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Diatoms are important phototrophs in the worlds’ oceans contributing ∼40% of

the global primary photosynthetic production. This is partially explained by their

capacity to exploit environments with variable light conditions, but there is limited

knowledge on how diatoms cope with changes in the spectral composition and

intensity of light. In this study, the influence of light quality and high irradiance

on photosynthesis in the centric diatom Coscinodiscus granii was investigated with

microscopic imaging and variable chlorophyll fluorescence techniques. Determination

of the wavelength-dependent functional absorption cross-section of photosystem (PS)

II revealed that absorption of blue light (BL) and red light (RL) was 2.3- and 0.8-fold

that of white light (WL), respectively. Hence, BL was more efficiently converted into

photo-chemical energy. Excessive energy fromBLwas dissipated via non-photochemical

quenching (NPQ) mechanisms, while RL apparently induced only negligible NPQ even

at high irradiance. A dose dependent increase of cells exhibiting an altered chloroplast

distribution was observed after exposure to high levels of BL and WL, but not RL.

However, no effective quantum yield of PSII was measured in the majority of cells with

an altered chloroplast distribution, and positive Sytox green® death staining confirmed

that most of these cells were dead. We conclude that although C. granii can sustain

high irradiance it does not perform chloroplast high-light avoidance movements for

photo-protection.

Keywords: PSII functional absorption cross-section, spectral quality, light stress, non-photochemical quenching,

photosynthesis, high-light avoidance movement, diatoms

INTRODUCTION

Diatoms are responsible for about 40% of the primary production in marine ecosystems and
account for up to 20% of global carbon fixation (Nelson and Brzezinski, 1997; Geider et al.,
2001). The evolutionary success and high productivity of diatoms (Boyd et al., 2000; Thomas and
Dieckmann, 2002; Mock and Valentin, 2004) seem to be closely related to their ability to adapt
to environmental fluctuations such as changes in irradiance and spectral composition of the light
field (Depauw et al., 2012). The in situ solar irradiance in aquatic systems can be affected on
different time scales by various factors such as vertical mixing, wave focusing, and varying cloud
cover. Vertical shifts in the water column change the blue light (BL) to red light (RL) ratio, where
RL is more strongly absorbed by seawater, while BL penetrates deeper into the water column in
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the absence of large amounts of dissolved organic carbon and
particles (Kirk, 1994). A unique feature of diatoms is the
encasement of the cell in a silicate frustule composed of two
overlapping sections known as thecae or valves (Schmid and
Volcani, 1983). The frustule exhibits special optical properties
and this has led to speculations that the frustule nanostructure
could affect the photobiology of diatoms (Sumper and Brunner,
2006; De Stefano et al., 2007; Parker and Townley, 2007; Su
et al., 2015) and thus potentially modulate their photosynthetic
efficiency.

If the photosynthetic antennae absorb too much light,
the excessive energy load can cause severe damages to the
photosynthetic system, e.g., when electrons are transferred to
other acceptors such as O2 causing formation of reactive oxygen
species (ROS; Apel and Hirt, 2004). There are twomain strategies
for phototrophic organisms to deal with excessive light energy
(Demming-Adams and Adams, 1992). The first strategy involves
mechanisms to dissipate excessive energy by activation of
alternative electron sinks such as photorespiration, and by photo-
protective mechanisms such as the diadinoxanthin (Ddx) cycle
responsible for the remarkable potential of diatoms to release
excessive energy as heat (Schumann et al., 2007; Goss and Jakob,
2010). The second strategy involves avoidance mechanisms in
order to reduce the harvesting of incident light that cannot
be used for photosynthesis. On the long term, such avoidance
can be achieved by changes in the pigmentation (e.g., Kiefer,
1973), increased light reflection (e.g., Kasperbauer, 1987), or by
reduction of the light harvesting antenna complex (Demming-
Adams and Adams, 1992). On the short term, avoidance can
also be achieved by light-induced chloroplast re-allocation in the
cell (Haupt, 1973; Kasahara et al., 2002). While photo-protection
mechanisms are typically controlled by substrate and product
feedbacks or redox switches (Schellenberger Costa et al., 2013),
light-induced movement is often triggered by photoreceptors
(Strasser et al., 2010).

High-light avoidance movement of chloroplasts is primarily
induced by BL and high irradiance, while back movement to
a more evenly chloroplast distribution in the cell is mediated
by far RL (>710 nm) and under low irradiance (e.g., DeBlasio
et al., 2003; Gabryś, 2004). Reduction of light exposure through
chloroplast high-light avoidancemovement canminimize photo-
damage and optimize photosynthetic performance (Park et al.,
1996; Kasahara et al., 2002; Wada et al., 2003). Chloroplast
high-light avoidance movement occurs in higher plants, mosses,
ferns, green algae, and dinophytes. It has also been observed in
the pennate diatoms Biddulphia pellucida and Seminavis robusta
(Gillard et al., 2008), as well as in centric diatom species such
as Ditylum blightwellii, Pleurosira laevis, Odontella regia, and
Lauderia borealis (Kiefer, 1973; Chen and Li, 1991; Furukawa
et al., 1998). The ability of diatoms to re-arrange chloroplasts in
a fluctuating light environment might thus maximize their light
use efficiency and contribute to the high productivity of diatoms
(Boyd et al., 2000; Thomas and Dieckmann, 2002; Mock and
Valentin, 2004).

Members of the Coscinodiscaceae family recently observe
an increasing interest in the scientific community due to
the optical properties and the industrial applicability of the

conspicuous ∼50–500µm wide silica frustule surrounding the
Coscinodiscus cell (Jeffryes et al., 2015). Hitherto, most studies
have focused on empty frustules and to our knowledge the
in vivo light environment and how intact living Coscinodiscus
cells absorb, propagate and dissipate light energy as a function
of irradiance and spectral composition has not yet been
analyzed. In this study, photosynthesis-light response curves,
non-photochemical quenching (NPQ), and the wavelength-
dependent functional absorption cross-section of PS II
[Sigma(II)λ] were determined for blue, red and white actinic
light in the centric diatom Coscinodiscus granii using variable
chlorophyll fluorescence techniques. Mechanisms involved
in the stabilization of the cellular light environment and in
photo-protection are discussed with emphasis on the observed
alteration of the chloroplast distribution in response to high
levels of blue and white light.

MATERIALS AND METHODS

Cultivation, Growth Conditions, and
Experimental Set-Up
Semi-continuous cultures of C. granii strain K-1831
(Scandinavian Culture Collection, Copenhagen, Denmark)
were grown at 15◦C in L1 medium with silica (250µMNa2SiO3)
in 35 permil sterile filtrated seawater (Guillard and Hargraves,
1993). White light fluorescence light tubes (18W/865, Osram,
Munich, Germany) provided illumination with an incident
photon irradiance (PAR, 400–700 nm) of 100µmol photons m−2

s−1 from the bottom of a cultivation table in a 14/10 h day/night
cycle. Microalgae were maintained in 50mL polyethylene flasks
(Nunc™ cell culture treated EasYFlasks™, Thermo Scientific,
Waltham, United States) without any forced aeration or rotation.
If not stated otherwise, experiments were performed on three
biological replicates of C. granii in the exponential phase.

PSII Absorption Cross Section and
Chlorophyll Fluorescence Rapid Light
Curves
To account for differences in the wavelength specific absorption
of light in subsequent experiments, the functional absorption
cross section of PS(II), Sigma(II)λ, was determined. Sigma(II)λ
was further used to calculate absolute electron transport rates
as derived from chlorophyll fluorescence rapid light curves.
For this, a 1mL cell culture sample was transferred to a
quartz cuvette, which was then placed in the optical unit of
a multicolor pulse amplitude modulated (PAM) chlorophyll
fluorescence photosynthesis analyzer (MC-PAM, Heinz Walz
GmbH, Effeltrich, Germany) with a long pass filter (RG
665, Heinz Walz GmbH, Effeltrich, Germany) attached to
the fluorescence detector. The photon irradiance levels of the
LED array for specific program settings were calibrated with
a spherical micro quantum sensor (US-SQS/WB, Heinz Walz
GmbH, Effeltrich, Germany). Values were corrected using a zero
offset measurement on L1 medium. A three-fold gain and a four-
fold damping were set for all measurements. Non-actinic pulse-
amplitude modulated blue (BL), red (RL), or white measuring
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light was used. During illumination with actinic light and during
application of a 0.6 s saturating light pulse, the measuring
light frequency was increased to 100 kHz. Blue measuring light
and blue saturation pulses were applied during blue actinic
light measurements. Red measuring light and red saturating
pulses were used when red or white actinic light was used.
The fluorescence yield (F) was recorded prior to a saturation
pulse analysis yielding the maximum fluorescence yield in
dark adapted cells (Fm) or the maximum fluorescence yield
under different levels of AL (Fm

′). The effective photochemical

quantum yield of PS(II) was calculated as: Y (II) =
(Fm′−F)

Fm
(Genty et al., 1989).

Sigma(II)λ was derived in the fast acquisition mode of the
multicolor PAM, using the script-file Sigma100.FTM (Schreiber
et al., 2012) followed by a curve fit applied in the system software
PamWin3 (HeinzWalz GmbH, Effeltrich, Germany). The change
of Sigma(II)λ values for BL and RL in relation to WL were
calculated [Sigma(II)λ BL or RL per Sigma(II)λ WL]. Sigma(II)λ
values are presented as antenna per nm2 (Schreiber et al., 2012).

Parameters of the light dependent PSII electron transport were
derived from chlorophyll fluorescence data during 10 s irradiance
steps, i.e., rapid light curves (Wight and Critchley, 1999). The
magnetic stirrer in the quartz cuvette was switched off before
the saturation pulse was applied. Absolute electron transport
rates at PSII, ETR were calculated as ETR = PAR(II) · Y(II)

Y(II)max .

PAR(II) was calculated as PAR (II)= PAR·0.6022 · Sigma(II)λ,
where 0.6022·1024 is Avogadro’s constant with the dimension of
mol−1 (Schreiber et al., 2012).

Curve fits on ETR vs. irradiance curves were performed
according to Eilers and Peeters (1988), using the Microsoft Excel
add-on Solver (Microsoft Corporation, Redmond, USA). The
initial slope, alpha, the irradiance level where PS(II) reaches light
saturation, Ek, the maximum electron transport rate of PSII,
ETRmax, and the irradiance at ETRmax, PARmax, were calculated
from curve fits to the Sigma(II)λ corrected data according to
Eilers and Peeters (1988).

Light Stress Experiments
Light stress experiments were performed to estimate color-
and dose-dependent effects on an alteration of the chloroplast
distribution. Inhibitors were used to inhibit cytoskeleton
mediated high-light avoidance movement and back-movement
toward an even chloroplast distribution (ECD). Light intensities
were adjusted on the base of Sigma(II)λ values as described
above. Two milliliter of cell culture (500–1000 cells mL−1) were
transferred to each well of a tissue culture plate (TC Plate
24 Well, StandardF, Sarstedt, Nümbrecht, Germany). During
the light stress experiments, the lid of the cell culture plate
was removed. A monochromatic blue LED (473 ± 13 nm),
a red LED (636 ± 11 nm), and a white LED (452–647 nm
bandwidth) were used to subject the cells to high light stress
and induce an altered chloroplast distribution, here defined
as when chloroplasts aggregated within the cortical cytoplasm.
Empty frustules and broken cells that released their chloroplasts
were not considered. The spectral range of the LED arrays was
determined with a calibrated spectroradiometer (SpectriLight,
International Light Technologies Inc., Peabody, USA).

Using Sigma(II)λ values and PARmax data from ETR vs.
irradiance measurements described above, experimental photon
irradiance levels were adjusted to 600µmol photons m−2

s−1 BL, 1500µmol photons m−2 s−1 RL, and 1250µmol
photons m−2 s−1 WL. In this way, an equal amount of
photons entering PS(II) was ensured. Photosynthetic active
radiation (PAR) was measured with a spherical irradiance
probe connected to a quantum irradiance meter (model ULM
500, Heinz Walz GmbH, Effeltrich, Germany). Except for a
control kept in the dark, actinic BL, RL, or WL was applied
for 1 h.

Actin-mediated cytoskeleton movement was inhibited by
adding 1µL of 0.25µM latrunculin A (LAT-A) solution per
mL of culture (cat. no. L12370, Thermo Scientific, Waltham,
United States), while myosin-mediated cytoskeleton movement
was inhibited with 100µL of 50mM 2,3-butanedione monoxime
(BDM) solution (cat. no. B0753, Sigma-Aldrich, St. Louis,
Missouri, United States) per mL of cell culture (Cartaxana et al.,
2008). LAT-A and BDM stock solutions were prepared in DMSO
and culture medium, respectively. After the experiment, samples
were kept in the dark for 20 h to recover.

A dose-dependent alteration of the chloroplast distribution
was estimated by increasing BL from 0 to 1000µmol photons
m−2 s−1. Samples were tested after 10, 30, or 60min of
illumination. Chloroplast distribution patterns were determined
at 200x magnification using a light microscope (model Axiostar
plus FL, Carl Zeiss, Jena, Germany). In each replicate, 50–100
cells were evaluated.

Cell Imaging and Sytox® Green Lethality
Stain
Sytox R©green lethality stain was used to test the viability of cells
with an altered or an evenly distributed chloroplast pattern.
Altered chloroplast distribution in C. granii kept in tissue
culture plates (TC Plate 24Well, StandardF, Sarstedt, Nümbrecht,
Germany) was induced by exposure to 600µmol photons m−2

s−1 BL for 1 h. Samples were then stained with 0.5µM Sytox R©

green (Invitrogen™, Carlsbad, California) for 15min in the
dark according to Armbrecht et al. (2014), prior to counting
under epifluorescence light. Sytox R© green stained cells showing
an even or altered chloroplast distribution were determined
at 200x magnification using an Olympus BX50 epifluorescence
microscope.

Single Cell Analysis of Variable Chlorophyll
Fluorescence
Variable chlorophyll fluorescence was perform in order to
estimate the photosynthetic capacity of cells with an altered
or with an even chloroplast distribution, respectively. Single-
cell variable chlorophyll fluorescence was investigated with
a red-green-blue (RGB) pulse-amplitude-modulated (PAM)
chlorophyll fluorescence imaging system (RGB Microscopy-
IPAM, Heinz Walz GmbH, Germany) mounted on an epi-
fluorescence microscope (model Axiostar plus FL, Carl Zeiss,
Jena, Germany). The setup is described in detail by Trampe
et al. (2011). Measurements were performed with a 20x
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TABLE 1 | Photosynthetic characteristics of Coscinodiscus granii incubated under blue (BL), red (RL), and white (WL) light.

Description Parameter BL RL WL

Sigma determination Sigma 3.5± 0.4a 1.3± 0.2b 1.5±0.10b

ETR(II) curve fit parameter Alpha(ll) 0.44± 0.19a 0.08± 0.02b 0.06±0.01b

Pmax(ll) 41.4± 5.2a 35.1± 7.1a 32.3±5.7a

Ek(ll) 124± 42a 458± 21b 572±70b

PARmax(ll) 552± 40a 993± 71b 1145±141b

Experimental design Sigma fold WL 2.32± 0.41a 0.86± 0.17b 1.00±0.00b

LED spectral range [nm] 473± 13 636± 11 452–647

Intensities in Exp. [µmol m−2s−1 600 1500 1250

The wavelength dependent functional absorption cross-section of photosystem (PS) II [Sigma(II)λ ] was determined with a multicolor chlorophyll fluorescence analyzer. ETR(II) curve

fit parameter were derived from ETR light curves using the equation of Eilers and Peeters (1988). Sigma(II)λ data were used to account for differences in the light absorbed by PS(II).

Using the fold change to a WL source [Sigma(II)λ fold WL] similar light intensities were adjusted during the experiments. Statistically significant differences between the treatments are

indicated as different small letters (p < 0.05).

objective (Plan-Apochromate, Carl Zeiss GmbH, Germany).
Non-actinic blue measuring light was used and the effective
PSII quantum yield (YII) was determined with a high intensity
saturating BL pulse. The maximum fluorescence yield (Fm)
correction factor was set to 1.03, to account for signal
losses due to LED heating. The Y(II) values were calculated
using the system software (ImagingWin, Heinz Walz GmbH,
Germany). For each sample, quantitative analysis of variable
chlorophyll fluorescence was performed on 10 cells with evenly
distributed chloroplasts and 10 cells with an altered chloroplast
distribution. Only up to 5 cells with an altered chloroplast
distribution were analyzed in the control group because of lower
occurrence.

Statistical Analysis
Significant differences among treatment groups were determined
with One- or Two-way analysis of variance (ANOVA) followed
by Holm Sidak post-hoc tests. Data were log10-transformed to
normality if necessary. The ANOVA results are presented with
F and p-values. Post-hoc results are indicated with p-values.
Differences at the p < 0.05 level are reported as significant.
All statistical tests were carried out with SigmaPlot 11.0 (Systat
Software, Inc., Richmond, USA).

RESULTS

Functional PSII Absorption Cross Section
and PSII Activity as a Function of
Irradiance.
Significant differences in Sigma(II)λ were observed between BL
(3.5 ± 0.4 nm2) and both RL (1.3 ± 0.2 nm2; p < 0.001) and
WL (1.5 ± 0.1 nm2; p < 0.001), but not between RL and WL
(p = 0.291; Table 1). Sigma(II)λ was 2.3 ± 0.4 fold higher in
blue light than in white light, while Sigma(II)λ was 0.9 ± 0.2
fold lower in red light than in white light (Table 1). Parameters of
rapid light curves derived from chlorophyll fluorescence analysis
revealed significantly higher alpha in BL (0.44 ± 0.19µmol
e− µmol−1 photons) compared to RL (0.08 ± 0.02; p =

0.006) and WL (0.06 ± 0.01; p = 0.03; Table 1). A trend of

higher ETRmax under BL (41.4 ± 5.2µmol e− m−2 s−1) as
compared to RL (35.1 ± 7.1µmol e− m−2 s−1) and WL (32.3 ±
5.7µmol e− m−2 s−1) was not significant (p = 0.543). The
light saturation index Ik was significantly different between BL
(124.4µmol photonsm−2 s−1) and RL (458.2µmol photonsm−2

s−1; p < 0.001) and between BL and WL (572 ± 70µmol
photons m−2 s−1; p = 0.003), but not between RL and
WL (p = 0.149; Table 1). Significant differences in PARmax

between BL (552 ± 40µmol photons m−2 s−1; p = 0.003)
and RL (993 ± 71µmol photons m−2 s−1) and between BL
and WL (1145 ± 141µmol photons m−2 s−1; p = 0.010),
but not between RL and WL (p = 0.250) were observed
(Table 1). Absolute ETR(II) was higher at BL than at RL and WL
(Figure 1A). The dose-dependent increase of NPQ was higher
with BL as compared to WL, while RL induced almost no NPQ
(Figure 1B).

Light Stress Experiments
An altered chloroplast distribution (Figures 2B,D) was observed
in 32 ± 5% of cells after 1 h exposure to BL, which was
significantly higher than in the control group (5 ± 2%;
p < 0.001) (Figure 3A). No significant differences were
found between RL-induced altered chloroplast distribution (8
± 3%; p = 0.289) and the control group. An increase cells
with altered chloroplast distribution (to 19 ± 2%) after 1 h
exposure to WL was significant (p < 0.001; Figure 3A).
No statistical significance was found when comparing the
frequency of altered chloroplast distribution after 1 h of high
light exposure and after 20 h of recovery in the dark [F(1,23) =

0.819; p = 0.379; Figure 3A]. The frequency of cells with
altered chloroplast distribution in amounted to 22 ± 4%
for BL, 9 ± 4% for RL, and 19 ± 15% for WL samples,
respectively. The presence of LAT-A did not significantly affect
the altered chloroplast distribution as compared to untreated
samples [F(1,23) = 0.793; p = 0.386; Figure 3B]. After
20 h of recovery in the dark, altered chloroplast distribution
increased significantly in all samples treated with latrunculin
A (LAT-A) [F(1,23) = 31.825; p < 0.001]. Compared
to untreated samples, presence of butanedione monoxime
(BDM) significantly increased the altered chloroplast distribution
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FIGURE 1 | Rapid chlorophyll fluorescence light-response curves of

Coscinodiscus granii under blue, red, and white light. (A) Absolute PSII

electron transport rates, ETR; (B) Non photochemical quenching, NPQ.

Average values and standard error (n = 3) are indicated.

[F(1,23) = 31.778; p < 0.001; Figure 3C], and in the presence
of BDM cells with an altered chloroplast distribution increased
further after a 20 h dark recovery period [F(1,23) = 29.153; p <

0.001].

Time and Dose-Dependent Induction of
Altered Chloroplast Distribution Patterns
Both time and dose of BL-exposure did significantly increase
altered chloroplast distribution patterns [F(2,53) = 33.866;
p < 0.001; Figure 4]. Compared to the control (dark),
there was no significant increase in the altered chloroplast
distribution pattern after 10min of BL-exposure, even under
a photon irradiance of 1000µmol photons m−2 s−1 (p =

0.275). After 30min of BL-exposure, there was a significantly
increased frequency of cells with altered chloroplast distribution
[12 ± 5% at 700µmol photons m−2 s−1 (p = 0.001),
and of 18 ± 4% at 1000µmol photons m−2 s−1 (p <

0.001)]. A significantly increased frequency of cells with altered
chloroplast distribution to 14 ± 3% after 60min was found
under lower photon irradiance of 300µmol photons m−2

s−1 of BL (p < 0.001). After 60min of BL exposure,
the frequency of altered chloroplast distribution did further
increase reaching maximum values of 37 ± 5% under a
photon irradiance of 1000µmol photons m−2 s−1 of BL (p <

0.001).

FIGURE 2 | Chloroplast distribution in cells of Coscinodiscus granii.

(A,C) Even chloroplast distribution (ECD); (B,D) An altered chloroplast

distribution (ACD) can be observed after harmful light doses in some of the

cells. View from the top (A,B) and from the side (C,D).

Single Cell Variable Chlorophyll
Fluorescence and Cell Mortality
Cells with altered chloroplast distribution exhibited a significant
decrease in Y(II), independently from whether cells were treated
with high levels of blue light (600µmol m−2 s−1 BL) for 1 h,
or if they were kept in the dark [F(1,19) = 727.167; p < 0.001;
Figure 5A]. In untreated cells, Y(II) decreased from 0.44 ± 0.02
in cells with evenly distributed chloroplasts to 0.00 ± 0.01 in
cells with altered chloroplast distribution (p < 0.001; compare
Figure 6). After BL exposure, Y(II) decreased from 0.35 ± 0.03
in cells with evenly distributed chloroplasts to 0.00± 0.08 in cells
with altered chloroplast distribution (p < 0.001). Recovery for
20 h in the dark did not significantly change the Y(II) of cells
with altered chloroplast distribution [F(1,39) = 0.199; p = 0.658;
Figure 5B].

Sytox® Green Lethality Staining
Sytox R© green showed positive staining for only 7 ± 4% of
cells with an even chloroplast distribution. The percentage cells
showing an altered chloroplast distribution pattern that were
stained with Sytox R© green was significantly higher [F(1,5) =

27.505; p = 0.006] reaching 51± 9% (Figure 7).

DISCUSSION

In the present study, effects of BL, RL, andWL on photosynthesis,
and light-induced alteration of the chloroplast distribution in
the centric diatom C. granii were investigated. Blue light was
channeled much more efficiently to PSII than WL and RL based
on Sigma(II)λ measurements (Table 1). This observation is in
accordance with studies on the pennate diatom Phaeodactylum
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FIGURE 3 | Proportion of Coscinodiscus granii cells with an altered

chloroplast distribution (ACD), after 1 h exposure to either 600µmol

m−2 s−1 BL, 1500µmol m−2 s−1 RL, or 1250µmol m−2 s−1 WL (after

exposure) and after 20h of recovery in the dark (after 20h recovery) (A)

in absence and presence of the cytoskeleton inhibitors LAT-A (B) and

BDM (C). Average values and standard error (n = 3) are indicated. Statistically

significant differences between the treatments are indicated as different small

letters (p < 0.05).

tricornutum (Schellenberger Costa et al., 2013) and other
phytoplankton species (Gilbert et al., 2000). Photosynthetic
electron transport from PSII, ETR(II) saturated sooner under BL,
and reached much higher levels than under RL or WL (Table 1;
Figure 1A). We also observed a higher energy dissipation via
NPQ under BL (Figure 1B) while RL-induced NPQ was very
low and did not significantly increase with irradiance. Overall,
high Ek and high ETRmax observed under all applied spectral
regimes indicate an outstanding photosynthetic capacity of
C. granii (Table 1), indicating that this diatom can employ

FIGURE 4 | Induction of altered chloroplast distribution (ACD) in

Coscinodiscus granii after 10, 30, and 60min of exposure to increasing

BL photon irradiance levels. Average values and standard error (n = 3) are

indicated.

efficient mechanisms to dissipate excessive irradiance and/or to
prevent damages to the photosynthetic apparatus.

BL, RL, and WL were used to induce an alteration of the
chloroplast distribution in C. granii. Based on measurements
of Sigma(II)λ we could adjust the actinic light levels under
the different spectral regimes ensuring equal amounts of light
absorbed by the PS(II) antennae, i.e., 600µmol m−2 s−1 of BL,
1500µmol m−2 s−1 of RL, and 1250µmol m−2 s−1 of WL;
all irradiance levels were well beyond the saturation point of
photosynthesis in Coscinodiscus (Table 1).

Under low light conditions, the chloroplasts were evenly
distributed within the cortical stroma (Figures 2A,C). Only
high doses of BL and WL promoted an alteration of the
intracellular chloroplast arrangement in a significant number
of cells by aggregation of chloroplasts in the cortical cytoplasm
(Figures 2B,D). Interestingly, the number of cells showing an
alteration of the chloroplast arrangement was not increased
when high RL was applied (Figure 3A), although incident RL
irradiances were much higher (Table 1). High-light avoidance
movement of chloroplasts and reversion toward an evenly
distribution under low light can reduce light-induced stress and
optimize photosynthetic performance under fluctuating light
regimes (Haupt, 1973). Chloroplast movement is mediated by
photoreceptors that have been found in diatoms (Schnitzler
Parker et al., 2004; Montsant et al., 2005; Bowler et al., 2008;
Depauw et al., 2012). It was therefore expected that C. granii
performed chloroplast high-light avoidance movement under
high light stress. Yogamoorthi (2007) observed a dose-dependent
alteration of the chloroplast arrangement in Coscinodiscus gigas
toward a more aggregated state after treatment with UV-
B irradiation. In our study, an increase of cells exhibiting
an altered/aggregated chloroplast arrangement was observed
depending on irradiance level, exposure time and light color.
However, we did not observe any reversion toward a more even
chloroplast distribution pattern even after a recovery of 20 h in
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FIGURE 5 | Variable chlorophyll fluorescence in cells of Coscinodiscus granii showing an even chloroplast distribution (ECD) or an altered chloroplast

distribution (ACD) after exposure to high blue light (A) and after recovery in the dark (B). Statistically significant differences between the treatments are

indicated as different small letters (p < 0.05).

FIGURE 6 | Maximal chlorophyll fluorescence yield, Fm′, and effective PSII quantum yield, Y(II), in Coscinodiscus granii cells during alteration of the

chloroplast arrangement under high BL photon irradiance. In cells with an even chloroplast distribution (ECD) (A–D), Y(II) decreased upon illumination with BL

for 30min (B) and recovered after 30min in the dark (C). After an alteration of the chloroplast distribution, Y(II) decreased after illumination with BL for 30min (E) and

did not recover after 30min in the dark (F).

the dark (Figure 3A). Such reversion could be expected under
low light conditions or upon far RL illumination (Kasahara
et al., 2004) and in the diatom Pleurosira laevis, reversal from
an aggregated chloroplast distribution toward a more even
distribution has also been observed under green light (Shihira-
Ishikawa et al., 2007).

Both, high-light avoidance movements and back movement
are mediated through the cytoskeleton. While high-light
avoidance movement is mediated by myosin, back movement
is regulated by actin filaments (Sato et al., 2001; Takagi, 2003;

Krzeszowiec et al., 2007; Paves and Truve, 2007). In presence of
inhibitors of both actin- and myosin-mediated movements, we
found an increasing number of C. granii cells with an altered
chloroplast pattern (Figures 3B,C). These results are in contrast
to the observation of Shihira-Ishikawa et al. (2007), describing
inhibition of BL-induced high-light avoidance movement of
chloroplasts with myosin-disrupting agents, and inhibition of
green light (GL)-induced back movement using actin-inhibitors
in the centric diatom Pleurosira laevis. After recovery in the
dark, we observed that the amount of C. granii cells with
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FIGURE 7 | Lethality test using Sytox® green staining on Coscinodiscus granii cells with an even chloroplast distribution (ECD) (A,C) or an altered

chloroplast distribution (ACD) (B,D). (E) Proportion of cells that were positively tested on lethality. (C) Cells with an ECD always showed a pronounced chlorophyll

auto-fluorescence. Average values and standard error (n = 3) are indicated. Statistically significant differences between the treatments are indicated as different small

letters (p < 0.05).

an altered chloroplast distribution even increased in presence
of cytoskeleton inhibitors (Figures 3B,C), indicating potential
lethal effects of such long-term incubation. It was also surprising
that the number of cells showing an alteration in chloroplast
arrangement did not increase within 10min at high BL doses
(Figure 4) and only after 30min at >700µmol photons m−2

s−1, did the number of cells with an altered chloroplast pattern
increase significantly. Earlier studies showed that high-light
avoidance chloroplast movement is induced within a fewminutes
in terrestrial phototrophs (Kasahara et al., 2002; Wada et al.,
2003) as well as in micro- and macro-algae (Haupt, 1973),
including diatoms (e.g., Furukawa et al., 1998). Fast induction
of chloroplast high-light avoidance movement might prevent
photo-induced damages of the photo apparatus on the short term
but if such movement would take too long, the system could
already be damaged.

To estimate the photosynthetic state of cells with an altered
chloroplast distribution, measurements of variable chlorophyll
fluorescence were performed on the cellular scale. Surprisingly,
cells with an altered chloroplast distribution showed a dramatic
loss PSII quantum yield, Y(II) (Figures 5A, 6). While a
reduction could be interpreted as a physiological protection
to high light (Genty et al., 1989), total loss of Y(II) rather
indicates absence of photochemical quenching and an inactive
photosynthetic apparatus. This could be explained by severe
damage due to excessive light. Furthermore, Y(II) of cells
with an altered chloroplast distribution did not recover even
after a dark period of 20 h (Figure 5B) and application of the
SYTOX R© green stain revealed that a high proportion of cells
with an altered chloroplast arrangement were actually dead
(Figure 7).

The cause for alterations in the chloroplast distribution in
C. granii remains unclear. After exposure to high irradiance,
alteration of the chloroplast arrangement occurred only after a

period of >30min and then the alteration process happened
within seconds, occasionally followed by a cracking of the frustule
and the release of chloroplasts. This observation indicates a time-
dependent accumulation of stress under high light exposure,
until a critical concentration threshold is reached triggering
rapid movement and aggregation of chloroplasts. We speculate
that such stress could be related with the formation of reactive
oxygen species, combinedwith a dramatic decrease of the luminal
redox state to a level, which can no longer be buffered by
protection mechanisms such as the Ddx cycle. We note that
the light doses needed to induce such an apparently irreversible
alteration of the chloroplast arrangement reflect irradiance
maxima occurring in the aquatic environment of Coscinodiscus.
Nevertheless, it is even more astonishing that a majority
of cells did neither show an alteration of their chloroplast
arrangement (Figure 3A), nor a significant decrease in variable
chlorophyll fluorescence even after long term exposure of 1 h
(Figure 4). Such apparent high light tolerance of C. granii was
supported by the observation that cells with an evenly distributed
chloroplast pattern did not show a positive Sytox R©green death
staining even after 1 h of exposure to high BL irradiance
(Figure 7).

Our results suggest that C. granii can sustain high irradiance.
However, this capacity is not promoted by chloroplast high-
light avoidance movements, and Coscinodiscus may thus use
other mechanisms to stabilize their cellular light environment.
The effective cross-sections for photochemistry, of large diatom
species such as Coscinodiscus is usually lower compared to
smaller cells, hence showing lower susceptibility to photo
inactivation (Key et al., 2010). Furthermore, diatoms have been
shown to have exceptionally high capacity for rapid and large
induction of the xanthophyll cycle under light stress leading to
the thermal dissipation of harmful excess energy (Ruban et al.,
2004). The silica frustule stabilizes the diatom cell and protects
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against predation (Hamm et al., 2003), but the frustule of diatoms
also has unique optical properties (e.g., Fuhrmann et al., 2004;
De Stefano et al., 2007; Lettieri et al., 2008; Chen et al., 2015),
and recent work suggest that the silica frustule also plays a
role in adaptation to spectral light changes (Su et al., 2015).
High photosynthetic efficiencies in the centric diatom C. granii
thus might be promoted by physiological mechanisms and by
structural features on the microscale, but not by chloroplast
high-light avoidance movement.
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