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Abbreviations

ADP: adenine diphosphate

ADRY: accelerators of deactivation reactions ofweger-splitting system Y
ATP: adenine triphosphate

AX: antheraxanthin

Ci: inorganic carbon

DBMIB: 2,5-dibromo-3-methyl-6-isopropyl-p-benzoqoime
DCMU: 3'-(3,4-dichlorophenyl)-1’,1’-dimethylurea

DD: diadinoxanthin

DT: diatoxanthin

Ex: minimum saturating irradiance

FCCP: carbonyl cyanide 4-trifluoromethyloxyphenyiayone
FL: fluctuating light

Fm: maximum fluorescence

Fo: minimum fluorescence

FQR: ferredoxin-plastoquinone reductase

FTIR: Fourier transformed infra-red

GA: glycolaldehyde

LHC: light-harvesting antenna

MV: Methyl viologen (N,N’-Dimethyl-4,4-bipyridinium dichloride; MV?*
NDH: NADH-dehydrogenase complex

NPQ: non-photochemcial quenching

PAM: pulse amplitude modeluated

PGal: Propyl-gallate

PMS: Phenazine methosulfate

PQ: plastiquinone

PQH: reduced plastiquinone

PSI: Photosystem |

PSIl: Photosystem Il

PTOX: plastoquinol terminal oxidase

Qa: primary electron acceptor



Qg: secondary electron acceptor
gE: energy-dependent quenching
gl : photoinhibition quenching
gP: photochemical quenching
qT: state-transition quenching
SL: sine light

XC: xanthophyll cycle

ZX: zeaxanthin

Introduction

The physiological state of a chloroplast is strgrigfluenced by both biotic and
abiotic conditions. Unfavourable growth conditidead to photosynthetic stress.
Chlorophylla fluorescence is a widely used probe of photosyittiaetivity
(specifically PSII), and therefore stress whichcsjpeally targets the electron
transport pathway and associated alternative eleclycling pathways. By
manipulating the processes which control photosgifh) altering the chlorophl
fluorescence can yield detailed insight into thechemical pathways controlling
these physiological responses. Light which is cagatly a chlorophyll molecule can
be used by three competing processes; electrospwain energy dissipation (via heat)
and chlorophylk fluorescence emission. Excess light causes a m@nge
photoprotective biochemical responses. Electroodywed by water-splitting are not
all used in carbon fixation; if the incident irradce generates more electrons than the
dark reactions can use in carbon fixation, otheswliamage will occur to the
photosynthetic apparatus. If carbon fixation ishited by temperature or reduced
inorganic carbon (Ci), ATP or NADPH availabilithen the photosystem
dynamically adjusts and uses alternate sinks &otelns, such as molecular oxygen
(water-water cycle or Mehler ascorbate peroxidasetron). In this chapter, we
describe the processes controlling electron tramgisanfluenced by light and light-
induced stress. The process of stress acclimaaslto a number of photoprotective
pathways and we describe how inhibitors can be tesatentify these particular
processes.

VERSION 2 The physiological state of a chloroplagtrongly influenced by both
biotic and abiotic conditions. Unfavourable growtinditions lead to photosynthetic
stress. Chlorophyh fluorescence is a widely used probe of photosyittlaetivity
(specifically PSII), and therefore stress whichcsjpeally targets the electron
transport pathway and associated alternative eleclycling pathways. By
manipulating the processes that control photosgmhaffecting the chlorophyé
fluorescence which yields detailed insight into i@chemical pathways. Light that is
captured by a chlorophyll molecule can be utilisethree competing processes;
electron transport, energy dissipation (via heat) eéhlorophylla fluorescence
emission. Electrons produced by water-splittingraotalways used in carbon
fixation; if the incident irradiance generates melectrons than the dark reactions can
use in carbon fixation, otherwise damage will odouthe photosynthetic apparatus. If
carbon fixation is inhibited by temperature or regeliinorganic carbon (Ci), ATP or
NADPH availability, then the photosystem dynamigaltljusts and uses alternate
sinks for electrons, such as molecular oxygen (wwatger cycle or Mehler ascorbate
peroxidase reaction). The process of stress adotimkads to a number of
photoprotective pathways and we describe how ittnibican be used to identify



these particular processes. In this chapter, weridbesthe processes controlling
electron transport as influenced by light and Hgiduced stress.

Electron usage in photosynthesis

Photosynthesis drives the light reactions whicimaltely lead to carbon fixation;
however predicting photosynthetic rates from flsoence is a complex issue. As
outlined in other chapters of this book (Laney &@korough, 2008; Suggett et al.,
2008) different fluorescence tools are availableaasure the electron flow through
Photosystem Il (PSIl). The quantum yield of PSh b& multiplied by the amount of
absorbed quanta which can be obtained from thdentilight and either the PSII
absorption cross section or the spectral overlapden the light spectrum and time
situ absorption spectra. From these data, the eletrmosport rate per chlorophyll
molecule over time can be assessed for an entyreoddetermine the daily primary
production (Wagner et al., 2005). However, growtll photosynthesis are rarely
equivalent. Electrons transported by PSII can folé@veral competing pathways: the
majority of the electrons are normally used to EdGQ to carbohydrates, allowing
the synthesis of other cellular macromolecules fikateins, lipids or nucleotides, but
some of them might be lost by alternate cellulacpsses (see alternate electron
cycling) or dissipated (non-photochemical quenchiiitperefore, the ratio of electron
per carbon incorporated into the biomass may vaméndously, either by losses or
by the synthesis of highly reduced biomolecules pkoteins or lipids.

Alternative electron cycling (AEC)

In principle, PSII electron transport rates shaulatch the gross rates of oxygen
evolution. Studies have tried to verify this asstiorpwith divergent results
(Falkowski et al., 1986; Kolber et al., 1998; Sutjgeéal., 2001; Jakob et al., 2005). It
was shown that linearity between PSII electrondpant and oxygen evolution can be
found, but non-linear behaviour was also obsergsgecially under conditions when
photosynthesis was over-saturated (excess irraglaibese experiments indicated
that PSII electron transport might over-estimatgeghmary production under some
conditions, because oxygen evolution rates weredda be lower than PSII electron
flow (Gilbert et al., 2000). Several explanationsthis disparity have been
suggested:

a. cyclic electron flow around PSII (Prasil et al. 989 Lavaud et al., 2002),

b. water-water cycle (Asada, 1999) where oxygen uptektéhe acceptor side of
PSI leads to superoxide which is then dismutatddb@p and then detoxified
to water and,

c. cyclic electron flow around PSI (Bendall & Maness896).

These processes can be summarised as alternaoteonlcycling (AEC) which are
not energetic losses (such as non-photochemicalchiueg: NPQ), because at least
the water-water cycle and the cyclic flow around g&herate a proton gradient which
can be used for additional ATP synthesis. Therefore suggested that alternative
electron cycling is a normal stress response agthtrbie of less importance under
balanced growth conditions. Recently, Wagner g28i05) described an experimental
setup to estimate the alternative electron cydiciiyity by comparing the electron
flow through PSII with oxygen evolution relative ttte amount of absorbed quanta.
The result is shown in Figure 1.



Obviously, at low light intensities in the morniagd in the late afternoon, the
fluorescence-based electron transport rates closatgh the oxygen evolution rates
as measured by a Clark-type electrode, whereagtatipht intensities the
“alternative electron cycling” can account for @p40% of the fluorescence-based
electron transport. This mismatch is not due &ppropriate measuring techniques,
but to the physiological variability between lineard alternative electron pathways
across the photosynthetic membrane. Interestitiggyratio of linear to alternative
electron cycling is not only light-dependent, bahde linked to species-specific
physiological regulation, as shown in Figure 2.

When light pulse frequency is manipulated, theti@hship between electron
transport and oxygen evolution is further altetadhe sine light (SL) climate which
simulates a sunny day, the ratio PAM/oxygen is g@gher than in the
exponentially fluctuating light (FL) climate (Fig), when the light intensity oscillates
with a frequency of half an hour between the maxmualue and zero. The green
algaChlorella vulgaris performs much more alternative electron transiam the
diatomPhaeodactylum tricornutum under both light conditions (FL and SL). In the
sine light where the cells are exposed to a phitterwhich exceeds the capacity of
the Calvin cycle, the alternative electron cyclisdpighest indicating, that it can act as
a photoprotective mechanism which compliments gbhetoprotective processes.
Given that alternative electron cycling in the gredga was higher than in the diatom,
this corresponds with the observation that in dietdhe energy dissipation capacity
of the diadinoxanthin/diatoxanthin xanthophyll &yed more active than in green
algae or higher plants (Ruban et al., 2004; Goat,2006) and will be discussed
later in this chapter. It should be noted that gralgae and higher plants have a
different suite of xanthophyll pigments to diatoarsl dinoflagellates.

Electron usage to produce new biomass

Under continuous light, the oxygen production @& tiptake of inorganic carbon
shows a clear linear relationship with biomass potidn (Toepel et al., 2004)
indicating that 55-60 pmol oxygen released is egjent to 1 mg dry weight.
However, the ratio of oxygen released to carboorpmarated is highly variable, for
several reasons. Firstly, the reduction in bionsaismgly depends on the species and
the environmental conditions (Kroon & Thoms, 200&)r example, under N or P
limitation, the relative proportion of carbon inporated into carbohydrates is
strongly increased and therefore the reductionamhss is relatively low. The
energetic cost of converting the products of thivi@aycle into lipid or proteins are
incorporated by higher rates of mitochondrial respan. Therefore, it can not be
expected that the ratio of oxygen production inlitjet, per oxygen molecule
consumed in the dark to be constant. This ratioadulated, not only by the
availability of nutrients and the reduction in biass, but also by the turn-over rates of
proteins and lipids. It is well documented thatxgltowing under high-light have
significantly higher mitochondrial respiration rat@as well as under nutrient replete
conditions and optimal temperature (Wilhelm & Wild84). Table 1 shows that the
ratio photosynthesis/respiration varies not onlyeisponse to the light climate (sine
versus fluctuating light) but also with the C/NioafTherefore, the ratio of
photosynthetic electrons to carbon incorporated hé newly formed cells has to be
variable. However, such parameters have not beasuned under an adequate range
of conditions or with sufficient species to makedmt speculation.



The conversion of electron transport rates into@atew biomass requires accurate
estimates for the ratio of electrons per carbaémacromolecules of the new
biomass. In future, the FTIR spectroscopy (Steldeat., 2005) might become a tool
to measure this parameter, and is also possibleswigle cells. This opens the
perspective to improve the robustness of estinfatgsrimary production measure by
using advanced fluorescence techniques.

Effect of light stress on fluorescence signatures and their interpretation

When captured light energy cannot be completelizad for metabolic processes, the
excess energy accumulates within the photosyntbpparatus (Nixon & Mullineaux,
2001). This typically occurs when the light intégss too high (over minimum
saturating irradiance:E However, this also occurs when the cells arelenly
switched from a dark/low light environment or thigher irradiance (not necessarily
over &) depending on the physiological state of the @alld their response to other
environmental cues. Accumulation of excess enefitfyin the photosynthetic
apparatus can be harmful for photosynthesis, apelcesly for the activity of PSII,
because the over-reduction of the primary elecacoeptor (Q) generates free
radicals which leads to oxidative stress (Ledforiig&ogi, 2005); stress which will
ultimately cause a decrease in the photosynthatiéc(r.e. photoinhibition).
Photosynthetic organisms have developed a numidasbphotoprotective (or
photoacclimative) processes to minimize the levelxidative stress, especially
linked to the dissipation of the excess absorbedgn(Niyogi, 2000). Non-
photochemical quenching (NPQ) is believed to beairthe most important of these
mechanisms for the fast regulation of photosynthieshigher plants as well as in
algae (Szabo et al., 2005; Demmig-Adams & Adamég20avaud, 2007). It should
be noted that NPQ is not a form of AEC, but rather especially efficient for
organisms growing in a fluctuating light environrhermere it helps to balance the
absorption of light energy with its use, and ultieta plays a role in the maintenance
of their fitness ( Kulheim et al., 2002; Ralph bt 2002; Demmig-Adams & Adams,
2006; Lavaud, 2007). NPQ was shown to disturb teasurement and useiafvivo
chlorophyll fluorescence for ecophysiological puses in microalgae (Chapter 7;
Serra et al., 2009).

Non-photochemical quenching (NPQ) originates inlihiet-harvesting antenna
(LHC) of PSII. When the available excitation enesygeeds the photochemical
capacity, it can then be dissipated as heat (dooated) before it reaches the PSII
reaction center. This process arise from reactimtslirectly related to
photochemistry, which have been defined as ‘nortgatieemical quenching’ to be
distinguished from the processes dealing with pitochemical quenching’ (qP)
which is directly related to photochemistry and lihear transport of electrons (Fig.
3a) (Maxwell & Johnson, 2000; Baker, 2008). In thhamework, the redox state of
quinones (@ and @) and plastoquinones can strongly influence thessimn of
fluorescence in parallel to NPQ under high lightditions (Perkins et al., 2006).
NPQ reduces the lifetime of excited chlorophyl8H{|*) and thereby the quantum
yield of Chla fluorescence, which is seen by a decreasentd ' level (see Fig.
3a). For that reason, it is calculated askm')/Fm’ (or Fo-Fo'/Fo’; Lavaud et al.,
2002). In higher plants, green algae and dinoflaged, , it consists of three
components (Fig. 3a) (Stroch et al., 2004; Hithlet2005; Szabo et al., 2005): the
energy-dependent quenching (qE) which is regulbyetthe built-up of a trans-
thylakoid proton gradientApH) and the operation of the xanthophyll cycle (XC)



state-transition quenching (gT) which relies onrédistribution of excitation energy
between photosystems by physical modulation otthss-section of light-harvesting
antennas (Ruban and Johnson, 2009); and the ®etgurenching which is
heterogeneous (Demmig-Adams & Adams, 2006) whictighy depends on
xanthophylls (Garcia-Mendoza & Colombo-PallottaQ2pPas well as on
photoinactivation/photoinhibition (gl) of PSII (8th et al., 2004). Quantification of
these three components is either based on thakatbn kinetics in the dark (Mller
et al., 2001) or requires photosynthetic inhibit@t#srton & Hague, 1988). The
characteristics of their relaxation kinetics camyaccording to environmental
stresses and between groups of organisms. Suclybhatlaxes very rapidly (within
tens of seconds after the offset of light), qT takeveral minutes (shorter for
cyanobacteria and rhodophytes), while gl is susthamd can last for hours even days
under certain extreme environmental conditions (BegrAdams & Adams, 2006;
Garcia-Mendoza & Colombo-Pallotta, 2007). Furtheren@n diatoms qE usually
relaxes very slowly in comparison to higher plgietampare the two organisms in
Fig. 3b) so that it could be confounded with gl du@verlaps with time. In general,
with non-stressed leaves, gE is the major compamaeeér moderate to saturating
irradiance. gl can become prominent under overraaig irradiances and possibly in
combination with other stresses (nutrient/watercileriicy, temperature and salinity)
(Demmig-Adams & Adams, 2006). In this context, gThot as relevant since it
generally only makes a small contribution to oMardhxation of fluorescence (see
Fig. 3a) (Nixon & Mullineaux, 2001). T is usua#ignificant only under low light
levels (Mullineaux & Emlyn-Jones, 2005) while sotieoflagellates increase qT
under thermal and light stress (Hill et al., 2008)e amplitude and kinetics of the
whole NPQ process and the importance of each coempdRig. 3b) can be extremely
divergent between taxa, especially among microagalps (Casper-Lindley &
Bjorkman, 1998; Hill et al., 2005; Juneau & Harris@005), and even between
species within a taxonomic group (Lavaud et alQ&2@avaud et al., 2007). For
example, gE shows high amplitude and fast onsaaitoms and brown macroalgae,
while being of minor importance in most of the greeicroalgae (Finazzi et al.,
2006) and cyanobacteria (Kirilovsky, 2007). Nevel#ss, within the diatoms (see the
Chapter 7) as well as higher plants (Johnson €1283) there are clear differences in
gE amplitude that have been highlighted. Whereass gurrently unknown in
diatoms (Owens 1986) and brown macroalgae (Foak ,€1991), and of only
moderate importance in higher plants and dinoflaged (Hill et al., 2005), yet highly
developed in some green microalgae and cyanobag¢ténazzi, 2005; Mullineaux &
Emlyn-Jones, 2005).

Amongst the three components of NPQ, gE is a maflurence on the Chd
fluorescence signal under normal growth conditiwmgan et al., 2007; see also the
Chapter 7). The interpretation of qE is possibly tiost complex of the NPQ
components, as it is linked to faster regulatiopludtosynthesis than qT and gl with
most organisms, especially under naturally flustgaénvironment (Lavaud, 2007).
Frenkel et al. (2007) demonstrated that gE iscadifior maintaining the fitness of
plants under natural temperate-light conditiontheathan qT. Also, in cyanobacteria
and green microalgae, qT has no significant phggiohl importance in
photoprotection towards high-light stress, yet @arelevant in low light conditions
(Mullineaux & Emlyn-Jones, 2005; Ruban and John2009) and for acclimation to
different light quality (Pfannschmidt, 2005). Th& mpechanism has been
documented, as well as its impact on the fluoresesignal, especially in



cyanobacteria and green microalgae (see Campladll 4998; Nixon & Mullineaux,
2001; Finazzi, 2005; Mullineaux & Emlyn-Jones, 2D@ven though gl has been
well documented in some species of higher plardgw/igig in extreme environments
(Demmig-Adams & Adams, 2006), its occurrence anmitrod mechanism remains
unknown in some of the algal groups. Also, the padgl which depends on
xanthophylls is also linked to the qE process (DégpAdams & Adams, 2006),
although clear mechanistic differences have ongnlrecently demonstrated
(Dall'Osto et al., 2005).

The gE mechanism has been described in a molemdext for higher plants and
green microalgae (Standfuss et al., 2005; Cogaels; Ruban et al., 2007). The
machinery triggering and controlling qE amplitudhel &inetics is now quite well
known for groups of algae like the diatoms and bromacroalgae (Goss et al., 2006;
Lavaud, 2007), as well as in the cyanobacteriapaiadhlorophytes (Bailey et al.,
2005; Kirilovsky, 2007). The NPQ process is base@ deed-back reaction from the
linear electron transport through the build-up ¢faas-thylakoidApH and subsequent
acidification of the thylakoid lumen (see Nixon &iineaux, 2001). Consequently,
the activity of the ATP synthase (Dal Bosso et2004) the cytochromiasf

(Munekage et al., 2001), or the cyclic electromflaround PSI (Miyake et al., 2005)
can indirectly influence gE. Hence, in a simpleedirrelationship, the higher the
irradiance, the higher the electron transport e higher the accumulation of
protons in the lumen, the higher gE. In some ogasisuch as diatoms, it appears
there is a relative independence of the PSII restate from the proton-motive
electron transfer and subsequent NPQ (Ruban &0fl4; Lavaud et al., 2007). To
summarize NPQ responses, the lumen acidificatiggers two events (Fig. 4): 1) the
protonation of specific sites of the LHC antenna] ) the activation of an enzyme, a
de-epoxidase, which drives the conversion of emakizanthophyll to a de-epoxidized
form. This conversion is reversible as the backwaedtion is driven by an epoxidase
which also depends on the trans-thylaktopH. The accumulation of de-epoxidized
xanthophylls thus depends on the balance betweeactivity of both enzymes within
the xanthophyll cycle (XC) (see Lavaud, 2007 falegailed description). In higher
plants, green microalgae and brown macroalgaeX@avolves the conversion of
violaxanthin to zeaxanthin (ZX) via antheraxantfhX) (Fig. 4) while the diatoms
and dinoflagellates use diadinoxanthin (DD) whigltonverted to diatoxanthin (DT)
under elevated light (see Chapter 7). Both prowmhaHC protein(s) and the presence
of DT or ZX/AX in the LHC antenna of PSII are thdudo act together as the trigger
of the gE. The whole LHC antenna switches intossigative mode when excess
excitation energy should be converted into heatem@hla fluorescence is quenched
(Fig. 4) (Stroch et al., 2004; Szabo et al., 200K)re precisely, protonation would
promote and transduce conformational changes @aggions’) which bring pigments
closer together and especially chlorophyll/xanthdpinolecules. In higher plants the
‘special’ polypeptide which undergoes protonati®®sbS (Niyogi et al., 2005). PsbS
function is essentially to sense the lumen pH tednkseveral Hbinding amino acids
residues present on the luminal loops of the pndf@ominici et al., 2002; Li et al.,
2002). Its ability to bind pigmenta vivo remains unclear (Niyogi et al., 2005) with
contradictory reports frorm vitro works (Aspinall-o’Dea et al., 2002; Dominici et,al
2002). In green microalgae (Graham & Niyogi, pemn.) and diatoms (Zhu and
Green, 2008), the Li-818 proteins which are up-ta&ga under high light, could play
a similar role as PsbS in gE. Simultaneously aSRsbtonation, de-epoxidized
xanthophylls would also act as ‘allosteric regulstby amplifying the



conformational changes within the whole LHC anteririee physical process by
which excitation energy is effectively convertetbiheat has only recently been
understood (Holt et al., 2005; Pascal et al., 2RfHhan et al., 2007). The qE
mechanism is rather similar in other organisms tileediatoms and the brown
macroalgae given some peculiarities (see Chaptén dther groups like the red
algae, cyanobacteria and prochlorophytes, the psasequite different even though it
involves xanthophylls and special proteins of theeana system (Lavaud, 2007).
Therefore, gE in these taxa is not as controlleid aggher plants or diatoms since
these organisms do not display a finely regulatetthophyll cycle, also
cyanobacteria and prochlorophytes show no involveraga trans-thylakoidpH
(Kirilovsky, 2007).

Quenching based in the PSII reaction center (assgapto LHC antenna) has also
been observed in higher plants (Bukhov et al., 28&bch et al., 2004) and green
microalgae (Finazzi et al., 2004), and possiblgiatoms (Eisenstadt et al., 2008).
Appearance of reaction centre quenching dependseobalance between light and
carbon fixation fluxes (Finazzi et al., 2004) alomigh a clear temperature influence
(Kornyeyev et al., 2004). This quenching appeauritce both gE and ql components
of NPQ with both fast and slow relaxation kinetiesspectively. In contrast to the
antenna-based quenching, it cannot cause changes knlevel (Maxwell &
Johnson, 2000). Nevertheless, as well as the aaieased quenching it requires
thylakoid acidification, but it does not require-ejgoxidized xanthophylls (Bukhov et
al., 2001; Finazzi et al., 2004). The gl part a$ tleaction center based quenching is
associated with a reversible inactivation of a papulation of the PS Il (Finazzi et
al., 2004) as well as with PSII photodamage (Koyeyeet al., 2004).

Use of chemicalsfor the differentiation of photosynthetic processes

Photosynthesis is a complex interaction of complaarg processes such as alternate
electron cycling (AEC) and non-photochemical quemgifNPQ). A common method
of isolating specific processes is using biochemidabitors such as herbicides.
Electron transport inhibitors, uncouplers, artdic@lectron acceptors and donors have
all proved to be essential tools in elucidatingftirection of various components of
the photosynthetic electron transport chain, mdialpathways and photosynthetic
regulatory processes. Using herbicides to undetdtamregulation of photosynthesis
and related biochemical pathways requires the haslerstanding of how these
herbicides interact with the photosynthetic appearat

Determining the appropriate concentration of hedei¢s very important and often
problematic, because depending on the organisis, @ have different cell wall
composition, membrane transporters and a variatitime number of reaction centres
per cell, thus requiring different concentratiofgerbicide (Durnford et al., 1998).
Therefore, any concentrations specified hereiroahg an indication of what has been
used based the range of concentrations found iliténature. The most effective and
correct way to determine the concentration at whickellular response occurs is by
titration of the herbicide against a known cell signor chlorophylla concentration
while measuring the physiological impact (oxygenlation or chla fluorescence).

Inhibitors of linear electron transport
DCMU (3’-(3,4-dichlorophenyl)-1’,1’-dimethylureaglso known as Diuron, is the
most extensively used inhibitor of photosynthetecton transport. DCMU inhibits



electron transport between PSII and PSI, impaadmthe acceptor side of PSII by
supplanting a bound plastoquinone from thel§nding site of PSII (Fig 5). Binding
of this herbicide to the £site of PSII, results in the effective blockingedéctron
flow and leads to the subsequent inhibition of peghthesis. Blocking of electron
flow is a consequence of the herbicide being inbkgaf receiving electrons, and
therefore electrons remain trapped ix @e first quinone acceptor (Kleczkowski,
1994). This trapping of electrons prevents the cadn of plastoquinone, by holding
the electrons in the D1 dimer, thus affecting #aox state of the PQ pool, which
becomes completely oxidised (Durnford et al., 1998)

DCMU causes a rapid increase to maximum fluoreseéfg), where all PSII

reaction centres are closed and the plastoquinookfyly oxidised (Trebst, 2007).
DCMU has no impact on the membrane potential othigkakoid in darkness, yet
completely inhibits light-induced membrane pH gesdi The amount of DCMU
required for the inhibition of 50% of PSII reactioantres will vary depending on cell
concentration and species. Published concentrataoge from 1-2@M (Falkowski

& Raven, 2007). However, incremental increasesénamount of DCMU added to
cells will result in changes in variable fluorescermnd the rate of Qe-oxidation
(Durnford et al., 1998), which will invariably allofor the determination of the
appropriate concentration of DCMU needed to ellwt desired effect. In addition,
the light acclimation state of the cells needsat@h into account, as cells grown at
low PFED will have a plastiquinone (PQ) pool thapiedominantly oxidized and
therefore the addition of DCMU will have very léteffect on the redox state of the
PQ pool (Durnford et al., 1998) similarly, chlorep&ration can alter the PQ redox
state, allowing fluorescence vyield to occur wittusating DCMU concentrations
(Wilhelm & Duval, 1990). In the presence of satumgtDCMU concentrations,
fluorescence yield becomes maximum-Fa so k/Fm=0), as Q can no longer pass
electrons to PQ, so electron transport stops amddximum amount of captured
energy is dissipated as fluorescence.

Like DCMU, DBMIB (2,5-dibromo-3-methyl-6-isopropy-benzoquinone) is also an
inhibitor of electron transport, however it blodikisther along the electron transport
chain near the Cytochrontef complex (Trebst, 2007). DBMIB is thought to int
at the Reiske iron-sulfur centre (Trebst, 200A)sthlocking photosynthetic electron
flow through the Cytochromiasf complex. DBMIB binds close to the Qo pocket
(Cramer et al., 2006), the plastoquinol binding sitthe Cytochrombsf complex

(Fig. 5), inhibiting the reoxidation of PQkhus keeping the PQ pool completely
reduced (Trebst, 1980).

Some precaution should be taken when using DBMéBabse site of action is
concentration dependent, as well as redox sensitivere DBMIB becomes reduced
under light and oxidised in the dark (Bukhov et 2003). At low concentrations,
DBMIB inhibits electron transport on the reducingesof the PQ, but at higher
concentrations excess DBMIB will inhibit thes®ite of PSII, located on the oxidising
side of the PQ (Moreland, 1980; Rich et al., 199b)prevent fluorescence
guenching from oxidised DBMIB, it can be used imjcmction with an excess of
sodium ascorbate (Kufryk & Vermaas, 2006). For g\W&ytochromeodsf complex,

one molecule of DBMIRBqis needed for complete inhibition of electron &f@n
through the Cytochromiasf complex (Rich et al., 1991). DBMIB can also inhib
mitochondrial electron transport (Durnford et 4B98). This is a good example of co-



inhibition, where some inhibitors have more thae onpact site, and therefore
interpretation of results must carefully consider possibility of an alternate
component of the cell machinery being affectedhgyihhibitor. DBMIB reduces
minimum fluorescence @fras well as the rise of variable fluorescencg. While
DBMIB red quenches chlorophydl fluorescence, it does so less efficiently than the
oxidised form (DBMIBx) and both forms alter NPQ estimates (Tyystjanalet
1999).

Inhibitors of cyclic electron transport

The antibiotic, antimycin A, is an effective inhitn of one of the alternate electron
cycles (AEC), cyclic electron transport around Plizigawa et al., 1963). It has been
proposed that inhibition of photosynthetic electb@msport by antimycin A is
associated with the ferredoxin-plastoquinone rezhec{FQR) activity in cyclic
electron transport (Simonis & Urbach, 1973; MosBé&ndall, 1984; Cleland &
Bendall, 1992). In addition to inhibiting cyclicegftron transport, antimycin A is also
known to inhibit excess light energy dissipationasieed through NPQ (Oxborough
& Horton, 1987). The decline iredenergy-dependent quenching) formation in the
presence of this antibiotic is due to a changéeénrédox state of the electron
transport chain. However, since antimycin A haslmect impact on linear electron
transport rate, the redox change is most likelyréselt of a change in the redox state
of a component located in the cytochrome complesb(@ough & Horton, 1987).
Before inhibiting cyclic electron transport, itimportant to understand that there are
two potential transport pathways that cycle aroBfd (Joét et al., 2001; Munekage et
al., 2004). The first, cycles electrons from feowih to the PQ pool and is sensitive
to antimycin A, while the second, involves the NBémplex which is insensitive to
the antibiotic (Joét et al., 2001). In the casthefNDH cycle, it is not yet fully
understood and no known inhibitor has been identifPublished concentrations of
antimycin A range from 0.1-50M (Falkowski & Raven, 2007).

Inhibitors of alternative electron cycling (AEC)

Distinguishing between different electron pathwisysnportant to describe the
discrepancies often seen between oxygen evolutidrcllorophylla fluorescence
under stressful conditions. Molecular oxygen camdoieiced downstream of PSII at
various sites, using different forms of AEC. In ttese of the Mehler reaction, oxygen
is reduced at the acceptor side of PSI (Mehlerll9ere it competes for electrons
with both linear and cyclic electron transport pedlys (Heber, 2002). The Mehler
reaction itself can not be inhibited; however, &ldelition of potassium cyanide (KCN)
can be used to inhibit the formation ofHand monodehydroascorbate (MDA)
during the ascorbate peroxidase reaction, whigaisof the Mehler cycle (Neubauer
& Yamamoto 1992). The inhibition of 4@ formation as a result of altered peroxide
turnover, impacts on the zeaxanthin-dependent &gbtgy dissipation, by
suppressing zeaxanthing formation and consequBifty (Neubauer and Yamamoto
1992). In fluorescence, the addition of KCN resuita decline in NPQ as well as a
decrease in linear electron flow, shown as a s@spe of @ (Neubauer and
Yamamoto 1992). Published KCN concentrations veosnf0.1mM to 3mM
(Neubauer and Yamamota 1992, Hormann et al 199¢hSit al 1996).

Another more recently discovered pseudo-cyclictedectransport pathway which
cycles around PSII via the plastoquinol terminatiage (PTOX), reduces molecular
oxygen by utilising electrons from the PQ pool emgrate KO (Cournac et al., 2000;



Peltier & Cournac, 2002; Josse et al., 2003). @hernative electron flow around
PSII (upstream of PSI & Cytochronbef) is believed to be advantageous in both a
high-light environment and under iron limitationgiiey et al., 2008), as it alleviates
PSII excitation pressure by transporting electrinsctly to oxygen while
simultaneously ensuring that the electrons bygasgon-demanding cytochronivef
and PSI complexes (Mackey et al., 2008). Propyagal(PGal) is an oxidase
inhibitor specific to PTOX (Cournac et al., 200@iBy et al., 2008). PGal helps
determine the role PTOX plays in alternative elmetitow, and establish whether or
not electrons are being used to reduce oxygenghr®I OX activity (Mackey et al.,
2008). The addition of 1 mM PGal results in a daseein electron flow through PSII
(Bailey et al., 2008; Mackey et al., 2008), hightigg the role the oxidase plays in
keeping the PSII reaction centres oxidised in eglisre Cytochrombsf and PSI
activity are limiting. As in the case of DBMIB, P@@s more than one impact site in
eukaryotes, as it can also lead to the inhibitibmidochondrial electron transport
(Bailey et al., 2008).

Inhibitors of CO: fixation

lodoacetamide has been used as an inhibitor obodikation (Miller et al., 1988;
Miller & Canvin, 1989), however when added duritgesly state photosynthesis, it
inhibits CQ very slowly and may induce-@ptake in the light (Miller & Canvin,
1989). An alternative inhibitor of CQixation is D, L-glyceraldehyde (Stokes &
Walker 1972), which at very high concentrations5®2M) completely inhibits C®
fixation (Shelp & Canvin, 1989) and blocks the cersion of triose-P to ribulose-1,5-
bisphosphate (Stokes & Walker, 1972). However, mecently, glycolaldehyde
(GA) has become the preferred inhibitor of Ration, as it uses concentrations an
order of magnitude lower than those of D, L-gly¢égetyde, while rapidly and
effectively inhibiting CQ fixation (Sicher, 1984) without inhibiting G@r HCG'
transport (Miller & Canvin, 1989; Rotatore et 41992). The addition of GA to cells
eliminates the chlorophyd fluorescence quenching that is seen with the addaf
inorganic carbon; however, oxygen evolution is tiygapacted by the presence of
GA (Miller & Canvin, 1989).

Electron transport uncouplers

Uncouplers function by dissociating electron tramsfrom ATP synthesis during
photosynthetic phosphorylation (Moreland, 1980; Maul@y et al., 1987). This is
accomplished by dissipating the energised staigdfthe membraneApH) before
the energy can be utilised in ADP phosphorylatidorgeland, 1980) and thus prevent
the formation of the trans-thylakofipH gradient. In addition to this major effect on
the energy budget of the cell, the electron flowtswes but the collapsed proton
gradient no longer regulates electron transpoet retis type of inhibitor can be
useful when examining processes triggeredypi, such as NPQ and in particular
gE. Common uncouplers of photophosphorylation idelammonia chloride
(HN4CI), carbonyl cyanide 4-trifluoromethyloxyphenylrazbne (FCCP) and
nigericin.

Ammonium chloride (NHCI) is a potent uncoupler of electron transport. As
described above, it works in the classical wayddgxing the pH gradient across the
thylakoid membrane, inhibiting ATP synthesis. Thidition of NH:Cl before the
application of saturating light will prevent all guching of |'. In contrast, if the
uncoupler is added after fluorescence quenchingheady formed (following a



series of saturating pulses), it will result incanplete reversal of allf quenching
(Delphin et al., 1998).

Carbonyl cyanide p-trifluoromethoxy phenylhydrazgR€CP) is a powerful
uncoupler of photophosphorylation. It acts as aophore completely dissipating the
pH gradient, while leaving the electron transpgstem uninhibited (Canaani &
Havaux, 1990). FCCP prevents the long-term fluaese induction, meaning that
the inhibition of the induction is likely the resolf an increase in the dark decay
processes (Canaani & Havaux, 1990). Typical comagans of FCCP are 1-1@M
(Shyam et al., 1993; Sigalat et al., 1993; Singhl.etLl996). At low concentrations
FCCP quenches PSiII fluorescence, indicative of¢bgidation of Q" (McCauley et
al., 1987), while it requires much higher conceitres to perform in its function as
an uncoupler of oxidative phosphorylation (Canaahkiavaux, 1990). When
incubated with cells under photoinhibitory lighCEP accelerates photoinhibition
and rapidly quenches fluorescence yield (McCauta}.1987; Shyam et al., 1993;
Singh et al., 1996).

Another type of uncoupler is the protonophore, saghigericin which dissipates the
proton gradient across the thylakoid membrane. iNigerelaxes thé\pH gradient by
antiporting H at the expense of'across membranes, resulting in the collagse q
(Pressman et al., 1967). As a result of a breakdowime pH gradient, the addition of
nigericin to illuminated samples, results in arr@ase in | and strong inhibition of
NPQ with a concomitant large increase in steady $kaorescence:FThe typical
concentration range for nigericin is 1-5 mM (Fallsbw& Raven, 2007).

Electron acceptors

Electron acceptors are compounds with very stredgcing capacity, such as methyl
viologen (N,N’-Dimethyl-4,4’-bipyridinium dichlorid; MV?*) also known as
Paraquat. Methyl viologen is an artificial electateptor, intercepting electron flow
between PSI and the Calvin cycle by competing ¥@thodoxin for the binding site at
PSI (Fig. 5) (Dan Hess, 2000). MWis an extremely powerful electron acceptor, due
to the nature of the bipyridinium salts, which tergyily become a stable radical with
the addition of an electron, neutralising the pesitharge of the cation (Moreland,
1980; Peon et al., 2001). MVoxidizes the primary acceptor (ferrodoxin) of linea
electron transport, allowingZspH to become established. However, this temporary
neutral radical rapidly reverts back to its iomnfigra process that results in the
production of superoxide radicals (Hormann etl#93; Dan Hess, 2000). MY{/can

be used to demonstrate damage to the electrorpudrchain beyond PSI (typically
Calvin cycle), where incubation with MYwill oxidise the electron transport chain
and increas@ps) by supplementing the slow carbon fixation ratethia presence of
MV 2*, non-photochemical quenching (NPQ) is reducedabse the excess electrons
that are usually held up by the Calvin cycle, aimé accepted by the MVallowing
for continual rapid electron transport and a reduneed for excess light energy
dissipation in the form of NPQ. Published concedidres of MV?* range from 0.05 to

1 mM (Falkowski & Raven, 2007).

In conclusion, we have illustrated how photosyntheliectron transport is strongly
influenced by a range of internal feedback proce§8&C and NPQ) to ensure
maximum efficiency, whilst preventing potential dage from excess excitation
energy. Light stimulated processes such as nompheimical quenching are closely



linked with pigments, however the control mecharsisre species-specific and show
wide variability. Chemical inhibitors can be useddolate specific components of the
electron transport chain allowing a mechanisticarsthnding of the control of these
photosynthetic pathways.
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Tables

Species Growth condition FPo C/N R/Pnet
P.tricornutum. Replete —sine light (10 h) 1.4 7.7 0.8
P.tricornutum. Replete — osc. light (10 h) 1.3 7.9 1.0
P.tricornutum Replete — sine light (12 h) 1.6 6.6 0.4
P.tricornutum Replete —osc. light (12h) 1.1 6.7 1.4
P.tricornutum N-limited — sine light (10 h]1.6 145 0.7
P.tricornutum N-limited — osc. light (10 h]L.2 10.8 15
C.wlgaris. Replete — sine light (12 h) 2.1 6.8 0.4
C.wlgaris Replete — osc. light (12 h) 2.0 6.8 0.9

Table 1. Comparison oPhaeodactylum tricornutum andChlorella vulgaris with respect to
the activity of alternative electron transport (eegsed as the ratio of fluorescence-based to
oxygen-based photosynthesis rate#2#), to C/N ratios (given as mol mt)| and the activity
of mitochondrial respiration (expressed as th@rattirespiration rate to net photosynthesis
rate; R/Pnet). Algal cultures were grown in a tddsitat under dynamic light conditions (10h
and 12h light periods) which have been appliedeeiéts a non-fluctuating sine light climate
or as oscillating light (osc. Light). In additioB, tricornutum was exposed to nitrate-limited
conditions (N-limited). Data are adapted from Waggteal. (2006) and Jakob et al. (2007).

Figure captions

Figure 1: Modelling of fluorescence and oxygen-based phaithesis rates in
Phaeodactylum tricornutum grown in a turbidostat under sine light conditi¢h8 h

light period). Photosynthesis-irradiance curvesenaeasured hourly and fitted using
the dynamic model of Eilers & Peters (1988). With terived fitting parameters,
oxygen and fluorescence-based electron transpged can be calculated for any
given light intensity during the daily course oétlight climate. The difference
between fluorescence-based electron transportaatésxygen-based photosynthesis
rates is linked to the proportion of alternativeotton cycling.

Figure 2: The fate of absorbed photons in the comparisd?hagodactylum
tricornutum andChlorella vulgaris grown in a turbidostat under dynamic light
conditions (fluctuating light, FL; sine light, SLpata are given as percentage of
absorbed quant®¥nar). Energy losses by dissipation include the conwaref

absorbed light into heat and fluorescence and deriged from [(1ep) * Qpharl,
wheregp is the photosynthetic quantum efficiency at Phygtesm Il measured by

PAM fluorescence. The amount of quanta lost byadtéve electron sinks was
calculated from the difference of fluorescence axyhen-based photosynthesis rates
and the assumption of a quantum efficiency of 0[h2& O, (mol quanta}]. The
amount of quanta used for biomass formation wasetfrom®,, according to

Jakob et al. (2007). Energy losses which are mettly quantifiable as absorbed
guanta, like mitochondrial respiration, have beepicted as ‘losses’.

Figure 3. (A) Chlorophylla (Chla) fluorescence signal as measured with a PAM
fluorometer on ar\rabidopsisthalania leaf. After dark-adaptation, in the presence of
the detector beam (dashed bottom bar), the mirfionalescence level gris



measured. When a saturating light pulse (P) isngitree photosynthetic light
reactions become saturated and fluorescence reachazimum level (k). Upon
continuous actinic light (AL On, white bottom bavith moderately excess light (750
umol photons M s*; growth light was 130 pmol photons?ws?), a combination of
gP and NPQ lowers the fluorescence yield. NPQ (g + ql) is the difference
between kR and the measured maximal fluorescence after aasiaig light pulse
during illumination (R'): NPQ = (Fn-Fm')/Fn’. After switching off the actinic light
(AL Off), the quenching on theofevel can be observedd}: Also, the recovery of
Fm' within a few minutes reflects relaxation of theE gomponent of NPQ. gT takes a
longer time to relax while gl is a sustained quémghAdapted from Miiller et al.
(2001).(B) Characteristic Chh fluorescence signals as measured with a PAM
fluorometer in cells of the diatofPhaeodactylum tricornutum, leaf of the higher plant
Arabidopsis thalania, cells of the cyanobacteriuBynechocystis PCC6803, and cells
of the Prochlorophyt@rochlorococcus PCC9511, illumination was: 5 min-2000
umol photons M s®. The time scale is given on thAethaliana trace. Adapted from
Ruban et al. (2004), Cadoret et al. (2004), Badlegl. (2005). For (A) and (B):oF
minimum fluorescence level in the darl,,Fninimum fluorescence level after light
exposure (detector beam only for bothy; maximum fluorescence level in the dark;
Fm', maximum fluorescence level at light; AL, actirdontinuous light (bold arrow
up/down: AL on/off); P, over-saturating pulses (61D ms duration, thin arrows:
pulse fire). Bars: dashed, detector beam only;eyli¢tector beam+AL on.

Figure 4. Simplified model of the gE mechanism in highearpé (see the text for a
full description). The numbering refers to the smtpe of the qE process steps. AX,
antheraxanthin; H protons; PS Il, photosystem II; VDE, violaxanthie-epoxidase;
VX, violaxanthin; ZX, zeaxanthimpH, transthylakoid proton gradient. Adapted
from Lavaud (2007).

Figure5. Electron transport flow through PSII, cytochrob& complex and PSI. The
D1, D2 and Cyt b559 proteins are shown. The thioves indicate the electron flow
pathway through PSII, while the thick arrow ind&sthe site of inhibition by

DCMU. The figure shows the DCMU molecule bindinghe (¢ site of PSII, thereby
effectively blocking the continuation of electrdaw from PSII to the plastoquinone,
cytochromeb6f complex and onto PSI. Afters@he thin arrows indicate electron flow
pathways and proton (Hpathways. The thick arrow in the lower middletiueé
diagram indicates the site of impact by the inbitstDBMIB and antimycin A. One
DBMIB molecule competes with the PQKesulting in the blocking of the release of
electrons from the plastoquinone to PSI at the Eeffplex. Antimycin A (upper
middle) inhibits the reduction of ferrodoxin in P8itercepting electron transport at
the ferrodoxin-plastoquinone reductase, resultmiipé blocking of cyclic electron
transport. Electrons move through PSI indicatethioy arrows, while the thick arrow
(RHS) indicates the impact site of methyl viologktethyl viologen interacts at the
binding site of ferredoxin, accepting the termiekgctron, thus preventing the
reduction of ferredoxin and the continued pathwithe electron to carbon fixation
or cyclic electron transport.
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