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Abstract

Non-photochemical quenching (NPQ) is a fast acting photoprotective response to high light stress triggered by over excita-
tion of photosystem II. The mechanism for NPQ in the globally important diatom algae has been principally attributed to a
xanthophyll cycle, analogous to the well-described qE quenching of higher plants. This study compared the short-term NPQ
responses in two pennate, benthic diatom species cultured under identical conditions but which originate from unique light
climates. Variable chlorophyll fluorescence was used to monitor photochemical and non-photochemical excitation energy
dissipation during high light transitions; whereas whole cell steady state 77 K absorption and emission were used to measure
high light elicited changes in the excited state landscapes of the thylakoid. The marine shoreline species Nitzschia curviline-
ata was found to have an antenna system capable of entering a deeply quenched, yet reversible state in response to high light,
with NPQ being highly sensitive to dithiothreitol (a known inhibitor of the xanthophyll cycle). Conversely, the salt flat species
Navicula sp. 110-1 exhibited a less robust NPQ that remained largely locked-in after the light stress was removed; however,
a lower amplitude, but now highly reversible NPQ persisted in cells treated with dithiothreitol. Furthermore, dithiothreitol
inhibition of NPQ had no functional effect on the ability of Navicula cells to balance PSII excitation/de-excitation. These
different approaches for non-photochemical excitation energy dissipation are discussed in the context of native light climate.
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Abbreviations PS Photosystem
Chl Chlorophyll qE Non-photochemical excitation energy dissipa-
DD Diadinoxanthin tion induced by energization of the thylakoid
DT Diatoxanthin qE,onxc  qE not directly dependent on xanthophyll cycle
DTT Dithiothreitol pigment conversion for induction
FCP Fucoxanthin chlorophyll protein qExc qE directly dependent on xanthophyll cycle pig-
FWHM Full width at half maximum ment conversion for induction
Fx Fucoxanthin SD Standard deviation of the mean
HL “High light”, i.e., illumination at an irradiance SE Standard error of the mean

level that saturates the pre-existing photosyn- ApH The trans-thylakoid proton gradient

thetic capacity oPSII Effective PSII absorbance cross section
LHC Light harvesting complex Oi_gp Effective absorbance cross section for excitation
NPQ Non-photochemical quenching pressure generation

~ Approximately

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s11120-018-0558-0) contains
supplementary material, which is available to authorized users. Introduction

< Allen K. Derks

aderks @brocku.ca Photosynthetic organisms have a compromising relationship

with their light environment: there is the obligatory need
Department of Biological Sciences, Brock University, for photons, but a rapid increase in light intensity can dis-

é SIZdSir Isaac Brock Way, Saint Catharines, ON L2 3Al, rupt photostasis with potentially deleterious consequences.
anada

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11120-018-0558-0&domain=pdf
https://doi.org/10.1007/s11120-018-0558-0

150

Photosynthesis Research (2018) 138:149-165

Heightened excitation pressure on photosystem (PS) II
develops when the amount of light energy absorbed by the
antenna system and transferred to the PSII reaction centre
exceeds what can be dissipated via the relatively slower
processes of photochemistry and forward electron transport
(Huner et al. 1998). Over excitation of PSII can lead to the
formation of reactive oxygen species, photodamage, and ulti-
mately inactivation of PSII (photoinhibition). Over acidifica-
tion of the lumen and over reduction in the redox status of
the photosynthetic electron carriers are physiological indi-
cators of high PSII excitation pressure (Derks et al. 2015).

Diatoms account for a significant proportion of all aquatic
primary production (Smetacek 1999); these ubiquitous algae
can also be important constituents of terrestrial communi-
ties (Kirkwood and Henley 2006; Schulz et al. 2016). The
growth rate and photosynthetic capacity of diatoms are less
affected by light fluctuations than other groups of algae
when measured in the laboratory (Mitrovic et al. 2003) or in
the field (Petersen et al. 1998). Diatoms also show a higher
resistance to PSII photoinactivation when compared to other
algal groups (Key et al. 2010).

Non-photochemical quenching (NPQ) is a process
whereby PSII excess excitation energy is dissipated non-
radiatively as heat. NPQ is readily observed in vivo as a drop
in maximal PSII fluorescence during high light (HL) illu-
mination. Quenching can originate from within the antenna
system or within the PSII reaction centre (Derks et al. 2015).
qE describes a fast acting (induced within a few seconds of
HL illumination) form of NPQ which is dependent on ApH
(the trans-thylakoid proton gradient) energization of the thy-
lakoid. qE in higher plants has been intensely investigated,
though there remains active discussion about many of the
mechanistic details (reviewed by Derks et al. 2015; Ruban
2016). There is solid evidence that a major component of
the antenna-based qE mechanism in higher plants involves
a ApH triggered, xanthophyll cycle-modulated change in
light harvesting complex (LHC) II macro-organisation that
creates Chla—Chla and/or Chla—carotenoid associations with
short-lived excited states (Horton et al. 2005; Miloslavina
et al. 2008; Andreeva et al. 2009; Ruban et al. 2012). Xan-
thophyll cycle dependent qE is hereafter referred to as qExc.

Diatom NPQ has been principally attributed to qEx.
mediated by the diadinoxanthin (DD)/diatoxanthin (DT)
cycle, whereby acidification of the lumen activates DD
de-epoxidase conversion of DD to DT. qEy. induction in
diatoms seems to require both ApH and active DD de-epox-
idation (Lavaud 2007; Goss and Jakob 2010). Dithiothreitol
(DTT), a well-known inhibitor of plant violaxanthin de-
epoxidase (Hieber et al. 2002), also inhibits DD de-epoxida-
tion in diatoms (Grouneva et al. 2008). Ammonia, acting as
a membrane permeable proton scavenger, has been shown to
inhibit diatom qE and dissipate pre-existing qE (Ruban et al.
2004). Upon termination of HL conditions, NPQ in diatoms
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generally relaxes more slowly than in higher plants, which
has been attributed to a strong dependence on DT epoxida-
tion (Ruban et al. 2004; Lavaud 2007). LHCs of diatoms
are composed of fucoxanthin chlorophyll proteins (FCPs),
heavily enriched in the xanthophyll fucoxanthin (Fx) and
containing Chlcs as a substitute for Chlb. FCPs are structur-
ally and functionally heterogeneous, differing in protein and
pigment composition, and oligomeric organization within
the thylakoid, with some FCP complexes being more tightly
coupled to PSII or PSI while other FCP complexes form
aggregates which more weakly associate with the photo-
systems (Lavaud et al. 2003; Lepetit et al. 2010; Grouneva
et al. 2011; Gundermann et al. 2013; Gardian et al. 2014,
Gundermann and Biichel 2014). The stress-related Lhcx pro-
teins serve to modulate the NPQ response (Zhu and Green
2010; Bailleul et al. 2010; Lepetit et al. 2017). Investigators
have variably implicated FCP supramolecular reorganisation
and Chla-carotenoid and Chla—Chla interactions in diatom
qE (Frank et al. 1996; Ruban et al. 2004; Miloslavina et al.
2009; Chukhutsina et al. 2014; Wahadoszamen et al. 2014;
Goss and Lepetit 2015; Giovagnetti and Ruban 2017). Work-
ing NPQ models have advocated that there are two distinct
types of quenching sites in diatoms (Miloslavina et al. 2009;
Chukhutsina et al. 2014; Lavaud and Goss 2014; Derks et al.
2015; Goss and Lepetit 2015). pH-induced decoupling in
inter-PSII monomer energy transfer has been suggested
to facilitate non-photochemical quenching (Yokono et al.
2015). PSII cyclic electron transfer can be another impor-
tant photoprotective mechanism in some diatoms, enabling
PSII to dynamically react to very rapid changes in irradiance
independent of qEy (Lavaud et al. 2002, 2007).

The NPQ responsiveness of a diatom species/strain can be
regarded as a functional marker for its light niche, and may
explain the spatial and geographic distribution of diatoms
in the modern oceans (Lavaud et al. 2007, 2016; Goss and
Jakob 2010; Giovagnetti et al. 2014; Juneau et al. 2015).
Lavaud et al. (2007) initially compared the photoprotective
behavior of planktonic diatom species isolated from marine
habitats with different water mixing dynamics after being
cultured under identical light regimes. Species from stable
light environs (open ocean and coastal waters) had the lowest
NPQ capacity, whereas the species from a highly dynamic
underwater light climate (estuary) exhibited the highest NPQ
capacity (Lavaud et al. 2007). Coastal diatoms exposed to
gradual changes in irradiance representative of diel light
cycles exhibit a slow inducing, moderate amplitude NPQ;
yet perform a fast inducing, higher magnitude NPQ response
when exposed to mixing-related changes in irradiance (Gio-
vagnetti et al. 2014). The photophysiological responses of
benthic diatoms can vary according to their specific habitats
and morphology, including cell motility (Barnett et al. 2015;
Juneau et al. 2015; Blommaert et al. 2017, 2018). The PSII
repair cycle has been shown to work in close coordination
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with the NPQ responses of species originating from both
a fluctuating and a more stable light climate (Lavaud et al.
2016), confirming the fundamental role of NPQ in diatom
photophysiology.

The objective of this study was to compare the fast-act-
ing photoprotective responses of two pennate diatom spe-
cies which originate from different benthic light climates.
Nitzschia curvilineata was collected from the Long Island
Sound shoreline in Connecticut, USA (Provasoli-Guillard
National Center for Marine Algae and Microbia. Bigelow
Laboratory for Ocean Sciences 2017). This species was
hypothesized to exhibit a robust NPQ response over a broad
range of HL intensities, with NPQ induction/relaxation
kinetics in the time frame of wave-induced mixing (seconds
to minutes). Navicula sp. 110-1 was isolated from the soil
surface of the Great Salt Plains salt flat in Oklahoma, USA
(Kirkwood and Henley 2006). The salt flat can be considered
a more photostable environment than the shoreline; fluctua-
tions in light would be primarily due to atmospheric and diel
effects, not by mixing through a water column. Navicula was
hence hypothesized to exhibit a less dynamic NPQ response
as compared to its shoreline counterpart. The NPQ processes
in these two species were characterized in whole cells by
using: (i) 77 K steady state absorption and emission spec-
troscopy to measure HL elicited changes in the absorbance
and energy transfer landscapes of the thylakoid, (ii) variable
fluorescence to monitor in real-time PSII excitation energy
conversion during HL transitions, and (iii) DTT and NH,CI
treatments to estimate the contribution of qEy towards non-
photochemical energy dissipation.

Methods
Culturing and sample preparation

Nitzschia curvilineata (CCMP 555) and Navicula sp. 110-1
(CCMP 2566) were purchased from NCMA (Provasoli-
Guillard National Center for Marine Algae and Microbiota,
Bigelow Laboratory for Ocean Sciences, East Boothbay,
Maine, USA). Cultures were grown in an oligotrophic arti-
ficial sea water medium based upon the ESAW (Berges et al.
2001) and F/2 (Guillard 1975) formulations with silicate
added in the form of Na,SiO; X 9H,0 to a final concentration
of 200 pM. Cultures were grown in 1 L polycarbonate square
bottles vented through the top caps with 0.2 pm polytetra-
fluoroethylene filter membranes. Culture bottles were placed
in an 18 °C water bath and illuminated from the sides by GE
Daylight 6500 K compact fluorescent lamps. Photon flux
reaching inside the culture bottles was 50 + 10 pmol m2s~",
measured with a LI-189 lightmeter (Li-Cor, USA). Cultures
were grown under an 18 h day/6 h night cycle and gently
shaken twice diurnally. Cultures were maintained at a Chla

concentration of approximately (~) 0.05 mg/mL by regularly
diluting the cultures with fresh growth media. Cells were
cultured under these continuous growth conditions for at
least 2 months after receipt from NCMA before being used
for physiological measurements. Cell samplings were col-
lected from the bottom of the culture bottles at times cor-
responding to midday of the photoperiod and were treated to
the following routine immediately prior to experimentation:
(1) Cell aliquots were dark adapted at 18 °C for 15 min, (2)
cells were concentrated by spinning at low RPM for 30 s in
the dark. Supernatant was discarded, (3) cells were gently
suspended in fresh growth media supplemented with 10 mM
KHCO; to an equivalent Chla concentration of 0.1 mg/mL
for 5 min at 18 °C in the dark. Bicarbonate was added to
prevent CO, limitation in the concentrated cell samples.
The growth media+ 10 mM KHCOj; solution was aug-
mented with DTT or NH,CI as required. All solutions were
made fresh daily, (4) cells were concentrated by spinning at
low RPM for 30 s in the dark. Supernatant was removed to
achieve desired Chla concentration.

Pigment analysis

Pigment extractions were performed under low light and
on ice. Cell sample concentrations (mg/mL Chla) were cal-
culated from methanol extracts using the extinction coef-
ficient of Porra et al. (1989). Determination of cell pigment
composition was adapted from Seely et al. (1972) using the
extinction coefficients and solvent ratios described therein:
cells were collected via centrifugation and then rinsed in dis-
tilled water, the washed cell pellet was suspended in dime-
thyl sulfoxide for 15 min, the extract was collected, and then
the pellet was suspended in acetone for 5 min, the extract
was collected, and then the pellet was rehydrated with dis-
tilled water, the acetone treatment was repeated, the pellet
was suspended in 1:1 acetone: methanol (volume: volume)
for 5 min, the extract was collected. An absorption spectra
of the pooled extract was collected using a DW-2 scanning
spectrophotometer (Aminco, USA) in split mode, 1.0 nm
slit width controlled by an OLIS acquisition system (OLIS,
Bogart, GA, USA). Optical density values were kept <0.3.

Low temperature spectroscopy
Absorption spectra

The DW-2 spectrophotometer described above was recon-
figured in lab to be used in a surface reflectance mode. The
measuring beam was optically coupled into one leg of a
bifurcated fibre optic bundle; the common end of the bundle
was used to deliver the measuring light to the sample and
collect the reflected signal light; the other leg of the bundle
was used to deliver the signal light to the photomultiplier
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detector. Another bifurcated fiber optic bundle was used in
the same manner for the reference signal. The positioning
of the fibre bundles was optimized to negate any positional
effects from the individual fibres on light collection and
emission from the bundles. Three-eighths inch diameter
circles of P8 filter paper (Fischer Scientific) were affixed to
one end of 1/2 inch diameter steel rod cold fingers using a
small amount of thermal grease. Samples were exposed to
the appropriate light regime, loaded onto the filter paper,
then flash frozen in liquid N, under the corresponding light
conditions. Filter paper plus the same suspension media used
with the sample was used as the reference blank. A custom
sample holder held the cold fingers above a liquid N, reser-
voir and coupled the fibre optic bundles. Actual temperature
of the sample in this setup was 77-80 K as measured with
a cryo-silicon diode (model 9600-1; Scientific Instruments
Inc, West Palm Beach, Fla., USA). The samples were ther-
mally stable for the duration of spectra collection. Optical
density values were kept <0.3.

Emission spectra

Excitation light was provided by a 470 nm LED (Cree SiC
Technology, Durham, N.C., USA) filtered through a 480 nm
12.5 nm FWHM bandpass filter. Samples of 0.18 mg/mL
Chla were loaded into 3/16 inch diameter, 1 mm deep wells
of PVC sample sticks, exposed to the desired light regime,
then flash frozen in liquid N, under the same light condition.
The sample sticks were positioned within the narrow stem
of a custom Pyrex dewar and submerged in liquid N,. A
stream of pressurized air was used to prevent condensation
buildup. Sample emission was collected 90° to excitation
by a fibre bundle protected with a 660 nm Schott long-pass
filter. The fibres of the distal-to-sample end of the bundle
were arranged so as to form the entrance slit to the detection
side monochromator (Triax 320; Jobin Yvon Inc, Edison,
NJ, USA). The detector was a liquid N, cooled CCD array
(Symphony; Jobin Yvon). The system was calibrated to the
spectral lines of a neon lamp and had a detection bandwidth
resolution of 1.5 nm FWHM. Background emission spectra
collected under the same experimental conditions were sub-
tracted from the raw spectra, and then the resulting spectra
were corrected using an instrument response function cre-
ated from the experimentally collected emission spectra of
the fluorescent dye LDS-751 and the published corrected
spectra of said dye (Lakowicz 2006).

PAM (pulse amplitude modulated) fluorometry
Definition of fluorescence parameters

Fmdarkis the maximal fluorescence level attained in dark
adapted cells during the application of a saturating light
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pulse. Fm'is the maximal fluorescence level attained in cells
during the application of a saturating light pulse. Fodark is
the basal fluorescence level attained in dark adapted cells
prior to application of a saturating light pulse (measured
with the application of weak far-red light). Fo'is the basal
fluorescence level attained in cells after the application of a
saturating light pulse during illumination (measured without
actinic illumination in the presence of weak far-red light).
Ft is the transient fluorescence level prior to application of
a saturating light pulse.

The maximum quantum efficiency of PSII
photochemistry:

Fmdark — Fodark

OPSII =
Fmdark

The photochemical quenching parameter:

Fm' — Ft

p=_-——"—""
9 Fm' — Fo'

The extent of Stern—Volmer non-photochemical fluores-
cence quenching (Bilger and Bjorkman 1990):

Fmdark — Fm'

NPQ =
Q Fm'

The quantum yields of PSII energy flux (Hendrickson
et al. 2004):

$PSII = M
Fm’
Ft Ft
NPQ = —
PNPQ Fw!  Fmdark
Ft
NO =
¢ Fmdark

Experimental setup

Dark adapted samples of 3 mg/mL Chla were placed into
11 mm diameter X 2 mm high silicon walled sample cham-
bers and covered with a #1 20X 20 mm coverslip (Fischer
Scientific). The sample chamber was placed into a custom
built temperature controlled sample holder held at 18 °C. A
multifurcated fibre optic bundle was used to deliver the vari-
ous light sources to the sample and collect the fluorescence
signal from the sample. The common terminus of the fibre
optic bundle was coupled to the sample from above. The
fibres in the common terminus of the bundle were mixed to
minimalize small scale positioning effects within the sam-
ple. The pulsed measuring light was provided by a 470 nm
LED (Cree SiC Technology). Fluorescence emission was
selected for amplification with a 680 nm long-pass Schott
glass filter. A PAM 101 chlorophyll fluorometer (Heinz Walz
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GmbH, Effeltrich, Germany) powered by an external bat-
tery was used to modulate the measuring light and lock-in
amplify the fluorescence signal. For quasi-dark measure-
ments the measuring light was pulsed at 1.6 KHz giving an
integrated photon flux reaching the sample of no more than
0.50 umol m~2 s~!. For measurements under illumination
conditions the measuring light was pulsed at 100 KHz to
increase kinetic resolution. Multiturnover saturating light
pulses (5000 umol m~2 s~!, 300 ms) were used to momentar-
ily close PSII reaction centres for the collection of Fmdark
and Fm'. Multiturnover saturating light pulses and actinic
light were provided by a solid state triggered high power
dual channel LED (neutral white; LED Engine Inc) allow-
ing independent control over intensity and duration for the
saturating light pulses and actinic light. These white light
sources were passed through a 675 nm high performance
short-pass filter (Edmund Optics, Barrington, N.J., USA).
Photon flux from the 100 KHz measuring light was included
when measuring actinic light photon flux. Far-red light for
collection of Fodark and Fo' was provided by a solid state
triggered 720 nm LED (LED Engine Inc). The saturating
light pulse/actinic light and far-red light modules were
designed and built in lab (A.D.). The PAM 101 electronics
were modified to allow remote triggering of measuring light
and pulse frequency selection. Output signal voltage from
the PAM 101 was digitized with a 12 bit 250,000 samples/
second analogue/digital converter (PCI-DAS1000; Measure-
ment Computing, Norton, MA., USA). Software developed
in lab (A.D.) was used to control triggering of all the light
sources and to collect and process the fluorescence signal
in real-time.

Effective PSIl absorbance cross section
measurements

Effective PSII absorbance cross section (cPSII) measure-
ments were performed following the approach of Falkowski
and Chen (2003). Cells were dark adapted for 15 min, then
resuspended in growth media+ 10 mM KHCO; doped with
4 uM final concentration DCMU (3-(3,4-dichlorophenyl)-
1,1-dimethylurea) for 5 min. Chla concentration, sample
holder and light delivery to the sample as described in 2.4.2.
Measuring pulses (500 ps duration, 500 us apart, controlled
by a fast response solid state relay) were provided by a
470 nm LED (Cree SiC Technology) screened with a 480 nm
12.5 nm FWHM bandpass filter in combination with a B440
Schott glass filter. The fluorescence detection photodiode (Si
PIN type; Thor Labs, Inc, Newton, NJ, USA) was protected
with a 680 nm long-pass Schott glass filter in combination
with a 680 nm 12.5 nm FWHM bandpass filter. Photodiode
current was amplified and converted to voltage using op-
amp circuitry and then digitized using the PCI-DAS1000.

Software developed in lab (A.D.) was used for pulse trigger-
ing and data acquisition.

Data transformation

Graph generation, statistical analysis, and data fitting were
performed using ORIGIN software (OriginLab Corp, North-
ampton, Mass., USA).

Results and discussion

Characterization of the excited state landscapes
of the thylakoid

Basal light harvesting

Both diatom species were considered acclimated to the same
light climate since they were cultured under identical condi-
tions for a multitude of generations. Nevertheless, the salt
flat species Navicula produced a smaller FCP antenna size
for PSII than the shoreline species Nitzschia. Navicula cells
had fewer accessory pigments per Chla and had a smaller
effective PSII absorbance cross section (cPSII) when meas-
ured with FCP excitation (Table 1).

Low temperature absorption spectra of dark adapted
cells (Fig. 1a) were used to investigate inter-specie differ-
ences in in situ pigment composition/organization. To limit
distortions in the absorption spectra that could be caused
by pigment packaging effects (Stuart et al. 1998, 2000) or
Chla aggregation (Sauer et al. 1966; Ruban et al. 1997),
the spectra were normalized to the 623 nm Qx Chla peak.
Enhanced 77 K cellular absorbance in Nitzschia (relative to
bulk Chla) was principally assigned to Chlc (at ~460, 593,
638 nm) and carotenoids (at ~472, 500, 537 nm) using 77 K
absorption spectra of isolated pigments (Online Resource 1),
absorbance maxima assigned by the FCP model of Prem-
vardhan et al. (2010), and the remarks of Lavaud (2007). The
broad peak of enhanced absorbance in Nitzschia centred at

Table 1 Light harvesting summary for dark adapted cells

Species  (Chlc)¥(Chla) (Car)/ oPSII (A%  Fmdark/
(Chla) quanta) (Chla) (arb.
units)
Nitzschia 0.503+0.054 1.64+0.09 859.6+73.5 3400+304
Navicula 0.411+0.020 1.03+0.05 550.9+19.5 2107+368

Pigment concentrations were determined photometrically from sol-
vent extracts. 470 nm probing excitation was used for measuring
oPSII and Fmdark. Means + 1 SD from three separate cultures

4Chlc includes both Chl ¢, and ¢,
bAll carotenoids including Fx, DD, DT, and p-carotene
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Fig.1 77 K absorption and
emission spectra from dark |
adapted Nirzschia (solid line)
and Navicula (dashed line) 1,/ 46013 -
cells. a Absorption spectra nor- 204 "
malized to Chla 623 nm peak. :
Spectra are the average of three
samplings from four separate
cultures (n=12). The difference
between the normalized spectra
(Nitzschia minus Navicula) is
shown in grey; difference peaks
are labeled in grey. b 77 K
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~537 nm was assigned to a population of Fx molecules with
differing degrees of bathochromic shifting.

Whole cell low temperature emission spectra collected
with FCP excitation were used to investigate energy trans-
fer in dark adapted cells. Nitzschia emitted maximally at
~689 and ~696 nm (derivative resolved bands at 687 and
695.5 nm), whereas Navicula cells emitted maximally at
~695 nm with a secondary peak at 711 nm (Fig. 1b, d) but
lacked the ~685 nm CP43 peak typical of all PSII (Andrizhi-
yevskaya et al. 2005). Based on overlap in the 77 K emis-
sion spectra of isolated Phaeodactylum tricornutum FCP
complexes (Lepetit et al. 2007) and purified Chaetoceros
gracilis PSII (Nagao et al. 2010), the 687 nm emission band
observed in Nitzschia cells would have contributions from
both FCP and PSII. The ratio of F689:F696 varied between
Nitzschia cultures (data not shown). Dense, intermittent
light:dark, or red light grown cultures of P. tricornutum
exhibit a strong emission peak at ~710 nm (Lavaud and
Lepetit 2013; Herbstova et al. 2015, 2017), with F710:F687
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Wavelength (nm)

ratio positively correlating with NPQ capacity (Lavaud
and Lepetit 2013). The F710 emitter serves as an antenna
for PSII and was located within a red-shifted FCP com-
posed of oligomeric Lhcf15 (Herbstova et al. 2015, 2017).
Even though diatom PSI cores have a species-dependent
77 K emission peak from around 710 to 720 nm (Berka-
loff et al. 1990; Ikeda et al. 2008), the Navicula 711 nm
peak has a narrow bandwidth which is not representative
of PSI emission, and in this study was principally attrib-
uted to FCP-PSII emission. The red shift of the Chla Qy
absorbance band in Navicula (Fig. 1c) could also signify
an accumulation of Lhcfl5-like antenna complexes. The
Lhcf15 complexes isolated by Herbstova et al. (2017) con-
tained fewer Chlc and Fx per Chla as compared to the major
FCP, which is reminiscent of the loss in accessory pigments
observed in Navicula (Table 1; Fig. 1a). If the Navicula
PSII antenna contains low energy Chla species which emit
at 711 nm, this may explain why no ~685 nm PSII emission
was detected with FCP excitation, as the CP43 emitter may
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have been thermally inaccessible at 77 K. The relative dif-
ference in 77 K emission between the two species (Fig. 1b)
was thus chiefly interpreted as Navicula having increased
emission from the 695 nm PSII and 711 nm FCP emitters at
the expense of emission from the 687 nm FCP-PSII emitter
(and ostensibly its vibrational band at ~749 nm).

Changes in cell absorbance and emission in response
to high light transitions

The HL elicited changes in cell absorbance and emission
are shown in Fig. 2; both species were treated to HL condi-
tions (10 min at 2000 umol m~2 s~) that elicited the greatest
steady state NPQ response (see "PSII performance during
high light transitions"). In Fig. 2a,b absolute changes in

absorbance magnitude at short wavelengths were interpreted
with caution due to Rayleigh scattering effects in the frozen
samples; yet since scattering loss in the red is much less,
the magnitude of absorbance change within the red spectral
region was read with high confidence. In both diatom spe-
cies HL treated cells showed an increase in 77 K absorbance
at ~512 nm compared to ~496 nm. An increase in room
temperature absorbance at 512 nm in relation to 490 nm was
reported in HL treated P. tricornutum cells, with the absorb-
ance change attributed to an increase in DT:DD (Ruban et al.
2004). In both Nitzschia and Navicula there was an increase
in low energy absorbance in the Chla Qy region during HL,
peaking at ~671 and ~682 nm (Fig. 2a, b). In comparison,
Ruban et al. (2004) reported an increase in room temperature
absorbance at 690 nm in P. tricornutum cells during HL. In
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Fig.2 High light elicited changes in 77 K cell absorption and
emission spectra. Spectra were collected from dark adapted cells
prior to high light exposure (pre HL), cells exposed to 10 min
2000 pmol m~2 s~! illumination (HL), and cells that were in the
dark for 15 min following the HL exposure (post HL). HL minus pre
HL (solid lines) and post HL minus pre HL (dashed lines) absorp-
tion difference spectra are shown for Nitzschia (a) and Navicula (b)
cells. Absorption spectra were normalized to the Chla 623 nm peak
as in Fig. 1 prior to subtraction. Peak positions of interest are anno-
tated with vertical grey lines. Difference spectra were calculated for

Wavelength (nm)

Nitzschia from the average of three samplings from five separate cul-
tures (n=15) and in Navicula from the average of three samplings
from four separate cultures (n=12). HL minus pre HL (solid lines)
and post HL minus pre HL (dashed lines) emission difference spec-
tra are shown for Nitzschia (¢) and Navicula (d) cells. Emission spec-
tra (470 nm excitation) were normalized to integrated emission as
in Fig. 1 prior to subtraction (see inserts). Peak positions of interest
are annotated with vertical grey lines. Emission spectra are the mean
from three separate cultures
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higher plant thylakoids qE is associated with an increase
in room temperature absorbance at ~685 nm (Ruban et al.
1992), which is also seen in vitro upon aggregation of LHCII
trimers (Ruban and Horton 1992; Ruban et al. 1992; Kirch-
hoff et al. 2003). Likewise, when measured at 77 K aggre-
gated-minus-trimeric LHCII absorption difference spectra
were shown to be dominated by a strong positive peak at
680 nm (Ruban et al. 1997). This characteristic increase in
low energy Chla Qy absorbance has been advocated as a
marker for the formation of Chla—Chla aggregates in LHCII
during higher plant qE (Ruban et al. 1997, 2012).

77 K emission spectral shape was used to reveal the rela-
tive redistribution of FCP absorbed light energy between
terminal emitters in response to HL (Fig. 2c, d). In Nitzschia
cells there was a relative loss in emission from FCP and PSII
at ~688 and ~ 695 nm; in Navicula fluorescence loss was
centred at the ~695 nm PSII emitter. Both species showed a
relative enhancement in emission> 710 nm. An analogous
broad relative increase in far-red 77 K emission has been
advocated as a marker for Chla—Chla quenching in aggre-
gated LHCII complexes (Miloslavina et al. 2008; Andreeva
et al. 2009), and for aggregation and pH induced quenching
in isolated Cyclotella meneghiniana FCP complexes (Gun-
dermann and Biichel 2012). The ~715/720 nm feature in
Fig. 2c, d could possibly have contributions stemming from
a relative enhancement in long wavelength FCP and/or PSI
emission. The relative increase in >750 nm emission seen in
Nitzschia was absent in Navicula, suggesting that this feature
may be tied to the 687 nm emitter. Neither the HL absorp-
tion spectra nor the HL emission spectra contained any new
derivative resolved bands (data not shown) as compared to
those from the dark adapted cells in Fig. 1, implying that
no new quencher species were formed during HL and that
some level of quenching existed in dark adapted cells. These
results illustrate that under NPQ conditions energy transfer
is altered in a manner that preferentially hinders the transfer
of excitation energy from antenna to PSII terminal emitter
Chla, but enhances exciton trapping on lower energy Chla
emittive states.

PSII performance during high light transitions
Excitation pressure and NPQ

The cultured shoreline and slat flat species had the same
capacity for photosynthesis as measured by ®PSII in
dark adapted cells (Nitzschia 0.578 +0.016 SD, Navicula
0.592+0.025 SD) and ¢PSII in dark adapted cells that
had been illuminated with growth irradiance for 10 min
(Nitzschia 0.495 +£0.024 SD, Navicula 0.495+0.016 SD).
Therefore, any inter-species differences measured in pho-
toprotection should not be attributed to acclimation differ-
ences in respect to the culturing light environment, but can
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be primarily attributed to species-specific innate (genetic)
adaptations.

The shoreline species Nitzschia had a larger effective
absorbance cross section for excitation pressure generation
(6,_gp) than the salt flat species Navicula. During the initial
(30 s) transition to low (50 umol m~2 s~!) and moderate
(220 umol m~2 s7!) irradiances, significantly more excita-
tion pressure was generated in Nifzschia than in Navicula
(Fig. 3). The calculation of Km,_gp values (HL irradiance
level at half excitation pressure saturation), a larger Km,_gp
indicates a smaller o;_gp, further suggested that Nitzschia
had a larger basal o,_gp than Navicula (Online Resource 2).
The enhanced conversion of photons to excitation pressure
in Nitzschia could be a consequence of Nitzschia’s larger
basal PSII antenna size (Table 1). During steady state HL
conditions (10 min HL) excitation pressure relaxed in both
species (Fig. 3a, b) and o,_gp dropped (by about one-quarter
in Nitzschia and one-half in Navicula, as calculated by com-
paring Kml_qp at 30 s and 10 min HL; Online Resource 2),
suggesting that both species could downregulate excitation
pressure generation during the shift towards photostasis.

The shoreline species generally exhibited a more dynamic
and reversible photoprotective response than the salt flat spe-
cies. Maximal NPQ amplitude in Nitzschia always developed
within 3 min of HL illumination (Fig. 4a, Online Resource
3). To the contrary, in Navicula after the initial induction
of NPQ with irradiances greater than growth light, NPQ
continued to slowly rise throughout the HL illumination
period (Fig. 4b, Online Resource 4). Nitzschia cells had a
greater maximal capacity to dissipate excitation energy via
NPQ, as witnessed by higher NPQ amplitude at the high
excitation pressures generated by 500-2000 umol m~2 7!
HL (Fig. 5a, Online Resources 3, 4). NPQ induction rate
had a positive exponential relationship with excitation pres-
sure in Nitzschia, but plateaued at moderate HL intensities
in Navicula (Fig. 5b). Nitzschia cells were more competent
at regaining PSII function when transitioning from HL back
to dark photolimiting conditions; quantum efficiency of PSII
photochemistry and NPQ always exhibited a significantly
greater post HL recovery in Nitzschia than what could be
observed in Navicula (Table 2). Of note, NPQ recovery post
HL never reached 50% in Navicula cells.

Influence of exogenous NPQ inhibitors

Pre-treatment of cells with DTT prevented >90% of NPQ
amplitude from developing at all HL irradiances in Nitzschia
(Table 3; Fig. 4a, Online Resource 3). Conversely, in Navic-
ula non-photochemical quenching at growth light equiva-
lence was not inhibited by DTT, and >25% of NPQ ampli-
tude was retained in the presence of DTT at all higher HL
irradiances (Table 3; Fig. 4b, Online Resource 4). Dosage
responses to DTT final concentrations of 0-21 mM (data not
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Fig. 3 Excitation pressure generation in Nitzschia (a) and Navicula
(b) cells. Excitation pressure at 30 s (square symbols) and 10 min
(circle symbols) after the onset of high light are shown for control
(solid symbols) and DTT pretreated (open symbols) (2.65 mM for
Navicula, 5.3 mM for Nitzschia) cells. Solid and dashed lines repre-
sent Hill fits for control and DTT data sets, respectively (fit param-

eters given in Online Resource 2). ¢ Excitation pressure at 30 s high
light in control Nitzschia (grey columns) and Navicula (cross hatched
columns) cells. Asterisks denote when 1—qP in Nitzschia is signifi-
cantly greater than Navicula (one-tailed two sample t-Test, p=0.05).
Error bars represent+ 1 SD of three separate cultures
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Fig.4 NPQ transients during a high light transition in Nifzschia (a)
and Navicula (b) cells. The regions of the plot area with a darkened
background correspond to dark conditions and the white portion of
the background corresponds to 500 umol m~2 s~! illumination. Filled

shown) revealed that DTT above 5 and 2.65 mM did not fur-
ther inhibit NPQ induction in Nitzschia and Navicula cells,
respectively, but did decrease ®PSII. DTT pre-treatment
increased excitation pressure generation in Nitzschia cells
(Fig. 3a), and in turn, doubled steady state ¢;_gp (as calcu-
lated by comparing Km, _gp at 10 min HL; Online Resource
2). DTT pre-treatment had no effect on excitation pressure
generation in Navicula cells (Fig. 3b), implying that excita-
tion pressure regulation in this species could be independent
of DD de-epoxidation. The DTT resistant NPQ in Navicula

10 15
Time (minutes)

5

square symbol shapes, control cells. Open circle symbol shapes, cells
pre-treated with DTT (2.65 mM for Navicula, 5.3 mM for Nitzschia).
Grey triangle filled symbol shapes, cells pre-treated with NH,CIl
(2.8 mM). Error bars represent + 1 SD of three separate cultures

had much faster HL on/off induction/relaxation kinetics than
what was seen in the control cells (Fig. 4b, Online Resource
4).

Ammonium chloride pre-treatment was used as a negative
control for gE. Ammonium inhibited NPQ during HL illu-
mination in both species (Table 3; Fig. 4, Online Resources
3, 4). The specificity of ammonium as an NPQ inhibitor
over other chloride salts was verified against pre-treatments
with equimolar NaCl and KCl solutions (data not shown).
Ammonium inhibited > 90% of NPQ amplitude in Navicula
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Fig.5 The dependence of

NPQ on excitation pressure in
Nitzschia (solid square symbols)
and Navicula (open circle sym-
bols) cells. a The magnitude of
steady state NPQ measured at
10 min of high light illumina-
tion. b The initial rate of NPQ
induction from 2 to 30 s upon
the onset of high light illumina-
tion. Solid lines are fits of the
Nitzschia data (linear in a, expo-
nential in b) with corresponding
R? values; the dashed line is a
linear fit of the Navicula data
with corresponding R? value.
Error bars represent+ 1 SD of
three separate cultures

Table 2 Post high light recovery
of PSII function

Table 3 Inhibition of NPQ with
DTT and NH,CI

(Table 3), indicating that the majority of NPQ witnessed in
Navicula was a type of qE. qE was divided into two sub-
types: qExc for xanthophyll cycle dependent qE (i.e. DTT
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Excitation Pressure Excitation Pressure
(1-gP 10minutes) (1-gP 30seconds)
High light @PSII recovery® NPQ recovery®
(umol m2sh Nitzschia Navicula Nitzschia Navicula
50 0.979+0.012* 0.915+0.018 0.676 +0.077* 0.263+0.036
220 1.006 +0.004* 0.832+0.028 0.917+0.056* 0.375+0.030
500 0.984 +0.008* 0.733+0.020 0.948 +0.040* 0.405+0.041
1000 0.968 +0.018* 0.638+0.044 0.952+0.034* 0.382+0.008
2000 0.928+0.031* 0.562+0.095 0.920 +0.064* 0.270+0.074

A recovery value of 1.0 indicates full reversal of the effect from a 10 min high light exposure.
Means + 1 SD from three separate cultures

*Indicates Nitzschia values are significantly greater than Navicula (one-tailed two sample #-Test, p=0.05)

dCalculated as: (maximal @PSII during 15 min post high light period)/®PSII

®Calculated as: (NVPQ at end of 10 min of high light—minimal NPQ during 15 min post high light period)/
(NPQ at end of 10 min of high light)

High light NPQ at 10 min high light (treatment/control)
ol m2s7!
(pm ) Nitzschia Navicula
+DTT +NH,Cl +DTT +NH,Cl1

50 0.093 +£0.064 0.369+£0.139 1.083+0.192 —0.177*+0.100
220 0.063+0.011 0.156+0.028 0.364£0.029 0.037+£0.005
500 0.053+0.008 0.116+0.008 0.372+£0.059 0.063+0.012
1000 0.061+0.004 0.132+£0.022 0.255+0.010 0.072+£0.008
2000 0.088 +0.006 0.168 £0.011 0.259+0.050 0.108 £0.032

Dark adapted cells were pretreated with DTT (2.65 mM for Navicula, 5.3 mM for Nitzschia) or NH,Cl
(2.8 mM) prior to 10 min high light. Means + 1 SD from three separate cultures

*Negative value indicates that NH,CI treatment slightly enhanced fluorescence over the control

sensitive NPQ) and “qE xc” for xanthophyll cycle inde-
pendent qE (i.e. DTT resistant NPQ). Photoinhibition was
not believed to be a large contributor to the irreversible post
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HL NPQ observed in Navicula control cells, since the ampli-
tude of NPQ in the qE inactivated + NH,Cl samples never
approached that observed in the control samples throughout
the duration of the HL transitions (Fig. 4b, Online Resource
4).

The qE, ,,xc observed in Navicula could potentially have
several origins, including: accumulated photodamage to
PSII (photoinhibition), P700* radical quenching within PSI
(Schlodder et al. 2005), formation of triplet Chla within the
antenna (Ballottari et al. 2013), PSII reaction centre based
quenching stemming from P680" recombination reactions
and/or cyclic electron transfer, or quenching facilitated by
carotenoids (DT) which are already present or synthesized
de novo. Antenna based qE causes fluorescence quenching
when PSII reaction centres are closed (Fm quenching) and
also when PSII reaction centres are open (Fo quenching)
(Ruban et al. 2012). The DTT resistant NPQ in Navicula did
not exhibit Fo quenching (Online Resource 5). Photoinhibi-
tion is another pathway that can quench Fm without quench-
ing Fo, but was not anticipated to be a major contributor to
the DTT resistant NPQ witnessed in Navicula. The DTT
resistant NPQ was fully induced within ~30 s of HL illu-
mination and relaxed 70-77% within 1 min of the transi-
tion from HL to dark conditions (Fig. 4b, Online Resource
4). These fast NPQ kinetics, especially in terms of quench-
ing reversal, are highly inconsistent with photoinhibition,
strongly suggesting that the DTT resistant NPQ witnessed
in Navicula was predominantly not photoinhibition. Other
examples of qE, ., xc have been reported in diatoms. A fast
induced, DTT insensitive qE component conditional on pre-
existing DT has been described in C. meneghiniana cells
(Grouneva et al. 2008); PSII reaction center type of NPQ has
been reported in P. tricornutum (Eisenstadt et al. 2008); pH
dependent quenching without DD/DT conversion has been
observed in vitro in PSII dimer-FCP complexes from several
different diatom species (Yokono et al. 2015).

Apportionment of PSI| excitation energy

The quantum efficiencies of photochemistry (@PSII), regu-
lated non-photochemical dissipation (¢NPQ), and constitu-
tive thermal dissipation and fluorescence (pNO) sum the
yields of PSII energy flux to unity (Hendrickson et al. 2004).
@NPQ is presumably executed by qE, whilst @NO is used to
describe non-regulated thermal dissipation and fluorescence
from PSII cores. In both species NO was important under
conditions that do not elicit a strong qE response: when qEy
would not yet be fully activated during the initial transition
to all HL intensities, when low to moderate HL irradiances
do not maintain high excitation pressures (nor presumably
a high ApH), and under all HL intensities when qEx has
been artificially inhibited by DTT pre-treatment (Fig. 6,
Online Resource 6). pNPQ was experimentally split into

two constituent components, qEx- and ¢qE, ¢ (Fig. 7).
Pre-treatment of cells with saturating levels of DTT was
used to inhibit qEy., with any remaining regulated thermal
dissipation credited to qE  xc. The majority of regulated
thermal energy dissipation in the shoreline species Nitzschia
was via qExc, whereas most of the regulated thermal energy
dissipation in the salt flat species Navicula could be attrib-
uted to qE,,xc (Fig. 7e). Likewise, rapidly activated NPQ
energy dissipation was dominated by ¢qExc in Nitzschia and
dominated by @qE,  xc in Navicula (Fig. 7a—d).

Influence of electron flow on NPQ recovery

During measurement of HL transitions a slow increase
in NPQ was typically witnessed in Navicula during the
15 min dark period that followed the 10 min illumination
period (Fig. 4b, Online Resource 4). This “dark NPQ”
could also be seen in Nifzschia following illumination with
50 pmol m~2 s~ (Online Resource 3a). The induction of
dark NPQ was slower than the induction of NPQ during HL.
Dark NPQ was most evident in both species when cultures
reached stationary phase, whereby dark NPQ was now also
observable in Nitzschia following high irradiance illumina-
tion (Online Resource 7). The induction of dark NPQ was
closely linked to a change in the redox equilibrium of the
intersystem electron carriers: NPQ induction was consist-
ently preceded by a decrease in @PSII and corresponded
with changes in Kautsky fluorescence rise transients (Online
Resource 7). Over-reduction in the redox state of the PQ
pool under dark conditions was attributed to chlororespira-
tory electron flow. Chlororespiration would account for both
(i) the reduced redox state of the PQ pool and (ii) acidifi-
cation of the lumen and gE induction. NPQ attributed to
chlororespiration has been previously reported in diatoms
(e.g. Jakob et al. 2001; Cruz et al. 2011). The dark NPQ in
Navicula seemed to retain a qE,,,xc component (Fig. 4b,
Online Resource 4). Active dark chlororespiration would
contribute to the lower @PSII observed in post HL Navicula
cells (Table 2; Fig. 6b).

We suspect that the reversible qEy observed in Nitzschia
was facilitated by a non-limiting supply of the DT epoxi-
dase substrate NADPH, and conversely, the locked-in qExc
observed in Navicula was due to a limitation in NADPH.
Inhibition of photosynthetic linear electron flow during HL
by pre-treatment with DCMU inhibited NPQ recovery in
Nitzschia cells, much like what was seen in Navicula con-
trol cells (Online Resource 8). Interestingly, Nitzschia cells
must have been capable of alternate ApH generating elec-
tron flow during HL, such as PSI cyclic electron transfer,
for the activation of NPQ in the presence of DCMU, whilst
in Navicula cells DCMU had an inhibitory effect on NPQ
(Online Resource 8). Dark chlororespiration in Navicula
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Fig.6 Quantum yields of PSII
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would consume both of the co-substrates for DT epoxi-
dase, NADPH and molecular oxygen, acting to inhibit qEx
relaxation.

Evaluation of photoprotective approaches

Both diatom species grew in a benthic state in lab. Cells
readily settled to the bottom of the culture vessels after man-
ual mixing. According to the growth form classification used
by Barnett et al. (2015), Nitzschia would be best described
as epipelon with Navicula as epipsammon. Bright field
microscopy confirmed both species to be motile. A typical
cell size (valve view) observed for Nitzschia was 15 x40 pm
and for Navicula was 6 X 10 pm; if including cell thickness
(girdle view) and estimating cell shape as an elliptical cyl-
inder, corresponded to cell volumes of 4700 and 380 pm3,
respectively. When cultured with sediment N. curvilineata
grows as a biofilm stabilized with extracellular polymeric
substances (Sutherland et al. 2003); in our sediment-less cul-
turing the cells also secreted mucilage (as seen with differen-
tial interference contrast microscopy) and formed a biofilm
at the bottom of the culturing vessels. In stagnant Nitzschia

@ Springer

15 20 25 0 5 10 15 20 25

Time (minutes)

cultures gas bubbles would sometimes become entrapped
within the biofilm and cause some sections of the cell mat
to break off and float on top of the water surface, as also
observed by Sutherland et al. (2003); however these floating
cells were not collected for experimental analysis. Navicula
cultures did not noticeable accumulate mucilage and tended
to adhere more to the surface of the culture vessels.

It is important to acknowledge that this study made no
attempt to authentically replicate the natural light climates
for Nitzschia and Navicula. Firstly, without field measure-
ments the dynamics of their natural light environment could
only be estimated based on habitat description. Secondly, the
experimental HL transitions used abrupt changes in irradi-
ance (from dark to full HL within a few milliseconds, and
vice versa) that do not necessarily represent ecologically
valid light transitions. Hence, the exact rates in the induc-
tion/relaxation and magnitudes of photoprotective energy
dissipation described herein may not truly represent what
would be observed in response to a natural HL transition.
However, the relative comparison between irradiance inten-
sities and between species can be considered appropriate for
elucidating the underlying molecular mechanisms of NPQ
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Fig.7 Quantum yields of NPQ
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and identifying the fast-acting photoprotective strategies for
each species.

A benthic shoreline diatom, such as Nitzschia, living
underneath churning water with a high particulate content
would consistently be exposed to high amplitude (attenu-
ated to full sunlight) and moderately fast periodicity (sec-
onds—minutes) changes in irradiance (Raven and Geider
2003). Under the relatively low light laboratory culture
conditions, this species produced a large basal FCP antenna
for optimizing the collection of photons. However, this large
antenna size lost its functional advantage when irradiance
increased to levels which overwhelm photosynthetic electron
transfer and sink capacity. The FCP light harvesting appa-
ratus in Nitzschia overcame this conundrum by rapidly and
reversibly converting itself to a photon energy dissipating

parasol for PSII. qEy- was seemingly obligatory for NPQ
and the regulation of excitation pressure in this shoreline
species, as treatment with DTT effectively inhibited the
photoprotective response. The Navicula species was isolated
from the soil surface of a salt flat where algae grow when
shallow pools form after rain events (Kirkwood and Henley
2006). Diatoms in this barren landscape would be prone to
less consistent high amplitude changes in light field as com-
pared to their kin in a shoreline habitat. Despite being cul-
tured under identical conditions as Nitzschia, Navicula cells
had a smaller 6PSII, fewer accessory pigments per Chla,
and a lower NPQ capacity—light harvesting traits befitting
to a diatom adapted to a stable high irradiance light environ.
Falkowski and Chen (2003) observed similar trends in cPSII
based on the growth light intensity of diatom cultures and
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Lavaud et al. (2007) found higher NPQ capacities in diatoms
from more turbulent habitats. The smaller antenna system in
Navicula may be energetically favorable in a full sun envi-
ronment; however, the reduced FCP antenna size limits the
potential number of antenna based quenching sites when
there is a strong photophysiological push to perform NPQ.
Indeed, the difference in maximal NPQ amplitude observed
between species corresponded to their difference in FCP
accredited oPSII (Navicula max NPQ and oPSII was ~0.6
of Nitzschia). qE, ,,xc Which can activate in the absence of
DD de-epoxidation is anticipated to be responsible for han-
dling the routine irradiance fluctuations within Navicula’s
native light environment that would stem from fast sun/
cloud transitions, since all NPQ energy dissipation could be
accredited to qE,,xc When cells were rapidly transitioned
from dark to growth light equivalent illumination (Fig. 7e,
Online Resource 4a). Thus, qE in this slat flat diatom could
be a largely passive phenomenon not requiring the metabolic
investments (e.g. DD de-epoxidase, DT epoxidase, and the
respective co-substrates ascorbate and NADPH) needed for
large scale DD/DT cycling.

The present study can only speculate on the mechanism
of the non-photochemical quenching observed in Nitzschia
and Navicula. Further in-depth spectroscopic, biochemi-
cal, pigment, and genetic analyses would be required to
distinguish molecular-level differences in NPQ and assign
quenching loci. Likewise, since these two species are not
described in the literature, much of this study’s conclu-
sions are based on the results from other diatom species
which would not have identical LHC protein composition
and organisation. Of particular importance is how much,
in addition to the antenna, the xanthophyll cycle compo-
nents and the NPQ effector Lhcx proteins differ between
these two species. For example in Navicula, a shortage of
DD molecules, DD de-epoxidase and/or its co-substrate
ascorbate could explain the lower NPQ amplitude, or con-
versely, a shortage of DT epoxidase or its co-substrates
could be an underlying cause for the locked-in qExc. As
mentioned earlier, consumption of NADPH and oxygen
by chlororespiration in Navicula could be a key cause
for the sustained qEx.. Since NPQ has subtly different
spectroscopic signatures between Nitzschia and Navic-
ula (Fig. 2), the photophysical details of the quenching
sites could also contrast. Consistent with quenching in
Nitzschia being interconnected with DD/DT interconver-
sion and Chla aggregation, there was post HL relaxation
of the 513 and 683 nm absorbance changes, respectively
(Fig. 2a). Relaxation of qEx in Navicula seemed to be
less tied to DT epoxidation, since a partial reversal of
DT absorbance (as measured at 511 nm) did not induce
equivalent-scaled reversals of the Chla Qy absorbance
change or excitation energy redistribution (Fig. 2b, d).
This could suggest, similarly to the conclusions of Lepetit
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et al. (2010), the presence of distinct DT pools within the
thylakoid. On the origins of qE, ,xc in Navicula, 77 K
spectroscopic analysis of DTT treated cells would help
decipher what contribution qE,,,xc has to the absorbance
and fluorescence signatures observed in Fig. 2. Yokono
et al. (2015) proposed that the functional uncoupling
of PSII monomers under NPQ conditions can facilitate
quenching even in the absence of DT. In the green algal
Chlamydomonas reinhardtii, PSII-LHCII containing the
Lhcx related Lhesr3 can quench at low pH independent
of xanthophyll cycle pigment conversion, with quenching
postulated to stem from Chl-carotenoid interactions (Kim
et al. 2017). Currently, we can at best assign the qE  «c
observed in Navicula to a PSII reaction centre associ-
ated type of quenching. Of future interest is to identify
the photophysiological purpose for the locked-in qEy in
Navicula: does qEx primarily serve as a slow background
photoprotective response for handling diel changes in
light, is it involved in long-term photoprotective quench-
ing during hypersaline stress conditions in the salt flat,
or is it merely a by-product of chlororespiratory post HL
metabolic repartitioning?

The role of non-qE photoprotective responses remains
to be fully addressed in these two diatoms. The active con-
tribution of cell motility, a behavioral response, was not
investigated, although cell migration along the light field
was probably minimal in this study due to the absence of a
sediment substrate. If cell migration is an important aspect
of the photoprotective response of Navicula within its natu-
ral habitat, this could mitigate the effect of having a lim-
ited amplitude fast acting NPQ (Blommaert et al. 2018).
This study also did not specifically address the role of PSII
protein turnover in photoprotection during longer duration
HL stress (as in Wu et al. 2011, 2012; Lavaud et al. 2016);
yet, within the short duration HL. exposures used here, D1
turnover seemed to have no contribution. Pre-incubation of
dark adapted cells with 0.4 g/L lincomycin had no effect
on NPQ or PSII quantum yield throughout HL transitions
(dark-to-10 min 500 pmol m~2s™! -to 15 min dark) (data not
shown). Of note is that our photophysiological characteri-
zations of Nitzschia and Navicula may not follow the same
trends reported by other more encompassing studies on dia-
toms; such as motile epipsammic species exhibiting higher
NPQ capacity than epipelic species among intertidal marine
benthic diatoms (Barnett et al. 2015; Blommaert et al. 2018),
and larger species experiencing lower susceptibility to HL
stress than smaller species among marine centric diatoms
(Key et al. 2010). Whether these discrepancies are a conse-
quence of our study only investigating two species, or are an
implication that originating light environment is the great-
est determinant of photoprotective strategy remains to be
answered.



Photosynthesis Research (2018) 138:149-165

163

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

Andreeva A, Abarova S, Stoitchkova K, Busheva M (2009) Model
for fluorescence quenching in light harvesting complex II in
different aggregation states. Eur Biophys J 38:199-208

Andrizhiyevskaya EG, Chojnicka A, Bautista JA et al (2005) Origin
of the F685 and F695 fluorescence in photosystem II. Photo-
synth Res 84:173-180

Bailleul B, Rogato A, de Martino A et al (2010) An atypical mem-
ber of the light-harvesting complex stress-related protein family
modulates diatom responses to light. Proc Natl Acad Sci USA
107:18214-18219. https://doi.org/10.1073/pnas. 1007703107

Ballottari M, Mozzo M, Girardon J et al (2013) Chlorophyll triplet
quenching and photoprotection in the higher plant monomeric
antenna protein Lhcb5. J Phys Chem B 117:11337-11348

Barnett A, Méléder V, Blommaert L et al (2015) Growth form defines
physiological photoprotective capacity in intertidal benthic
diatoms. Int Soc Microb Ecol. https://doi.org/10.1038/ismej
.2014.105

Berges JA, Franklin DJ, Harrison PJ (2001) Evolution of an artificial
seawater medium: improvements in enriched seawater, artificial
water over the last two decades. J Phycol 37:1138-1145

Berkaloff C, Caron L, Rousseau B (1990) Subunit organization of
PSI particles from brown algae and diatoms: polypeptide and
pigment analysis. Photosynth Res 23:181-193

Bilger W, Bjorkman O (1990) Role of the xanthophyll cycle in
photoprotection elucidated by measurements of light-induced
absorbance changes, fluorescence and photosynthesis in leaves
of Hedera canariensis. Photosynth Res 25:173—-185

Blommaert L, Huysman MJ, Vyverman W et al (2017) Contrasting
NPQ dynamics and xanthophyll cycling in a motile and a non-
motile intertidal benthic diatom. Limnol Oceanogr 62:1466—
1479. https://doi.org/10.1002/In0.10511

Blommaert L, Lavaud J, Vyverman W, Sabbe K (2018) Behavioural
versus physiological photoprotection in epipelic and epipsam-
mic benthic diatoms. Eur J Phycol 53:146-155. https://doi.
org/10.1080/09670262.2017.1397197

Chukhutsina VU, Biichel C, van Amerongen H (2014) Disentan-
gling two non-photochemical quenching processes in Cyclotella
meneghiniana by spectrally-resolved picosecond fluorescence at
77K. Biochim Biophys Acta-Bioenerg 1837:899-907

Cruz S, Goss R, Wilhelm C et al (2011) Impact of chlororespiration
on non-photochemical quenching of chlorophyll fluorescence
and on the regulation of the diadinoxanthin cycle in the diatom
Thalassiosira pseudonana. J Exp Bot 62:509-519. https://doi.
org/10.1093/jxb/erq284

Derks A, Schaven K, Bruce D (2015) Diverse mechanisms for pho-
toprotection in photosynthesis. Dynamic regulation of photo-
system II excitation in response to rapid environmental change.
Biochim Biophys Acta-Bioenerg 1847:468-485. https://doi.
org/10.1016/j.bbabio.2015.02.008

Eisenstadt D, Ohad I, Keren N, Kaplan A (2008) Changes in the
photosynthetic reaction centre II in the diatom Phaeodactylum
tricornutum result in non-photochemical fluorescence quench-
ing. Environ Microbiol 10:1997-2007

Falkowski P, Chen Y (2003) Photoacclimation of light harvest-
ing systems in eukaryotic algae. In: Green B, Parson W (eds)

Light-harvesting antennas in photosynthesis. Springer, The
Netherlands, pp 423-447

Frank HA, Cua A, Chynwat V et al (1996) The lifetimes and energies
of the first excited singlet states of diadinoxanthin and diatoxan-
thin: the role of these molecules in excess energy dissipation in
algae. Biochim Biophys Acta-Bioenerg 1277:243-252

Gardian Z, Litvin R, Bina D, Vacha F (2014) Supramolecular organiza-
tion of fucoxanthin—chlorophyll proteins in centric and pennate
diatoms. Photosynth Res 121:79-86

Giovagnetti V, Ruban AV (2017) Detachment of the fucoxanthin chlo-
rophyll a/c binding protein (FCP) antenna is not involved in the
acclimative regulation of photoprotection in the pennate diatom
Phaeodactylum tricornutum. Biochim Biophys Acta -Bioenerg
1858:218-230. https://doi.org/10.1016/j.bbabio.2016.12.005

Giovagnetti V, Flori S, Tramontano F et al (2014) The velocity of
light intensity increase modulates the photoprotective response in
coastal diatoms. PLoS One 9:1-12. https://doi.org/10.1371/journ
al.pone.0103782

Goss R, Jakob T (2010) Regulation and function of xanthophyll cycle-
dependent photoprotection in algae. Photosynth Res 106:103-122

Goss R, Lepetit B (2015) Biodiversity of NPQ. J Plant Physiol 172:13—
32. https://doi.org/10.1016/j.jplph.2014.03.004

Grouneva I, Jakob T, Wilhelm C, Goss R (2008) A new multicompo-
nent NPQ mechanism in the diatom Cyclotella meneghiniana.
Plant Cell Physiol 49:1217-1225. https://doi.org/10.1093/pcp/
pcn097

Grouneva I, Rokka A, Aro E-M (2011) The thylakoid membrane pro-
teome of two marine diatoms outlines both diatom-specific and
species-specific features of the photosynthetic machinery. J Pro-
teome Res 10:5338-5353

Guillard RRL (1975) Culture of phytoplankton for feeding marine
invertebrates. In: Smith W, Chanley M (eds) Culture of marine
invertebrate animals. Plenum Press, New York, pp 29-60

Gundermann K, Biichel C (2012) Factors determining the fluorescence
yield of fucoxanthin-chlorophyll complexes (FCP) involved in
non-photochemical quenching in diatoms. Biochim Biophys Acta-
Bioenerg 1817:1044-1052

Gundermann K, Biichel C (2014) Structure and functional heterogene-
ity of fucoxanthin-chlorophyll proteins in diatoms. In: Hohmann-
Marriott MF (ed) The structural basis of biological energy genera-
tion. Springer, New York, pp 21-37

Gundermann K, Schmidt M, Weisheit W et al (2013) Identification of
several sub-populations in the pool of light harvesting proteins in
the pennate diatom Phaeodactylum tricornutum. Biochim Biophys
Acta 1827:303-310. https://doi.org/10.1016/j.bbabio.2012.10.017

Hendrickson L, Furbank RT, Chow WS (2004) A simple alternative
approach to assessing the fate of absorbed light energy using chlo-
rophyll fluorescence. Photosynth Res 82:73-81

Herbstova M, Bina D, Konik P et al (2015) Molecular basis of chro-
matic adaptation in pennate diatom Phaeodactylum tricornutum.
Biochim Biophys Acta-Bioenerg 1847:534-543. https://doi.
org/10.1016/J.BBABIO.2015.02.016

Herbstova M, Bina D, Kana R et al (2017) Red-light phenotype in
a marine diatom involves a specialized oligomeric red-shifted
antenna and altered cell morphology. Sci Rep 7:11976. https://
doi.org/10.1038/s41598-017-12247-0

Hieber DA, Bugos RC, Verhoeven AS, Yamamoto HY (2002) Overex-
pression of violaxanthin de-epoxidase: properties of C-terminal
deletions on activity and pH-dependent lipid binding. Planta
214:476-483

Horton P, Wentworth M, Ruban A (2005) Control of the light har-
vesting function of chloroplast membranes: the LHCII-aggre-
gation model for non-photochemical quenching. FEBS Lett
579:4201-4206

Huner N, Oquist G, Sarhan F (1998) Energy balance and acclimation
to light and cold. Trends Plant Sci 3:224-230

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1073/pnas.1007703107
https://doi.org/10.1038/ismej.2014.105
https://doi.org/10.1038/ismej.2014.105
https://doi.org/10.1002/lno.10511
https://doi.org/10.1080/09670262.2017.1397197
https://doi.org/10.1080/09670262.2017.1397197
https://doi.org/10.1093/jxb/erq284
https://doi.org/10.1093/jxb/erq284
https://doi.org/10.1016/j.bbabio.2015.02.008
https://doi.org/10.1016/j.bbabio.2015.02.008
https://doi.org/10.1016/j.bbabio.2016.12.005
https://doi.org/10.1371/journal.pone.0103782
https://doi.org/10.1371/journal.pone.0103782
https://doi.org/10.1016/j.jplph.2014.03.004
https://doi.org/10.1093/pcp/pcn097
https://doi.org/10.1093/pcp/pcn097
https://doi.org/10.1016/j.bbabio.2012.10.017
https://doi.org/10.1016/J.BBABIO.2015.02.016
https://doi.org/10.1016/J.BBABIO.2015.02.016
https://doi.org/10.1038/s41598-017-12247-0
https://doi.org/10.1038/s41598-017-12247-0

164

Photosynthesis Research (2018) 138:149-165

Ikeda Y, Komura M, Watanabe M et al (2008) Photosystem I com-
plexes associated with fucoxanthin-chlorophyll-binding proteins
from a marine centric diatom, Chaetoceros gracilis. Biochim Bio-
phys Acta-Bioenerg 1777:351-361

Jakob T, Goss R, Wilhelm C (2001) Unusual pH-dependence of dia-
dinoxanthin de-epoxidase activation causes chlororespiratory
induced accumulation of diatoxanthin in the diatom Phaeodac-
tylum tricornutum. J Plant Physiol 158:383-390

Juneau P, Barnett A, Méléder V et al (2015) Combined effect of
high light and high salinity on the regulation of photosynthesis
in three diatom species belonging to the main growth forms
of intertidal flat inhabiting microphytobenthos. J Exp Mar Bio
Ecol 463:95-104. https://doi.org/10.1016/j.jembe.2014.11.003

Key T, McCarthy A, Campbell DA et al (2010) Cell size trade-offs
govern light exploitation strategies in marine phytoplankton.
Environ Microbiol 12:95-104

Kim E, Akimoto S, Tokutsu R et al (2017) Fluorescence lifetime
analyses reveal how the high light-responsive protein LHCSR3
transforms PSII light-harvesting complexes into an energy-
dissipative state. J Biol Chem 292:18951-18960. https://doi.
org/10.1074/jbc.M117.805192

Kirchhoff H, Hinz H-J, Rosgen J (2003) Aggregation and fluores-
cence quenching of chlorophyll a of the light-harvesting com-
plex II from spinach in vitro. Biochim Biophys Acta-Bioenerg
1606:105-116

Kirkwood AE, Henley WJ (2006) Algal community dynamics and
halotolerance in a terrestrial, hypersaline environment. J Phycol
42:537-547

Lakowicz J (2006) Corrected emission spectra. In: Principles of fluo-
rescence spectroscopy, 3rd ed. Springer, Dordrecht, The Nether-
lands, pp 873-881

Lavaud J (2007) Fast regulation of photosynthesis in diatoms: mecha-
nisms, evolution and ecophysiology. Funct Plant Sci Biotechnol
1:267-287

Lavaud J, Goss R (2014) The peculiar features of non-photochem-
ical fluorescence quenching in diatoms and brown algae.
In: Demmig-Adams B, Garab G, Adams IIIW, Govindjee
(eds) Non-photochemical quenching and energy dissipation
in plants, algae and cyanobacteria. Advances in photosyn-
thesis and respiration (including bioenergy and related pro-
cesses), vol 40. Springer, Dordrecht, pp 421-443. https://doi.
org/10.1007/978-94-017-9032-1_20

Lavaud J, Lepetit B (2013) An explanation for the inter-species vari-
ability of the photoprotective non-photochemical chlorophyll fluo-
rescence quenching in diatoms. Biochim Biophys Acta-Bioenerg
1827:294-302. https://doi.org/10.1016/J.BBABIO.2012.11.012

Lavaud J, Van Gorkom HJ, Etienne A-L (2002) Photosystem II elec-
tron transfer cycle and chlororespiration in planktonic diatoms.
Photosynth Res 74:51-59

Lavaud J, Rousseau B, Etienne A-L (2003) Enrichment of the light-
harvesting complex in diadinoxanthin and implications for the
nonphotochemical fluorescence quenching in diatoms. Biochem-
istry 42:5802-5808

Lavaud J, Strzepek RF, Kroth PG (2007) Photoprotection capacity dif-
fers among diatoms: possible consequences on the spatial distri-
bution of diatoms related to fluctuations in the underwater light
climate. Limnol Oceanogr 52:1188-1194

Lavaud J, Six C, Campbell DA (2016) Photosystem II repair in marine
diatoms with contrasting photophysiologies. Photosynth Res
127:189-199. https://doi.org/10.1007/s11120-015-0172-3

Lepetit B, Volke D, Szab6 M et al (2007) Spectroscopic and molecular
characterization of the oligomeric antenna of the diatom Phaeo-
dactylum tricornutum. Biochemistry 46:9813-9822

Lepetit B, Volke D, Gilbert M et al (2010) Evidence for the existence
of one antenna-associated, lipid-dissolved and two protein-bound

@ Springer

pools of diadinoxanthin cycle pigments in diatoms. Plant Physiol
154:1905-1920

Lepetit B, Gélin G, Lepetit M et al (2017) The diatom Phaeodactylum
tricornutum adjusts nonphotochemical fluorescence quenching
capacity in response to dynamic light via fine-tuned Lhcx and
xanthophyll cycle pigment synthesis. New Phytol 214:205-218.
https://doi.org/10.1111/nph.14337

Miloslavina Y, Wehner A, Lambrev PH et al (2008) Far-red fluores-
cence: a direct spectroscopic marker for LHCII oligomer forma-
tion in non-photochemical quenching. Febs Lett 582:3625-3631

Miloslavina Y, Grouneva I, Lambrev PH et al (2009) Ultrafast fluores-
cence study on the location and mechanism of non-photochem-
ical quenching in diatoms. Biochim Biophys Acta-Bioenerg
1787:1189-1197

Mitrovic SM, Howden CG, Bowling LC, Buckney RT (2003) Unusual
allometry between in situ growth of freshwater phytoplankton
under static and fluctuating light environments: possible implica-
tions for dominance. J Plankton Res 25:517-526

Nagao R, Tomo T, Noguchi E et al (2010) Purification and characteri-
zation of a stable oxygen-evolving Photosystem II complex from
a marine centric diatom, Chaetoceros gracilis. Biochim Biophys
Acta-Bioenerg 1797:160-166

Petersen JE, Sanford LP, Kemp WM (1998) Coastal plankton responses
to turbulent mixing in experimental ecosystems. Mar Ecol Prog
Ser 171:23-41

Porra RJ, Thompson WA, Kriedemann PE (1989) Determination of
accurate extinction coefficients and simultaneous equations for
assaying chlorophylls a and b extracted with four different sol-
vents: verification of the concentration of chlorophyll standards by
atomic absorption spectroscopy. Biochim Biophys Acta-Bioenerg
975:384-394

Premvardhan L, Robert B, Beer A, Biichel C (2010) Pigment organi-
zation in fucoxanthin chlorophyll a/c, proteins (FCP) based on
resonance Raman spectroscopy and sequence analysis. Biochim
Biophys Acta-Bioenerg 1797:1647-1656

Provasoli-Guillard National Center for Marine Algae and Microbia.
Bigelow Laboratory for Ocean Sciences (2017) NCMA. https://
ncma.bigelow.org. Accessed 12 Sep 2017

Raven J, Geider J (2003) Adaptation, acclimation and regulation in
algal photosynthesis. In: Larkum W, Douglas S, Raven J (eds)
Photosynthesis in algae. Kluwer Academic Publishers, Dordrecht,
pp 385-412

Ruban AV (2016) Nonphotochemical chlorophyll fluorescence quench-
ing: mechanism and effectiveness in protecting plants from pho-
todamage. Plant Physiol 170:1903 LP-1916.

Ruban AV, Horton P (1992) Mechanism of ApH-dependent dissipa-
tion of absorbed excitation energy by photosynthetic membranes.
I. Spectroscopic analysis of isolated light-harvesting complexes.
Biochim Biophys Acta-Bioenerg 1102:30-38

Ruban AV, Rees D, Pascal AA, Horton P (1992) Mechanism of ApH-
dependent dissipation of absorbed excitation energy by photo-
synthetic membranes. II. The relationship between LHCII aggre-
gation in vitro and gE in isolated thylakoids. Biochim Biophys
Acta-Bioenerg 1102:39-44

Ruban AV, Calkoen F, Kwa SLS et al (1997) Characterisation of LHCII
in the aggregated state by linear and circular dichroism spectros-
copy. Biochim Biophys Acta-Bioenerg 1321:61-70. https://doi.
0rg/10.1016/S0005-2728(97)00047-9

Ruban A, Lavaud J, Rousseau B et al (2004) The super-excess energy
dissipation in diatom algae: comparative analysis with higher
plants. Photosynth Res 82:165-175

Ruban AV, Johnson MP, Duffy CDP (2012) The photoprotective molec-
ular switch in the photosystem II antenna. Biochim Biophys Acta-
Bioenerg 1817:167-181


https://doi.org/10.1016/j.jembe.2014.11.003
https://doi.org/10.1074/jbc.M117.805192
https://doi.org/10.1074/jbc.M117.805192
https://doi.org/10.1007/978-94-017-9032-1_20
https://doi.org/10.1007/978-94-017-9032-1_20
https://doi.org/10.1016/J.BBABIO.2012.11.012
https://doi.org/10.1007/s11120-015-0172-3
https://doi.org/10.1111/nph.14337
https://ncma.bigelow.org
https://ncma.bigelow.org
https://doi.org/10.1016/S0005-2728(97)00047-9
https://doi.org/10.1016/S0005-2728(97)00047-9

Photosynthesis Research (2018) 138:149-165

165

Sauer K, Smith JRL, Schultz AJ (1966) The dimerization of chloro-
phyll a, chlorophyll b, and bacteriochlorophyll in solution 1. ] Am
Chem Soc 88:2681-2688

Schlodder E, Cetin M, Byrdin M et al (2005) P700+-and 3 P700-
induced quenching of the fluorescence at 760 nm in trimeric
photosystem I complexes from the cyanobacterium Arthrospira
platensis. Biochim Biophys Acta-Bioenerg 1706:53-67

Schulz K, Mikhailyuk T, Dreller M et al (2016) Biological soil crusts
from coastal dunes at the Baltic Sea: Cyanobacterial and algal
biodiversity and related soil properties. Microb Ecol 71:178-193.
https://doi.org/10.1007/s00248-015-0691-7

Seely GR, Duncan MJ, Vidaver WE (1972) Preparative and analytical
extraction of pigments from brown algae with dimethyl sulfoxide.
Mar Biol 12:184-188

Smetacek V (1999) Diatoms and the ocean carbon cycle. Protist
150:25-32

Stuart V, Sathyendranath S, Platt T et al (1998) Pigments and species
composition of natural phytoplankton populations: effect on the
absorption spectra. J Plankton Res 20:187-217

Stuart V, Sathyendranath S, Head EJH et al (2000) Bio-optical charac-
teristics of diatom and prymnesiophyte populations in the Labra-
dor Sea. Mar Ecol Prog Ser 201:91-106

Sutherland TF, Grant J, Amos CL (2003) The effect of carbohydrate
production by the diatom Nitzschia curvilineata on the erodibility

of sediment. Limnol Oceanogr 43:65-72. https://doi.org/10.4319/
10.1998.43.1.0065

Wahadoszamen M, Ghazaryan A, Cingil HE et al (2014) Stark flu-
orescence spectroscopy reveals two emitting sites in the dissi-
pative state of FCP antennas. Biochim Biophys Acta-Bioenerg
1837:193-200

Wu H, Cockshutt AM, McCarthy A, Campbell DA (2011) Distinctive
photosystem II photoinactivation and protein dynamics in marine
diatoms. Plant Physiol 156:2184-2195. https://doi.org/10.1104/
pp.111.178772

Wu H, Roy S, Alami M et al (2012) Photosystem II photoinactivation,
repair, and protection in marine centric diatoms. Plant Physiol
160:464-476. https://doi.org/10.1104/pp.112.203067

Yokono M, Nagao R, Tomo T, Akimoto S (2015) Regulation of excita-
tion energy transfer in diatom PSII dimer: how does it change the
destination of excitation energy? Biochim Biophys Acta-Bioenerg
1847:1274-1282. https://doi.org/10.1016/J.BBABIO.2015.07.006

Zhu SH, Green BR (2010) Photoprotection in the diatom Thalassio-
sira pseudonana: role of LI818-like proteins in response to high
light stress. Biochim Biophys Acta 1797:1449-1457. https://doi.
org/10.1016/j.bbabio.2010.04.003

@ Springer


https://doi.org/10.1007/s00248-015-0691-7
https://doi.org/10.4319/lo.1998.43.1.0065
https://doi.org/10.4319/lo.1998.43.1.0065
https://doi.org/10.1104/pp.111.178772
https://doi.org/10.1104/pp.111.178772
https://doi.org/10.1104/pp.112.203067
https://doi.org/10.1016/J.BBABIO.2015.07.006
https://doi.org/10.1016/j.bbabio.2010.04.003
https://doi.org/10.1016/j.bbabio.2010.04.003

	Rapid regulation of excitation energy in two pennate diatoms from contrasting light climates
	Abstract
	Introduction
	Methods
	Culturing and sample preparation
	Pigment analysis
	Low temperature spectroscopy
	Absorption spectra
	Emission spectra

	PAM (pulse amplitude modulated) fluorometry
	Definition of fluorescence parameters
	Experimental setup

	Effective PSII absorbance cross section measurements
	Data transformation

	Results and discussion
	Characterization of the excited state landscapes of the thylakoid
	Basal light harvesting
	Changes in cell absorbance and emission in response to high light transitions

	PSII performance during high light transitions
	Excitation pressure and NPQ
	Influence of exogenous NPQ inhibitors
	Apportionment of PSII excitation energy
	Influence of electron flow on NPQ recovery

	Evaluation of photoprotective approaches

	References


