentration of
200 x 10° cell ml™'. The data are expressed as the mean + SD,
n = 7. Significantly different values are indicated by an asterisk
(ANOVA, p-value <0.05)
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LL, ML, and HL conditions are shown, respectively, as black squares,
empty circles, and black triangles. b Average PSI antenna size for all
samples. The data are expressed as the mean £ SD, n = 4. Signif-
icantly different values are indicated by an asterisk (ANOVA, p-
value < 0.05)

Modulation of the efficiency of the photosynthetic
apparatus

In order to investigate the consequences on the photosyn-
thetic activity of this rearrangement of the photosynthetic
apparatus, we investigated photosynthesis functionality using
in vivo fluorescence measurements and time-resolved
absorption spectroscopy. The determination of the maximum
PSII quantum yield (Fv/Fm) provides an indication of even-
tual photo-inhibited photosystems. As shown in Fig. 7a, Fv/
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Fig. 6 Modulation of the functional antenna size in PSII. a Repre-
sentative traces of the fluorescence kinetics of DCMU-treated cells in
the presence of 320 pmol of photons m 2 s~' of actinic light at
630 nm. Prior to the measurement, the cells were incubated overnight
under dim light. LL, ML, and HL cells are shown, respectively, as
black squares, empty circles, and black triangles. b Average PSII
antenna size for all samples. The data are expressed as the
mean £ SD, n = 10. Significantly different values are indicated by
an asterisk (ANOVA, p-value <0.05). ¢ Western blotting analysis
loading equal amounts of chlorophyll (1 and 0.2 pg Chl for o-D2 and
o-VCP, respectively)

Fm decreased from 0.65 in LL to 0.57 in ML and 0.51 in HL
cells, suggesting the presence of substantial PSII photodam-
age in HL,, even under ML conditions. PSII activity recovered
after an overnight treatment with dim light (10 pmol of

@ Springer

photons m~2 s™', Fig. 7a), but not after 1 h of dim light
exposure, confirming that the decrease Fv/Fm was due to
photoinhibition and not to a slowly recovering NPQ.

The gL parameter, evaluated from fluorescence mea-
surements, allows estimating PSII photochemical -effi-
ciency. As shown in Fig. 7b, while LL and ML cells
showed a similar dependence of this parameter on the light
intensity, HL cells showed a higher photochemical effi-
ciency at all irradiations. This suggests that these cells had
a higher ability to use light for photochemistry even if
exposed to strong illumination, suggesting the presence of
more efficient sinks for electrons from photosynthetic
transport chain. The same response for the qL parameter
was observed also in cells cultivated with extra CO, and
nutrients (Supplementary Fig. S5B).

In vivo fluorescence kinetics also provides information
on the intracellular dissipation of absorbed energy as heat
through a mechanism called Non-Photochemical Quench-
ing (Fig. 7c). LL cells reached higher NPQ values than
other cells (Fig. 7c), but most of the additional NPQ did
not relax after 30 min of dim light recovery (Fig. 7d). This
suggests that the “extra” NPQ mostly reflects photoinhi-
bition rather than enhanced thermal dissipation. Consistent
with this, cells grown under different conditions showed no
major differences in the fastest NPQ component (qE),
which we evaluate as the difference from the last point of
light treatment and the first point of the recovery phase
(Fig. 7d). A difference was nevertheless seen at the level of
NPQ between the different cultures. Indeed, HL cells
activated the NPQ response only when exposed to light
intensities over 700 pmol of photons m~2 s~!, while lower
light intensities could trigger this response in the other
cells. The same correlation between the NPQ and the light
intensity was observed also in cells grown in CO,— and
nutrient-enriched conditions (Supplementary Fig. S5).

NPQ dependence from xanthophyll was investigated by
treating cells with a VDE inhibitor (DTT) that affects
zeaxanthin synthesis, but not lumen acidification. NPQ was
strongly reduced by DTT suggesting a major influence of
xanthophyll cycle (Supplementary Fig. S6). Nevertheless,
the residual NPQ is still fast activated/deactivated, and thus
can be identified as the qE component, dependent from the
ApH gradient across the membrane (Miiller et al. 2001).

Fluorescence-derived signals primarily reflect photosys-
tem II activity, and therefore these data were complemented
with measurements of total electron flow monitoring P re-
reduction kinetics after a saturating light treatment that allows
evaluating electron transport rates at the level of PSI (Fig. 8a
for ML cells, Supplementary Fig. S7 for LL and HL cells). In
these samples, the P, re-reduction in the dark was faster in
HL cells with respect to cells acclimated to ML and LL, and
maximal total electron flow increased 50 % in HL with
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Fig. 7 Photosystem II functionality monitored with PAM fluorime-
try. a Maximum photosystem II quantum yield (Fv/Fm) in cells
grown under different light conditions (LL, ML, and HL) after 20 min
of dark adaptation (dark bars). Fv/Fm of cells transferred for 1 h or
overnight under dim light are reported, respectively, as dashed and
white bars. The data are expressed as the mean £ SD, n = 2.
b Dependence of photochemical efficiency, estimated as the param-
eter gL, from the illumination intensity. The measurements were

respect to LL. and ML cells (Fig. 8b). Using inhibitors of PSII
and cytochrome bgf (DCMU and DBMIB, respectively), we
evaluated the contribution of the linear (LEF) and cyclic
(CEF) electron pathways to this total electron transport. As
shown in Fig. 8b, under all conditions, PSII inhibition
through DCMU dramatically decreased electron transport,
suggesting that linear flow is responsible for the largest
fraction of electron transport under all conditions. Treatment
with both DCMU and DBMIB also inhibits cyclic electron
flow around PSI in addition to LEF, facilitating the estimation
of the contribution of both pathways. We observed that the
CEF contribution was significantly different in the samples
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c. NPQ values are normalized to 1 at the maximal value, before light
is decreased. In B-C-D LL, ML, and HL cells are shown as black
squares, white circles, and black triangles, respectively. The data are
expressed as the mean &+ SD, n = 4

analyzed, and while this was hardly detectable in LL cells, its
relevance increased in ML and HL cells, reaching around
10 % of all the total electron flow (Fig. &c).

Discussion

Conserved features and peculiarities
in the Nannochloropsis acclimation response

Nannochloropsis cultures under different light intensities
respond to the environmental conditions through the
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reorganization of the photosynthetic apparatus and the
modulation of its photosynthetic efficiency. Nan-
nochloropsis cells acclimated to high light intensities show
a decrease in the cell Chl content, reflecting a general
decrease in all components of the photosynthetic apparatus,
consistent with a reduction of the number of thylakoid
membranes (Fig. 2) (Fisher et al. 1998; Lepetit et al. 2012).
In high light-treated cells, both PSI and PSII were
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«Fig. 8 Maximal PSI electron transport efficiency in cells acclimated
to different conditions. a P;oo redox kinetics representing an electron
transport quantification experiment. The cells acclimated to 100 pmol

of photons m~2 s~' (ML) were exposed to a saturating light intensity
(2050 pmol of photons m~2 s~") for 15 s prior to the dark recovery

kinetics: Untreated cells (solid squares), cells treated with DCMU
(open circles), and cells treated with DCMU and DBMIB (solid
triangles). The kinetics for LL and HL cells are reported in
Supplementary Fig. S7. b Electron transport rates evaluated from
P9 re-reduction kinetics after illumination in different acclimated
cells. The data refer to the rates measured in untreated cells (black
column), DCMU-treated cells (white column), and DCMU- and
DBMIB-treated cells (gray column). The total electron flow values
from the three conditions are all significantly different (ANOVA),
n =4, p < 0.05. ¢ Rate of cyclic electron flow (CEF) compared with
the sum of linear and cyclic (LEF 4+ CEF). Significantly different
values are indicated by an asterisk (ANOVA, n = 4, p-value <0.05).
The data are expressed as the mean + SD

decreased, but the effect was stronger for PSII, as evi-
denced by the PSII/PSI ratio (Fig. 4). In fact, while the Chl
content per cell decreased to 25 % in HL cells (Table 1),
the PSI content per cell was only reduced to 38 % of the
LL content (Fig. 3), and P,oo/Chl ratio in HL. showed an
approximately 30 % increase (Supplementary Fig. S3B).
An even larger decrease was observed for the light-har-
vesting complexes, as the functional antenna size decreased
under HL for both PSI and PSII (Figs. 5 and 6). In the latter
case, a diminished antenna content was also biochemically
confirmed through Western blotting quantification of the
VCP, a major component of PSII antenna in Nan-
nochloropsis (Basso et al. 2014).

The seminal study by Falkowski and Owens (Falkowski
and Owens 1980) identified two possible strategies used by
algal species to respond to changes in growth irradiance,
the modulation of the number of reaction centers (called
n-type photoacclimation) or the regulation of antenna
absorption cross-section serving reaction center, a strategy
termed o-type photoacclimation. These two strategies are
not mutually exclusive, as observed here for N. gaditana,
where cells showed a modulation of photosystem antenna
size as well as the reaction center content when exposed to
different light intensities. The response of N. gaditana is
peculiar when compared to previous observation in C.
reinhardtii and Arabidopsis thaliana, where the modula-
tion of antenna size was only observed for PSII, while the
PSI antenna composition remained stable (Ballottari et al.
2007; Bonente et al. 2012). Notably, however, the stability
of the PSI antenna size in different irradiances has con-
sistently been observed in green algae and plants, while the
information for other photosynthetic organisms remains
incomplete. LHC associated with PSI in viridiplantae
shares a common evolutionary origin, and they all belong
to a subgroup of antennas called LHCA, whose association
with the PSI core complex was shown to be particularly
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stable and potentially resulted in the loss of the flexibility
required for regulation (Ballottari et al. 2004). Hetero-
konta, like Nannochloropsis or diatoms, does not present
proteins classified as LHCA and other subunits compose
their PSI antenna system (Vieler et al. 2012; Ikeda et al.
2013). Thus, it is possible that with the diversification of
photosystem I subunits during evolution in some cases, the
ability to form stable super-complexes was selected at the
expense of flexibility.

The prolonged exposition of Nannochloropsis to strong
illumination also influenced the ability to use absorbed
light for photochemistry and activate NPQ in response to
different illumination intensities (Fig. 7). HL cells showed
a higher gL at all actinic light intensities, indicating that the
overall modulation of the photosynthetic apparatus enables
the cells to exploit higher light more efficiently than LL
and ML cells. Moreover, HL cells showed the activation of
the NPQ only when exposed to strong light, over 700 pmol
of photons m 2 s~'. This value is comparable to the
average illumination these cells are exposed to, suggesting
that these cells do not constitutively activate NPQ under
typical growth conditions. This response was also present if
nutrients limitation was removed, demonstrating the
response was mainly determined from light conditions
(Supplementary Fig. S5).

The increased photosynthetic capacity is confirmed by
direct measurements of the total electron flow rate using time-
resolved spectroscopy in vivo. These measurements show not
only an increased capacity to perform electron flow, but also
an increased contribution of cyclic electron flow up to 10 %
of the total flux. Interestingly, this value is close to the the-
oretical contribution of CEF needed to reach the optimum
ATP/NADPH balance for CO, assimilation (Allen 2002).
Therefore, it is tempting to propose that the observed changes
in the PSI and PSII absorption capacity, as well as in their
relative ratio, would not only optimize linear electron flow,
but also boost the PSI-driven electron flow alone. This would
allow adjusting the NADPH/ATP ratio generated by photo-
synthesis, as required for optimal photosynthesis. This acti-
vation also contributed to maintain the redox state of the
electrons carriers connecting PSI and PSII (e.g., the plasto-
quinone pool) more oxidized, diminishing the dangerous
effects of high light on both PSI and PSII. This response
would represent the slow acclimation to chronic exposure to
high light. Our quantification was performed using saturating
light intensity. However, we expect that the difference will be
even larger at the growth light intensity, even if LL cells have
a larger number of photosystems per cell.

It is also interesting to mention that an increase in cyclic
electron flow in response to high light was also observed in
cyanobacteria (Herbert et al. 1995; Thomas et al. 2001),
suggesting this is not a N. gaditana peculiarity, but a
response widespread in photosynthetic organisms.

Faster responses would be guaranteed instead by the
NPQ and the xanthophyll cycle, involving the conversion
of violaxanthin into zeaxanthin. Nannochloropsis has the
potential for synthesizing large amounts of zeaxanthin, as
violaxanthin is the major carotenoid representing ~60 %
of the carotenoids in the cell. However, when cells were
chronically exposed to excess light, we observed a strong
increase in the total violaxanthin content, which was not
constitutively converted into zeaxanthin (Table 1). Overall,
the lack of zeaxanthin accumulation upon prolonged
exposition to strong illumination and the lack of NPQ
induction indicated that HL-acclimated cells do not con-
stitutively activate photoprotection responses. Even if
exposed to chronically excess light in Nannochloropsis
cells, both the NPQ and xanthophyll cycles remain avail-
able to respond to further eventual changes in illumination,
thereby maintaining the ability to increase photoprotection
mechanisms in cells, when needed.
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