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In this work we have applied picosecond and steady-state fluorescence measurements to study excitation en-
ergy transfer and trapping in intact Cyclotella meneghiniana diatom cells grown at different light intensities.
Different excitation and detection wavelengths were used to discriminate between Photosystem I and II (PSI
and PSII) kinetics and to study excitation energy transfer from the outer antenna to the core of PSI and PSIL. It
is found that the light-harvesting fucoxanthin chlorophyll proteins (FCPs) transfer their excitation energy
predominantly to PSIL It is also observed that the PSII antenna is slightly richer in red-absorbing fucoxanthin
than the FCPs associated with PSI. The average excitation trapping time in PSI is around 75 ps whereas this
time is around 450 ps for PSII in cells grown in 20 pmol of photons per m? per s. The latter time decreases
to 425 ps for 50 pmol of photons and 360 ps for 140 pmol of photons. It is concluded that cells grown
under higher photon flux densities have a smaller antenna size than the ones grown in low light. At the
same time, the increase of growth light intensity leads to a decrease of the relative amount of PSI. This effect
is accompanied by a substantial increase in the amount of chlorophyll a that is not active in excitation energy
transfer and most probably attached to inactivated/disassembled PSII units.
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1. Introduction

Diatoms, unicellular eukaryotes, capable of performing oxygenic
photosynthesis, are ecologically important in both fresh water and
marine ecosystems with their key role in the biochemical cycles of
carbon, nitrogen, phosphorus and silica [1]. In contrast to higher
plants, their thylakoid membranes are not segregated into stromal
and granal regions. However, like in plants their antenna complexes,
the so-called fucoxanthin-chlorophyll a/c proteins (FCPs), are also
membrane-intrinsic (for reviews, see [2], [3]).

Since recently various research groups have studied the photosyn-
thesis apparatus of diatoms. In many cases they perform in vitro stud-
ies on the FCPs (see e.g. [4-7]), but also research has been performed
on intact cells [8-10].

Abbreviations: Chl, chlorophyll; DAS, decay-associated spectra; ddx, diadinoxanthin;
dtx, diatoxanthin; EET, excited state absorption; FCP, fucoxanthin-chlorophyll a/c; , pro-
tein; fx, fucoxanthin; fXpye, blue-absorbing fucoxanthin; fxq, red-absorbing fucoxanthin;
FWHM, the full-width at half-maximum; ICT, intramolecular charge transfer; LHC,
light-harvesting chlorophyll protein; NPQ, nonphotochemical quenching; OD, optical
density; PS, photosystem; PSU, photosynthetic unit; RC, reaction center; TCSPC,
Time-correlated single photon counting
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Although the antenna complexes in this alga belong to the
light-harvesting chlorophyll (Chl) protein (LHC) superfamily [11],
their pigment content differs from that of LHCII in higher plants. FCPs
do not possess Chl b but use Chl ¢ as an accessory pigment, and they
contain fucoxanthin (fx) as the major light-harvesting xanthophyll.
Also the chlorophyll:carotenoid stochiometry of the light-harvesting
antennae of diatoms differs from that of higher plants, with the Chl a:
carotenoid ratio being 1:1 [4,6,12], much lower than for plants where
it is around 3 (see e.g. [12]).

Two major fractions of FCPs were observed in Cyclotella meneghiniana,
differing both in their polypeptide composition and oligomeric state: one
fraction contains trimeric FCPa, consisting of mainly 18 kDa proteins and
only small amounts of 19 kDa subunits whereas FCPb in another fraction
is associated into higher oligomeric states and contains only 19 kDa poly-
peptides [5,13]. In C. meneghiniana FCPs are mainly found in the trimeric
FCPa state, irrespective of the growth light regime [5].

So far not many studies have addressed the processes of excitation
energy transfer and charge separation in diatoms. The first femtosec-
ond absorption studies of FCPs showed that energy transfer from Chl ¢
to Chl a occurs on a time scale of ~100 fs with nearly 100% efficiency.
Target analysis on isolated FCPs also revealed that the EET efficiency
from fx, which was excited at 530 nm, to Chl a reaches around 80%
[4], while FCPa samples show a somewhat higher energy transfer ef-
ficiency than oligomeric FCPb forms, irrespective of the excitation
wavelength [6]. Some structural differences between the complexes
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were observed as well: trimeric FCP binds relatively more fx than
higher oligomers [5-7]. Stark and resonance Raman spectroscopy
data were the first to show the existence of different fx forms in
FCPs [14,15]. From the excitation and absorption spectra of different
FCPs populations it can be observed that oligomeric FCPb shows
slightly less absorption around 490 nm and increased values around
540 nm as compared to FCPa trimers [5-7], implying that trimers
might bind more blue-shifted fx as compared to FCPb.

For a long time it was believed that the two types of FCP are asso-
ciated with both photosystem (PS) I and PSII but this topic is still
under debate [16-18]. Veith et al. for instance found that the Fcp5
polypeptide that is part of FCPb, is loosely bound to PSI complexes
[5,13,19]. On the other hand, Szabo et al. provided experimental evi-
dence that inside intact diatom cells fx..q (presumably FCPb, see
above) binds to PSII in a slightly greater amount than to PSI [9].

Recently, the first ps fluorescence study of intact diatoms was
performed [8]. The fluorescence kinetics of two diatom species were
analyzed with the use of global target analysis. Six components
were used to describe the kinetics of both PSI and PSII in the open
state (three for PSI and three for PSII). The average lifetime of the
overall PSI kinetics was found to be ~51 ps for C. meneghiniana and
100 ps for P. tricornutum, while the total contribution of PSII was de-
scribed by an average lifetime of ~395 ps for C. meneghiniana and
~432 ps for P. tricornutum. A detailed model was proposed as well
to describe the occurrence of nonphotochemical quenching (NPQ)
at two independent quenching sites. One was thought to be located
in FCP that detaches from PSII during NPQ while the second one is lo-
cated in the PSlI-associated antenna.

The investigation of the long-time response of diatoms to different
light conditions is another topic of growing scientific interest. Diatoms
are known to have interesting acclimation mechanisms, responding to
alterations in growth irradiance. One of them includes the adjustment
of the ratio between PSII and PSI. The PSII:PSI ratio increases when the
light intensity decreases in Thalassiosira weissflogii, a species closely re-
lated to C. meneghiniana, (LL — 2.2:1, HL — 4.4:1) [20] and in Skeletonema
costatum from LL 0.4 to HL 1 [21] (Falkowski et al 1981).0n the other
hand, Smith and Melis found exactly the opposite in Cylindrotheca
fusiformis (HL — 1.3:1; LL —3.9:1)[22].

A change in the photon flux density also leads to a change in the
size of the photosynthetic units (PSU). Gallagher et al. were the first
to report a decrease in size of PSI and PSII units in diatom species
under high-light conditions [23]. It was concluded that the amount
of FCPb is not highly affected by the differences in light intensity
but that the amount of FCPa decreases in high-light conditions [5].

In the present work we have studied C. meneghiniana with pico-
second fluorescence spectroscopy using different excitation and de-
tection wavelengths, linking the resolved spectroscopic features to
the various processes taking place, with special attention for the re-
sponse of the diatoms to different light conditions. A new method is
introduced to separate the PSI and PSII excitation spectra of diatoms
in vivo and it is found that the light-harvesting systems of PSI and
PSII have different spectroscopic properties in agreement with recent
experimental data [9].

2. Materials and methods
2.1. Cell culture

The diatom C. meneghiniana (Culture Collection Gottingen, strain
1020-1a) was grown in batch cultures at 18 °C with constant shaking
at 120 rpm in low light (LL, 20 umol photons m~2 s~ !), medium
light (ML, 50 umol photons m~2 s~ ') and high light (HL, 140 pmol
photons m~2 s~ 1) in the silica-enriched ASP medium according to
[24]. A 16 h light: 8 h dark cycle was used in all cases.

Cells were adapted to these light conditions for months, and they
were always harvested in the logarithmic growth phase.

2.2. Steady-state fluorescence measurements

2.2.1. Steady-state emission spectra

Steady-state fluorescence spectra were recorded with a Jobin
Yvon Fluorolog FL3A22 spectrofluorimeter at 77 K and corrected
for wavelength-dependent sensitivity of the detection and fluctua-
tions in the lamp output. The samples were diluted with 60% glycerol
(v/v). Two excitation wavelengths were used: 400 nm and 535 nm;
a bandwidth of 3 nm was used both for the excitation and the emis-
sion branch. Fluorescence emission spectra were recorded using a
step size of 0.5 nm.

To minimize re-absorption the samples were adjusted to an absor-
bance of 0.04/cm in the Q, band of Chl a.

Different wavelengths were used in order to modulate the relative
amount of excitations in the core and the outer antenna complexes by
using either 400 nm (mainly Chl a) and 535 nm (fX) as excitation
wavelength. It was shown that Chl a dominates the absorption intensity
of isolated FCPs in the 400-415 nm region (Chl a ~56%, Chl ¢ ~36%)
[7,14,15]. In case of whole cells, Chl a excitation at 400 nm is even
more selective because the pigment concentration of Chl a, being the
major pigment of PSI and PSII cores, rises by ~10% in intact cells (from
40% to 50%), while the Chl ¢ concentration decreases from 10% to 5%
[25]. The second wavelength (535 nm) was chosen for fx excitation.
This antenna-specific carotenoid is responsible for 90% of the absorp-
tion for isolated FCPs at this wavelength. This value will not change
much in the case of whole cells because both Chl a/c and Ddx hardly ab-
sorb at 535 nm [7,14,15].

2.2.2. Steady-state excitation spectra

For steady-state fluorescence excitation spectra the same Jobin Yvon
Fluorolog FL3A22 spectrofluorimeter was used. The fluorescence excita-
tion spectra were recorded between 420 and 650 nm with excitation
and emission bandwidths of 2 and 10 nm, respectively. The emission
was collected at 680 and 690 nm. An integration time of 0.4 s was
used to reduce the noise level. Each spectrum was measured 20 times
in a run and then averaged. The sample was measured in two states:
an “open” state and a “closed” state. For keeping reaction centers (RCs)
open (“open” state), the cells were dark-adapted for 5 min and then
kept at 287 Kin a flow cuvette and a sample reservoir (5 ml). The sample
was flowing from the reservoir to the cuvette and back in darkness, with
a flow speed of ~2.5 ml/s. To (partly) close the RCs (“closed” state),
100 yM DCMU was added to the sample and it was preilluminated
with relatively strong light (~100 pmol photons m™2 s~ ). After mea-
suring for 10 min the sample was refreshed. The experiment was repeat-
ed two times on cells from different generations.

2.3. Time-resolved fluorescence measurements

2.3.1. Time-correlated single photon counting

Time-correlated single photon counting (TCSPC) measurements
were performed at magic angle (54.7°) polarization as described pre-
viously [26]. High detection sensitivity and time accuracy are the
main advantages of this setup.

In brief, excitation was carried out by ~0.2 ps vertically polarized ex-
citation pulses at a repetition rate of 3.8 MHz. The excitation wave-
length was either 400 nm or 535 nm. The sample was kept at 287 K
in a flow cuvette and a sample reservoir (5 ml). It was flowing from
the reservoir to the cuvette and back, with a speed of ~2.5 ml/s. The op-
tical path length of the cuvette was 3 mm. For each measurement the
C. meneghiniana sample was diluted to an optical density (OD) of
0.06 per cm at the excitation wavelength (for 400 nm:ODggg~ 0.04,
for 535 nm: ODggp=0.08). The size of the excitation spot was 2 mm.
In combination with the low laser power (0.5-4 W), this guaranteed
that nearly 100% of the RCs stayed open and a significant buildup of trip-
let states was avoided (see Supplementary material). Moreover, the
8 ns time window used for the TCSPC measurements makes it possible
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to determine “long-lifetime” components that are hard to estimate with
alternative techniques. For each run of measurements the following in-
terference filters were used for detection: 671, 679, 693, 701, 712, and
724 nm (15 nm bandwidth) (Balzers, Liechtenstein model B40). The
final experiment of a measuring series was always a repetition of the
first experiment. The resulting decay curves were indistinguishable
(Fig. S2 A in Supplementary material).

Each experiment was repeated 3-5 times for different generations
of the cell culture. The decay curves measured for different genera-
tions grown under the same light intensities were found to be very
reproducible (Fig. S2 B in Supplementary material).

The full-width at half-maximum (FWHM) of the system response
function was 35 ps when a resolution of 2 ps per channel was used, as
obtained with the 6 ps decay of pinacyanol iodide in methanol [27].
Data analysis was performed using a home-built computer program
[28,29]. The data were fitted to multi-exponential decay functions
with amplitudes ¢; and fluorescence decay times 7;. For the global
analysis the decay lifetimes were forced to be equal for each run of
measurements on a sample at a certain excitation wavelength but
the amplitudes were allowed to differ. The fit quality was judged
from the Poissonian maximum likelihood estimator, the residuals,
and the autocorrelation of the residuals [16].

The amplitude-weighted average lifetime was calculated via

Tavg = Z?:lai * Ty (1)
where }_;a;=1 and 7; is the lifetime of the i-th component.

2.3.2. Measurements using streak-camera setup

The streak camera allows simultaneous recording of the fluores-
cence intensity as a function of time and wavelength. This means the
output provides entire spectra with a high spectral (few nm) and tem-
poral (~5 ps) resolution. For the fluorescence measurements on the
streak-camera setup the sample was diluted to an optical density of
0.09/cm at the excitation wavelength (for 400 nm: ODggg~0.06,
for 535 nm: ODggo~0.13) and a cuvette with 1 mm optical path
was used. Time-resolved emission spectra were recorded using a
synchroscan streak-camera system as described in [27,30,31]. Before
analysis the images were corrected for the background signal and
detector sensitivity and sliced up into traces of 5 nm. An average of
100 images, all measured for 10 s, was used. Each sample was mea-
sured with two time windows: 800 ps and 2000 ps. The laser power
was typically 15 pW for the 2 ns time window measurements and
35 uW for the 800 ps time window. The spot size was 100 pm
while the repetition rate of excitation pulses was 250 kHz. The sam-
ple was constantly flowing with a speed of 2.5 ml/s as described in
the subsection about time-correlated single photon counting setup
(see above).

The streak images were analyzed using the TIMP package for R lan-
guage [32] and Glotaran, a graphical user interface for the R-package
TIMP [33]. A Gaussian-shaped instrument response function was used
for the analysis and its width was a free fitting parameter. Typical
fwhm values obtained from the fitting procedure are: ~10 ps for the
800 ps time window, ~23 ps for the 2 ns time window. The synchroscan
period (13.17 ns) results in the back and forth sweeping of long-lived
components and leads to some signal before time zero in the
streak-camera images [34]. This is used for long-lived-component esti-
mation. The fit quality was judged by singular value decomposition of
the residuals matrix [32].

All experiments were performed at room temperature (293 K).

2.4. Extraction of PSII and PSI excitation spectra from steady-state
measurements

When it is assumed that the amount of detached antenna complexes
is negligible then the fluorescence excitation spectrum F(Aey) is a linear

combination of the excitation spectra PSI(Aex) and PSII(A.xc) of PSI and
PSII, respectively:

Fopen()\exc) =y * PSI(Ngxe) + qzopen # PSTI(Agyc) (2)

The subscript “open” indicates that the PSII RCs are open in this
case. When the RCs are partly closed the excitation spectrum
becomes:

Fclosed(}\exc) =gy *PSI(N\,.) + QQdOSEd s PSI(Aoxe) (3)

and due to the increased fluorescence lifetime of closed PSII, its con-
tribution g5°**“ to the fluorescence excitation spectrum increases sub-
stantially. Note that the contribution of PSI is independent of the fact
whether its RC is open or closed [35]. Therefore, by taking the differ-
ence between these two excitation spectra (2) and (3), one obtains
the PSII excitation spectrum multiplied by a constant, i.e.:

PSINexe) = (1/ (@™ = 07") ) # (F™ M) = F*" N))  (4)

The excitation spectrum of PSI can now be obtained by subtracting
PSII(Aexc) from FPP"(A.xc) after proper scaling of the spectra to each
other. We measured the excitation spectra by detecting at 679 nm
at which wavelength also time-resolved measurements were
performed with excitation wavelength 400 nm. The relative or frac-
tional contribution of PSII to the fluorescence can then be estimated
according to:

EPsnex/det =0 *Ty/(Q # Ty + 0, *T) )
where a4, o, are the amplitudes and 7, and 7, are the (average) fluo-
rescence lifetimes of PSI and PSII, respectively. In other words

PSII(400nm) = Epg, /%" « FP" (400 nm) (6)

and this allows proper scaling of the excitation spectra at 400 nm,
which of course also fixes the relative values at all other excitation
wavelengths. Therefore, the PSI excitation spectrum can be estimated
according to:

PSI(Agye) = FoPer ()\exc)_kps”(mo "™ PSIT(Nexc) (7)

where kPS!1(400nm) s 5 scaling parameter obtained according to (6) and
PSII(Aexc) is the PSII excitation spectrum from Eq. (4).

The procedure was also performed at detection wavelength
693 nm in order to check the consistency of the outcome.

3. Results

3.1. Picosecond kinetics and steady-state fluorescence of C. menegheniana
LL cells

Both photosystems in diatoms are composed of a core with FCPs
attached to them. It is not possible to excite the cores entirely selec-
tively, because of the strong spectral overlap of outer antenna and
core but here we used two excitation wavelengths: 400 nm (the
major contribution of Chl a absorption) and 535 nm (fx absorption)
to modulate the relative amount of excitations in the outer antenna
complexes. In this way the corresponding variation in fluorescence
kinetics makes it possible to study EET from FCPs to both photosys-
tems in vivo.

Global analysis of streak-camera data, obtained after 400 nm and
535 nm excitation leads to the decay-associated spectra (DAS) in
Fig. 1. Three components are sufficient to fit the data in both cases.
The quality of the fits was judged by left and right vectors of singular
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value decomposition of the residuals matrix (for more information
about parameter estimation in Glotaran read [32]; [33]).

Upon 400-nm excitation the kinetics is dominated by 76 ps and
448 ps components, whereas a minor contribution stems from a 2-ns
component (Fig. 1A). The latter time constant is not very accurately de-
termined with the streak setup. The DAS of the 76 ps component peaks
at ~690 nm, indicating that it contains a large contribution from PSI [8].
The two slowest components resolved from the streak-camera data
(448 and 2 ns) are assigned to PSII according to their 680 nm peak
[8]. The minor contribution with the relatively long lifetime of 2 ns
probably originates from a small fraction of closed RCs and/or detached
FCPs. In order to study the origin of the resolved components in more
detail, additional streak-camera measurements were performed in the
presence of 100 uM DCMU to close the PSII reaction centers (RCs) (Sup-
plementary material), thereby increasing the corresponding PSII life-
times, while the lifetimes of PSI are hardly affected [35,36]. The results
show that in the presence of DCMU a very similar short component
(76 ps) is observed (Fig. S3). Its lifetime, spectral shape and relative
contribution are nearly identical to those observed for open RCs, dem-
onstrating that this compartment is mainly due to PSI.

Global analysis of the streak-camera data obtained upon 535 nm
excitation resolves three lifetimes: 134 ps, 681 ps and 2 ns. The com-
ponents are characterized by rather complicated DAS shapes: both
the 681-ps and 2-ns components have a peak at ~680 nm, indicating
that they are mainly due to PSII. Moreover, a “red” shoulder around
700 nm-750 nm can also be observed in both cases. It is reminiscent
of a broad plateau in the long-wavelength range, observed by
Miloslavina et al. in case of NPQ measurements and it was assigned
to a fluorescence antenna compartment, functionally disconnected
from both PSI and PSII [8]. It was proposed that the FCPs that contribute
to this red wing are in an aggregated state similar to oligomerized
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Fig. 1. DAS of C. meneghiniana LL, obtained after global analysis of streak-camera data.
The corresponding lifetimes are given in the inset. Excitation wavelengths are
400 nm (A) and 535 nm (B). The time window is 2 ns.

trimeric LHCII in higher plants [37]. The shortest component resolved
by the streak setup in case of 535 nm excitation has a lifetime of
134 ps and a peak at 670 nm. Most importantly, upon 535-nm excita-
tion, hardly any PSI spectral characteristics can be observed in the global
analysis of the data, although the shoulder in the 690 nm region indi-
cates that there is still some PSI contribution to the 134 ps component.
However it is significantly smaller than in case of Chl a excitation, dem-
onstrating that the FCPs that are preferentially excited at 535 nm trans-
fer their excitation energy mainly to PSIl. Additional measurements
were done in the presence of DCMU which leads to the closure of PSII
RCs and thus to longer fluorescence lifetimes. From the global analysis
of the data measured on closed RCs we found that all resolved compo-
nents had longer lifetimes than in the case of open PSII RCs (results
not shown) in contrast to the measurements at 400 nm excitation
where the PSI contribution remained unchanged (Fig. S3 in Supplemen-
tary material). Therefore it is concluded that the PSII contribution is
dominating when the cells are excited at 535 nm excitation (Fig. 1B).

In order to obtain better estimates of the fluorescence lifetimes for
LL cells, the samples were also measured using the TCSPC technique.
The excitation wavelength was either 400 nm or 535 nm and fluores-
cence was detected in the 671-724 nm region. The decay curves were
fitted globally to a sum of exponential decay functions, except the
longest component, that was left as a free parameter. In case of
400 nm excitation four components were needed to obtain a satisfac-
tory fit for all wavelength combinations, as was judged from the
Poissonian maximum likelihood estimator, and from the residuals
and the autocorrelation function of the residuals. The lifetimes of
the resolved components are 75 ps, 300 ps, 687 ps and 1.2-6 ns. For
535 nm excitation only three components are enough to get a satis-
factory fit: 198 ps, 600 ps and 2.0-2.4 ns. The fitting results are sum-
marized in Table 1.

The results obtained with the TCSPC setup upon 400 nm excita-
tion are very similar to the streak-camera results. Again the shortest
component (75 ps) has PSI characteristics with the amplitude
peaking around 701 nm while the rest of the lifetimes should be
assigned to open PSII (except for the 1.2-6 ns component that is
due to closed RCs and/or detached FCPs). The main difference is the
fact that the 448 ps component observed with the streak-camera
setup is further resolved into a 300 ps and a 687 ps compartment in
case of the TCSPC data. The average lifetime of these two components
was calculated for each detection wavelength (Table 1, row 7ps;) and
turned out to be ~447 ps on average (Tpsy, avg), which is virtually
identical to the 448 ps lifetime as obtained from the streak-camera
data and it is attributed to the average overall trapping time of exci-
tations in PSII due to charge separation.

The average lifetime resolved from the TCSPC data in case of
535 nm excitation (~500 ps) is very close to the one obtained from
the streak-camera measurements(~520 ps). But the resolved compo-
nents in case of different techniques are somewhat different (198 ps,
600 ps for TCSPC vs. 134 ps and 681 ps for streak camera), while the
amplitudes of the corresponding components are close to each other
(the shortest component contributes ~60% while the second one
~35% of the 670-690 nm emission for both TCSPC and streak
camera).

As can be judged from the average TCSPC lifetimes (Tavg, ™avg
Table 1), the fluorescence decay times after fx excitation are some-
what longer than for 400 nm excitation where Chl a is excited to a
large extent. The contribution of the longest component is equally
small in both cases, and it is not responsible for the observed differ-
ence (if it is excluded: 7/4y¢ (535 Nm) —7q,e (400 nm)~ 140 ps; if
included: 7qg (535 NnmM) — T4y (400 Nm) ~ 150 ps, Table 1).

Like in the case of the streak-camera measurements the presence of
a compartment mainly due to PSIis also not observed upon fx excitation
in the TCSPC data, in agreement with the finding above that the FCP
complexes that are excited at 535 nm, mainly transfer their excitation
energy to PSIL. The shortest component resolved by TCSPC is 198 ps
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Table 1
C. meneghiniana LL results of global fitting of the TCSPC decay curves upon 400 nm and
535 nm excitation.

Ndet 670 nm 679 nm 693 nm 701 nm 712nm 724nm *avg

T

400 nm excitation

75 ps 13% 19% 37% 44% 43% 41%

300 ps 63% 53% 36% 30% 33% 31%

687 ps 21% 26% 26% 24% 21% 26%

1.2-6 ns 3% 2% 1% 2% 3% 2%

*Tavg, PS 391 372 330 325 326 328 345
T aver PS 354 359 317 294 284 308 319
*Tpsu, PS 397 427 462 472 450 476 447

535 nm excitation

198 ps 32% 31% 34% 36% 38% 37% 35%
600 ps 67% 68% 63% 63% 61% 61% 64%
20-24ns 1% 1% 3% 1% 1% 2% 1%

*Tavg PS 504 528 448 475 518 485 493
T’ avg, PS 470 469 459 454 446 462 460

The longest component was not fitted globally and was a free parameter in the
analysis. Confidence intervals of fluorescence lifetimes were calculated by an
exhaustive search algorithm and were <7% for the entire detection interval. Standard
errors of amplitudes were estimated from 3 to 5 repetitions and were not higher
than 5%.The 75 ps component is very similar to the 76 ps component obtained from
the streak-camera data (400 nm excitation case). Its lifetime, spectral shape and rela-
tive contribution are all nearly identical to its counterpart for the streak measurements.
It was demonstrated that this component is entirely due to PSI (Supplementary mate-
rial), whereas the 300 ps and 687 ps compartments are assigned to the PSII kinetics in
the TCSPC measurements upon 400 nm excitation.

avg, mean value of an amplitude/average lifetime over the whole detection region. In
case of the amplitude, only the rows that do not show strong deviations throughout
the detection region were averaged.

Tavg total average lifetime of the fluorescence decay.

T avg: average lifetime of the fluorescence decays when the contribution of the longest
component was omitted from the calculations. Its amplitude is very small and probably
it originates from closed RCs of PSII or/and small fraction of detached FCPs, so for most
of the estimations it is not of interest.

Tpsy, overall charge separation time that was calculated as a weighted average lifetime
of the 300 ps and 687 ps components.

with an amplitude of ~35% that shows only a few percent of variation
for the different detection wavelengths.

To obtain further evidence that excitation energy is preferably
transferred to PSII in case of selective antenna excitation at 535 nm,
steady-state low-temperature spectra were recorded using 400 nm
and 535 nm excitation at 77 K. Indeed Fig. 2 shows that the relative
amount of PSI fluorescence is smaller upon 535 nm excitation.

From the two shortest components resolved by TCSPC at 535 nm
the weighted average lifetime was determined at each detection
wavelength and it is presented in the row 7/, of Table 1 (535 nm ex-
citation part). Because both lifetimes are mainly due to PSII, 74, can
be considered as the overall average PSII trapping time (7’ qyg = Tpsi).
Its mean value for the whole detection region is 460 ps (7/qvg avg),
which is ~13 ps longer than it was observed upon Chl a excitation
(447 ps). The lengthening of the lifetime attributed to PSII is expected
because the excitation at 535 nm leads to relatively more excitations
in the antennas and thus to a longer migration time [38]. This finding
is reminiscent of earlier data obtained for thylakoid membranes from
Arabidopsis thaliana, where a difference in migration time led to a dif-
ference in the average lifetime of 13 ps after excitation at 484 and
412 nm [39]. Note that in that case the estimated migration time,
i.e. the average time it takes for an excitation to reach the reaction
center or primary electron donor for the first time, was around
150 ps.

3.2. PSI and PSII excitation spectra of C. meneghiniana
In order to obtain the PSI and PSII excitation spectra for intact

C. meneghiniana cells use was made of the procedure described
in Materials and methods. For obtaining the PSII excitation spectrum
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Fig. 2. Normalized 77 K Fluorescence emission spectra obtained upon 400 nm excita-
tion (solid line) and 535 nm excitation (dotted line), indicating that 535-nm excitation
leads to significantly less long-wavelength PSI fluorescence.

in vivo, steady-state measurements with and without DCMU were
performed, while for obtaining the PSI excitation spectrum a scaling
parameter was needed and it was calculated from the time-resolved
measurements (Egs. (5), (6)). Use was made of the time-resolved
streak-camera data obtained with “open” RCs upon 400 nm excitation
(Fig. 1A). It was shown above that the 76 ps component is mainly due
to PSI while the 448 ps compartment can be considered as the overall
trapping time of PSIL The contribution of PSII to the 76 ps DAS is very
small, but the exact value is not known. Therefore, in order to estimate
the PSI excitation spectrum we considered two rather extreme cases: 1)
the 76 ps component is entirely due to PSI; 2) 20% of its amplitude is
due to PSII (which is clearly an overestimation). The final shape of PSI
excitation spectrum was very similar in both cases (data not shown).
The origin of the longest component is not completely clear (most
probably it originates from a small fraction of closed RCs or/and
detached FCPs), and the scaling value was calculated by both including
and excluding its contribution from the PSII estimations. This resulted
only in a small variation of the Eg¥%° value (<4%), and the resulting
PSI excitation spectra were nearly indistinguishable (data not shown).
To verify these results the procedure was done for two detection
wavelengths: 679 nm and 693 nm. From the DAS presented in Fig. 1A
the following estimations of the PSI contribution to Q%4 were
obtained:

679nm = 5nm : Epy "% = 0.07;

693nm + 5nm : Epg % = 0.11.

The extracted excitation spectra appeared to be independent of the
detection wavelength, also confirming that the PSI and PSII kinetics
were nicely separated in the time-resolved data. In Fig. 3 the obtained
PSI and PSII excitation spectra are presented. As compared to the PSII
spectrum, the PSI spectrum exhibits less contribution in the absorption
region of the accessory antenna pigments (Chl c and fx) indicating again
that FCPs transfer their excitation energy preferably to PSII.

Using the obtained spectra, we also tried to estimate whether the
proportion of fXpue and fX.qq is different in case of FCPs bound to the
different photosystems. There are some indications derived from in
vivo measurements that fx.q is bound to PSII in a slightly higher
amount than to PSI [9]. In order to compare the shape of the PSI
and PSII excitation spectra, they were normalized at 500 nm and
the spectral shoulders were compared in the fx absorption region
(Fig. 3: insert). Both spectra appear to be very similar but the PSII exci-
tation spectrum is red-shifted by 4 nm as compared to the PSI excita-
tion spectrum. This is in qualitative agreement with results published
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Fig. 3. Normalized fluorescence excitation spectra of PSI (black) and PSII (red) from
C. meneghiniana LL cells extracted by the procedure described in the Materials and
methods subsection. Insert: fluorescence excitation spectra normalized at 500 nm.

earlier by Szabo et al. [9], although the effect observed in the present
study is less pronounced.

3.3. Fluorescence kinetics of LL-, ML- and HL-grown C. meneghiniana
cells upon 535 nm excitation

C. meneghiniana cells grown in different light intensities (LL, ML,
HL) were studied by time-resolved fluorescence using 535 nm and
400 nm excitation wavelengths. From the measurements reported
in the previous section it was concluded that most of the excitation
energy is transferred from FCPs to PSII RCs. In this subsection we
monitor the difference in the fluorescence kinetics of C. meneghiniana
cells grown in different light conditions (LL, ML, HL) after using the fx
excitation wavelength (535 nm) in the TCSPC measurements. In
Fig. 4, 679 nm TCSPC decay curves are presented of C. meneghiniana
cells grown in different photon flux densities. Whereas there is no
strong difference between the decay kinetics of the LL and ML sam-
ples, the decay curve of the HL cells is considerably faster. The global
fitting results for the LL sample are given in Table 1. In case of ML and
HL cultures, three decay components were needed to get satisfactory
fits for all detection wavelengths (Table 2). The longest component
(2.3-3.6 ns) was not fitted globally. Its contribution is very small
(<3%) and it is assumed to be due to a small fraction of closed RCs
or/and detached FCPs. Therefore, in Table 2 only 7’4, is presented,
which does not include the longest component. The value of 774,
for the HL culture is substantially smaller than for LL and ML cells. Al-
though the lifetimes of the resolved components do not differ much
for all three samples (165 and 619 ps for HL as compared to 189 ps
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Fig. 4. TCSPC results for LL (black line), ML (blue line) and HL (red line) C. meneghiniana
cells upon 535 nm excitation and 679 nm detection. Insert: initial part of the decay
curves.

and 641 ps for ML and 196 and 600 ps for LL), the relative contribu-
tions of the resolved components vary strongly: going from LL to HL
the amplitude of the shortest component increases from ~35% to
56%, while the contribution of the second component decreases
from 64% to 43%. Comparison of the fitting results of LL and ML sam-
ples shows that the ML average lifetimes are on average 35 ps
shorter. The difference between HL and LL samples is even more
striking: the LL average decay time is ~100 ps slower than that of
the HL cells. As was stated before, the kinetics upon 535 nm excitation
is dominated by PSII. That is why the calculated average lifetime upon
fx excitation (7’4,) can be considered as the overall average trapping
time of PSII (7’4 ="Tpsy). Then the 100 ps decrease of the Tpg; value
for the HL cells as compared to the LL cells reflects a difference in the
antenna size.

In higher plants it has been established that the LHCII/RC ratio
strongly affects the overall average PSII decay lifetime. In case of
PSIl membranes (BBY preparations) from spinach [40] where this
ratio was 2.35-2.55 a lifetime of ~150 ps was found by Broess et al.
[41], while van Oort and coworkers observed an increase of the aver-
age PSII lifetime up to ~330 ps for thylakoid membranes with an
LHCII/PSII ratio of 4.0 [39].

3.4. Fluorescence kinetics of LL-, ML- and HL- C. meneghiniana cells upon
400 nm excitation

In Fig. 5 a comparison is made between C. meneghiniana LL, ML, HL
decay curves upon 400 nm excitation and 535 nm excitation. As was
already explained above, 535 nm excitation leads to a longer average
PSII trapping time for LL cells than for HL cells upon fx excitation, due
to the difference in antenna size.

However, for ML and HL cells the fluorescence kinetics upon
400 nm excitation are considerably slower than upon 535 nm excita-
tion, meaning that apart from a reduction in the antenna size, also
some other changes take place upon increasing the light intensity
during growth. The global analysis of TCSPC ML and HL data is
presented in Table 3. The value of 74, increases by ~100 ps for ML
cells as compared to LL cells (~391 ps for LL, ~488 ps for ML). This dif-
ference is remarkable because the growth irradiance for ML is only
30 umol photons m~2 s~ higher than in case of the culture grown
in low light. For HL cells the average lifetime increases even further
up to ~520 ps. From the global analysis of the ML data (Table 3) the
PSI component is found to be 68 ps. Its amplitude varies a lot and
peaks at 701 nm. This result is similar as for LL cells where a PSI

Table 2
Results of global fitting of the fluorescence decay curves of C. meneghiniana upon
535 nm excitation.

N det 670nm 679 nm 693 nm 701 nm 712nm 724 nm *avg

T

C. meneghiniana ML

189 ps 51% 47% 45% 45% 46% 46% 47%
641 ps 47% 52% 52% 54% 51% 51% 51%
23-36ns 2% 1% 3% 1% 3% 3% 2%
T’ avgr PS 406 426 431 436 426 426 425
C. meneghiniana HL

165 ps 58% 56% 53% 55% 60% 53% 56%
619 ps 41% 43% 45% 44% 40% 45% 43%
27-36ns 1% 1% 2% 1% <1% 2% 1%
T’ avgr PS 353 364 373 367 347 373 363

The longest component was not fitted globally and was a free parameter in the
analysis. Confidence intervals of fluorescence lifetimes were calculated by exhaustive
search algorithm and were <4% through all detection interval. Standard errors of
amplitudes were calculated from 3-5 repeats and were not more than 3%.

avg, mean value of an amplitude/average lifetime over the whole detection region.
T'avg, average lifetime of the fluorescence decays when the contribution of the longest
component was omitted from the calculations. Its amplitude is very small and probably
it originates from closed RCs of PSII or/and small fraction of detached FCPs.
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Fig. 5. Time-resolved (TCSPC) fluorescence kinetics of C. meneghiniana LL (black),
ML(blue) and HL (red) cells detected at 679 nm using 400 nm (lines) and 535 nm ex-
citation (dots). Insert: initial part of the decay curves.

75 ps component was observed (Table 1). The main difference be-
tween the LL and ML results stems from the longest component (LL:
1.2-6 ns; ML: 1.5-1.9 ns) which has a far higher amplitude for ML
cells, even up to 8%, which is almost 3 times higher as was observed
for LL cells. It can neither be assigned to detached FCPs nor to closed
RCs attached to FCPs because the component does not have a counter-
part upon 535 nm excitation (Table 2). Therefore, it most probably orig-
inates either from non-functioning PSII (inactivated/disassembled PSII
units) or PSII with closed RCs that are disconnected from the antenna
complexes.

HL results show that the kinetics of PSI cannot be completely re-
solved anymore from the TCSPC data. The shortest component that
was resolved for the HL cells upon 400 nm excitation is 122 ps. Its am-
plitude contribution varies between 49 and 54% over the entire detec-
tion window without showing any specific peaks. This provides direct
evidence for a significant decrease of functional PSI for cultures grown
in high-light intensities. This result is in agreement with the results of
Strzepek and Harrison, who detected a strong decrease of the PSI con-
centration with an increase of the growth irradiance for the diatom
Thalassiosira weissflogii [20]. It is also in line with Beer et al, who mea-
sured a slower PSII reoxidation in HL cells of C. meneghiniana [42].The
second component resolved in HL is 803 ps with a contribution of

Table 3
Global fitting results of the C. meneghiniana (ML and HL) decay curves upon 400 nm
excitation.

Ndet 670 nm 679 nm 693 nm 701 nm 712nm 724 nm *avg

T

C. meneghiniana ML

68 ps 8% 23% 36% 48% 46% 47%

241 ps 43% 25% 22% 13% 14% 12%

764 ps 46% 45% 38% 33% 32% 33%
1.5-19ns 3% 7% 4% 6% 8% 7%

Tavg: PS 500 516 480 470 470 493 488
C. meneghiniana HL

122 ps 53% 55% 50% 54% 54% 49% 53%
803 ps 40% 40% 44% 40% 40% 42% 41%
1.7-24ns 7% 5% 6% 6% ~6% ~8% 6%
Tavg: PS 507 544 517 516 529 527 523

The longest component was not fitted globally and was left as a free parameter in the
analysis. Confidence intervals of fluorescence lifetimes were calculated by exhaustive
search algorithm and were <6% through all detection interval. Standard errors of
amplitudes were calculated from 3 to 5 repeats and were not larger than 3%.

avg, mean value of an amplitude/average lifetime over the whole detection region. In
case of the amplitude, only the rows that do not show strong deviations throughout
the detection region were averaged.

~41% throughout the whole detection region, and this lifetime is some-
what longer than in case of LL, ML samples, where 687 ps (LL) and
764 ps (ML) lifetimes were obtained.

Another aspect that contributes to the increase of the average life-
time is similar as for the ML culture: a strong increase of the ampli-
tude of the slowest component (1.7-2.4 ns) up to 8%. Again, this
rise is not observed upon 535 nm excitation.

So upon relatively selective Chl a excitation a strong increase of the
average fluorescence lifetime was observed for ML and HL cultures
which is due to two main effects: a decrease in the relative amount of
PSI and an increase of Chl a that is not active in excitation energy trans-
fer and most probably attached to inactivated/disassembled PSII units
as a result of photoinhibition [43]. This hypothesis is in agreement
with the observation that the maximum quantum yield of PSII photo-
chemistry (F,/F,,) decreases substantially under HL growing conditions
as compared to LL[42],[20]. Interestingly this effect is already substan-
tial for the ML culture, where the growth irradiance was (only)

50 umol photons m—2 s 1.,

4. Discussion

In this work we have investigated and interpreted the variation in
fluorescence kinetics of the diatom C. meneghiniana in vivo grown in
different light conditions. Use was made of different excitation wave-
lengths to preferentially excite antenna or core complexes and differ-
ent detection wavelengths were used to discriminate between PSI
and PSII. The combination of steady-state and time-resolved fluores-
cence allowed us to distinguish between the excitation spectra of
PSI and PSII.

400 nm excitation of low-light cultures leads to a 75 ps lifetime that
mainly corresponds to excitation trapping in PSI, which is close to the
lifetime of PSI in higher plants [27,44,45]. For PSII an average lifetime
of 448 ps is found. These results are reminiscent of those obtained for
thylakoid membranes from Arabidopsis thaliana [39], where the average
fluorescence lifetime of PSII was reported to be ~333 ps and a 73 ps life-
time was found that was predominantly due to PSI. The longer lifetime
for PSII in C. meneghiniana LL cells may be due to a larger antenna size
(the Arabidopsis thylakoids contained ~300 pigments/RC [39,46,47]) al-
though it should be realized that the antenna composition differs and
the same is true for its organization. A larger antenna size allows more
effective light harvesting in LL growing conditions as shown by Smith
and Melis in diatoms [22], while high photon flux densities cause a de-
crease of the antenna size that is also reflected in the average lifetimes
(see below). It is worth mentioning that the DAS for our PSI and PSII
components are very similar in shape as those reported by Miloslavina
et al. with the same peak positions (~680 nm for PSII and ~690 nm for
PSI) [8]. In that study three components for both PSI and PSII were ob-
served by performing target model fitting (C. meneghiniana: 2.6 ps,
12 ps, 66 ps for PSIand 159 ps, 300 ps and 580 ps for PSII). A rough av-
erage lifetime estimation for their results leads to ~51 ps for PSI and
~395 ps for PSII (C. meneghiniana). These values are slightly shorter
than in our case but, as was shown above, the growth conditions can in-
fluence the average lifetimes. We conclude that the antenna size for the
samples used by Miloslavina et al. were smaller, probably as a result of
different illumination conditions used during growth (reported intensi-
ty was 40 pmol photons m~2 s~ 1).

In case of selective antenna excitation at 535 nm we observed that
PSI was excited rather poorly and no PSI can be distinguished by the
global analysis of the data. Furthermore the PSII-associated antenna
seems to be enriched in fx..q (Fig. 3: Insert), indicating that the
FCPb oligomeric form can be not only connected to PSI [19] but also
to PSIL

The decrease of the PSI contribution upon fx excitation at 535 nm
results in the fact that the kinetics starts to be dominated by two
components, both of which are predominantly attributed to PSII and
the lifetimes are around 460 ps on average (Table 1, 7/4y). This
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value is ~13 ps longer than the average PSII lifetime observed upon
Chl a excitation (449 ps), due to an increase of the migration time
when there are relatively more excitations in the outer antenna. We
cannot estimate the difference in migration time very accurately be-
cause it is not possible yet to completely correct for the PSI kinetics
both at 400 nm and at 535 nm and moreover the ratio of PSII core
and antenna excitations at 400 nm is not known.

We have observed a strong effect of growth light conditions on the
PSII fluorescence kinetics. In case of selective antenna excitation, the
average lifetime decreased from 460 ps for LL- to 363 ps in case of
HL-cultures. The ~100 ps shortening reflects a decrease of the FCP an-
tenna size connected to the RC of PSIL. In this respect our results agree
with those of Gallagher et al. [23]. On the other hand our findings are
in disagreement with those of Lepetit and co-workers, who claimed
that the number of antenna complexes per RC is relatively constant
in different light regimes [25].

In case of higher plants, it was shown that the size of the PSII an-
tenna influences the fluorescence lifetimes substantially [46,48]. For
membranes that contain 2.0-2.5 LHCII trimers per PSII RC, the fluo-
rescence lifetime was reported to be around 150 ps upon Chl a exci-
tation [38,41] whereas for thylakoid membranes with 4.0 trimers
per PSII RC, the lifetime goes up to around 330 ps [39,46,48], partly
because the extra trimers are connected less well with the RC. Al-
though significant sequence similarity exists between FCP and LHCII
proteins the antenna composition and organization differs. In dia-
toms, special FCP proteins (Lhcr) are bound to PSI only [19,49,50],
whereas no data about the precise organization of the PSII antenna
composition exists. Both FCPa and FCPb complexes were isolated sep-
arately from the photosystems and consist of Lhcf proteins, whereby
FCPa contain Lhcx polypeptides in addition [5]. As mentioned above,
only hints exist about the attribution of FCP complexes to either pho-
tosystem. The enrichment of the PSII antenna with fX,.q points at least
to FCPb being associated with PSIL. Thus we tentatively assume that
losing one FCPb from the PSII antenna might be responsible for the
difference in PSII lifetime for LL and HL cells. Such a change in PSU
size would not result in a detectable change in the relative pigment
concentrations, making these values less good indicators for the
antenna size change in contrast to what was assumed in [25].

The results obtained for the light-treated cells upon 400-nm excita-
tion demonstrate that apart from the PSII antenna size also other changes
occur. Increasing the growth irradiance leads to a relative decrease of the
amount of PSI as compared to PSII, which is reflected by the fact that the
~70 ps PSl lifetime cannot be resolved anymore in case of HL cells. More-
over, the samples grown in ML- and HL-conditions start to experience
strong photoinhibition. This effect manifests itself by a substantial in-
crease of the contribution of long lifetime components. This is reminis-
cent of results obtained by Wu et al. [43], who observed large pools of
inactive or disassembled PSII centers in Thalassiosira pseudonana in
case of a sudden increase of irradiance.
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Appendix A. Supplementary data

Details about the experimental conditions and comparison of
streak-camera DAS obtained from C. meneghiniana LL in “open” state
and in the presence of DCMU upon 400 nm excitation can be found
in the Supplementary material. Supplementary data associated with

this article can be found, in the online version, at http://dx.doi.org/
10.1016/j.bbabio.2012.09.015.
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