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In diatoms, a transthylakoid proton gradient alone is not sufficient
to induce a non-photochemical fluorescence quenching
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Abstract Non-photochemical fluorescence quenching (NPQ) in
diatoms is associated with a xanthophyll cycle involving diadi-
noxanthin (DD) and its de-epoxidized form, diatoxanthin (DT).
In higher plants, an obligatory role of de-epoxidized xantho-
phylls in NPQ remains controversial and the presence of a
transthylakoid proton gradient (ApH) alone may induce NPQ.
We used inhibitors to alter the amplitude of ApH and/or DD
de-epoxidation, and coupled NPQ. No ApH-dependent quench-
ing was detected in the absence of DT. In diatoms, both ApH
and DT are required for NPQ. The binding of DT to protonated
antenna sites could be obligatory for energy dissipa-
tion. © 2002 Federation of European Biochemical Societies.
Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

The dissipation of excess excitation energy and the related
operation of a xanthophyll cycle are important for the photo-
protection of photosystem (PS) II against light-induced dam-
age. It is of particular relevance in diatoms which experience
large fluctuations of light intensity in turbulent waters where
they are the dominant species [1]. In diatoms, the photosyn-
thetic apparatus organization differs in many respects from
that of higher plants. The thylakoids are loosely appressed
and organized in extended bands of three without grana
stacking and PS I and II are not segregated [2]. The light-
harvesting complexes (LHCs), which contain chlorophyll
(Chl) a, Chl ¢, fucoxanthin and the xanthophyll cycle pig-
ments [3], are equally distributed among appressed and non-
appressed regions [2] and there is no evidence of any state
transitions [4]. The LHC subunits are made of several highly
homologous proteins encoded by a multigene family (fuco-
xanthin chlorophyll proteins, FCPs [5]). Some of these sub-
units appear to be PS I specific, although their pigment con-
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Abbreviations: Chl, chlorophyll; CL, continuous light regime (16 h
light/8 h dark per day); DCCD, N,N’-dicyclohexyl-carbodiimide;
DD, diadinoxanthin; DT, diatoxanthin; DTT, dithiothreitol; IL, in-
termittent light regime (5 min light per hour); LHC, light-harvesting
complex; NPQ, non-photochemical fluorescence quenching; PS I and
11, photosystem I and II; ApH, transthylakoid proton gradient

tent is similar to the other LHC subunits [6]. Some of the
minor subunits (CP26 and CP29) specific to PS II in higher
plants have not been found in diatoms [7] and no PsbS-like
protein has yet been identified. Only two species (instead of
three in higher plants), diadinoxanthin (DD) and its de-epoxi-
dized form diatoxanthin (DT) are involved in the xanthophyll
cycle. The xanthophyll concentration relative to Chl can be
much larger in the LHCs of diatoms than in higher plant
LHCs [8]. Upon exposure to high light intensity, DT and
non-photochemical fluorescence quenching (NPQ) are formed
rapidly [9].

We have previously shown that the DD pool size could be
doubled under intermittent light regime (IL) (5 min light per
hour) while the size and pigment composition of the PS II
antenna were otherwise unchanged. The relative amount of
DD of 9 mol/100 mol Chl «a in cells grown under a 16/8 h
light-dark cycle, CL (continuous light regime) cells, could be
increased to 18 mol/100 mol Chl « in IL cells, grown with a
regime of 5 min light per hour [10]. Upon exposure to high
light intensity, the formation of a transthylakoid proton gra-
dient (ApH) and de-epoxidation of DD to DT rapidly caused
a NPQ that was fully reversible in the dark. In diatoms with
the larger DD pool size, NPQ could reach values up to 12,
well above those found in higher plants (at most 4). In cells
with different DD pool size, the NPQ expressed by the Stern—
Volmer equation was always proportional to the DT concen-
tration [10]. Our previous results did not rule out the possi-
bility of a DT-independent, ApH-dependent NPQ as observed
in higher plants, where a ApH-dependent quenching has been
detected in the absence of de-epoxidized xanthophylls [7,11].
In this report, specific inhibitors were used to alter the ampli-
tude of the ApH and/or DD de-epoxidation reaction. Their
effects on the relationship between NPQ and DT were studied.
No conditions could be found where part of NPQ was inde-
pendent of DT formation and only dependent on ApH. We
propose that, in diatoms, both protonation of the antenna
complexes and binding of DT to specific protonated sites
are required for NPQ.

2. Materials and methods

2.1. Culture

Phaeodactylum tricornutum Bohlin cells were grown photoauto-
trophically in sterile natural seawater F/2 medium [12]. Cultures of
300 ml were incubated at 18°C in airlifts continuously flushed with
sterile air. They were illuminated at a light intensity of 40 pE m~2 s~!
with white fluorescent tubes (Claude, Blanc Industrie, France). Two
light regimes were used: a classical 16 h light/8 h dark photoperiod
(CL cells) and an intermittent light regime of 5 min illumination per
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hour (IL cells). Cells were harvested during the exponential phase of
growth, centrifuged at 3000 X g for 10 min and resuspended in their
culture medium to a final concentration of 10 ug Chl @ ml~!. This
concentrated suspension was slowly stirred at 18°C under low contin-
uous light for CL cells and intermittent light for IL cells until use.

2.2. Xanthophyll contents

Pigment analyses were performed by high-performance liquid chro-
matography (HPLC) as previously described [9]. Cells collected from
the PAM fluorometer (see below) were frozen in liquid nitrogen. Pig-
ments were extracted with a methanol:acetone (70:30, v/v) solution.
Published extinction coefficients were used for Chl [6] and for DD and
DT [13].

2.3. Chl fluorescence yield and NPQ

Standard modulated Chl fluorescence measurements were per-
formed with a PAM-101 fluorometer (Walz, Effeltrich, Germany) as
described previously [10]. After a dark adaptation of 20 min, cells
were subjected to a saturating light pulse and then illuminated with
an actinic light of adjustable intensity. The average fluorescence mea-
sured during the last 400 ms of the saturating pulse was taken as Fy,
or F,’. Data were recorded with a microcomputer through a 12-bit
analogue digital interface and the system was driven by home-made
software [14]. For each experiment, 2 ml of cell suspension was used.
Sodium bicarbonate was added at a concentration of 4 mM from a
freshly prepared 0.2 M stock water solution to prevent any limitation
of the photosynthetic rate by carbon supply. When appropriate,
NH4Cl (ammonium chloride), DCCD (N,N’-dicyclohexyl-carbodi-
imide) or DTT (dithiothreitol), were added at the start of dark incu-
bation. Stock solutions of NH4CI (Prolabo, 0.1 or 1 M in distilled
water), DCCD (Sigma, 1 mM in absolute ethanol) and DTT (Sigma,
20 mM in distilled water) were freshly prepared.

NPQ was calculated as F,/Fy,'—1 [15], where Fy," is the maximum
PS 1I fluorescence in the light-adapted state and F,, that in the dark-
adapted state. This Stern—Volmer expression of NPQ is proportional
to the concentration of the quencher state [10,11].

3. Results and discussion

The ApH value required for de-epoxidase activation was
not reached under low light, and no de-epoxidation can occur
during growth (at 40 uE m™2 s7!). Thus, the cells did not
contain any DT before the shift to high light. On exposure
to high light (450 uE m~2 s~!), the de-epoxidation of DD to
DT occurred very rapidly in CL and IL cells with biphasic
kinetics (Fig. 1). The fast phase was completed within a few
minutes. The de-epoxidation is rather fast in diatoms in con-

N W A~ O OO N

DT (mol per 100 mol Chl a)

0 5 10 15 20 25 30
[llumination time (min)

Fig. 1. De-epoxidation kinetics in P. tricornutum cells with a low
(CL cells, open triangles) or with a large (IL cells, solid triangles)

DD pool size during an illumination of 450 uE m™—2 s~
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Fig. 2. Effect of increasing concentrations of NH4Cl on NPQ
(circles) and DT concentration (triangles) in P. tricornutum CL cells
(low DD pool size). Cells were incubated in the dark for 20 min
with different concentrations of NH4Cl prior to illumination (5 min
at 350 uE m~2 s7!). Inset: Corresponding correlation of NPQ and
DT concentration. The dotted linear regression (NPQ=0.95 DT) il-
lustrates the correlation between NPQ and DT concentration in the
absence of NH4Cl [10].

trast to higher plants grown in the same light conditions,
either CL or IL [16]. It could be due to the fact that the
DD de-epoxidase is activated at lower ApH than the viola-
xanthin de-epoxidase of higher plants [17] and/or that in dia-
toms, the thylakoids are loosely appressed [2]. In higher
plants, de-epoxidation is faster in unstacked than in stacked
membranes [16].

During the high light illumination, NPQ was always pro-
portional to the concentration of DT (dotted line in inset to
Fig. 2, [10]). However, this proportionality broke down when
cells were dark incubated with increasing concentrations of
NH,4CI. This reagent is a well-known uncoupler that decreases
the ApH formed during illumination. The 5 min illumination
at 350 uE m~2 s7! led to lower values of NPQ and DT for
increasing concentrations of NH4Cl but the decrease in NPQ
was larger than that of DT (Fig. 2). As a consequence the
linear relationship between NPQ and DT was replaced by an
S-shaped one (solid circles, inset Fig. 2). Since NPQ can be
fully suppressed this way while some DT accumulation per-
sists, we must conclude that the ApH affects not only the de-
epoxidation of DD but also the effectiveness of DT in causing
NPQ.

A divergence from a linear relationship between NPQ and
DT was also observed during the dark decay of NPQ and
epoxidation of DT after a high light illumination. It was
best observed with IL cells where a 5 min illumination at
450 uE m~2 s7! induced an NPQ of 6, much larger than
the values attained in CL cells due to the smaller DD pool.
NPQ was proportional to the DT concentration during illu-
mination for both types of cells (see dotted line, inset to Fig.
3, [10]). During the dark period following the illumination,
epoxidation of DT and relaxation of NPQ occurred (Fig. 3).
NPQ decreased faster than the DT content and their relation-
ship became sigmoidal, similar to that observed in the pres-
ence of NH4Cl (Fig. 3, inset). In cells with a small DD pool,
the deviation from linearity also existed but was less pro-
nounced (Fig. 3, inset), possibly because of the faster epox-
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Fig. 3. Decay of NPQ (circles) and epoxidation of DT (triangles) in
darkness following an illumination of 5 min at 450 uE m~2 s! for
P. tricornutum cells with a low (open symbols) or with a large (solid
symbols) DD pool. Inset: Corresponding correlation of NPQ and
DT concentration for cells with a low (open circles) or with a large
(solid circles) DD pool. The dotted linear regression (NPQ=0.95
DT) illustrates the correlation of NPQ and DT concentration during
illumination.

idation in CL cells. The epoxidation is faster in diatoms in
contrast to higher plants grown in the same light conditions,
either CL or IL [16]. Darkness following high light was the
second situation where some DT remained while NPQ was
fully suppressed. The reason might be similar to the situation
observed in the presence of an uncoupler: DT cannot cause
NPQ after ApH dissipation. If for NPQ a ApH is required in
addition to the presence of DT, one possible explanation is
that protonation of light-harvesting protein(s) is necessary for
the binding of DT. The pK of the protonation could be higher
than the pK of DD de-epoxidase so that on illumination pro-
tonation precedes de-epoxidation and NPQ is strictly propor-
tional to DT. Epoxidation of DT to DD is pH independent
and was apparently slower than deprotonation of the light-
harvesting protein(s) after illumination, so that some DT re-
mained while NPQ was completely suppressed.

On the other hand, a strict proportionality between NPQ
and DT was maintained under conditions designed to selec-
tively increase the ApH or decrease DT accumulation. At low
concentrations, DCCD is an inhibitor of ATP synthase [18].
Its presence should therefore increase the ApH formed during
illumination. Cells were exposed to a 5 min illumination at
100 uE m™2 s~!. The intensity used for this experiment was
chosen low enough not to induce any NPQ or DT in the
absence of added DCCD. When dark-adapted cells were
pre-incubated with a low concentration of DCCD (10 uM),

Table 1
Effect of dark incubation of P. tricornutum CL cells (low DD pool
size) with DCCD on NPQ and DT accumulation after a 5 min illu-

mination at 100 pE m™2 s7!

DCCD Incubation time NPQ DT

uM) (min) (mol/100 mol Chl a)
0 0 0.06 0.0

10 5 1.73 1.7

10 10 1.83 2.3
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the effects of DCCD on DT and NPQ were dependent on the
incubation time. In the presence of DCCD (5 or 10 min in-
cubation in the dark) both DT and NPQ could be detected at
the end of the 5 min illumination at 100 pE m~2 s~! as shown
in Table 1. The relationship between NPQ and DT remained
linear as under higher illumination in the absence of DCCD.

DTT is a well-known inhibitor of de-epoxidase and has
been used to detect zeaxanthin-independent fluorescence
quenching in higher plants [11]. DTT acts on the de-epoxidase
without affecting lumen acidification [19]. DTT also inhibits
the DD de-epoxidase in diatoms [20]. NPQ coupled to DT
was formed by a 5 min illumination at 450 pE m—2 s™! in cells
with different DD pool sizes (CL and IL cells). Cells were pre-
incubated with increasing concentrations of DTT (up to
150 uM) and the DT content and NPQ were determined at
the end of the illumination. As shown in Fig. 4, both DT and
NPQ were decreased by increasing DTT concentrations. NPQ
remained proportional to DT and their relationship followed
the same linear regression curve as in the absence of DTT. If
DTT does not affect the ApH, the results of Fig. 4 clearly
demonstrate the obligatory presence of DT for NPQ to exist
in diatoms. This is different from higher plants where DTT
inhibits the accumulation of de-epoxidized xanthophylls with-
out totally suppressing NPQ [11]. An analogous situation was
reported for Chlamydomonas and Arabidopsis mutants with
defective xanthophyll cycling that continues to exhibit a small
zeaxanthin-independent NPQ under high light [21,22]. DTT
has been shown to have many other effects including the in-
hibition of ApH. In the present experiment such effects cannot
be completely ruled out, but the concentrations used are well
below those required for the suppression of ApH [23].

In conclusion, we propose that, in diatoms, upon acidifica-
tion of the lumen, LHC subunits become protonated, de-ep-
oxidase is rapidly activated and DT is formed. The binding of
DT to the LHCs is influenced by protonation. Protonation
alone is not sufficient to modify the dissipative function of the
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Fig. 4. Effect of increasing concentration of DTT on NPQ (circles)
and DT (triangles) for P. tricornutum cells with a low (open sym-
bols) or with a large (solid symbols) DD pool. Cells were incubated
in the dark for 20 min with DTT prior to the illumination (5 min
at 350 uE m~2 s7!). Inset: Corresponding correlation of NPQ and
DT concentration. The linear regression was NPQ=0.93 DT with
R?>=0.98 for the cells with a low DD (open circles) and NPQ =1.04
DT with R>=0.99 for cells with a large DT (solid circles).
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antenna complexes in contrast to higher plants [24]. It is the
presence of DT bound to the protonated LHCs which induces
NPQ. The exact role of DT remains to be elucidated. It is still
unclear if it can play a direct role in energy dissipation pro-
cesses; alternatively, its presence could cause association of
other pigments leading to the formation of quenchers (carot-
enoid, carotenoid—Chl or Chl-carotenoid—Chl, Chl-Chl asso-
ciations) [25,26].

The large concentrations of DT, the high values reached by
NPQ, the absence of photosystem segregation and of state
transitions have to be taken into account when comparing
the LHCs of diatoms and higher plants. The DD de-epoxidase
is activated by a low ApH value and the xanthophyll cycle
kinetics are faster than in higher plants [16,17]. A ApH alone
is not sufficient to induce NPQ. In diatoms, the molecular
mechanisms involved in the ApH-dependent photoprotective
dissipation of excess energy are partly distinct from those
occurring in higher plants. Some properties of diatoms and
especially the rapidity of the xanthophyll cycle kinetics are
important for a rapid switch of the LHC function from the
dissipation of excess energy to the efficient transfer of energy
to the reaction centers.
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