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The mechanism of the severe quenching of chlorophyll (Chl) fluorescence under drought stress was studied
in a lichen Physciella melanchla, which contains a photobiont green alga, Trebouxia sp., using a streak camera
and a reflection-mode fluorescence up-conversion system. We detected a large 0.31 ps rise of fluorescence at
715 and 740 nm in the dry lichen suggesting the rapid energy influx to the 715–740 nm bands from the
shorter-wavelength Chls with a small contribution from the internal conversion from Soret bands. The
fluorescence, then, decayed with time constants of 23 and 112 ps, suggesting the rapid dissipation into heat
through the quencher. The result confirms the accelerated 40 ps decay of fluorescence reported in another
lichen (Veerman et al., 2007 [36]) and gives a direct evidence for the rapid energy transfer from bulk Chls to
the longer-wavelength quencher. We simulated the entire PS II fluorescence kinetics by a global analysis and
estimated the 20.2 ns−1 or 55.0 ns−1 energy transfer rate to the quencher that is connected either to the LHC
II or to the PS II core antenna. The strong quenching with the 3–12 times higher rate compared to the
reported NPQ rate, suggests the operation of a new type of quenching, such as the extreme case of Chl-
aggregation in LHCII or a new type of quenching in PS II core antenna in dry lichens.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

In oxygen-evolving photosynthesis of land plants, water molecules
are used as a source of electrons to fix carbon dioxide and also for
transpiration [1]. Photosynthesis on land can often be risky for all
terrestrial photosynthetic organisms because the excess light energy
generates harmful photoproducts, such as triplet states of chloro-
phylls (Chls) and carotenoids, reactive oxygen species, and hydroxyl
radicals, especially under drought stress. These photoproducts
destroy photosystems I and II (PS I and PS II) irreversibly [2–5] and
lead to cell death [6]. Some species of higher plants, algae, mosses,
cyanobacteria, and lichens, however, survive even under drought
environments [7–16] by relying on specific energy dissipation
mechanisms. Developments of drought tolerance of photosynthetic
system must have been crucial for the plants to adapt land
environments.
ted spectrum; EET, excitation
dark adapted state; FM, the
ion; IRF, instrument response
ing complex II; NPQ, nonpho-
of excitation energy induced in
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Some lichens are highly desiccation-tolerant even under strong
sunlight without a specific water-conservation mechanism [7,8].
Lichens are symbiotic organisms that contain algae and/or cyano-
bacteria as the photobionts inside the fungal host filaments. They
grow on the ground, rocks, or trunks of trees that are often severely
dehydrated at high/low temperatures. They tolerate rapid hydration/
dehydration cycles as reported by Barták et al. [10] and Heber et al.
[11–13], and seem to be tolerant against photoinhibition by excess
light irradiation even under drought conditions [10–16]. The
tolerance seems to be related to fluorescence quenching [11–16].
This resembles the nonphotochemical quenching (NPQ) mechanism
of chlorophyll a (Chl a) fluorescence in the higher plants that
dissipates excess solar energy into heat, although NPQ has been
known to operate only under wet conditions [17–20]. The major
component of NPQ is the so-called high-energy quenching, which is
controlled by the xanthophyll cycle bound to LHCII antenna [17–21],
and the function of PsbS subunit of PS II (20). The modulation of
fluorescence yield by aggregation of LHCII is also assumed (e.g., [17–
23] as detected in crystals [24] or in the LHC II aggregates [25,26]). The
quenching has been proposed to occur through the energy transfer
from the Chl a excited-singlet state to the forbidden S1 state of lutein
of LHCII [26] or through the formation of a charge-transfer complex
between Chl a and crotenoids in the antenna complexes [27–31]. It is
not yet clear whether the draught-induced severe fluorescence
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quenching in lichens [11–16] has a molecular mechanism common
with one in the wet NPQ or not.

Chlorophyll fluorescence has been a good indicator of the activity
of photosynthesis, the efficiency of light energy conversion, and the
excitation energy transfer (EET). Dehydrated lichens show very low
Chl a fluorescence with no sign of photoreaction and the addition of
water rapidly recovers the Chl fluorescence and photoreactions [11–
16]. The PS II fluorescence at 685 nm is known to be suppressed more
severely than the 720-nm fluorescence of PS I at room temperature
upon dehydration [11–16]. The fluorescence quenchingmechanism in
lichens functions under drought or even frozen conditions, in which
xanthophyll cycle-induced NPQ mechanism does not operate well,
suggesting the function of a different type of energy-dissipating
mechanism.

In higher plants, the mechanism of xanthophyll cycle is known to
shorten the fluorescence lifetime of PS II from 2 ns to 0.4 ns by
dissipating the excess light energy into heat [32–34]. Gilmore et al.
[35] reported that the lifetime of PS II fluorescence becomes shorter
from 1.7 ns to 0.7 ns also in over-wintering evergreens during winter
with development of a new fluorescence band centered at 715 nm
(named as a cold-hard-band, CHB) at 77 K and dissipate excitation
energy from PS II. Veerman et al. [36] reported that a lichen, Parmelia
sulcata, which contains a green alga, Trebouxia sp., exhibited a
remarkable shortening of the PS II fluorescence lifetime to 40 ps
upon dehydration at room temperature. Komura et al. [37] also
detected similar acceleration of decay of PS II fluorescence in dry
Physciella melanchra. Veerman et al. proposed a chlorophyllous
component that emits fluorescence at around 740 nm (Chl740) as a
candidate of the quencher. However, the energy influx from the bulk
antenna Chls to Chl740 was not measured.

In the present study, we measured the fluorescence of a lichen,
Physciella melanchla, which contains a green alga, Trebouxia sp., in
the femtosecond to nanosecond time ranges at room temperature.We
used both a streak camera and a reflection-type fluorescence up-
conversion system to measure the precise kinetics and performed
simulations to estimate the binding site of the quencher based on the
precise rate constants of the energy transfer and energy dissipation.
The drought-induced quencher(s) seems to be associated either with
the peripheral LHC II or the PS II core antenna region, giving an energy
dissipation rate 3–12 times higher than that estimated in the typical
NPQ mechanisms in higher plants. The dehydration-induced NPQ
mechanism that quenches about 90% of excitation energy in PS II
seems to explain the high tolerance of lichens against severe
dehydration.

2. Materials and methods

2.1. Sample preparation

Physciella melanchra (Hue.) Essl. was harvested from the trunk of a
tree (Acer buergerianum) in the campus of Nagoya University, Nagoya,
Japan. The collected thalli of the lichenwere dried in the air and stored
at−18 °C in a deep freezer until use. Phylogenic determination of the
lichen sample was done by Dr. Y. Yamamoto (Department of
Bioresource, Akita Prefectural University).

2.2. Measurements of photosynthetic activities

Changes in the flash-induced Chl a fluorescence yield were
measured using a pulse-amplitude-modulated (PAM) fluorescence
spectrometer (PAM101/102/103, Heinz Walz GmbH, Eichenring,
Germany). The measuring flashlight of 10 ms at an intensity of
1 μmol photons m−2 s−1 at the sample surface was given every 1 s to
monitor the fluorescence level. The F0 and FM levels were measured
before and after additional irradiation of 3-μs red actinic light at nearly
saturating intensity at 1000 mmol photons m−2 s−1 given every 30 s.
2.3. Measurements of time-resolved fluorescence

Picosecond time-resolved fluorescence spectra were measured
with a streak camera spectrophotometer system as reported previ-
ously [37,38]. The excitation light was obtained from a Ti:Sapphire
laser (Mai Tai; Spectra-Physics in Newport Corporation, Irvine, CA).
The frequency-doubled light at 440 nmwas generated by a type-I BBO
crystal from an 880-nm laser pulse with a pulse duration of 150 fs and
a repetition rate of 80MHz. The laser pulse was passed through a 440-
nm interference filter and focused onto the surface of the lichen thalli.
The fluorescence emitted from the sample was focused by two lenses
onto the entrance slit of the monochromator (50 cm Chromex 2501-S,
100 g/mm; Hamamatsu Photonics, Hamamatsu, Japan) with a slit
width of 40 μm through a long-pass filter (Y-46; Toshiba, Tokyo) to
eliminate the excitation laser. The spectral resolution of the system
was 3.3 nm. Thewavelength-dispersed fluorescence was focused onto
the entrance of the streak camera (Hamamatsu 4334; Hamamatsu
Photonics Inc., Hamamatsu, Japan) and then displaced as for the
arriving time under a rapidly scanning electric field. The streak
camera system was operated in the photon-counting mode to give
640 (wavelength)×480 (time)-pixel 2D images. The signal was
accumulated for approximately 1 h in each measurement.

Time-resolved fluorescence in the shorter time range was
measured by a reflection-type fluorescence-up-conversion system
[39]. Fluorescence excited by the same 440-nm laser pulse was
collected in the reflective configuration from the sample surface and
collimated by an off-axis paraboloidal mirror set at 90° between the
excitation light and the emitted fluorescence. The collimated
fluorescence beam was then passed through a long-pass filter (Y-
46; Toshiba, Tokyo) and focused to a type-I BBO crystal (thickness
0.5 mm) by another paraboloidal mirror. The up-conversion light
generated on the crystal was passed through a prism, focused onto
the entrance slit of 10-cm monochromator (CT-10, 300 g/mm;
JASCO, Tokyo) for wavelength selection, and detected by a
photomultiplier (R4220; Hamamatsu Photonics, Inc., Hamamatsu).
The powdered lichen thalli were fixed on a rotor of a fan that was
rotated at 3000 rpm to avoid photo-damage of the sample. The
excitation laser power was 18 mW (230 pJ/pulse). The spectral
resolution of the up-conversion system was 10 nm. The FWHM (full
width at half maximum) values of the instrument response
functions (IRF) were 20 ps for the streak camera and 450 fs for
the up-conversion.

2.4. Data analysis

To obtain the time-resolved fluorescence spectra at desired delay
times from the streak camera image, the wavelength-time 2D
fluorescence profiles obtained were divided into 96 regions of 56 ps
intervals. The time courses of the fluorescence at different wave-
lengths were also obtained from the 2D fluorescence profiles by
dividing profiles into time courses at 32wavelength regions (20 pixels,
4.4 nm).

A global multi-exponential fitting analysis was performed on the
time courses of fluorescence at all wavelength ranges. The IRF was
taken into account in the convolution of the model curves to fit the
fluorescence decay. The two types of time-resolved fluorescence
decay curves at the same wavelength were obtained by the two
different methods with different time resolutions. The decays were
analyzed, respectively, to give the same number of components,
time constants (tcs), and amplitudes as done previously [38,39]. The
spectral response of the up-conversion signal was calibrated in
comparison with the fluorescence spectrum measured by the streak
camera method at the same delay time too. The decay-associated
spectrum (DAS) was calculated by plotting the amplitude of each
component with the same tc against wavelengths (for an example,
see [40]).
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3. Results

3.1. Effects of hydration/dehydration on the fluorescence of lichen
measured by PAM

Fig. 1A shows the time course of the fluorescence yield change
during the re-hydration of the desiccated P. melanchra thalli measured
with the PAM fluorometer. Under the present experimental setup, the
amplitude mainly represents the relative fluorescence yield of PS II
Chls. The initial low fluorescence level (F0) monitored by the
excitation with the weak measuring flashes alone reflects the
fluorescence yield when the activity of the PS II reaction center is
maximal (open PS II). In the wet thallus (trace a), F0 is high, and the
actinic flash with the saturating intensity increased the fluorescence
yield to themaximal level (FM) like a spike each time. The level rapidly
decreased to the F0 level after the saturating pulse was turned off. The
FM level indicates the fluorescence yield when all the PS II reaction
centers are closed. In the wet thallus, the irradiation of the continuous
strong actinic light for 2 min, as shown by the up- and downward
arrowheads, decreased the FM and F0 levels. The decrease of the level
induced by the strong illumination was recovered slowly in the dark
and attained the initial level again after 5 min. The responses of the
wet thalli represent the typical NPQ process, as reported in algae
[41,42].

Trace b in Fig. 1A shows the result in the dry thalli. The time axis
represents the time after the start of re-hydration in this case. Before
re-hydration, the F0 and FM levels were significantly low and showed
almost no response to the actinic light, showing suppression of the PS II
activity. Upon water addition, the F0 level increased rapidly within a
fewminutes (fast rise) and then slowly to the saturated level in about
Fig. 1. A. Chlorophyll fluorescence yield measured by the PAM fluorometer of the wet
(a) and dry (b) P. melanchra thalli. Fluorescence was measured by the repetitive
monitoring flashes of low intensity as described in the text. The fluorescence yield in
the dark (F0) and just after flash pulses with saturating intensity that were provided
every 30 s (FM) was monitored. Strong continuous actinic light was provided for 2 min
as indicated by down and up arrowheads. Trace a, measurement in the wet thalli. Trace
b, after measuring the effects of actinic light, re-hydration was started by adding water
at 0 min. B. Steady-state fluorescence spectra at 77 K of the dry thalli (trace a) and thalli
frozen at 30 s (trace b), 1 min (trace c), 10 min (trace d), and 30 min (trace e) after the
start of re-hydration. The excitation wavelength was 440 nm. Spectra were normalized
at their respective highest peaks. The arrows represent the positions of PS II
fluorescence bands at 685 and 695 nm.
35 min (slow rise). The responses to the saturating pulses became
apparent at least 1 min after the start of re-hydration, indicating the
rapid recovery of PS II activity. The recovery profile upon re-hydration
is similar to those reported in the wide species of drought-tolerant
photosynthetic organisms, such as mosses [11], cyanobacteria [9,44]
and lichens [15,16,36,37], although the times required for the recovery
(1–30 min) were dependent on the species and conditions somehow.

3.2. Effects of re-hydration on the 77K steady-state fluorescence spectra

Dry P. melanchra thalli with water added were rapidly frozen in
liquid nitrogen, and their fluorescence spectra were measured at 77 K
with 440-nm excitation light (Fig. 1B). At 30 min after the start of the
re-hydration the lichen (trace e in Fig. 1B) gave a fluorescence peak at
720 nm, which is assigned to be emitted from the red Chls in PS I, at
685 and 695 nm from the PS II Chls. Hereafter, we designate the
fluorescence band at 720 nm that belongs to PS I as F720 and those at
685 and 695 nm as F685 and F695, respectively. Trace a in the dry
lichen showed a large PS I fluorescence band at 718 nm (slightly blue-
shifted from 720 nm) and almost negligible PS II bands at 680–
700 nm. The re-hydration enhanced all the PS II bands gradually and
shifted the PS I band to 720 nm with a slight increase of intensity as
seen in b–d traces. The results are in agreements with those reported
in the re-hydration process of drought-tolerant cyanobacteria at 77 K
[43,44], mosses, and lichens at room temperature [11,12,15]. After
hydration for 30 s, the F685 and F695 bands increased, as indicated by
arrows. No peak shifts were detected in these PS II bands. The results
indicate that the desiccation/re-hydration process more significantly
affected the PS II fluorescence bands. This observation is in agreement
with the fast increase in F0 and Fm levels observed by the PAM
measurement. PS II that has been inactive with a very low
fluorescence yield in the dry lichen, thus, seems to regain the electron
transfer activity rapidly after the re-hydration.

3.3. Picosecond fluorescence kinetics at room temperature

We measured the picosecond time-wavelength-2D image of the
fluorescence kinetics using the streak camera system at room
temperature as described in Materials and methods. Fig. 2A and B
represents the images obtained in the wet and dry lichen thalli,
respectively, after excitation by a 150-fs laser pulse at 440 nm. The
spectral widths of the images along the horizontal axes are not very
much different from each other; the decays of fluorescence that are
judged from the tails along the vertical axes were very different. In the
wet thalli, we see the long decay over 3 ns of 680–90 nm band, while
only a short decay within a few tenths of nanosecond in the dry thalli.
The images clearly indicate that the fluorescence decay in this time
range is significantly shortened in the dry lichen as reported
previously [36,37].

Fig. 2C and D shows the normalized time-resolved spectra
measured at 2–776 ps in wet and dry thalli. They gave a fluorescence
peak at 685 nm with a broad shoulder at around 740 nm. In the wet
thalli (A and C), the 710 nm PS I shoulder peak decayed faster than the
685 nm peak of PS II fluorescence that remained even at 776 ps. In the
dry thalli, the spectrum at 2 ps was similar. However, the whole decay
is accelerated due to the faster 685-nm decay.

Fig. 3 shows the fluorescence decay kinetics at selected wave-
lengths in the wet and dry thalli for 800 ps. In the wet thalli (Fig. 2A),
the fluorescence at 710 nm decayed faster than that at 680 and
740 nm. The rapid decay at 710 nm can be estimated to represent the
fast decay of the PS I fluorescence. The PS II fluorescence at 680 nm
decayed more slowly. On the other hand, in the dry thalli, the Chl
fluorescence lost slow components and decayed much faster
especially at the shorter wavelength region as shown in Fig. 3B. The
results suggest the fluorescence quenching in PS II of the dry lichen as
proposed previously [36,37].



Fig. 2. Time-wavelength 2D images and time-resolved spectra of fluorescence measured by the streak camera system in dry and wet thalli of P. melanchra at room temperature.
A, image of wet thalli. B, image of dry thalli. C and D, time-resolved fluorescence emission spectra in the wet and dry thalli, respectively. Each spectrum was normalized at its
maximum peak. See Materials and methods for the details of the measuring conditions. Fluorescence was excited by a 440 nm laser pulse of 150 fs.

334 M. Komura et al. / Biochimica et Biophysica Acta 1797 (2010) 331–338
3.4. Effects of hydration/dehydration on the fluorescence kinetics in
subpicosecond time domain

We applied the fluorescence up-conversion technique to investi-
gate the fluorescence kinetics in the shorter subpicosecond time
domain. Fig. 4A and B shows the fluorescence time courses in the wet
and dry thalli, respectively, at various wavelengths within 25 ps. The
kinetics within 5 ps was measured with short time intervals of
0.027 ps and that after 5 ps was with longer 0.27 ps intervals to
measure the rise and decay precisely. In the wet thalli, the
fluorescence at 684 nm showed a decay slower than that at 713 nm.
The fluorescence at 728 and 743 nm showed a small rise. The rising
phases detected above 713 nm are likely to reflect the EET from bulk
Chls to the red Chl species in PS I.

In the dry thalli, fluorescence decays were faster even in this short
time range than those in the wet ones, especially at 684 nm. The
kinetics at 713, 728 and 743 nm showed clear fast rising phases,
whereas the kinetics at 684 nm gave no rising phase (Fig. 4B). This
Fig. 3. Fluorescence decay curves of the wet (A) and dry (B) P. melanchra thalli at room tem
wavelengths were 680, 710, and 740 nm, as indicated. Smooth solid lines represent the fittin
the fitting curves by the target analysis, based on the compartment model described in Fig.
implies the fast EET from the 684-nm Chls to the longer-wavelength
ones also in the dry thalli. The kinetics up to 60 ps at 713–743 nm are a
little faster but not significantly different from those in the wet thalli,
suggesting that EET from the bulk to the red Chls in PS I was not
significantly affected.

3.5. Global multi-exponential analysis of fluorescence kinetics in
subpicosecond to nanosecond timescale

Fluorescence time courses at the same range of wavelength were
measured both by the streak cameramethod and the fluorescence up-
conversion method in the long and short time ranges. The dataset at
each wavelength range obtained by the two methods was analyzed
globally to fit the multi-exponential model function, as described in
Materials and methods. We assumed a set of four kinetic components
to fit all the fluorescence kinetics measured under the wet condition.
Another set was assumed for kinetics under the dry condition. The
decay-associated spectrum (DAS) was calculated from the amplitudes
perature obtained from images measured by the streak camera system. The detection
g curves calculated by the global multi-exponential decay analysis, and the dashed lines,
5. See text for details of the analysis. The data were obtained from a data set in Fig. 3.



Fig. 4. Fluorescence decay curves of the wet (A) and dry (B) P. melanchra thalli at room
temperature measured by the fluorescence up-conversion method excited by a 440 nm
laser pulse of 150 fs. The detection wavelengths were 684, 713, 728, and 743 nm, as
indicated. Smooth lines represent the fitting curves calculated by the global multi-
exponential analysis. The time intervals between the measuring points were 0.027 ps
and 0.27 ps before and after 5 ps, respectively. See text for details.

Fig. 5. Decay-associated spectra (DAS) calculated by the global multi-exponential
analysis of the fluorescence decay curves measured by the streak camera and the
fluorescence up-conversion methods in the wet (A) and dry (B) thalli of P. melanchra.
The time constant for each DAS is shown in the figure. See text for details.
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at different wavelengths of the kinetic phase with the same tc, as
shown in Fig. 5.

In the wet thalli, the fastest DAS component showed a tc of
0.72 ps. This component had negative amplitudes at 700 and
730 nm. The spectral shape suggests the EET from the bulk Chls to
the red Chl bands at 700 and 730–740 nm in PS I, although the tc is
somewhat shorter than those reported in cyanobacterial and plant
PS I [45–48]). The relatively small contributions of the fastest
component to the overall decay kinetics seem to be partially due to
the overlap of PS II fluorescence. The fast internal conversion from
the Soret band to the Qy band of the bulk Chls with estimated tcs of
around 0.1 ps may also contribute to this phase. The second
component with a 32 ps tc showed a broad positive band above
683 nm, indicating the fast decay of fluorescence. This tc value is
very close to the major decay time constant of fluorescence
reported in the isolated PS I–LHC I super complex of several
organisms [45–52]. The third component with a tc of 144 ps is small
and also seems to represent a contribution from PS I, judging from
its peak wavelength and short tc value. The slowest component
with a tc of 934 ps had a broad positive band at 683–740 nm and
seems to represent EET in PS II. The tc value is longer than that
expected for the fully open PS II RC traps [53–57], and the spectral
shape is somewhat more extended to the wavelength range of PS I
that is longer than the range of PS II Chls. This implies that a
significant portion of PS II RC that was in the closed state
contributed to the slow decay kinetics [34,35,53–57] and that this
phase is overlapped by the slow decay components of PS I Chls
above 700 nm as well.

The dry thalli showed a very large negative DAS component with a
very short tc of 0.31 ps that is two times faster than that of the fastest
one detected in the wet thalli. Its spectrum had negative peaks at 713
and above 743 nm, and the amplitudes were significantly larger than
that of negative 0.72-ps component detected in the wet thalli. The
negative 0.31-ps DAS suggests the rapid influx of excitation energy to
the longer-wavelength Chls. The second and third components gave tc
values of 23 ps and 112 ps, respectively, giving broad featureless
positive spectra with an apparent peak at around 700 nm, indicating
the rapid dissipation of the excitation energy. The spectra are similar
to those in the 32 and 943 ps DAS components in the wet thalli in
Fig. 4A. It is likely that PS I gives almost the same DAS spectra at room
temperature in both the wet and dry thalli because we observed only
a 2-nm blue-shift of the PS I red Chl peak in the dry thalli at 77 K in
Fig. 1B. The DAS spectra in Fig. 5B in the dry thalli, however, are
somewhat different from the pure PS I or PS II spectrum, and, thus,
seem to represent a mixture of PS I and PS II DASs that may give tc
values at around 23 and 112 ps. It is clear that the PS II fluorescence
decay time that was mainly 934 ps in the wet condition is drastically
shortened due to some quenching process triggered by drying.

A small positive component with the slowest 362-ps tc in the dry
thalli gave a broad positive spectrum with an apparent peak at
730 nm. The contribution of the component to the whole decay is
almost negligible, and this component does not seem to have its
counterpart in the fluorescence kinetics of the wet thalli. No slower
component was detected in the dry thalli, indicating that most of the
excitation energy in PS II is dissipated with 23-ps and 112-ps tc
phases. The loss of longer component interprets the drought-induced
decrease in the steady-state fluorescence as seen in Fig. 1.

The results obtained in this study directly indicate the fast 0.31 ps
EET from the bulk PS II Chls to the longer-wavelength bands. The
feature of kinetics in the longer time scale is almost similar to those
reported previously [37] or by Veerman et al. [36] who observed the
shortening of the decay tc of PS II fluorescence in P. sulcata to 40 ps
upon dehydration, though the 0.72- and 0.31-ps DAS components
could not be resolved in the previous studies.

4. Discussion

4.1. Function of a quencher

Lichens have been known to stop photoreactions and to show
suppressed Chl a fluorescence under drought conditions [11–16], in
which xanthophyll cycle-induced fluorescence quenching does not



Fig. 6. Compartment model and estimated quenching rate of the excitation energy in PS
II in the dry thalli of P. melanchra. Rate constants are shown in the unit of ns−1. See text
for details.

Fig. 7. Species-associated spectra (SAS) of PS I and II calculated by the target analysis.
SAS of PS II in the wet condition (circle), of PS I in the wet condition (cross), of PS II in
the dry condition when the excitation energy is assumed to be quenched in the core
part (square) or in the LHC II part (triangle). See text for details.
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operate as reported by Kopecky et al. [30]. The drought-induced
fluorescence quenching suggests the operation of an energy dissipa-
tion mechanism that is different from ordinary NPQ that occurs only
under wet conditions. Veerman et al. [36] reported the fast decay of
fluorescence at 740 nm with a tc of 40 ps in the picosecond
fluorescence measurement of a dry lichen, P. sulcata, and designated
the quencher as Chl740. In the present study, we measured the
femtosecond fluorescence kinetics using the reflection-mode fluores-
cence up-conversion and streak camera systems. The results give a
direct evidence for the accumulation of excitation energy with a short
0.31-ps tc and its rapid dissipation with tc values of 23 and 112 ps
accompanied with weak fluorescence above 700 nm from a green
algal photobiont, Trebouxia sp., inside a dry lichen P. melanchla. We
designated the quenchermolecule to be “Qd” in this paper, rather than
Chl740, because the fast 0.31-ps DAS gave a rather broad spectrum
peaking at 715 and above 740 nm, and its molecular identity is not
clear yet. The peak around 715 nm in DAS also resembles the CHB
(cold-hard-band) fluorescence at 715 nm detected in the over-
wintering evergreens reported by Gilmore et al. [35] or the far-red
fluorescence bands indicated in the NPQ studies [17,25] too.
Subpicosecond measurements at cryogenic temperatures with a
carefully selected sample might give the better spectral and kinetic
features of Qd.

We obtained DAS with a tc of 0.31 ps with large negative peaks at
713 and above 740 nm and DAS with tc values of 23 and 112 ps with
positive amplitudes above 700 nm in the dry lichen. The results
suggest the 0.31-ps energy accumulation to Qd from the bulk PS II Chls
and the dissipation of excitation energy with a time constant at
around 23–112 ps with weak fluorescence emission above 700 nm.
The emission was almost negligible in the steady-state fluorescence
spectra at 77 K both under wet and dry conditions (Fig. 1B). This
suggests the fast non-radiative transition to the ground state from Qd,
which has the lowest energy level, compared to all the Chl levels in PS
II. The red Chls in LHC I cannot be Qd because the far-red fluorescence
from LHC I was not significantly affected by the hydration/de-
hydration of lichen. The location of Qd that is active only under a
drought condition was assumed to be either on LHCII or on the PS II
core based on a global multi-exponential decay analysis, as shown
below in the present study.

In PS I the increased charge recombination between A1
− and P700+

under drought stress was suggested to prevent the photo-damage of
lichens by Bukhov et al. [31]. The loss of water molecules in PS I
induced the 2–3 nm blue-shift of the PS I fluorescence peak of red Chls
at 77 K as seen in Fig. 1B and made the fluorescence decay of PS I at
room temperature a little faster by depleting the slow phase. These
effects might protect PS I from photo-damage too.
4.2. Kinetic modeling and simulation of fluorescence kinetics in dry
lichen

We formulated a model to describe the fluorescence kinetics
(Fig. 6) in order to evaluate the experimental results. We assumed a
simple model consisting of three compartments in PS II. The three
compartments LHC II⁎, core⁎, and RC⁎ represent the peripheral
antenna complex, the unified compartment of CP43 and 47, and the
active reaction center of PS II, respectively, with the excitation
energy on their Chls. The three compartments exchange the
excitation energy to each other with intrinsic EET rates. RC⁎ is
further connected to the two radical-pair states (RP1II and RP2 II)
with three intrinsic electron transfer (ET) rates, as shown in Fig. 6.
This model is based on the one used by Miloslavina et al. [54],
Broess et al. [55] and Raszewski and Renger [57], and is the simplest
among the several models previously proposed for the ET process in
PS II. We added another compartment for the quencher “Qd,” in PS
II to interpret the observed rapid fluorescence decay in the dry
lichen. We examined three models in which Qd is connected to the
LHC II⁎, core⁎, and RC⁎ compartment, respectively. We also added
PS I together with three compartments, namely, PS I⁎, RP1I, and
RP2I. Inside PS I, we did not consider the EET to simplify the model,
and we used the reversible radical-pair model used by Holzwarth
et al. [46].

We made basic five assumptions as below to simplify the analysis.
(1) All the intrinsic EET rates for the three compartments, LHC II⁎,
core⁎, and RC⁎, are almost equal to their counterparts in the plant PS II
with almost the same fluorescence spectra at room temperature. (2) A
PS I to PS II ratio is 1.0. (3) The ET rates in PS I and II are unaffected by
dehydration. (4) The fluorescence spectrum of PS I is unaffected by
dehydration. (5) The excitation energy is equilibrated among Qd and
the Chls in three compartments and Qd converts the excitation energy
to heat rapidly with almost no emission of fluorescence.We added the
term kf of (6 ns)−1 to represent the rate constant for the radiative
relaxation to the ground state of Chls.

By fitting the fluorescence decay data obtained in the isolated BBY-
type PS II membranes at room temperature according to Broess et al.
[55] we first determined the EET rates among LHC II⁎, core⁎, and RC⁎
together with all the ET rates in spinach PS II (Fig. S1). The amounts of
Chls bound to LHC II⁎, core⁎, and RC⁎ were estimated as 111, 29, and
8 (148 in total), respectively, according to Broess et al. [55] and
references therein. The model, therefore, simulated the PS II
fluorescence decay curve successfully (Fig. S1B, and also summarized
in Fig. S2). The estimated EET rates among three compartments were
essentially similar to those reported [54,55,57], indicating the validity
of the present model.

We secondly estimated the ET rates in PS I and PS II in the wet
lichen thalli. As shown by dashed lines in Fig. 3A, the model
successfully reproduced the whole fluorescence kinetics with ET and



Fig. 8. Time evolution of the population of the excitation energy in PS II or in the RP2
state in the wet and dry lichens.
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EET rates as summarized in Fig. 6. The effective rate estimated for
the primary charge separation in PS I was almost comparable to
that reported for plant PS I by Holzwarth et al. [46] and Slavov et al.
[48]. The estimated forward ET rates in PS II, were slower, whereas
the backward ones were a little faster than those estimated for
spinach PS II (Fig. 2 in SI). The difference seems to be explained by
assuming the PS II trap in the wet thalli to be partially closed under
the high excitation energy of laser used for the up-conversion
measurement. Fig. 7 shows the calculated species-associated
fluorescence spectra (SAS) of PS I and II. The PS II fluorescence
spectrum (a line with circles) had a peak at around 690 nm and a
large shoulder at around 740 nm. The PS I fluorescence spectrum
had a peak at around 710 nm with a broad bandwidth (a dashed
line with crosses). The spectrum roughly corresponds to the 32- and
144-ps DASs in the wet lichen (Fig. 5A) and seems to mainly
represent the fluorescence decay of PS I.

We attempted to reproduce the measured fluorescence kinetics of
the dry lichen by three different models that assumed the energy
dissipation by Qd to take place in one of the three compartments in PS
II based on the parameters obtained from the simulations in the
isolated PS II and the wet lichen above. All three of the models
reproduced the actual fluorescence decay curves well. The dashed
lines in Fig. 3B represent the model curves based on the LHC II-
dissipation model as an example. However, the RC-dissipation model
gave an extremely high quenching rate (kR) of over 10,000 ns−1. The
kL value estimated in the LHC II-dissipation model and the kC value in
the core-dissipation model are 20.2 and 55.0 ns−1, respectively. The
different quenching rates are explained by a shift of equilibration of
the excitation energy between the compartments, as shown in Fig. 6.

4.3. Location of the quencher Qd and its function mechanism

Although all three models reproduced the observed fluorescence
kinetics well, the RC-dissipationmodel can be excluded because of the
unrealistic quenching rate constant (kR) of over 10,000 ns−1. The rate
constants estimated for the LHC II-dissipation and core-dissipation
models (20 and 55 ns−1, respectively) seem possible under some
situations because they are from three to a maximum of 12 times
higher than the NPQ-type quenching rate reported in higher plants
(e.g., 4.6 ns−1 assumed by Holt et al. [29]; 6.7 ns−1 by Ruban et al.
[27]; and 4.8 ns−1 by Miloslavina et al. [25]). Thus, Qd seems to be
very strongly coupled either to the core or to LHC II Chls and to realize
a very efficient quenching that can decrease even the F0 level
significantly. The high shoulders at 720–740 nm in the calculated
SAS of PS II of lichen in Fig. 7 seem to include the weak fluorescence
emission from Qd.

Some NPQ mechanisms predicted modification of LHCII state
[18,19,24–29]. Models assume the energy transfer to a carotenoid
from LHC [26,27], to the oligomers of LHC II [24,26–28] or to the broad
charge-transfer (CT) band between Chl and carotenoid above 700 nm
[28–30]. The CHB band detected in the winter plants [35] might also
be produced by similar mechanism. The reported quenching rate
constant induced by the LHC II oligomerization or CHB-quenchingwas
5–7 ns−1 [19,21,35] and is significantly lower than the high rate
constant of 20 ns−1 estimated in the LHCII-dissipation model in dry
lichen in this study. The core-dissipation model, on the other hand,
predicts the higher 55 ns−1 rate for kC and estimates 90% dissipation
of the excitation energy (Fig. 8). The model can interpret the observed
quenching of F684/F695 detected at 77 K well (Fig. 1B).

Although we cannot determine the precise location of the
quencher at present, its quenching efficiency is higher than that
reported for the known NPQ mechanisms. We, therefore, assume it to
occur by a new mechanism, such as the extreme case of Chl-
aggregation-induced quenching in the dried Chl-proteins under
special environments. The quencher in lichen that has absorption/
emission above 715 nmmight be either an exciton band of aggregated
Chls or CT band between Chl a and carotenoid produced by the
modification of the structure of LHC II or CP43/CP47 proteins. If LHC II
is responsible for the draught-induced nonphotochemical quenching
(d-NPQ) in lichen, it might come from the extremely strong
interaction between the pigments in the dried LHC II. The quenching,
then, might occur through a molecular mechanism that is essentially
similar to the one in wet NPQ. If d-NPQ occurs in CP43/CP47 proteins,
we should think of a newmodel, which assumes the draught-induced
modification of pigment interaction in the CP43/CP47 proteins. This
might interpret the quenching in cyanobacteria [9] too. The
contribution from the fungal side seems to be also important because
the isolated photobiont green alga is reported to partially lose their
drought tolerance [12] and because the dried spinach PS II particles
did not show d-NPQ (Komura et al., unpublished results).

Elucidation of the mechanism of the d-NPQ will yield new
perspectives for the regulation of photosynthetic energy conversion.
The d-NPQ mechanism that is distributed among a wide variety of
lichens, algae and cyanobacteria might have been important also for
the land-invasion process of photosynthesis.
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