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• Background and Aims All photosynthetic organisms are faced with photoinhibition, which would lead to
death in severe environments. Because light quality and light intensity fluctuate dynamically in natural microenvironments, quantitative and qualitative analysis of photoinhibition is important to clarify how this environmental
pressure has impacted ecological behaviour in different organisms.
• Methods We evaluated the wavelength dependency of photoinactivation to photosystem II (PSII) of Prasiola
crispa (green alga), Umbilicaria decussata (lichen) and Ceratodon purpureus (bryophyte) harvested from East
Antarctica. For evaluation, we calculated reaction coefficients, Epis, of PSII photoinactivation against energy dose
using a large spectrograph. Daily fluctuation of the rate coefficient of photoinactivation, kpi, was estimated from
Epis and ambient light spectra measured during the summer season.
• Key Results Wavelength dependency of PSII photoinactivation was different for the three species, although
they form colonies in close proximity to each other in Antarctica. The lichen exhibited substantial resistance to
photoinactivation at all wavelengths, while the bryophyte showed sensitivity only to UV-B light (<325 nm). On the
other hand, the green alga, P. crispa, showed ten times higher Epi to UV-B light than the bryophyte. It was much
more sensitive to UV-A (325–400 nm). The risk of photoinhibition fluctuated considerably throughout the day. On
the other hand, Epis were reduced dramatically for dehydrated compared with hydrated P. crispa.
• Conclusions The deduced rate coefficients of photoinactivation under ambient sunlight suggested that P. crispa
needs to pay a greater cost to recover from photodamage than the lichen or the bryophyte in order to keep sufficient photosynthetic activity under the Antarctic habitat. A newly identified drought-induced protection mechanism appears to operate in P. crispa, and it plays a critical role in preventing the oxygen-evolving complex from
photoinactivation when the repair cycle is inhibited by dehydration.
Key words: Antarctica, drought tolerance, bryophyte, lichens, microclimate, photoinhibition, photosynthesis,
photosystem II, Prasiola, UV damage.

INTRODUCTION
Light is indispensable to promote photosynthetic reactions.
However, all photosynthetic organisms face damage to their
electron transport systems due to the formation of excess redox
power, resulting in photoinhibition of photosystems and cell
death (Aro et al., 1993; Long et al., 1994). Photoinhibition is
defined as a decline of photosynthetic activity due to excess
light intensity (Kok, 1956). Photoinhibition consists of two
physiological phases: deactivation of photosystems mainly due

to destruction of the photosystem II (PSII) complex (Aro et al.,
1993; Melis, 1999) and recovery of injured photosystems. The
recovery phase proceeds simultaneously with the deactivation
process, so that photosynthetic activity is maintained as long as
the two phases are balanced (Nishiyama et al., 2006; Takahashi
and Murata, 2008). However, it is important to analyse the two
phases separately, because they are influenced by different
environmental factors. In this article, the term ‘photoinactivation’ is introduced to distinguish it from the traditional term
photoinhibition and used to refer to the decline of function of
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under drought conditions is available. Poikilohydric photosynthetic organisms, such as lichens, bryophytes and aerial
algae, can survive under dehydrated conditions for long periods, even if 90 % of the water is lost. Such dehydrated conditions are likely to bring about further risk of photoinhibition
to the organisms compared with hydrated conditions. Under
such conditions, the life time of photo-oxidized P680 (P680+)
would be longer than in a hydrated state due to loss of the electron supply from the OEC, while electrons in the reducing side
are evacuated from the PSII complex. This results in the production of a triplet state and then ROS are produced. Because
all metabolic activity, including the repair cycle, stops during
dehydration, mechanisms that protect against photoinhibition
and/or promote rapid metabolic recovery upon rehydration are
important for avoiding critical damage.
Drought-tolerant photosynthetic organisms generally have
the distinctive characteristic that fluorescence from PSII is specifically quenched on dehydration (Hirai et al., 2004; Heber
et al., 2006; Nabe et al., 2007; Kosugi et al., 2009, 2010a).
The drought-induced non-photochemical quenching (d-NPQ)
of PSII is thought to be important for suppressing excitation
of the PSII reaction centre, P680. This brings about a low
probability of formation of P680+ and the subsequent electron
transport. However, there is little information about wavelength
dependency of photoinactivation under dehydrated conditions
and about the usefulness of the drought tolerance mechanism
under natural sunlight. The photoinactivation induced by OEC
description on illumination with short wavelength light has
rarely been discussed in dehydrated conditions of poikirohydrite phototrophs.
In the continental Antarctic region, photosynthetic organisms are exposed to severely stressful conditions such as low
temperatures, strong winds, drought and strong visible (VIS)
and UV light in summer. These environmental factors generally accelerate photoinhibition, because the excess reducing
power is generated by a limited rate of CO2 fixation, which
slows down or inactivates the repair pathways of photosystems (Powles, 1984; Murata et al., 2007). In addition, photosynthetically active periods during the Antarctic summer are
rather short so that the organisms in those areas are not at an
advantage in terms of energy balance. It is highly plausible
that lichens, bryophytes and algae in Antarctica possess high
potential to avoid photoinhibition under severe environments.
However, th physiological and ecophysiological mechanisms
of this adaptive strategy to avoid photoinhibition remain
unclear.
In this study, we determined the reaction coefficients
(Epis) of photoinactivation and compared the wavelength
dependency among a green alga [Prasiola crispa (Lightfoot)
Kützing], a lichen [Umbilicaria decussata (VILL.)
ZAHLBR.] and a bryophyte [Ceratodon purpureus (Hedw.)
Brid.)] that were collected at Langhovde on the Sôya Coast
in East Antarctica. All the species are drought tolerant and
can construct large colonies in Antarctic terrestrial habitats (Longton, 1988; Kanda and Inoue, 1994; Kosugi et al.,
2010a). From measurements of fluorescence yield, it was
possible to determine the reaction coefficients of PSII photoinactivation and to estimate the costs needed for the recovery from photodamage occurring under natural conditions.
The cost for maintaining photosynthetic activity can be

Downloaded from https://academic.oup.com/aob/article-abstract/122/7/1263/5057451 by National Institute of Polar Research user on 30 July 2019

photosystems by irradiation in the first phase (Oguchi et al.,
2009). Also the word ‘photodamage’ was used for expressing
the damage which occurs in photosystems as a consequence of
photoinactivation.
Although the processes of photoinactivation have been well
studied, these molecular mechanisms have not been fully understood (Aro et al., 1993; Long et al., 1994; Murata et al., 2007;
Tyystjärvi et al., 2013). One of the leading hypotheses on the
cause of photoinactivation is the disruption of the oxygen-evolving complex (OEC), which consists of an Mn cluster that splits
water into molecular oxygen and hydrogen ions (Hakala et al.,
2005; Ohnishi et al., 2005). Photoinactivation on the donor side
of PSII is primarily induced by short wavelength irradiation, such
as ultraviolet (UV) light and blue light (Tyystjärvi et al., 2002;
Hakala et al., 2006; Sarvikas et al., 2006). P680 excitation in the
PSII complex in which the OEC has been disrupted will induce
inactivation of PSII (Ohnishi et al., 2005).
Another mechanism of the photoinactivation process, inactivation of which is initiated on the acceptor side of the PSII
reaction centre, has been proposed. This is associated with
the photochemical reaction and formation of reactive oxygen species (ROS) such as superoxide anion radical (·O2‒),
hydrogen peroxide (H2O2), hydroxyl radical (·OH) and singlet
oxygen (1O2). A singlet oxygen is produced by the recombination between P680+ and pheophytin− (Jones and Kok, 1966;
Santabarbara et al., 2001), whereas ·O2‒, H2O2 and ·OH are
produced by transferring electrons from photosystems to oxygen (Asada, 1999; Bondarava et al., 2010; Zulfugarov et al.,
2014). The ROS products cause photoinhibition by suppressing
protein synthesis in processes of repair from photoinactivation
(Nishiyama et al., 2001, 2004; Allakhverdiv and Murata, 2004).
Recent studies indicate the ROS induce PSII damage more directly (Hideg et al., 2007; Zhang et al., 2011; Zhan et al., 2014;
Ding et al., 2016). Photoinactivation in photosystem I (PSI) has
also been reported as being induced by an excess electron flow
from PSII to PSI, which generates ROS around PSI (Takahashi
and Asada, 1988; Jung and Kim, 1990; Terashima et al., 1994;
Sonoike et al., 1995; Sonoike, 2011). A slow recovery rate
of damaged PSI increases the risk of photoinhibition in PSI,
although the possibility of photoinactivation of PSI is much
lower than that of PSII under natural conditions (Melis, 1999;
Kudoh and Sonoike, 2002; Zhang et al., 2011).
A protein synthesis inhibitor, such as lincomycin or streptomycin, is usually used to analyse net D1 protein degradation
by irradiation. In the absence of the inhibitor, this process is
obscured by simultaneous synthesis of D1 protein (Xiong and
Day, 2001). The amount of D1 protein is decreased exponentially
by irradiated light with wavelengths shorter than the blue region,
and the damage is expressed as a first-order reaction against integrated irradiation energy with the reaction factor, kpi (Campbell
and Tyystjäarvi, 2012). It has been suggested that UV-A (325–
400 nm), rather than UV-B radiation (<325 nm) has a stronger
effect on degradation of PSII, because total radiation energy in
the UV-B region under ambient light is usually much less than
that of UV-A at the ground surface (Kondratyev, 1969). The lost
activity of PSII caused by UV-B has been estimated to be only 4
% of that caused by UV-A (Hakala-Yatkin and Tyystjärvi, 2011).
Elucidation of the photoinhibition mechanism under normal
hydrated conditions of plants or algae has greatly advanced;
however, little information on the process of photoinhibition
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defined as an environmental pressure, and estimation of the
pressure is important for revealing their adaptation strategies
in severe environments.

Collection of samples and measurements of the light environment

Photosynthetic organisms for laboratory experiments were collected at Yukidori Zawa and Yotsuike Dani in Langhovde on the
Sôya Coast, East Antarctica, in January 2013 (Fig. 1). Yukidori

Zawa is designated as an Antarctic Specially Protected Area
(ASPA No. 141) because of its lush vegetation. We selected an
observation and sampling site in Yukidori Zawa (69°14′24.90″S,
39°44′20.16″E) at 88 m asl (Kosugi et al., 2015). This site is
located on the northern slope of the valley, and an automatic
weather station (69°14′28″S, 39°44′21″E) had previously been
set up near the site (Kudoh et al., 2015a, b). Several lichens and
large moss colonies spread in a wide range around the rock, and
macrophytic soil algae were found near the rock. We selected a
lichen (Umbilicaria decussata), a moss (Ceratodon purpureus)
and a green alga (Prasiola crispa) as our research materials. These
three species were the most dominant of the lichens, mosses and

Sôya Coast

500 km

200 m
5 km

Site 2
Nest of snow petrel

Site 3

Site 1

Site 4

20 cm

Fig. 1. Maps of the study site. The study site was located in Langhovde on the Sôya Coast, East Antarctica. Point A at Yukidori Zawa shows the observation and
sampling point. Point B at Yotsuike Dani shows another sampling point. The original base map was published by the Geospatial Information Authority of Japan
in 1968 and 1978. The photograph was taken by a stationary camera set up at point A. It shows observation sites: Site 1, a habitat of P. crispa; Site 2, a habitat of
U. decussata; Site 3, a habitat of C. purpureus; and Site 4, a habitat of C. purpureuse and lichens.
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For exposure of monochromatic light using wet samples,
each sample was dipped in 50 mm MES buffer (pH 5.5) containing 1.0 mg mL–1 streptomycin at 10 °C in the dark for 2 h
to inhibit the PSII repair cycle (Schnettger et al., 1994; Xiong,
2001; Xiong and Day, 2001). The samples were then set on a
sample stand that was equipped with a cooling block kept at
10 °C. Room temperature was set at 17 °C. Because cool treatment sometimes induces dew formation during incubation,
exposure of the dehydrated samples to monochromatic light was
performed at room temperature (17 °C) without a cooling block.
We confirmed that treatment at 17 °C under dehydrated conditions had no effect on photosynthetic activity after rehydration.

Experimental irradiation analysis by a large spectrograph

Chlorophyll fluorescence measurement and photodamage
evaluation

Samples were rehydrated and washed with Milli-Q water at
4 °C to remove sand from the thalli. They were then dehydrated
again at 4 °C in the dark for about 1 week and subsequently
stored at −20 °C until required for experiments.
Umbilicaria decussata thalli were cut into small pieces of
approx. 25 mm2 and attached to black paper with double-sided
tape. Ceratodon purpureus shoots were tied into ten-shoot bundles with string and stood upright to mimic natural conditions.
Sheet-like colonies of dehydrated P. crispa were homogenized in
a blender (to pieces of approx. 2 mm in diameter) and divided into
50 mg samples. Preliminary experiments indicated that there was
little difference between the ground and non-ground samples in
terms of photochemical signals. Chlorophyll extraction was performed using 100 % methanol after grinding hydrated samples
using a mortar and pestle. For determination of the average chlorophyll content, we used 15 pieces of about 0.7 cm2 (five pieces
were cut from one thallus) for U. decussata, ten pieces of about
0.5 cm2 for C. purpureus and three samples of about 0.7 cm2
homogenized in a blender for P. crispa. Area calculations were
performed by means of Image J (NIH, MD, USA). Chlorophyll
content per unit area was calculated according to Porra et al.
(1989) as 14.18 ± 6.89 (± s.d.), 22.81 ± 3.77 and 15.57 ± 1.29 μg
Chl cm–2 in U. decussate, C. purpureus and P. crispa, respectively.
The samples were exposed to monochromatic light using the
Okazaki large spectrograph at the National Institute for Basic
Biology (Watanabe et al., 1982; Watanabe, 1995). The spectrum of light dispersed by the diffraction grating had a bandwidth of about 10 mm per 1 nm at the irradiation stage. The
light of ±4.5 nm at a given target wavelength was reflected by
a mirror, collected by a 90 mm lens and exposed to the samples
vertically. The energy flux density was controlled by neutral
density filters. Twelve wavelengths were selected between 320
and 750 nm. Among them, 435, 470 and 660 nm were selected
as the chlorophyll a and b absorption bands. Light intensity
was regulated by a monochromatic quantum sensor, QTM-101
(Monotech Inc., Saitama, Japan). For the hydrated samples,
we used 35–100 and 75–200 μmol photons m−2 s−1 for UV and
VIS radiation, respectively. For the dehydrated samples, we
used 35–1000 and 200–2000 μmol photons m−2 s−1 for UV and
VIS radiation, respectively. Because the dehydrated samples
showed much higher resistance relative to that of the hydrated
samples, a stronger light intensity was necessary to obtain a
significant photoinhibition for calculating reaction parameters.
We used several light intensities that were converted to energy
dose, kJ m−2, to calculate reliable reaction coefficients, Epis.

Maximum PSII quantum yield, expressed as a fluorescence
parameter, Fv/Fm, was measured by a pulse amplitude modulation chlorophyll fluorometer, PAM-2100 (Heinz Walz GmbH,
Effeltrich, Germany). The intensity of the measuring light and
the saturation pulse were 0.17 and 5000 μmol photons m−2 s−1,
respectively. The duration of the saturation pulse was set to 0.8 s.
The three samples show their maximum fluorescence value by
this saturation pulse. Samples were dark adapted for 30 min after
irradiation treatment of the hydrated samples. This dark adaptation period allows full relaxation of photoinduced reactions
including state transition. In the case of the dehydrated samples,
rehydration treatment with streptomycin-containing buffer was
performed for 2 h under dark/cool conditions (10 °C) before
measurement. Measurements were performed under weak green
light to avoid the activation of photosynthesis. All samples were
kept at 10 °C during the fluorescence measurements.
Damage to PSII is expressed as the magnitude of photoinactivation, and the degree of damage is indicated by the parameter
of maximum PSII fluorescence yield, Fv/Fm. The Fv/Fm value
reflects the electron transport capacity of PSII, and its decline
following exposure to monochromatic light indicates a decline
of PSII activity (Krause and Weis, 1991). A decline in Fv/Fm
by photoinactivation is a first-order reaction against exposure
time in the presence of a protein synthesis inhibitor, and it can
be expressed by the following equation, with kpi as the rate constant of the reaction (Wünschmann and Brand, 1992; Tyystjärvi
et al., 1994; Tyystjärvi and Aro, 1996):
-kpi ´ t

y = a´e

(1)

where a is the constant (= 1, for the present experimental setting) determined by the ratio of a non-damaged sample of zero
dose as (Fv/Fm)non-exposed/(Fv /Fm)non-exposed = 1, and y is the fraction of active PSII determined by ( Fv/Fm)exposed/(Fv/Fm)non-exposed
at time t. Here, it was known that kpi is dependent on both wavelength of a photon and the number of photons. It means that
kpi can be replaced as a reaction coefficient against photon flux
density (n) or against energy flux density (I; with units of W m−2)
when monochromatic light is used for irradiation treatment.
- N pi ´ n ´ t

y = a´e
or
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aerial algae found at the site. Additional samples of P. crispa were
collected at Yotsuike Dani (69°15′25″S, 39°44′40″E) at approx.
120 m asl. All samples were dehydrated in the shade and stored
at −20 °C while being transported to the laboratory.
Sunlight spectra were measured spectrophotometrically on 2
January 2013 near the P. crispa habitat and in an open site close
to its habitat, where U. decussata and C. purpureus were found
in both sites. We used a spectrophotometer (Ramses-ACC-VIS;
TriOS Mess- und Datentechnik GmbH, Rastede, Germany) that
covered the wavelength range of 280–720 nm, with a spectral
accuracy of 0.3 nm. Integration time was 8 s.
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-Epi ´ I ´ t

y = a´e

a = y ’ - bx .( y ’ and x , sample means)

(2)

The n × t and the I × t can be converted to a total number
of photons (N) and a total energy dose (x; with units of J m–2),
respectively.

The s.e. (sb) of the regression coefficient is calculated as in
eqn (9). The regression coefficient (b) was evaluated in a test
of statistical significance against a null hypothesis H0:b = 0 by
using the t-value (tb), eqn (10)

sb =

- N pi ´ N

y = a´e

-Epi ´ x

y = a´e

-Epi ´ I ´ t

(fraction of photoinactivation) = 1 - a ´ e

-kpi ´t

= 1- a ´ e

(5)

A rate constant of photoinactivation under an ambient light
source was calculated as the summation of kpi for each wavelengths,

660 nm

å {(Epi )λ ´ I λ } . For estimation of rate constants of

320 nm

photoinactivation under ambient light, kpis were determined at
the selected wavelengths: λ = 320, 340, 360, 380, 435, 470,
500, 550, 600 and 660 nm. After determination of ( Epi ) at the
λ
respective wavelengths, the light intensities of ambient light
at specific wavelengths were multiplied Epi(λ = 320) × ∆I300–330,
Epi(λ = 340) × ∆I330–350, Epi(λ = 360) × ∆I350–370, Epi(λ = 380) × ∆I370~400,
Epi(λ = 435) × ∆I400–460, Epi(λ = 470) × ∆I460–480, Epi(λ = 500) × ∆I480–520,
Epi(λ = 550) × ∆I520–570, Epi(λ = 600) × ∆I570–640 and Epi(λ = 660) × ∆I640–680.
Finally the rate constant under ambient light

660 nm

å {(Epi )λ ´ I λ }

320 nm

was calculated.
Statistics

We calculated the standard errors of Epi, and statistical tests
were done by evaluating t-values and P-values as below. The
parameter Epi is defined as a regression coefficient (b) in eqn (6)
derived from eqn (4).
\ ln y = y ’= ln a - b ´ x (b = Epi )

(6)

The regression coefficient (b) and the regression constant (a)
are calculated as eqns (7) and (8)
b=

2
sxy’

s x2

(

2
sxy
, unbiased

covariance; sx2

å i = 1 {(n -1)(n - 2)}

.
s x2
2
(d xy
’, total sum of squares)
tb =

(4)

Npi and Epi are defined as reaction coefficients of photoinactivation in PSII against the total numbers of photons and total
energy dose, respectively. These reaction coefficients depend
on the wavelength of light.
The PSII photoinactivation ratio is defined as [1 – (Fv/Fm)exposed/
(Fv/Fm)non-exposed]:

: unbiased variance ) (7)

2
d xy
’

n

b
sb

(9)

(10)

Coefficients of determination (r2) were calculated from r-values between y’ and x in eqn (6) as Pearson’s correlation coefficient, eqn (11).

{å ( X - X )(Y’ -Y ’)}
n

i =1

r=

i

i

(n -1)
.
Sx Sy’
(s x and s y’ : standard deviations)

(11)

P-values of b (Epis) were evaluated from t-values. Epis, s.e.,
P-values and r2-values are shown in Table 1, and s.e. vlues of
Epis are shown as error bars in Fig. 4.
Evaluations of kpi and krec under sunlight conditions

We used a solar simulator HAL-C100 (Asahi Spectra, Tokyo,
Japan) with a quartz light guide (φ5 × 1000 mm) and a rod
lens, RLQ80-05 (Asahi Spectra), for comparing kpi and krec
under sunlight conditions with those estimated under the spectrum exposure experiments explained in the previous sections.
Dehydrated thalli of P. crispa which were ground into small
pieces in advance were hydrated with 50 mm MES buffer (pH
5.5) ± 1.0 mg mL–1 streptomycin for 2 h under dark conditions
and spread evenly in the bottom of a small aluminium dish
(2 × 1 cm × H 1 cm). The dish was put on an aluminium block
of a cooling dry bath incubator, MC-0203 (Major Science, CA,
USA), and was irradiated with artificial sunlight for the given
times. The incubation temperature was set to 15 °C. The light
intensity was modulated by changing the distance between the
rod and the sample or changing the built-in ND filters. The exact
exposure intensities were checked by a light meter, LI-250A,
and a photochemically active radiation (PAR) sensor, LI-190R
(LI-COR, Lincoln, NE, USA). The spectral intensity of each
wavelength was calculated using the relative energy spectrum
intensity of the artificial light source which was specified by
the manufacturer, and the PAR exposures are listed in Table 2.
Measurement of algal absorption spectra

The absorptance spectrum of P. crispa thalli was calculated as
Absorptance = 1 – (Reflectance + Transmittance)
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Thus, the value ‘Epi × I’ is defined as a rate coefficient of
photoinactivation.
Epi ´ I = kpi
(3)
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Table 1. Reaction factors of PSII damage, Epis, and statistical factors
WL (nm)

Reaction factors

Coefficient of
determination

Epi (×10−4) ± s.e.

Reaction factors

Coefficient of
determination

Epi (×10−4) ± s.e.

P

r2

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.05
>0.1
<0.05
<0.001
>0.1

0.88
0.90
0.77
0.66
0.34
0.35
0.14
0.00
0.12
0.18
0.26

<0.01
>0.1
>0.1
>0.1
>0.1
>0.1
>0.1
>0.1
>0.1
>0.1
<0.01

0.88
0.51
0.41
0.16
0.13
0.15
0.06
0.44
0.03
0.61
0.84

P. crispa (dehydrated)†
320
2.36 ± 0.21
340
1.95 ± 0.11
360
1.49 ± 0.09
380
1.30 ± 0.13
435
0.60 ± 0.07
470
0.50 ± 0.05
500
0.68 ± 0.05
550
0.49 ± 0.09
600
0.50 ± 0.09
660
0.20 ± 0.08
750
0.01 ± 0.06
Umbilicaria decussata‡
320
–0.32 ± 0.37
340
1.38 ± 0.87
360
0.37 ± 0.98
380
–0.95 ± 1.23
435
–0.26 ± 0.35
470
–0.66 ± 0.21
500
–0.83 ± 0.43
550
–0.48 ± 0.41
600
–0.03 ± 0.84
660
0.08 ± 0.26
750
–2.19 ± 0.32

P

r2

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.01
<0.01
<0.1
>0.1

0.85
0.94
0.9
0.81
0.78
0.83
0.90
0.58
0.59
0.21
0.00

>0.1
>0.1
>0.1
>0.1
>0.1
<0.05
>0.1
>0.1
>0.1
>0.1
<0.001

0.16
0.46
0.18
0.13
0.12
0.72
0.48
0.26
0.00
0.02
0.92

Reaction factors of PSII damage, Epis, were obtained from least squares regression of the PSII recovery rate in a first-order reaction against the irradiation energy
dose.
Standard errors, P-values in statistical hypothesis testing and coefficients of determination (r2) for each wavelength (WL) were calculated as described in the
Materials and Methods.
*320–380 nm, n = 21; 435–750 nm, n = 39.
†
320–750 nm, n = 24.
‡
320–750 nm, n = 6,

Table 2. Irradiation doses in each wavelength range of the artificial light source at three different PAR exposure conditions for 10, 20
and 30 min
260 μmol photons m–2 s–1
Wavelength (nm)

320
340
360
380
435
470
500
550
600
660

10 min

(integrated area)

kJ

300–330
330–350
350–370
370–400
400–460
460–480
480–520
520–570
570–640
640–680

1.27
1.04
1.42
3.94
4.81
4.72
6.82
6.48
7.20
4.42

20 min

580 μmol photons m–2 s–1
30 min

10 min

20 min

1750 μmol photons m–2 s–1
30 min

kJ
2.54
2.08
2.84
7.88
9.62
9.44
13.64
12.96
14.40
8.84

3.82
3.12
4.26
11.81
14.44
14.15
20.46
19.44
21.60
13.26

10 min

20 min

30 min

15.57
12.74
17.40
48.19
58.88
57.74
83.45
79.32
88.10
54.08

23.36
19.11
26.09
72.28
88.33
86.61
125.17
118.98
132.14
81.12

kJ

2.56
2.09
2.86
7.92
9.67
9.49
13.71
13.03
14.47
8.88

5.12
4.19
5.72
15.83
19.35
18.97
27.42
26.06
28.95
17.77

7.68
6.28
8.57
23.75
29.02
28.46
41.13
39.10
43.42
26.65

7.79
6.37
8.70
24.09
29.44
28.87
41.72
39.66
44.05
27.04

Irradiation doses in each wavelength range of a solar simulator HAL-C100 were calculated using the relative energy spectrum intensity of the artificial light
source and the PAR of exposure.
The light intensity was modulated by changing the distance between the rod and the sample or changing the built-in ND filters.

The transmittance was measured with a spectrophotometer,
MPS-2000 (Shimadzu, Kyoto, Japan). A piece of the sheet-like
P. crispa algal colony was placed on the outside of a quartz cell
as follows: the algal body was fixed by two pieces of cellophane
tape to set the sample in the light path. The quartz cell with the

sample was set in front of the photomultiplier, to minimize the
scattering of the measuring beam by the algal cells. Reflectance
was measured by UV-2600 (Shimadzu) with an integrating
sphere, ISR-2600 Plus (Shimadzu). The sheet-like thalli were
held between two quartz grass filters (50 × 50 × 1 mm) and set
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Prasiola crispa (hydrated)*
320
38.68 ± 3.12
340
27.26 ± 2.01
360
31.97 ± 3.97
380
15.57 ± 2.59
435
3.71 ± 0.85
470
2.60 ± 0.59
500
1.71 ± 0.71
550
0.18 ± 0.56
600
1.51 ± 0.67
660
3.65 ± 0.94
750
−3.35 ± 0.93
Ceratodon purpureus‡
320
5.66 ± 1.03
340
1.40 ± 0.83
360
0.54 ± 0.32
380
0.44 ± 0.43
435
0.08 ± 0.24
470
–0.20 ± 0.23
500
–0.12 ± 0.24
550
–0.36 ± 0.2
600
–0.08 ± 0.23
660
0.81 ± 0.33
750
–1.30 ± 0.28

WL (nm)
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in the spectrometer. The blank value was measured with water
held between two quartz glass sheets.
RESULTS

We exposed samples to two different energy flux densities,
using 100 and 200 μmol photons m−2 s−1 for the UV (320–
380 nm) and VIS (435–750 nm) spectral regions. The exposure time necessary to induce a significant photoinactivation
was then determined; it was 1 h for P. crispa and 5 h for both
U. decussata and C. purpureus. Figure 2 shows the wavelength dependency of the maximum quantum yield of PSII
for the three photosynthetic organisms on the exposure treatments. Damage was detected and enhanced when the hydrated
samples from all three species were exposed to 100 μmol photons m−2 s−1 of UV radiation for 1–5 h. Notably, >40 % of
the fluorescence yield was lost in P. crispa after 1 h of exposure to UV radiation. This result indicates that P. crispa is
highly sensitive to UV exposure. However, U. decussata and
C. purpureus retained >80 % of the fluorescence yield at all
wavelengths, except for the 320 nm exposure in C. purpureus.
Exposure to VIS at 200 μmol photons m−2 s−1 for 5 h did not
induce significant photoinactivation for hydrated U. decussata and C. purpureus, but 10–20 % damage was detected in
P. crispa that were exposed to blue light at 435 and 470 nm
for 1 h (Fig. 2). The Fv/Fm ratios were higher after irradiation
with light at 750 nm for all samples. This is presumably due
to oxidation of the plastoquinone pool by far-red irradiation,
which selectively excites PSI (Asada et al., 1992, 1993). This
would bring about an apparently higher quantum yield of PSII
(Kurreck et al., 2000).

(Fv/Fm)exposed /(Fv/Fm)non-exposed

1.2
1.0
0.8
0.6
0.4

P. crispa
U. decussata

0.2
0
300

C. purpureas

400

500

600

700

800

Wavelength (nm)
Fig. 2. Wavelength dependency of photoinactivation in the three test organisms. PSII photoinactivation by different bands of the light spectrum of the
samples in the hydrated state. Samples were illuminated at 100 and 200 μmol
photons m−2 s−1 for UV bands (320–380 nm) and visible light bands (435–
750 nm). Illumination times were set to 1–5 h for P. crispa and the the other
two organisms. Each point shows the average value of three samples, and error
bars indicate the s.d. (n = 3).

Mathematical expression of photoinactivation of the Prasiola
crispa PSII

Wavelength-dependent photoinactivation in response to different energy doses was analysed in more detail for P. crispa to
evaluate the relationship under hydrated and dehydrated conditions. The hydrated samples were exposed to two energy flux
densities of 35 and 75 μmol photons m−2 s−1 for the UV spectral
region and three energy flux densities of 75, 100 and 200 μmol
photons m−2 s−1 for the VIS spectral region, respectively. The
dehydrated samples were exposed to two energy flux densities
for the UV spectral region (100 and 1000 μmol photons m−2
s−1) and two energy flux densities for the VIS spectral region
(100 and 2000 μmol photons m−2 s−1). Irradiation time was set
to 30–120 and 30–180 min for hydrated and dehydrated samples, respectively. We calculated the integrated energy dose (kJ
m−2) from the photon flux density and irradiation time. Figure 3
shows the relationship between PSII damage and radiation
energy dose for different wavelengths. Figure 3A and C shows
the results of UV light exposure for hydrated and dehydrated
samples, respectively, and Fig. 3B and D shows those of VIS
exposure for hydrated and dehydrated samples, respectively.
Photoinactivation was induced along with increased energy
dose in all monochromatic light, but steep declines with energy
dose were evident for UV exposures in the hydrated samples
(Fig. 3A). Fluorescence yield decreased in the dehydrated samples when exposed to UV light (Fig. 3C), while it decreased
more steeply in the hydrated samples (Fig. 3A). Although the
fluorescence yield decreased in the dehydrated sample, the
energy dose necessary to induce similar photoinactivation was
close to ten times higher (Fig. 3C). These results indicate that
dehydrated samples have higher resistance against both UV and
VIS irradiation. VIS exposure had little effect on the quantum
yield of PSII in both the hydrated and dehydrated samples.
We could calculate the reaction coefficient Epi from data in
Fig. 3. The PSII photoinactivation reaction coefficients, Epis,
at each wavelengths, as calculated by eqn (4), are summarized
in Table 1. The s.e. of Epi, the P-value and the coefficient of
determination (r2) were calculated statistically as is described
in the Materials and Methods. The P-values show the probability that the null hypothesis, H0: Epi = 0, is true. The coefficient of determination shows a goodness of fit to the regression
equation. Notably, the Epi at 320 nm (Epi = 38.7 × 10−4 kJ–1 m2)
was 2.5 times higher than that at 380 nm (Epi = 15.6 × 10−4 kJ–1
m2) in the hydrated samples. The coefficients at the boundary
between the UV and VIS spectral regions (i.e. between 380
and 435 nm) were quite different, with the ratios being >4
(Table 1). However, dehydrated P. crispa exhibited high UV
and VIS radiation tolerance; the Epi at 320 nm (Epi = 2.4 × 10−4
kJ–1 m2) was 16 times smaller than that of the hydrated samples. In order to compare reaction coefficients, the Epis at each
wavelength were calculated for dehydrated P. crispa based on
the data in Table 1 and for hydrated U. decussata and C. purpureus using the data in Fig. 2. The Epis are depicted in Fig. 4 as
a function of wavelength. At wavelengths longer than 435 nm,
the hydrated P. crispa reaction coefficients did not differ compared with either of the other species or conditions. However, it
increased sharply at wavelengths shorter than 380 nm. On the
other hand, Epis of dehydrated P. crispa and hydrated U. decussata and C. purpureus were small at all wavelengths. This result
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Fig. 3. Relationship between photoinactivation (decrease in PSII quantum yield) and energy dose at each wavelength. PSII photoinactivation in P. crispa was
measured against the dose of irradiation in UV regions (A and C) (at 320, 340, 360 and 380 nm) and VIS regions (B and D) (435, 470, 500 and 660 nm). Hydrated
and dehydrated conditions are shown in (A), (B) and (C), (D), respectively. Measuring points of each wavelengths were fitted to a first-order reaction equation.
Each point shows the average value of three samples, and error bars indicate the s.d. (n = 3).

suggests that hydrated P. crispa is rather sensitive to photoinactivation by UV irradiation. A small peak of Epi is found at
around 360 nm (Fig. 4). The wavelength dependency of photoinactivation is affected by the absorption spectra of thalli. When
the irradiated light is absorbed by pigments such as chlorophylls
or carotenoids, photons do not reach the OEC and it will avoid
destruction. Chlorophylls have absorption bands in the blue
and red light regions, and carotenoids have absorption maxima at approx. 400–550 nm. Absorption by UV-shielding substances, such as mycosporine-like amino acids (MAAs), peaks
at approx. 320 nm (Hoyer et al., 2001; Rozema et al., 2002).
The absorptance spectrum of P. crispa (Fig. 4) shows a valley at
360 nm as a result of the sum of these pigments. This window
will additively increase the radiation dose to the OEC in this
wavelength range and could induce the small peak. In fact, the
Epi has a distinct peak at this wavelength. The Epi estimated in
this study was significantly higher in the UV region for hydrated
P. crispa (P < 0.001), but it became lower in the VIS region,
and was low to zero at 550 nm. Although a numerical value was
obtained, it was practically zero since the P-value was >0.1.

Other values were significantly higher than zero (<0.5) except at
750 nm where it was negative. A possible reason for the increase
in Fv/Fm at 750 nm was mentioned earlier. It should be kept in
mind that the coefficients of determinations are low at wavelengths longer than 500 nm. The low values of both coefficients
of determination (<0.5) and Epi (<2.0 × 10–4) were distinguished
at 500, 550 and 600 nm in Table 1, and indicated that the variations of values were caused by individual differences rather than
the effect of irradiation. On the other hand, at 660 nm, the low
values of coefficients of determination and high values of the
Epi and its P-value indicated that a decrease in yield of PSII by
irradiation could be caused by an effect other than photoinactivation derived from disruption of the OEC.
In dehydrated P. crispa, strong correlation of Epi with eqn
(4) was obtained in the VIS light region, except at 750 nm.
Although Epi values were small, P-values were all ≤0.1,
except at 750 nm. Ceratodon purpureus showed a relatively
high correlation at 320 nm and the Epi value was also significantly higher. However, the values at other wavelengths were
so small that they were practically zero (>0.1). This indicates
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Fig. 4. Wavelength dependency of reaction factors, Epis, and an absorptance spectrum of hydrated P. crispa. Reaction coefficients of PSII inactivation against
irradiation dose in hydrated P. crispa, dehydrated P. crispa, U. decussata and C. purpureus were plotted against wavelength. An absorptance spectrum of hydrated
P. crispa is shown as a solid line. The dotted line shows a spectrum of absorptance. (B) Expansion of the ranges <1.0 × 10–3 of Epi. The error bars indicate the s.e.
as shown in Table 1.

that C. purpureus is almost resistant to UV-A or visible light
illumination. This was the same in U. decssata; moreover, this
lichen also showed high resistance to UV-B (320 nm).

Estimation of photoinactivation under natural conditions

Using the Epi at each wavelength (see Table 1) and the spectral energy flux density data, we estimated the degree of photoinactivation in the hydrated or dehydrated state under the
ambient Antarctic sunlight of midsummer. Sunlight spectra
were measured at the open site, which was exposed to direct
sunlight during the day (Fig. 5A), and near Site 1 where
P. crispa was growing (Fig. 5B). Measurements were performed on 2 January, when the weather was fine and the sky
was clear all day. Similar spectra and intensities were observed
between 08.00 and 18.00 h at the open site (Fig. 5A). However,
the spectral properties differed considerably at the P. crispa
habitat, because it was shaded from direct sunlight by a rock in
the morning. Site 1 was blocked from direct sunlight (Fig. 5B,
8.00 and 12.00 h), but the site was exposed after 14.00 h. The
energy distribution spectrum exhibited a similar pattern to that
observed at the open site in the afternoon.
We calculated the rate constant of photoinactivation
against the exposure time, kpi = {Epi × I}, which is defined
as the effective photoinactivation dose under ambient light
spectra, where I is the energy flux density. Figure 6 shows
the wavelength dependency of kpi against the sunlight spectra
at noon (12.00 h) for the hydrated P. crispa, U. decussata
and C. purpureus, and dehydrated P. crispa in the open
site (Fig. 6A) and the P. crispa habitat (Fig. 6B). Diurnal
variation of the rate constant (kpi) at each wavelength for
all samples is shown in Fig. 7. At the open site, maximum
photoinactivation was calculated to be induced at around

360 nm of light at noon for hydrated P. crispa, while it
was greatly suppressed for hydrated U. decussata and
C. purpureus between 320 and 660 nm (Figs 6A and
7A, E, G). For hydrated P. crispa in its natural habitat,
the degree of photoinactivation was quite low during the
sun-shaded period (08.00–12.00 h, see Fig. 7B); maximal
photoinactivation was estimated to be induced at 360 nm
light. The kpi values were also greatly suppressed at 320 nm
(Figs 6B and 7B). After 12.00 h, direct sunlight reached the
habitat of P. crispa, and the kpi values increased to levels
similar to those at the open site (Fig. 7A, B).
The integrated values of kpi from 320 to 660 nm can be calculated as the area of the spectrum of wavelength dependency
of kpi shown in Fig. 6. This will indicate the rate constant
of each specimen under ambient light of Antarctica. Diurnal
changes in the total effective photoinactivation dose of each
sample are depicted in Fig. 8. This parameter was seven times
larger for hydrated P. crispa (Fig. 8, open circles with solid
line) than those of U. decussata and C. purpureus at the open
site. However, the parameters for P. crispa at the habitat were
suppressed to one-eighth of those of the open site between
08.00 and 12.00 h (Fig. 8, open circles with dashed line). The
total effective photoinactivation doses for U. decussata and
C. purpureus were close to zero at the habitat in the morning.
The rate constant increased in the afternoon as for P. crispa,
but the magnitude of change was much smaller.
Hydrated P. crispa is sensitive to irradiation compared with
dehydrated P. crispa and the other two species, so it faces a
high risk of damage by photoinhibition in the daytime in summer. Taking into account the fact that P. crispa propagates and
develops colonies at the habitat under irradiated conditions,
the repair system seems to be working well since the thalli
or colony are maintained at the habitat; otherwise the colony
would diminish and finally disappear. Evaluation of the rate
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Fig. 5. Change in sunlight spectra in Antarctic habitats during one sunny day. (A) Instantaneous sunlight spectral patterns were measured by a spectrophotometer
at the open site and (B) in the P. crispa habitat on 2 January 2013. It was a clear fine day.
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Fig. 6. Wavelength dependency of the rate constant, kpi, of photoinactivation against irradiation under ambient sunlight conditions in P. crispa, U. decussata and
C. purpureus. Rate constants of photoinactivation were calculated at the open site (A) and near the P. crispa habitat (B) at 12.00 h when the site was shaded by a rock.

constant of recovery, krec, at the site is needed. However, determination of the rate constant under natural conditions is not
easy because the activity of the repair system depends on many
factors such as light intensity, temperature and water content.
In order to estimate krec, we compared Fv/Fm as a function of
time between streptomycin-treated and non-treated samples by
a solar simulator HAL-C100 (Asahi Spectra, Tokyo, Japan) for
fully hydrated samples at the optimal temperature (15 °C) of
photosynthesis. In a fully hydrated sample which was treated
with streptomycin to inhibit the repair system, Fv/Fm decreased

exponentially with time (Fig. 9, filled circles with solid line).
The decline was reproduced well by calculated kpis obtained by
summation of ( Epi ) ´ I λ under three different light intensities
λ
(Fig. 9, crosses with broken line). The results indicate that the
calculated kpi reflects the time course of decline of PSII (Fv/Fm)
well. We can thus estimate the rate constants of recovery, krecs,
from the time course of Fv/Fm (Fig. 9, open circles with solid
line) in the absence of streptomycin and the calculated kpi by the
following equation (Wünschmann and Brand, 1992).
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Fig. 7. Daily variation in wavelength dependency of the rate constant, kpi, of photoinactivation against irradiation at ambient sunlight conditions in P. crispa,
U. decussate and C. purpureus. Rate constants of photoinactivation were calculated in hydrated P. crispa (A, B), dehydrated P. crispa (C, D), U. decussate (E, F)
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The energy doses used for the calculation of Fig. 9 are shown in
Table 2. The krecs calculated from eqn (12) were 0.026, 0.062 and
0.033 (min–1) at 260, 580 and 1750 μmol photons m−2 s−1, respectively. Assuming that krec is constant under the same light conditions,
y (Fv/Fm) is calculated to reach a stationary level of 0.85, 0.88 and
0.66 at 260, 580 and 1750 μmol photons m−2 s−1, respectively. We
can thus calculate a repair cost, CPhoto, from the rate constant of

recovery, krec, the repair cost per PSII unit, CPSII, and the number of
PSII units per unit area, D1area (Miyata et al., 2012):
CPhoto = (1 – y) krec ´ CPSII ´ D1area

(13)

The (1 – y) krec vlaues per minute were calculated to be
0.0038, 0.0073 and 0.0110 for 260, 580 and 1750 μmol photons m−2 s−1 of white light, respectively. The obtained values
suggested that PSII in P. crispa will be able to keep about 85 %
of full activity at 580 μmol photons m−2 s−1 of sunlight irradiation by paying twice the cost for restoration of damaged PSII
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0.012

photoinhibition, i.e. photoinactivation in a dehydrated condition is directly connected to photoinhibition, so the accumulated fraction of photoinhibition is defined as 1- a ´ e kpi ´ t
[eqn (5)]. The photoinhibition induced by UV radiation was
suppressed to nearly zero for dehydrated P. crispa. Figure 10
shows the accumulated photodamage in dehydrated P. crispa
during the day (08.00–18.00 h) in the open site and the natural
habitat estimated from the sun spectral data and rate constants,
kpi. The accumulated photodamage in PSII for the dehydrated
thalli was estimated to reach 65 and 43 % in the open site and
the natural habitat, respectively.
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in P. crispa, U. decussata and C. purpureus in their habitats on a sunny summer day in Antarctica. Rate constants of photoinactivation in PSII at the habi660 nm
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tats were calculated as kpi =

320 nm

(solid line) and near the P. crispa habitat (dashed line).

In the present study, wavelength dependency of photoinactivation for photosynthetic organisms growing in continental
Antarctica was compared by measuring the reaction coefficients of inactivation of PSII in monochromatic light in order
to elucidate environmental factors which induce photoinhibition. A green alga, P. crispa, was found to be fairly sensitive
to UV light (Table 1; Fig. 4). High reaction coefficients have
been reported in many vascular and non-vascular plants against
wavelengths shorter than blue light (Tyystjärvi et al., 2002;
Sarvikas et al., 2006; Hakala-Yatkin et al., 2010). The inactivation process induced by short wavelength light corresponds
to OEC degradation, whereas long wavelengths scarcely affect
the OEC (Durrant et al., 1990; Ohnishi et al., 2005). Kok et al.
(1966) indicated that absorption of light energy by antenna
chlorophylls is correlated with photoinactivation, and concluded that photoinactivation by red light takes place as a result
of energy absorption by chlorophyll. It has been suggested
that red light induces photoinactivation by producing ROS in
photochemical reactions (Santabarbara et al., 2001; KriegerLiszkay et al., 2008, Vass, 2011). However, it was found that
ROS rarely destroy PSII but inhibit recovery of damaged PSII
(Nishiyama et al., 2004; Murata et al., 2007). Moreover, direct
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Fig. 9. Decrease in PSII quantum yield under three different light intensities illuminated by artificial sunlight. Maximum PSII quantum yields of P. crispa thalli
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than at 260 μmol photons m−2 s−1. Under higher intensities such
as direct sunlight during the summer, however, photosynthetic
efficiency will decline because of the low krec value.
In dehydrated conditions, photoinactivation damage is accumulated as long as the photosynthetic organisms are kept in
a dehydrated condition, because all metabolism, including the
repair cycle of photosystems, stops in the absence of water.
After rehydration, the accumulated photodamage induces
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due to these substances. Although P. crispa contains some
UV-absorbing substances, such as MAAs that show an absorption peak at around 320 nm (Hoyer et al., 2001), this was not
sufficient to prevent photoinactivation. Despite the difference in
wavelength dependency of photoinactivation among the three
species tested, they can all form large colonies and are often
dominant photosynthetic terrestrial organisms in the ice-free
oases of Antarctica. Our observations suggest that the species
adopt different adaptation strategies against light stresses in
their natural habitat. In this study, we focused on the inactivation process of PSII by irradiation in the presence of a protein
synthesis inhibitor, streptomycin, to avoid mixed effects by the
repair cycle.
Under natural conditions, the observed PSII activity reflects
a result of a balance between its degradation and recovery rate.
In fact, the Fv/Fm of P. crispa measured in an Antarctic maritime habitat was almost constant during the day. It should be
noted that the environmental conditions of a maritime habitat
are milder than those of the continental surface of Antarctica
(Lud et al., 2001). Even when PSII is damaged in the daytime,
the damage is fully recovered during the evening and at night
(Lud et al., 2001). These findings indicate that the PSII repair
cycle in this species has enough capacity to maintain PSII
function under such low-temperature conditions. When PSII is
damaged, PSII proteins, such as D1, D2, CP43 and CP47, enter
rapidly into the repair cycle (Yamamoto and Akasaka, 1995;
Jansen et al., 1999; Ma et al., 2007). In order to maintain PSII
activity, the PSII complex should be reconstructed. However,
energy is needed for degradation of inactivated PSII and reconstruction of the complex. The cost and benefit of repair have
been calculated in some reports (Raven and Samuelsson, 1986;
Raven, 1989; Miyata et al., 2012). Miyata et al. (2012) indicated
that close to 2 % of total ATP synthesized by the photochemical
reaction is needed for restoration of activated PSII in spinach.
They irradiated spinach with a halogen lamp which emits light
longer than 400 nm, and estimated the kpi value assuming that it
is constant under any wavelengths of the PAR range.
We have estimated a rate constant, kpi, in a visible light region
for hydrated P. crispa at the open site at 12.00 h by using the calculated Epi values of each wavelength. The average PAR intensity per hour after 12.00 h near the habitat was estimated to be
1620 μmol photons m−2 s−1 on 2 January (Kudoh et al., 2015b).
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Fig. 10. Estimation of accumulation of photoinactivated PSII in dehydrated
P. crispa in its habitat on a sunny summer day in Antarctica. The photoinactivation ratio in dehydrated P. crispa in the open site and in its habitat (closed
circles, solid line) on a summer day was estimated by using the equation (pho-Epi ´I ´ t

toinactivation ratio) = 1 - a ´ e

-kpi ´ t

(= 1 - a ´ e

) , with reaction

coefficients, Epis, in a dehydrated condition (solid lines) or a hydrated condition
(dotted lines).

å {(Epi )λ ´ I λ }= 0.006 min-1

380 nm

(the

kpi values at 320–380 nm were excluded) in P. crispa. This is
very close to the value (kpi = 0.005–0.007 min–1) of Miyata et al.
(2012) for spinach irradiated at 1600 μmol photons m−2 s−1.
This suggests that the sensitivity of PSII to irradiation is quite
similar between P. crispa and spinach.
We demonstrated that it was possible to reproduce the photoinactivation rate under artificial sunlight by using Epi at each
wavelength. The observed values measured in the presence of
streptomycin coincided well with estimated values calculated by
eqn (5). It was indicated that the repair rate depended on the photoinactivation in a range of weak light intensities in Synechocystis
6803 (Wünschmann and Brand, 1992; Allakhverdiev and Murata,
2004). In our study, the highest krec was observed at 580 μmol photons m−2 s−1 and it was larger than the maximum value observed
in spinach (Miyata et al., 2012), and the electron transport rate
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damaging processes in PSII by ROS have been demonstrated in
many studies, and photoinactivation by red light was observed
in vivo for several higher plants and a diatom (Oguchi et al.,
2009; Zavafer et al., 2015; Havurinne and Tyystjärvi, 2017). In
this study, we confirmed the effects of red light on fluorescence
yield decline of PSII of P. crispa in the presence of a protein
synthesis inhibitor by which the PSII recovery process is suppressed. A small peak at 660 nm of the reaction coefficient,
Epi, plotted against irradiation dose was found in Fig. 4, but the
magnitude of the rate constant, kpi, at 660 nm against a sunlight spectrum at noon in the habitat was rather large because
of the high amount of the red light component relative to that
of UV (Fig. 6A). Effects of insufficient relaxation of non-photochemical fluorescence quenching, which induces a decrease
in fluorescence intensity and fluorescence yield, can be ruled
out because the samples used were kept in the dark for >30 min
before fluorescence measurements.
The difference in wavelength dependency of photoinactivation among the samples used in the present study appears
to be derived from the difference in shielding mechanisms of
irradiated light in each organism. Small Epi values observed
at wavelengths between 320 and 750 nm for U. decussata
and C. purpureus indicated that protection mechanisms from
absorbing hazardous irradiation are functioning well to avoid
photoinhibition. Lichens are highly tolerant to UV radiation
by scattering UV light at the upper cortex, which consists of
fungal hyphae, and by the presence of several UV-absorbing
substances in their thalli (Dietz et al., 2000; Nybakken et al.,
2004; Kosugi et al., 2010b). We have confirmed in this study
that the Antarctic bryophyte C. purpureus predominantly had
sensitivity to UV-B but not to UV-A radiation (320 nm) (Fig. 2)
(Green et.al, 2005; Turnbull and Robinson, 2009). Ceratodon
purpureus also accumulates UV-absorbing substances in its
cell walls, acting as a shield for UV light. The organism is
highly tolerant to UV radiation (Clarke and Robinson, 2008)
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P. crispa do not show a change in the absorption spectral form
compared with the hydrated condition (data not shown). It is
possible that the relative concentration of UV-absorbing substances becomes high in dehydrated cells and they protect the
OEC from UV radiation. Another possible explanation is the
increasing stabilization of the OEC under drought conditions.
Although the mechanism is still unclear, an increase in OEC
stability under drought conditions has been demonstrated by
heat treatment of dehydrated Nostoc commune, the terrestrial
cyanobacterium (Fukuda et al., 2008). It is important to note that
the risk of photoinhibition by irradiation with both the VIS and
UV spectral regions decreases enormously under drought conditions. This would be an adaptive advantage for P. crispa. It is
often exposed to strong sunlight for long periods after the snow
cover disappears in late summer. If these protection mechanisms
were not functioning, P. crispa would accumulate large amounts
of photodamage as it dries out because the repair cycle would
not be functioning. It would lead to a significant decrease of
photosynthetic activity after rehydration. If the drought-induced
protection mechanisms did not operate properly, the PSII quantum yield would drop to <5 % within 1 d at the habitat (Fig. 10).
This suggests that the dehydrated form is advantageous for suppressing photoinactivation of P. crispa.
Our results clearly demonstrated that P. crispa has needed to
depend on the ability of recover in order to keep the PSII working to its full extent, whereas the lichen and bryophyte use different tactics to protect against disruption of the photosystem.
A variety of strategies against photoinhibition exist in dominant
species of Antarctica, depending on the organism’s ecology.
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