N
N

N

HAL

open science

The Peculiar Features of Non-Photochemical
Fluorescence Quenching in Diatoms and Brown Algae

Johann Lavaud, Reimund Goss

» To cite this version:

Johann Lavaud, Reimund Goss. The Peculiar Features of Non-Photochemical Fluorescence Quenching
in Diatoms and Brown Algae. Non-Photochemical Quenching and Energy Dissipation in Plants, Algae

and Cyanobacteria, , pp.421 - 443, 2014, 10.1007/978-94-017-9032-1_20 . hal-01096599

HAL Id: hal-01096599
https://hal.science/hal-01096599
Submitted on 17 Dec 2014

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-01096599
https://hal.archives-ouvertes.fr

Chapter 20

The Peculiar Features of Non-Photochemical Fluorescence Quenching in Diatoms and

Brown Algae

Johann Lavaud*and Reimund Go$s

'UMR 7266 ‘LIENSs’, CNRS/University of La Rochellstitute for Coastal Research and
Environment (ILE), 2 rue Olympe de Gouges, 1700Rbahelle cedex, France;

?Institute of Biology, Department of Plant PhysiofodJniversity of Leipzig, Johannisallee

21-23, 04103 Leipzig, Germany

*Author for correspondence: Fax: +33-5-46-45-82-€&-mail: johann.lavaud@univ-Ir.fr

Running title: NPQ in Diatoms and Brown Algae



Summary
l. Introduction
[l. Xanthophyll Cycle-Dependent NPQ
A. Xanthophyll Cycles of Diatoms and Brown Algae
1. Diatoms
2. Brown algae
B. Mechanism of Xanthophyll-Dependent NPQ
1. Diatoms
2. Brown algae
C. Regulation of Xanthophyll Cycle-Dependent NPQ
[ll. Importance of the Xanthophyll Cycle and NPQtle Field
A. Diatoms of the Phytoplankton
B. Diatoms of the Microphytobenthos
C. Brown Algae
IV. Conclusion
Acknowledgments

References



Summary

Diatoms and brown algae are major contributors time primary production. They are
biologically diverse, with thousands of differenpesies, and are extremely successful,
occupying almost every marine ecosystem ranging ftbe coastal-estuarine to deep-sea
regions. Their ecological success is based in parttheir ability to rapidly regulate
photosynthesis in response to pronounced fluctuatiantheir natural light environment.
Regulation of light harvesting, and the use of &timn energy, is largely based on effective
dissipation of excessive energy as heat. Thernsaihtion of excitation energy is assessed
as non-photochemical quenching of chlorophyfluorescence (NPQ). NPQ depends strongly
on the conversion of xanthophylls: diadinoxant{iid) to diatoxanthin (Dt) in the Dd-Dt
cycle of diatoms and violaxanthin (V) to zeaxant{i, via the intermediate antheraxanthin
(A), in the VAZ cycle present in brown algae. Xasphyll cycle (XC)-dependent thermal
energy dissipation underlying NPQ represents on¢hefmost important photoprotection
mechanisms of diatoms and brown algae. In the ptes@pter, we review the biochemistry
of XC enzymes with a special focus on co-substraggiirements and regulation of enzyme
activity. In addition, we present a new model fog structural basis of XC-dependent NPQ in
diatoms based on the latest experimental findimgsthe last section, we highlight the
importance of XC-dependent photoprotection forabelogical success of diatoms and brown

algae in their natural environments.

Abbreviations

A antheraxanthin
Asc  Ascorbate
Chla chlorophylla

Chlazip712  chlorophylla fluorescence emission band between 710 and 712 nm



Dd  diadinoxanthin

DDE diadinoxanthin de-epoxidase

DES diadinoxanthin de-epoxidation state

DEP diadinoxanthin epoxidase

Dt diatoxanthin

DTT dithiothreitol

FCP fucoxanthin chlorophyll protein

FCPa, FCPb, FCPo, Fcp6  fucoxanthin chlorophyll erotcomplex ‘a’, fucoxanthin
chlorophyll protein complex ‘b’, fucoxanthin chigryll protein complex ‘o’, fucoxanthin
chlorophyll protein ‘6’ (= Lhcx1)

H*  protons

LHC light-harvesting complex

Lhcf, Lhex  light-harvesting complex protein  bindinducoxanthin, light-harvesting
complex protein ‘X’

LHCSR stress-related light-harvesting complex profe LI818)

LHC7, LHCS8 light-harvesting complex protein ‘7’ght-harvesting complex protein ‘8’
L1818 light-induced light-harvesting complex prate818’

MGDG monogalactosyldiacylgycerol

MPB microphytobenthic

Ndh NAD(P)H dehydrogenase

NPQ non-photochemical quenching of chlorophyll fescence

OEC oxygen evolving complex

PQ  plastoquinone

PS Il photosystem Il

PSIIRC photosystem Il reaction center



gE ‘energy- or pH-dependent’ quenching
o] ‘photoinhibitory’ quenching

qT ‘state-transition’ quenching

Qland Q2 quenching sites 1 and 2
SQDG sulfoquinovosyldiacylglycerol

VDE violaxanthin de-epoxidase

Vv violaxanthin

XC  xanthophyll cycle

ZEP zeaxanthin epoxidase

Z zeaxanthin

ApH transthylakoid proton gradient

A522 nm absorption change at 522 nm.

Hy MGDG inverted hexagonal phase



|. Introduction
In marine ecosystems, the main in situ abiotic idgvforces for autotrophic growth are
temperature, nutrients and light, the latter showtimg highest variations in amplitude and
frequency (Macintyre et al. 2000; Kirk 2011). Comsently, the response of algae to their
natural light environment is influenced by at lease irradiance-dependent process (Li et al.
2009). Because rapid light fluctuations are unmtadile, this process must be fast and
flexible. The xanthophyll (XC)-dependent non-phdtemical quenching of chlorophyll (Chl)
a fluorescence (NPQ) turns out to provide such festuPhotoprotective thermal energy
dissipation that is reflected in NPQ is one of than physiological processes used by algae
to respond to the fluctuations of their naturahtignvironment (Lavaud 2007; Brunet and
Lavaud 2010; Goss and Jakob 2010; Depauw et a2; 20§ogi and Truong 2013). Diatoms
and brown macroalgae can exert a strong NPQ (Laeaual. 2002a; Ruban et al. 2004;
Lavaud 2007; Garcia-Mendoza and Colombo-Pallot@/ 20

Diatoms, as well as macrophytic brown algae (Phagmgae), belong to the
stramenopiles that are classified as Chromista i@€@oet al. 2007). The chloroplasts of the
Chromista are most likely the result of differenlesymbiotic events, including a significant
gene transfer from red algal and from prasinopleglés (Frommolt et al. 2008; Moustafa et
al. 2009). Among the genes that were retained le@eohes encoding for the XC enzymes
violaxanthin (V) de-epoxidase (VDE) and zeaxani@hepoxidase (ZEP). It was suggested
that the latter genes were retained because, thrtheycontrol of thermal energy dissipation
underlying NPQ, the XC provides an efficient phatdgpction mechanism, thereby improving
photosynthetic performance (Frommolt et al. 2008)e plastids of the stramenopiles are
further characterized by the existence of four &p& membranes and by a different pigment

assemblage (Wilhelm et al. 2006; Lavaud 2007; liepstt al. 2012). The thylakoid



membranes are arranged in regular stacks of thitkene grana systems as in vascular plants
(Pyszniak and Gibbs 1992).

Diatoms show a fascinating biodiversity with up1i@0,000 different species divided
into three clades and two morphological groups:geenates and the centrics (longitudinal
versus radial symmetry, respectively) (Kooistrale007). Planktonic diatoms evolved from
benthic forms (Kooistra et al. 2007). Diatoms amaast equally distributed in marine and
limnic habitats (Falkowski et al. 2004) and theg amajor contributors to marine primary
production (Armbrust et al. 2009). The light-hamusg system of diatoms consists of the
fucoxanthin-chlorophyll protein (FCP) complexesttf@m oligomers whose organization is
groups-/species-dependent (see Blchel, Chap. dBddition to the peripheral, main light-
harvesting complex (LHC), which serves as anteond®th photosystem | (PS 1) and Il (PS
I), diatoms contain a specific PS | FCP complexifl et al. 2009; Lepetit et al. 2010). FCP
complexes are apoproteins of up to 18-19 kDa (Wfithet al. 2006; Lavaud 2007; Lepetit et
al. 2012). The pigments of the XC cycle involvingdinoxanthin (=Dd) and diatoxanthin
(=Dt) are bound to FCPs or located in a monogalgid@ylgycerol (MGDG) shield around
the peripheral FCP complexes (Lepetit et al. 20TOese complexes are the site, where the
majority of energy dissipation that results in NR2Res place (see Blichel, Chap. 11).

Macrophytic brown algae are important coastal primproducers (Enriquez and
Borowitzka 2010). There are about 2000 known sge(ie® Reviers and Rousseau 1999)
whose phylogeny is still under debate (Philips |e2808). Their morphology is extremely
diverse, with forms ranging from microscopic filam to the well-known macrophytes like
the Fucales and the Laminariales. Most of thensassile organisms with few pelagic (open
water) species. The LHC system of brown algaess abmposed of FCP complexes (Dittami
et al. 2010). The latter are isolated as trimeritsuof 20-kDa apoproteins (De Martino et al.

1997; Fujii et al. 2012) that can possibly formHeg dodecameric structures (Katoh et al.



1989; Passaquet et al. 1991). These complexesieximgjnentation similar to that of the
corresponding complexes in diatoms, with the exoapif the XC pigments that are the same
as in green algae and vascular plants, i.e. Veaatlanthin (A), and Z (Passaquet et al. 1991).
The variability of the XC-NPQ responses among lges#genera/species has been a
matter of growing debate. It was suggested that\RD) diversity, and to a larger extent the
diversity of photoadaptative strategy and capawitylld contribute to promoting competitive
exclusion and spatial co-existence and/or tempsuwatession of algae in both pelagic and
benthic (region along the bottom) systems (see &ramd Lavaud 2010; Goss and Jakob
2010). The high efficiency of photoprotective XCpdadent energy dissipation underlying
NPQ could also explain the amazing capacity of adret and brown algae to exploit

differences in underwater light climate and to qgoca wide range of ecological niches.

I1. Xanthophyll Cycle-Dependent NPQ

A. Xanthophyll Cycles of Diatoms and Brown Algae

1. Diatoms

Diatoms possess both the VAZ and the Dd-Dt cycleh(Ll2011). While the Dd-Dt cycle is

the main XC and is essential for NPQ, the VAZ-cyailgment V serves as precursor pigment

in the biosynthesis of Dd and the main light-hatwmesxanthophyll fucoxanthin (Lohr 2011;

Dambek et al. 2012). In line with their function enthophyll synthesis intermediates, the

VAZ-cycle pigments are only present in significaarhounts after exposure to prolonged

excess light, which triggers profound de-novo camotd synthesis (Lohr and Wilhelm 1999).
The Dd-Dt cycle (Fig. 1) consists of a de-epoxiolatstep from Dd, with one epoxy

group, to the epoxy-free Dt (Lohr 2011). The bagloxadation reaction re-introduces the

epoxy group into the Dt molecule. De-epoxidatioonirDd to Dt takes place under excess

light intensities but may also be triggered durioigg periods of darkness (Jakob et al. 1999,



2001; Cruz et al. 2011) (see Section I1.C). Epaxashais usually observed during periods of
low light or darkness that follow excess light espe (Goss et al. 2006a).
Typesetter to place Figure 1 here

De-epoxidation is catalyzed by the enzyme Dd dedelase (DDE) while Dt
epoxidase (DEP) triggers the epoxidation. Importifierences exist between the latter two
enzymes and the respective enzymes of the VAZ oythascular plants, VDE and ZEP.
DDE exhibits a different pH-dependence (Jakob.e2@D1); while VDE activity occurs at pH
values of 6.5 or lower, DDE activity can alreadydieserved at neutral pH values. The pH
optimum of DDE is also shifted to higher pH val{g®) in isolated thylakoids of diatoms as
compared to VDE (Jakob et al. 2001; Grouneva €006). These differences imply that, in
diatoms, Dd de-epoxidation can be triggered byveetolight-driven proton gradient across
the thylakoid membraneApH) (see Section II.C). It is not clear if DDE aetiion at less
acidic pH values results in a conformational chaofythe enzyme as has been proposed for
VDE of vascular plants. Inactive VDE is monomeranid forms a dimer after exposure to
low/acid pH values (Arnoux et al. 2009; Saga et28l10). It has been proposed that the
dimeric form of VDE is able to simultaneously deseiglize both epoxy groups of V (Arnoux
et al. 2009). Such a direct de-epoxidation of VZtes, however, in contrast to the various
studies that describe V de-epoxidation under nhtaaditions in intact plant leaves. These
studies have shown that a significant accumulatiA can occur during the morning with
increasing light intensities and during the aftemadhen the irradiance decreases (Adams
and Demmig-Adams 1992).

Since Dd de-epoxidation only comprises one de-eaikin step, the greatest
advantage of dimeric VDE, i.e. simultaneous de-etaiion of both epoxy-groups of V, does
not apply to the Dd-Dt cycle. Additionally, DDE aklis a significantly lower Ig value (than

VDE) for the co-substrate of de-epoxidation, ascerlj&rouneva et al. 2006). The,Kalue



for isolated DDE ofCyclotella meneghiniana is 0.7 mM versus 2.3 mM for VDE of spinach.
DDE is also able to maintain efficient de-epoxidatiin the presence of very low
concentrations of ascorbate, although this leads ghift of the pH-optimum towards lower
pH values (Grouneva et al. 2006). The optimizedwostrate usage of DDE indicates that the
diatom cell is not providing a high concentratiorastorbate for Dd de-epoxidation.

A further, albeit more indirect, optimization isesein the lipid requirement of the de-
epoxidation. Efficient Dd de-epoxidation dependspsasence of the main thylakoid lipid
MGDG (Goss et al. 2005, 2007). MGDG serves to sthebthe hydrophobic pigment Dd,
making it accessible for DDE. For the complete biization of a certain amount of Dd, a
lower concentration of MGDG is sufficient than tbe same number of V molecules (Goss et
al. 2005, 2007). This increased solubilizationaédincy of Dd is in line with the often large
XC pigment pool of diatoms with values of up to 86 Dd+Dt per M Chla (Lavaud et al.
2003; Lepetit et al. 2010). A higher number of Ddlecules can presumably be incorporated
into the MGDG phase, resulting in increased de-gjadon (Lavaud et al. 2003). A high
concentration of Dt in the thylakoid lipid phaseridine with increased photoprotection by Dt
(Lepetit et al. 2010). Additionally, MGDG forms wthare termed inverted hexagonal,{H
phases essential for efficient de-epoxidation (Wato et al. 2002; Goss et al. 2005, 2007).
Hy phases are likely associated with the FCP complexel represent the docking sites for
DDE once the enzyme has been activated iy (Lepetit et al. 2010, 2012), i.e. the MGDG
shield around the LHC targets DDE to the site witleeemajority of Dd is located.

The DEP also shows significant differences compéoedEP, especially with regard
to the epoxidation kinetics that can be almost 2@l fhigher (Goss et al. 2006a).
Consequently, while Z epoxidation in vascular pdaamid green algae is slow compared to V
de-epoxidation (Goss et al. 2006b; Schaller e2@12), Dt epoxidation is fast and can almost

equal the Dd de-epoxidation kinetics. The extreniadt Dt epoxidation must be viewed in
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conjunction with the differences in the mechanisnbt and Z-dependent NPQ (Goss et al.
2006a; Goss and Jakob 2010) (see Section I.B.1ileWzZ normally quenches Cha
fluorescence non-photochemically in the presencapti, Dt maintains a stable NPQ after
ApH relaxation dissipation. This stable quenchingamparable to a certain type of stable,
ApH-independent Z quenching seen in evergreen plduntisig the winter or subjected to
water stress, or low light-grown plants subjecte@cess light (Demmig-Adams and Adams
2006; Demmig-Adams et al. 2006; see Adams et &lapC23, and Demmig-Adams et al.,
Chap. 24). Due to the stable Dt quenching, a complesengagement of Dt from thermal
energy dissipation and relaxation of NPQ is predaynpossible only by efficient removal of
Dt from its FCP-binding sites. However, the pod#ipbpf an extremely fast Dt epoxidation
poses a problem for the Dd-Dt cycle when, duringess light illumination, a fast net
accumulation of Dt is needed to trigger thermalrgpealissipation resulting in NPQ (Lavaud
et al. 2002b; Goss et al. 2006a; Lepetit et al.32@4ee Section 11.B.1). Without an efficient
control of Dt epoxidation, excess light could nesult in a fast and strong increase of Dt
concentration. Therefore, it is of great importaticat DEP be under the strict control of
light-driven ApH, i.e.ApH almost completely inhibits epoxidation of Dt (Mes and Richter
2002; Goss et al. 2006a). The mechanism of thistivaion is, however, still unknown.
Nevertheless, upon exposure to gradually incredgihg intensities, a complete inactivation
of the DEP can be circumvented (Dimier et al. 2009)

With respect to the localization of the XC enzymié® pH-dependent activation of
DDE and the NADPH requirement of DEP indicate ttle enzymes are situated in the
thylakoid lumen and on the stromal side of theakgld membrane, respectively, as it has
been described for VDE and ZEP of vascular plaidbris et al. 2009; Latowski et al. 2011).
The MGDG-requirement of Dd de-epoxidation indicatest DDE, like VDE (Schaller et al.

2010), binds to MGDG-enriched regions of the thgidkmembrane that are located in the
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vicinity of the FCP complexes (Lepetit et al. 201Dhe binding of DDE to MGDG-enriched
regions occurs after the DDE pH-activation. WhetB&P is a peripheral, loosely-bound
membrane protein, as it has been recently suggéstedEP (Schaller et al. 2012), remains to
be assessed.

Genetic studies of the Dd-Dt cycle demonstratetttitegenes encoding for DDE and
DEP are closely related to the respective gengkeoPrasinophytes (Frommolt et al. 2008).
The comparable structure of the gene arrangemeahaioms and Prasinophytes, i.e. a cluster
of the DDE-VDE gene with one of the multiple copiet the DEP-ZEP gene, further
strengthens the notion that the Chromista have igmtjuhe XC genes through an early
endosymbiosis involving a primitive green algaaddition to the later endosymbiosis events
with red algae. A recent study reported the genstanipulation of the DDE gene in
Phaeodactylum tricornutum (Lavaud et al. 2012). By suppressing the transdeiel of the
DDE in vivo, it was possible to inhibit up to 50% Bt synthesis and to strongly reduce the
extent of NPQ, as well as to disturb thyeH-Dt-NPQ relationship. Such approaches will help

to decipher the mechanism underlying NPQ in diatomnike future (see Section 11.B.1).

2. Brown Algae

Unlike diatoms, brown algae only possess the VAZdeyRodrigues et al. 2002; Gévaert et
al. 2003; Garcia-Mendoza and Colombo-Pallotta 200 VAZ cycle (Fig. 1) consists of a
two-step de-epoxidation from the di-epoxy xanthdphy to Z via the intermediate A
(Yamamoto et al. 1962; Hager 1967a,b,). This reacsequence, taking place under excess
light (as is the case for the VAZ cycle in plantslahe Dd-Dt cyle in diatoms), is reversed in
low light or in darkness. The enzymes catalyzirgyftrward and backward reaction are VDE
and ZEP, respectively. Almost nothing is known altbe biochemistry of these enzymes in

brown algae. Since the overall characteristicshef XC, i.e. kinetic, rates of the first and
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second de-epoxidation and epoxidation steps, atid i the first to the second de-
epoxidation and epoxidation step, are generallypayable to vascular plants (Rodrigues et
al. 2002), the properties of the VAZ-cycle enzynmesbrown algae are most likely also
comparable. However, V de-epoxidation may be digsliower and Z epoxidation slightly
faster in brown algae (Garcia-Mendoza et al. 20Brpwn algae thus exhibit slow Z
epoxidation kinetics similar to those in vasculdangs (Garcia-Mendoza and Colombo-
Pallotta 2007). This means that, during a low-lightdark period following excess light
illumination, a significant amount of Z remains nduto the FCP complexes. As described
above for Dt in diatoms (see also Section I1.BZ)n brown algae also seems to be able to
contribute to a sustained NPQ even aft@H relaxation (Garcia-Mendoza and Colombo-
Pallotta 2007). Hence the structure/organizationtred FCP complexes appears to be
responsible for this stable Dt- or Z-dependent NRQthe LHC Il complexes of vascular
plants such a pronounced stable Z-dependent NPQrisally not seen aftekpH relaxation
(Goss et al. 2006a), but can be found in plantoseg to excess light for extended time
periods with or without additional stresses (Dem#dams and Adams 2006; Demmig-
Adams et al. 2006; see also Adams et al., Chaparg8 Demmig-Adams et al., Chap. 24). It
remains an open question as to why brown algaeunable to epoxidize Z to V with
comparably fast kinetics as observed for the cawerrof Dt to Dd in diatoms. Based on the
observation that the conversion rate of A to V ankihess decreaseshh pyrifera exposed to
longer illumination periods (Ocampo-Alvarez et2013), it has been proposed that the slow
epoxidation reaction represents an adaptive styatéprown algae to cope with light stress
conditions. Maintaining A in the antenna system rablgw for a faster response to saturating

light by accelerating Z accumulation and NPQ inguc{Garcia-Mendoza et al. 2011).

B. Mechanism of Xanthophyll-Dependent NPQ
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1. Diatoms
In diatoms, NPQ is mainly composed of gE, i.e. mH-energy-dependent quenching (see
Papageorgiou and Govindjee, Chap. 1, and Logar.,eChap. 7 for a definition of the
different quenching components). Indeed, T, th€Bmponent based on state-transitions,
i.e. the reversible, wavelength-dependent translmtaf part of the PS Il antenna to PS |,
seems to be absent in diatoms (Owens 1986). loisever, still unclear if a light intensity-
dependent structural reorganization of PS Il andlP8hich might lead to an increased
spillover of excitation energy, takes place. Theiarand mechanism of gl, the slowly
reversible so-called “photoinhibitory” quenchingmain unclear, although it is likely that XC
pigments are involved (Demmig-Adams and Adams 2@@€; also Adams et al., Chap. 23,
and Demmig-Adams et al., Chap. 24). Mechanistic eteodf xanthophyll-dependent NPQ in
diatoms have been proposed before (Lavaud 2007 @us Jakob 2010; Lepetit et al. 2012)
and significant recent advances have been made @iitoslavina et al. 2009; Gundermann
and Bulchel 2012; Lavaud and Lepetit 2013). Theofaithg tentative NPQ model for pennate
diatoms (Fig. 2, see Buchel, Chap. 11 for a mooleténtric diatoms) is based on the recent
observation of two quenching sites (Q1 and Q2)iatodns and vascular plants (Miloslavina
et al. 2009; Jahns and Holzwarth 2012). The maugdudes differences observed between
diatom cells exhibiting a low versus high NPQ arugle (see also Section IIlLA).
Typesetter to place Figure 2 here

The quenching site Q2 is proposed to be locatea part of the LHC antenna that
remains attached to the PS Il core; its quenchingeaties presumably rely on an aggregation
state induced by lowering of the luminal pH andHar depends on the thylakoid membrane
lipid environment as shown in vitro (Gundermann &icthel 2012) and on the binding of
Dd-Dt (Miloslavina et al. 2009). The quenching @lproposed to be located in a part of the

LHC antenna that disconnects from PS Il upon illaion and forms oligomeric FCP
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complexes (potentially including both Lhcf and Lharoteins, see below) (Miloslavina et al.
2009). The quenching property of Q1 appears teelaively independent of the presence of
Dd-Dt in vitro (Gundermann and Buchel 2012). @y.712 oligomeric FCP complexes are
already present in dark- and low light-adaptedsc@iloslavina et al. 2009; Chukhutsina et
al. 2013; Lavaud and Lepetit 2013). However, utité latter disconnect from PS II, their
dissipative property remains negligible. Presencelanfie and stable Chéyi0.7:20 FCP
oligomers in high NPQ, dark-acclimated cells, midfet induced by the decrease of the
thylakoid lipid ratio MGDG/SQDG (Lepetit et al. 2D We propose that disconnection of
Chl ay10-712 FCP oligomers upon illumination is generated byhbptotonation of the
Lhcf/Lhex proteins involved in NPQ (Goss et al. BpQ.avaud and Kroth 2006) and
conversion of Dd to Dt (see below and EnriqueZ.e2@L0). Once disconnected, the @hip-

712 FCP oligomers show a spatial arrangement of pigipetein complexes that establishes
new Chla-Chl a interactions reducing the lifetime of excited @hMiloslavina et al. 2009),
thereby dissipating excessive excitation energyeas at the Q1 site in addition to the Q2 site.
Recent data obtained I tricornutum support such a mechanism; they revealed that FCP
macrodomains undergo a fast and reversible lightéad reorganization that correlates with
the kinetics of NPQ (Szabo et al. 2008).

The exact regulatory role of Dt remains under debawo alternatives have been
proposed that are not mutually exclusive (Fig. Zjiguez et al. 2010; see also Holzwarth and
Jahns Chap. 5): (1) direct quenching of excited £t the Q2 site by Dt via a transfer of
energy from the respective States of Chh and Dt as measured in vitro, or (2), together with
proton binding, de-epoxidation of Dd to Dt coulgpart a conformational change of the Dd-
Dt-binding Lhcf/Lhcx proteins, thereby promotingsdonnection of the FCP oligomers and
formation of the Q1 site. The latter possibility) (2 supported by (i) the sensitivity of the

A522-nm fingerprint to theA\pH-uncoupler NHCI and to the Dd de-epoxidation-inhibitor
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dithiothreitol (DTT) and (i) numerous studies thatcceeded in uncouplingpH, Dt and
NPQ in several pennate and centric species (Laeaadl 2002b; Goss et al. 2006a; Lavaud
and Kroth 2006; Grouneva et al. 2009; Cruz et all12GGundermann and Bichel 2012;
Lavaud et al. 2012). The latter studies showecetlessential features of NPQ in diatoms: (1)
a certain magnitude of thepH is needed for complete induction of NPQ, (2) N&4p be
modulated to a certain extent by Dt in the abs@fi@ApH, once Dt had been synthesized in
the presence of apH, and (3) Dt is mandatory for NPQ. The possiilif a coupling
between both a direct and an indirect effect offDNPQ is consistent with the synergistic
effect of ApH and Z in the NPQ/gE allosteric model of vascplants (Jahns and Holzwarth
2012; Ruban et al. 2012). Nevertheless, a sigmfipart of NPQ can be maintained in the
dark without anyApH as long as Dt is present (Goss et al. 2006aetitegt al. 2013), see also
Section IL.A.1).

The persistence of Dt in the dark was proposeceteebponsible for keeping the FCP
oligomers in an aggregated state (Goss et al. 2006a latter feature would be in line with
the persistence of part of the quenching at th€a@&8/or Q1) site(s) in the dark, i.e. as long as
the majority of the Dt molecules are not converbedk to Dd, the FCP oligomers cannot
reconnect to PS Il (Fig. 2). Retention of Dt arslahgagement in thermal energy dissipation
resulting in sustained NPQ in the dark were repbfte several species, including pennate
and centric representatives (Goss et al. 2006a;uchead Lepetit 2013). Because its dark
relaxation is slow, this sustained component of NBIRo called “dark NPQ” (see Section
[11.B), probably contributes in part to gl, togeth&ith photo-damage/-inactivation of PS II
(Wu et al. 2012). Sustained “dark NPQ” is often exfoed after a prolonged exposure to
excess light (Lavaud and Lepetit 2013), which estgthe pool of NADPH+Hand leads to
a slower epoxidation of Dt back to Dd in the dado$s et al. 2006a). Hence, at least part of

the “dark NPQ” could be interpreted as a slow recp¥eom the light-dependent reversible
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reorganization of the LHC system. “Dark NPQ” iscalshserved after a prolonged exposure
to darkness (several hours), where it is induced by molecules generated by a
chlororespiratoryA\pH (see Section 11.C).

The identity of the proteins involved in formatiaf the Q1 and Q2 sites remains
unclear. These proteins are obviously different agndiatom species (see Blichel, Chap. 11
for further details). In the centric diato@ meneghiniana, the basic organizational units of
FCPs are trimers (FCPa) and hexamers (FCPb) comipase different Lhcf/Lhcx
polypeptides. Their respective features (binding d and Dt, ability to aggregate,
dependence of the quenching property on pH andsport the possible identification of
FCPa as Q2 and FCPb as Q1 (Miloslavina et al. 260@dermann and Bichel 2012; Lepetit
et al. 2012), although such a proposal remainsttutiher evaluated. In the pennate diatom
P. tricornutum, a clear differentiation between FCP fractiong floam trimers or hexa- to
nonameric complexes (termed “FCP0”) does not dkigpetit et al. 2007, 2010; Joshi-deo et
al. 2010). FCPa contains the Fcp6 polypeptide, minee of the Lhcx family (Gundermann
and Buchel, 2012), the functional ortholog of LHC8Rgreen algae (Niyogi and Truong
2013 and see also Morosinotto and Bassi, Chapihdz#& and Minagawa, Chap. 21), termed
Lhcx1 inP. tricornutum. It was proposed that Fcp6 may interact with Fephember of the
Lhcf family, to form a quenching center (Gundermana Blchel 2012) that we hypothesize
to be Q2. While Fcp2 might be responsible for thkesensitivity of FCPa (Gundermann and
Bichel 2012), and could therefore drive the aboestinoned aggregation of FCPs at the Q2
site, the role of Fcp6/Lhcx1l remains unclear. Whille latter complexes’ ability to bind
protons has not been completely confirmed, theyappo bind Dt (Lepetit et al. 2010; Zhu
and Green 2010; Gundermann and Buchel 2012).

It has recently been demonstrated that the trgpigmmi of some Lhcx genes is co-

regulated with the Dd+Dt content via the redoxestdtthe PQ pool (Lepetit et al. 2013).Rn
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tricornutum, an increase, via genetic engineering, of theivo-\Lhcx1 level generates a
higher NPQ (Bailleul et al. 2010; Depauw et al. 201Zhu and Green (2010) proposed a
structural role for Lhcx1 that fits well with its ggence in significant amounts in low light-
acclimated cells (Bailleul et al. 2010; Schellegeret al. 2013; Lepetit et al. 2013).
Nevertheless, this proposal is not in contradictitih Lhcx1 providing Dd- and Dt-binding
sites or the amount of Dd and -Dt bound to the L$yStem being modulated by the amount
of Lhcx1 as a function of strains/species and efdhganism’s acclimation to light (Lavaud
and Lepetit 2013). There is currently no information the Lhcf/Lhcx composition of the
FCP oligomers responsible for Githo.712

In addition to Dt-dependent NPQ, part of the tharmlissipation of the excessive
excitation energy can be independent of Dt synsheBne latter NPQ is a PS Il reaction
center-type quenching, may include recombinatio@gfand the S2/S3 state of the oxygen-
evolving complex (OEC) (Eisenstadt et al. 2008)J @ most likely caused by an excess
light-induced structural change of the PS Il commplex itself. Earlier measurements
(Lavaud et al. 2002c; Feikema et al. 2006) reve#tedexistence of cyclic electron flow
within PS Il that includes an electron transferhpaty from the acceptor to the donor side
(Lavaud 2007). This process has been interpretedpastection mechanism against acceptor
side photoinhibition in the OEC and donor side phdtibition in PS Il where OEC is

temporarily disabled.

2. Brown Algae

Little is known about the mechanism of xanthopligpendent NPQ in brown algae
(Enriquez and Borowitzka 2011). Although the latedgae display a different XC (see
Section 11.A.2), it seems that the NPQ of brownaalgshows similar features to that of

diatoms. As observed for diatoms, NPQ is mainly posed of the qE component, as a
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wavelength-dependent T seems to be absent (Falk £091). However, the possibility of
an excess light-dependent T in brown algae hatoyst studied systematically. Also similar
to the situation in diatomapH alone cannot generate NPQ (Lavaud et al. 2002Rud and
Kroth 2006); NPQ requires the concomitant bindifighand Z to the LHC system (Garcia-
Mendoza and Colombo-Pallotta 2007; Garcia-Mendbzh 2011). The relationship between
NPQ and Z (and A) is similar to that of diatomsyaastrating an obligatory role of Z and A
(Garcia-Mendoza and Colombo-Pallotta 2007; Ocamjvas&z et al. 2013). Strikingly, this
relationship depends on light acclimation and tize sf the VAZ pool (Ocampo-Alvarez et
al. 2013), as is also the case in diatoms (Schuratah 2007). Because NPQ in brown algae
reacts as in diatoms to DTRpH uncouplers (NECI, nigericin), and shows the same
differences in pre-illuminated versus dark-adaganhples (Garcia-Mendoza and Colombo-
Pallotta 2007; Garcia-Mendoza et al. 2011), itksly to display similar mechanistic features
as well (see Section 2.B.1).

Alternatively, NPQ in brown algae was proposedépeahd only on the synthesis of Z
and A, and thus would be controlled by the actiatyhe XC enzymes and by the number of
guenching sites in the light-harvesting complexg@po-Alvarez et al. 2013). SuchApH-
independent but Z- and A-dependent NPQ would bepepable to the slowly reversible, pH-
independent form of NPQ in evergreen vascular plaeafrsisting throughout harsh seasons
(Demmig-Adams et al. 2006; see also Demmig-Adana.eChap. 24). In general, it can be
concluded that the considerable NPQ observed irestiaioms (Lavaud et al. 2002a; Ruban
et al. 2004) and brown algae (Garcia-Mendoza andr@lb-Pallotta 2007) is independent of
the specific nature of the XC pigments, i.e. DZaand A. Instead, NPQ most likely depends
on the ability to synthesize a large amount of eitBt or Z and A (Lavaud et al. 2003;
Garcia-Mendoza and Colombo-Pallotta 2007) and erspatial organization and the protein

composition of the FCP complexes (Lavaud 2007 Sssgion I1.A.1).
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The Lhcf/Lhcx proteins involved in thermal energgsipation and thus NPQ in brown
algae have not been identified yet. However, theent sequencing of thE&ctocarpus
silicosus genome highlighted their large diversity with abdQLhcf genes and 1Bhcx genes
(Dittami et al. 2010). Interestingly, and compaealbd the situation in diatoms, an FCP
complex with a high content of XC pigments exidde (Martino et al. 1997, 2000); it most
likely is one of the NPQ sites (Q2). M. pyrifera, a large VAZ pool is found in blades
growing at the surface and exposed to high andgihgright conditions (Ocampo-Alvarez et
al. 2013). This is concomitant with a higher expres of two LI818 isoforms (“LHC7” and
“LHC8”) (Konotchick et al. 2013), as the functionafthologs of the diatom Lhcx and the
green algal LHCSR (Niyogi and Truong 2013 and dse lorosinotto and Bassi, Chap 14;
Finazzi and Minagawa, Chap. 21). It is thus vekglyy that LI818 proteins are involved in the
NPQ process in brown algae, although a thorougkheimical investigation is needed to

decipher their exact role.

C. Regulation of Xanthophyll Cycle-Dependent NPQ

Because Dt and Z are mandatory for NPQ in diatomasteiown algae, respectively, the most
important factors for regulation of the majority eriergy dissipation underlying NPQ are the
kinetics of the build-up and relaxation of thpH and the availability of the co-substrates of
the de-epoxidation and epoxidation reactions (sunze@ in Fig. 1). In general, Dd de-
epoxidation is faster than the respective conversiod to A and Z in vascular plants and
brown algae (Lavaud et al. 2002b; Goss et al. 2008#e faster kinetics are caused by the
almost immediate activation of DDE due to the sbifits pH-optimum to higher pH-values
(Jakob et al. 2001). This shift is accompanied bmpglete inhibition of Dt epoxidation by
establishment of thapH (Mewes and Richter 2002; Goss et al. 2006a;ad&® Section

II.LA.1). Rapid Dd de-epoxidation correlates witlvexy fast induction of NPQ (Lavaud et al.
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2002; Lavaud and Kroth 2006). The almost immedigeeration of NPQ is further aided by
the existence of an NPQ component that shows egtyefast kinetics after the onset of
illumination (Grouneva et al. 2008). This componggites on establishment of tiagH and
depends on the concentration of Dt already presetite onset of illumination (Lavaud and
Kroth 2006; Grouneva et al. 2008). A comparably fdBQ component that depends on the
presence of Z at the onset of actinic illuminati@as also been observed in vascular plants
(Demmig-Adams et al. 1989; Kalituho et al. 200 atso Demmig-Adams et al., Chap 24).
Due to the prominent differences in the pH-depehdetivation of DDE of diatoms
and VDE of vascular plants, low pH-gradients ameady sufficient to activate DDE of
diatoms (see Section II.A.1). This means that,dditgon to light-dependent DDE activation,
Dd de-epoxidation can also be triggered by a chésmratoryApH in the dark (Jakob et al.
1999, 2001; Cruz et al. 2011). Although establishinoé aApH by chlororespiration is rather
slow, significant synthesis of Dt occurs during Iprged periods of darkness. IR.
tricornutum, accumulation of Dt is further supported by inhdm of DEP by the
chlororespiratoryApH (Cruz et al. 2011). Dt epoxidation is also ledtwhen the co-substrate
of DEP, NADPH, is not available in sufficient cont&tion. Such a partial inhibition of Dt
epoxidation occurs during dark periods that follewcess light illumination (Goss et al.
2006a). It was proposed that both the ongoing @GéBanson Cycle and the chlororespiratory
electron flow act as sinks for NADPH, thereby deimg DEP of its cosubstrate (Grouneva et
al. 2009). In contrast, the conversion of Dt to iBdrery fast and efficient after a transition
from high to low light (Goss et al. 2006a; Grounetaal. 2009), probably because electron
transport is sufficient to generate the NADPH neefl Dt epoxidation. Both the fast
deprivation of NADPH during dark periods followingxcess light illumination and the

maintenance of NADPH synthesis during low lightiiflination is in line with the assumption
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that diatoms contain a significantly smaller pobINADP/NADPH compared to vascular
plants (Goss et al. 2006; Grouneva et al. 2009).

The synthesis of Dt in darkness results in thebéistament of NPQ (Jakob et al. 1999,
2001; Cruz et al. 2011). However, the quenchingcieficy of Dt generated by a
chlororespiratoryApH may be lower than that of Dt formed by a lighit+dn ApH (Cruz et al.
2011). InThalasiosira pseudonana, a high concentration of Dt can be induced indagk by
anaerobic conditions without development of a gpoadingly high NPQ (Cruz et al. 2011).
The return to aerobic conditions strongly increabesgquenching efficiency of Dt, most likely
by a significant increase of lumen acidificatioma combination of electron transport from
the plastoquinone (PQ) pool to oxygen by PQ oxidas® proton translocation by a type-1
NAD(P)H dehydrogenase (Ndh) (Cruz et al. 2011).

Chlororespiration also contributes to Dt syntheasisd NPQ during excess light
illumination (Eisenstadt et al. 2008; Grouneva let2809). This, however, depends on the
diatom species (Grouneva et al. 2009). The compigibition of light-driven linear electron
transport by DCMU inP. tricornutum does not lead to a breakdown &fH. In contrast,
electron flow from the stroma to the PQ pool arel BQ oxidase, in combination with a type-
1 Ndh, maintains a chlororespiratohpH that leads to further Dd de-epoxidation and NPQ
(see above). Since this latter electron flow isawtpled to NADP reduction, the substrate of
DEP is not synthesized, thus restricting a comgegpoxidation of Dt to Dd. In the diatod
meneghiniana, the first steps of the alternative electron flase comparable and also result in
donation of electrons from stromal sources to tQepBol. Further electron transfer reactions
are, however, different and include electron trarisfpom the PQ pool to PS [, which results
in the production of NADPH. Chlororespiratory elect transport inC. meneghiniana does
not lead to the generation ofApH, most likely due to the absence of electron tiondo PQ

oxidase and due to involvement of a type-2 Ndh tHaes not translocate protons.

22



Consequently, chlororespiratory-dependent Dd deddption and NPQ is not observed as

long as the generation of NADPH simultaneously &sabpoxidation of preformed Dt to Dd.

II. Importance of the Xanthophyll Cycle and NPQ in the Field

A. Diatoms of the Phytoplankton

Planktonic diatoms live in a three-dimensional emviment characterized by strong physical
driving forces coupled with a depth-dependent atigon of the irradiance. They usually
undergo passive movements determined by theirrgynidate and the water turbulence. Many
studies have explored the in-situ functioning of ¥X@ and NPQ in planktonic diatoms in
different ecosystems and in relation to changeshef diurnal, seasonal, and latitudinal
underwater light climate (see Brunet and Lavaud0200n a yearly scale, the pool size of
Dd+Dt, the extent of Dd de-epoxidation, and NPQealate well with day length and seasonal
changes in irradiance. On a daily scale, Dt and NBEk the course of the sun and the water
depth, showing an increase at midday and in theeufgyer of the water column. In that
framework, the dynamics of the Dd+Dt pool size dbdsynthesis were often used to
characterize the coupling of phytoplankton phottisgsis with light and hydrodynamics.
While changes in the pool size of Dd+Dt provideomfation on the average irradiance to
which the diatom cells have been exposed duringpdst hours/days, the dynamics of Dt
synthesis can be used as a tracer for cell movenveititin the euphotic zone (Brunet and
Lavaud 2010; Hashihama et al. 2010). The dynanfitiseoXC and NPQ, together with other
physiological processes (Macintyre et al. 2000)s thppear relevant for the regulation of the
photosynthetic productivity of planktonic diatoms the mixed upper layer of the water
column, especially in the context of a regular expe to excessive light intensities
(Alderkamp et al. 2010; Brunet and Lavaud 2010)pbed with other environmental stresses

(Petrou et al. 2011) and during bloom conditiongiket al. 2003).
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Planktonic diatoms, and to a larger extent planktonicroalgae, show a large inter-
group/species XC and NPQ diversity (Lavaud et @072 Brunet and Lavaud 2010; Goss and
Jakob 2010). It was proposed that the XC-NPQ agtand efficiency may be influenced by
ecological niche adaptation, i.e. the light envimamt of the habitat from which the
strains/ecotypes originate (Lavaud 2007; Brunet laanvhud 2010). In other words, the XC
and NPQ efficiency would be a functionally adaptivait that would participate in the
cost/benefit balance of photoadaptative stratg@ieiew et al. 2013) and that could, in part,
explain the geographical/spatial species distrisutand their temporal succession (Lavaud
2007; Brunet and Lavaud 2010). Dimier et al. (20@9gn proposed a classification of
ecological groups of phytoplankton based on thé&rdynamics.

The hypothesis of XC and NPQ as functional traiés \wivestigated by a comparison
of representatives of the main phytoplankton gro((pasper-Lindley and Bjorkman 1998;
Meyer et al. 2000; van Leeuwe et al. 2005; Waghel.e2006; Kropuenske et al. 2009; van
de Poll et al. 2011). In general, diatoms seenopeavell with a fluctuating light climate, i.e.
they can exert strong NPQ (Lavaud et al. 2002a; Ruwdtaal. 2004; Lavaud 2007). This
feature is an adaptive advantage in deeply-mixedhtarjinabitats: it drives, in part, the
competition for light among phytoplankton groups tthdtimately participate in species
succession independent of other environmental ¢dessman et al. 2004; Edwards et al.
2013). Interestingly, it has been debated how natibns of upper-ocean turbulence may
have shaped the functional and evolutionary ecotdgyanktonic diatoms and may currently
influence their geographical distribution (Falkowsi al. 2004; Tozzi et al. 2004). The
ecophysiological connection to XC-NPQ diversityptdnktonic diatoms was investigated by
comparing strains/ecotypes from different pelagbitats (estuary, coast, semi-enclosed bay,
open ocean) (Lavaud et al. 2004, 2007; StrzepekHamndson 2004; van de Poll et al. 2006;

Petrou et al. 2011), including different seasonsirithutions (Dimier et al. 2007) and pico-
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phytoplankton representatives (Giovagnetti et @l.2). A special focus was recently given to
diatom representatives of polar ecosystems (vamweeet al. 2005; van de Poll et al. 2006,
2011; Kropuenske et al. 2009; Mills et al. 2010r&eet al. 2011). Species/ecotypes adapted
to a more stable light environment (semi-enclosagsibpen oceamersus estuaries/coasts)
seem to rely more on regulatory processes other MRQ and the PS Il electron cycle (see
Section 1I.B.1), which are likely better suiteddope with more gradual light changes: (1) a
fast turnover of the PS Il D1 protein (Wu et al120Lavaud J. and Campbell D. unpublished
results 2013), and (2) employment of Dt in the pn&iom of lipid peroxidation (Lepetit et al.
2010; Lavaud and Lepetit 2013). Finally, the adpestt of light harvesting pigment content
(Brunet et al. 2011) and of the metabolic capaatyd especially the balance of energy
between lipids and carbohydrates, is of importdocehe response to dynamic light regimes
of diatoms with different NPQ capacity (Su et al12p

A recent report suggested a molecular basis foditrersity in NPQ capacity observed
among planktonic diatoms based on the mechanistdeindescribed in Section I1.B.1
(Lavaud and Lepetit 2013). A high capacity for NB€ms to depend on a large amount of
Dt present at the Q2 quenching site (see Figurand)the capacity to form many/large Q1
guenching sites (Lavaud and Lepetit 2013). In adlditthe number of Lhcx proteins present
in the light-harvesting system seems to be cry@&allleul et al. 2010; Zhu and Green 2010;
Lepetit et al. 2013). NPQ capacity is based morahenplastidic distribution of Dt and its
effective involvement in NPQ than on the total amioof Dd+Dt and the de-epoxidation state
of the XC (DES), i.e. species/ecotypes can showstiree Dd+Dt content and DES with a
drastically different NPQ amplitude and kineticayhud and Lepetit 2013). For that reason,
the slope of the relationship between Dt and NPQears to be a good indicator of the
adaptation of diatom species/ecotypes to a spelagfit regime and, possibly, an aquatic

niche (Lavaud et al. 2004, 2007; Lavaud and Le@étli3).
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B. Diatoms of the Microphytobenthos

The in-situ light response of diatoms of the micigpbenthic (MPB) community has
received less attention. This is probably due t® tichnical challenge of measuring the
photosynthetic activity of the MPB community in itsajor natural habitat, i.e. estuarine
mudflats (though MPB organisms can also be founsuith beaches, coral reef lagoons, and
shallow coastal waters) (Underwood and Kromkamp 18@®kins et al. 2011). Because they
inhabit sediments, MPB diatoms experience a diffelight climate than planktonic diatoms.
The fluctuations of irradiance at the surface ofiffats are similar to those on a land surface,
with the succession of emersion/immersion perioddirey a regular, sharp light/dark
photoperiod. Additionally, other environmental cijespecially temperature and salinity) can
vary rapidly between extremes (Underwood and Kramkal999) and generate stressful
conditions.

The in-situ pool size of Dd+Dt and XC operation tire MPB diatoms depends
strongly on light and temperature as a functiorthef tidal cycle, season, and latitude (van
Leeuwe et al. 2009; Chevalier et al. 2010; Jordaal.€2010). The DES correlates well with
higher daily and latitudinal irradiances (van Leeust al. 2009; Chevalier et al. 2010; Jordan
et al. 2010) and with light distribution in the gednts, i.e. a higher DES is observed at the
surface (Jesus et al. 2009; Cartaxana et al. 20hE) NPQ of the MPB diatoms in situ can
reach high values above 5-6 (Serddio et al. 20068,20012). In general, NPQ correlates
well with DES with an especially clear increasenadday emersion (exposure to high
irradiance) in summer (Serddio et al. 2005; Chevadt al. 2010). The seasonal pattern of
NPQ is strongly influenced by both irradiance ammperature in a complex manner (Serédio

et al. 2005, 2012; Jesus et al. 2006). These detnerals of light and temperature control
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were also reported for isolated benthic diatomskiRs et al. 2006; Salleh and McMinn 2011;
Serddio and Lavaud 2011).

Of considerable interest are differences in théitplof species/groups to cope with
excessive light/UV exposure (Waring et al. 200Gudeet al. 2009; Cartaxana et al. 2011),
which is similar to the situation in planktonic s (see Section Ill.A). Differences in
adaptation are believed to potentially impact gpadistribution (muddy versus sandy
habitats) as well as species succession withitMiRB biofilm during emersion and different
seasons (Tuji 2000; Serddio et al. 2005; Underwataal. 2005). Epipsammic species (firmly
attached to sediment particles) use physiologicacgsses such as the XC and energy
dissipation underlying NPQ for their photoprotenti@lesus et al. 2009; Cartaxana et al.
2011). Epipelic (freely living in sediment partisjemotile species rely on both physiology
and “behavioral photoprotection”, i.e. the celle ukeir vertical mobility to escape from
excess light (Consalvey et al. 2004; Perkins e2@l0).

The respective importance of physiological and befal photoprotection has long
been a topic of interest and has shown major resrances (Jesus et al. 2006; Mouget et al.
2008; Perkins et al. 2010; Cartaxana et al. 208160 et al. 2012). In general, both XC-
dependent photoprotection and behavioral photogtiote provide the MPB diatoms with a
strong capacity to resist periods of prolonged ssize light (Blanchard et al. 2004; Serddio
et al. 2008, 2012; Perkins et al. 2010), includtrgng resistance to UV radiation (Waring et
al. 2007; Mouget et al. 2008). Additionally, MPBatbhms are usually characterized by a
strong “dark NPQ” (Perkins et al. 2011) (see Sectid.1), which presumably allows the
cells to maintain their antenna system in a baissightive state and fully activate their NPQ
machinery more rapidly upon sudden light expos&@ech a system would be especially
relevant for the MPB diatoms that can spend moae 18 h per day in the dark (immersion

and night emersion) before being exposed to surdighin.
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C. Brown Algae
Because most of the main macrophytic brown algae s@ssile organisms, their light
environment strongly depends on the water depthrevhiibey are located. The light
environment of immerged brown algae is similar hattof planktonic diatoms at a given
depth, while the light environment of emerged thialars greater semblance to that of the
benthic diatoms. Brown algae are able to performdé¢@endent energy dissipation reflected
in NPQ, with high NPQ reported for some specieptthto harsh environments, i.e. species
living at the air-water interface and in the uppene of the intertidal rocky shore (Harker et
al. 1999; Colombo-Pallotta et al. 2006). IncreaseXC carotenoid levels, conversion of
those carotenoids to the forms responsible forgnédrssipation, and their engagement in
energy dissipation underlying NPQ are involvedha tesponse to natural irradiance changes,
including excessive light exposure and UV radiat{biihrmacher et al. 1995; Hanelt et al.
1997; Schofield et al. 1998; Apprill and Lesser 2008ometimes coupled with other
environmental stresses, especially desiccation k@taet al. 1999) and high temperature
(Poulson et al. 2011). For the same individual,|¢ivel of XC-dependent NPQ can be diverse
among different parts of the thallus, dependenttren respective age of the thallus parts
(Colombo-Pallotta et al. 2006; Poulson et al. 2044 well as life-cycle stage (sporophytes
versus gametophytes) (Hanelt et al. 1997). Foramts&, in Laminaria saccharina,
gametophytes are more resistant to excessive digbgs than sporophytes, partially due to a
stronger XC, which may influence their respectiv@ribution on the sea shore (Hanelt et al.
1997).

The zonation of brown macroalgal species stronglyetids on their depth distribution
in and out of the water column (depending on the)tas a function of irradiance and the light

climate, with the exception of pelagic species I8aegassum spp. (Schofield et al. 1998).
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Inter-species XC-NPQ variability correlates withptte distribution, showing a higher NPQ
capacity for the species located on the upper-sfitaeker et al. 1999; Rodrigues et al. 2002;
Nitschke et al. 2012). In this case, the higher Na@Qacity (usually twice as high) correlates
with an increase of the pool size of VAZ and a tgeaynthesis of Z (Harker et al. 1999;
Rodrigues et al. 2002). The depth distribution tedrelated XC-dependent NPQ acclimation
to irradiance also holds true for the same speaaies given ecosystem (Apprill and Lesser
2003). All intertidal species increase the levelN®?Q during emersion; for instance, the
acclimative response daf. digitata to midday emersion involves Z synthesis and irszda
NPQ resulting from increased thermal energy disgipgGévaert et al. 2002, 2003; Apprill
and Lesser 2003)L.aminaria digitata also exhibits a XC-NPQ seasonal pattern invohang
increase of the VAZ pool size in spring comparedwiater (Gévaert et al. 2002). The
canopy-formingMacrocystis pyrifera provides a striking example (Colombo-Pallotta let a
2006; Konotchick et al. 2013; Ocampo-Alvarez et28l13). Due to its height (about 18-20
m), this alga occupies the entire water columnhdhat the blades close to the surface are
exposed to an underwater light environment witthéigrradiance and stronger fluctuations.
Within a single organism, the XC-dependent capdoityNPQ varies dramatically with depth
(5-fold), with NPQ values being linearly related water depth. As is also the case for
intertidal species, NPQ differences are correlat&tt VAZ pool size and the capacity to
synthesize Z and A, and with the differential exggien of LI818 isoforms (Colombo-Pallotta
et al. 2006; Konotchick et al. 2013; Ocampo-Alvae¢al. 2013). Finally, in pelagic species
that live at the air-surface interface, the XC amsions follow the daily course of the sun and
NPQ strictly correlates with the synthesis andabeumulation of Z (Schofield et al. 1998).
Interestingly, the strongest competitors with broalgae in the intertidal zone are the
red algae (Wiencke and Bischof 2012). Based ormctinent state of knowledge, it is not clear

if red algae contain an operable XC (Carnicas etl@99; Ursi et al. 2003). Despite this
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ongoing debate (Goss and Jakob 2010), red algaectamacterized by a high, stable
concentration of Z, thus demonstrating the impasanf de-epoxidized xanthophylls for

efficient photoprotection.

V. Conclusion

Investigations of the XC and photoprotective thdremergy dissipation (as reflected in NPQ)
in diatoms and brown algae are of high importamncdvo obvious reasons: (1) the algae are
essential primary producers in marine ecosystent, (@) their productivity is based mainly
on light availability that can fluctuate drastigalh aquatic habitats. XC-dependent energy
dissipation (NPQ) appears to be the central mesharior the rapid adjustment of light
harvesting and photochemistry of the cell, therebwbling diatoms and brown algae to
maintain an optimal productivity in a permanentlyanging light environment. The most
recent advances provide new insights into the egmgul of the XC and the underlying
mechanism of NPQ (Goss and Jakob 2010; Depauw 2082; Lepetit et al. 2012, 2013) and
the species/strain diversity of the XC and NPQ|uding the latter features’ potential eco-
physiological importance (Brunet and Lavaud 201€tréu et al. 2011; Lavaud and Lepetit
2013). There are numerous areas that deserve ifattieation in the near future, starting with
the investigation of the protein partners invohiadthe regulation of NPQ (especially the
Lhcx proteins and the Chk10-712FCP complexes) and experiments to confirm the inapoe

of the XC-dependent process(es) underlying NPQfasaional trait essential to the ecology
of diatoms and brown algae. To further investigh&elatter, more thorough in-situ studies are
needed that take advantage of recent improvemeilisarescence methodology and analysis
of NPQ (Perkins et al. 2011; Enriquez and Borovat2011; Lefebvre et al. 2011; Serbdio
and Lavaud 2011; Nitschke et al. 2012). To gainhir knowledge about the mechanistic

basis of NPQ in diatoms and brown algae, genom&fye tools in conjunction with
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sophisticated spectroscopic and physiological measents will have to be performed. While
such approaches have already shown their utilihamoms (Materna et al. 2009; Bailleul et
al. 2010; Depauw et al. 2012; Lavaud et al. 201&pdtit et al. 2013), this field has just

opened up for brown algae (Dittami et al. 2010; &tchick et al. 2013).
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Fig. 1. Reaction sequence and enzymes of the VAZ an®dsBt cycles. The VAZ cycle is

the xanthophyll cycle (XC) of vascular plants adlvas green and brown algae, the Dd-Dt
cycle is the main XC of the algal classes Bacitjpinyceae (diatoms), Xanthophyceae,
Haptophyceae and Dinophyceae. The figure depictsdfeetor requirements of the enzymes
VDE and DDE as well as ZEP and DEP. Symbols aftercofactors indicate that high (++)
or only low (+) concentrations are needed for legayme activity. The figure shows that the

transthylakoid proton gradient inhibits diatoxantiiDt) epoxidation (higilApH control, ++)
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whereas zeaxanthin (Z) epoxidation is unaffected\iil (-). The figure also depicts the pH
range of the thylakoid lumen, where VDE and DDE astve (for more details, see the text).
VDE/DDE: V and Dd de-epoxidase, respectively; ZHPFD Z and Dt epoxidase,

respectively; Asc: ascorbate, MGDG: monogalactosytylglycerol.

51
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Fig. 2. A working hypothesis for xanthophyll-dependenergy dissipation (resulting in
NPQ) in pennate diatoms depicting the organizatiotme PS Il LHC antenna system in “low
NPQ” and “high NPQ” cells dark-acclimated and exgbsto excess light conditions,
respectively (see also Blchel, Chap. 11). It shbeldoted that this model is based mainly on
observations irP. tricornutum; differences observed in other species are disduissthe text
(see Section IIl.A). Light and dark-grey circles dcp polypeptides forming trimers and
higher FCP oligomeric complexes, respectively;l#ter are loosely bound to the PS Il LHC
antenna system and can disconnect under excessekgbsure. Chhyi0.713 chlorophylla
fluorescence emission band between 710 and 71Zdndiadinoxanthin; Dt, diatoxanthin;
H*, protons; PS Il RC, photosystem Il reaction cer@/Q2, quenching sites 1 andAfH,

trans-thylakoid proton gradieny\522 nm, absorption change at 522 n%22 nm is a
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spectroscopic fingerprint that provides information the engagement of Dt in energy
dissipation (Ruban et al. 2004; Lavaud and Le#it3), i.e. its effective involvement in
NPQ. It is similar to the\525-A535 nm in land plants (Jahns and Holzwarth 2012yaRuet

al. 2012). The model depicted here aims to illustthe effective involvement of Dt as an
allosteric regulator of a conformational changethe LHC antenna. The conformational
change is believed to be an aggregation of parthef LHC antenna generated by the
pronotation of FCP-binding sites (Goss et al. 2006waud and Kroth 2006) (see also
Bichel, Chap. 11). Chdyi0.712iS a spectroscopic fingerprint illustrating thalipto form

oligomeric FCP complexes that disconnect from tBellRcore under excess light conditions
(Miloslavina et al. 2009; Lepetit et al. 2012) imder to amplify Dt-dependent energy

dissipation and thus NPQ (Lavaud and Lepetit 2038 the text for further details.
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