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Light induction of nonphotochemical quenching, CO: fixation,
and photoinhibition in woody and fern species
adapted to different light regimes
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Abstract

We aimed to find out relations among nonphotochemical quenching (NPQ), gross photosynthetic rate (Pg), and
photoinhibition during photosynthetic light induction in three woody species (one pioneer tree and two understory shrubs)
and four ferns adapted to different light regimes. Pot-grown plants received 100% and/or 10% sunlight according to their
light-adaptation capabilities. After at least four months of light acclimation, CO, exchange and chlorophyll fluorescence
were measured simultaneously in the laboratory. We found that during light induction the formation and relaxation of the
transient NPQ was closely related to light intensity, light-adaption capability of species, and Pg. NPQ with all treatments
increased rapidly within the first 1-2 min of the light induction. Thereafter, only species with high Pg and electron transport
rate (ETR), i.e., one pioneer tree and one mild shade—adapted fern, showed NPQ relaxing rapidly to a low steady-state
level within 6-8 min under PPFD of 100 pmol(photon) m~ s~! and ambient CO, concentration. Leaves with low Pg and
ETR, regardless of species characteristics or inhibition by low CO, concentration, showed slow or none NPQ relaxation
up to 20 min after the start of low light induction. In contrast, NPQ increased slowly to a steady state (one pioneer tree) or
it did not reach the steady state (the others) from 2 to 30 min under PPFD of 2,000 pmol m 2 s”!. Under high excess of
light energy, species adapted to or plants acclimated to high light exhibited high NPQ at the initial 1 or 2 min, and showed
low photoinhibition after 30 min of light induction. The value of fastest-developing NPQ can be quickly and easily
obtained and might be useful for physiological studies.
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Introduction

Sunlight is the energy source for plant photosynthesis and
one of the major environmental factors for growth and
distribution of plant species (Boardman 1977, Lambers et
al. 1998). Under high irradiance, more photons may be
absorbed than the carbon reaction can use; such excess of
absorbed energy often leads to reduced efficiency of
photosystems, especially PS II (Demmig-Adams et al.
1996, Kato et al. 2003, Adams et al. 2004). Plants use
photoprotective mechanisms to counteract the harmful
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effects of excessive photon absorption. In the photo-
protection, NPQ plays an important role: it quenches
excess energy and dissipates it safely as heat (Miiller ef al.
2001, Murchie and Niyogi 2011).

NPQ is a heterogeneous process. According to for-
mation and dark relaxation kinetics, it can be divided into
at least 3 different components, namely, qg, qr, and q;
(Miiller et al. 2001). The most slowly forming component,
q1, shows very long relaxation time (in a range of hours)
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Abbreviations: ETR — electron transport rate; Fv/Fm — potential quantum efficiency of PSII; Fv/Fm%!": — relative value of potential
quantum efficiency of PSII in leaves exposed to 2,000 umol m2 s! PPFD for 30 min; HL — high light (2,000 pmol m= s~' PPFD);
LL — low light (100 umol m~2 s~! PPFD); NPQ — nonphotochemical quenching; NPQimin™" and NPQimin®* — NPQ in leaves exposed to
100 pmol m~2 s™! PPFD under ambient CO2 and 0 inlet CO concentration for 1 min, respectively; NPQimin"" and NPQamin''" — NPQ in
leaves exposed to 2,000 pmol m2 s~! PPFD and ambient COz concentration for 1 min and 2 min, respectively; NPQpsomin'" — NPQ in
leaves exposed to 2,000 pmol m—2 s~! PPFD for 30 min, then darkness for 30 min; PG — gross photosynthetic rate; PPFD — photosynthetic
photon flux density; qe — xanthophyll cycle-dependent energy quenching; qi — photoinhibitory quenching; qr — state-transition
quenching.
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under darkness. It develops when leaves are under
prolonged exposure to highly excessive light and it was
originally ascribed to the photoinhibition of PSII. The
second component, qr, is state-transition quenching, which
forms and relaxes within tens of minutes. The component
ge is the fastest forming and reversible part of NPQ); it
relaxes within seconds to minutes (Miiller ef al. 2001).

Recently, another type of qg quenching was proposed.
This quenching is induced within the first 1-2 min after
dark-adapted plants are exposed to nonsaturating light,
then it decreases rapidly during the light induction (Finazzi
et al. 2004, Kalituho et al. 2007, Zulfugarov et al. 2007).
This transient qg depends on PsbS protein and low lumen
pH (Finazzi et al. 2004, Kalituho et al. 2007, Zulfugarov
et al. 2007). The transient g is also largely modulated by
zeaxanthin (Kalituho et al. 2007, Nilkens ef al. 2010) and
by PSII antenna size (Zulfugarov et al. 2007). In contrast,
the latter qg formation (within 10-15 min) is correlated
with the synthesis and epoxidation of zeaxanthin (Nilkens
et al. 2010).

The induction and relaxation of NPQ strongly depends
on light intensity and on various physiological aspects.
Under the low light intensity, such as PPFD of 30-100
umol m? s™!, NPQ generates only transiently, peaking
after about 60 to 100 s and then relaxing to a low steady-
state level. Under such light intensities, the maximum
NPQ increases with increasing PPFD, PsbS protein, and
zeaxanthin content, as well as lumen acidification (Finazzi
et al. 2004, Kalituho et al. 2007, Zulfugarov et al. 2007).
Under the medium light intensity (such as 150—500 pmol
m2 s~ PPFD), NPQ increases rapidly within about 2 min,
then increases gradually to the stable steady state. Leaves
exposed to photoinhibitory irradiance show rapidly
increasing NPQ, within about 2 min, which then increases
gradually until the end of light induction (Kalitoho et al.
2007, Zulfugarov et al. 2007). In addition, under high light
intensity (such as PPFD higher than 1,500 pmol m™2 s7),
plants show enhanced NPQ and/or photosynthetic rate to
dissipate excessive light energy (Bailey et al. 2004,
Demmig-Adams et al. 2006). Thus, the formation and
relaxation of NPQ may be influenced by the rate of
photosynthesis. When dark-adapted leaves are exposed to
a sudden increase in irradiance, photosynthetic CO,

Materials and methods

Plant material: The plants were the same as in Wong et
al. (2012). i.e., 1 broad-leaved, pioneer tree, Alnus formo-
sana (Burkill) Makino; 2 broad-leaved, understory shrubs,
Ardisia crenata Sims and Ardisia cornudentata Mez; and
four ferns with different light-adaptation capabilities,
ranked from high to low: Pyrrosia lingus (Thunb.) Farw.,
Asplenium antiquum Makino, Diplazium donianum (Mett.)
Tard. -Blot., and Archangiopteris somai Hayata. In March
2010, adult plants of four ferns (about 30 cm tall) and two
understory shrubs (about 60 cm tall), as well as 1-2-
-year-old seedling, about 30-50 cm tall of 4. formosana

fixation is delayed before the maximal rate of assimilation
is achieved, thus, NPQ may be high at the beginning of the
light induction. Thereafter, relaxation of the transient NPQ
is parallel to the time-course increase of photosynthetic
activity during low light induction (Finazzi et al. 2004).

However, photosynthetic characteristics and NPQ of
plants may vary by species adapted to different light
regimes and the allocation of absorbed light energy to
photosynthesis vs. NPQ differs. Sun plants or leaves tend
to exhibit high photosynthetic rate and/or NPQ (Scholes et
al. 1997, Demmig-Adams et al. 2006, Golan et al. 2006).
The sun species use full sunlight for photosynthesis to a
much greater extent than do species adapted to a broad
light range. Conversely, the latter species show a greater
NPQ capacity in full sun than the sun species (Scholes et
al. 1997, Demmig-Adams et al. 2006). Thus, even in
leaves under the same PPFD, the relationship between
photosynthetic rate and NPQ may vary by a species and a
level of PPFD.

Ecophysiological studies require knowledge of photo-
synthetic characteristics of different species and under
different environments. However, the induction and
relaxation of NPQ under constant light intensity has been
studied mainly in wild-type Arabidopsis and in its mutants
(Ballottari et al. 2007, Kalituho ef al. 2007, Zulfugarov et
al. 2007, Nilkens et al. 2010). It was rarely examined in
other species and it was not compared to photosynthetic
rates (Finazzi et al. 2004). Moreover, the fastest-
developing NPQ component is an important mechanism to
protect the photosystem at high light intensity (Miiller et
al. 2001, Murchie and Niyogi 2011). In physiological
studies, this type of NPQ might be fast and easy to
measure. However, the relationships among NPQ,
photoinhibition, photosynthetic rate, and light-adaptation
capacity in broad taxonomic species have not been studied
in details.

In this study, we used 3 woody species and 4 ferns
adapted to different light regimes to compare: (/) the light
induction of NPQ and CO; fixation at high and low light
intensities; and (2) the relationship between the fastest-
developing NPQ component and light-adaption capability
as well as photoinhibition of species.

were collected from central Taiwan. All plants were
transplanted to pots (16-cm diameter, 12-cm depth, one
plant per pot for the three woody species and 4. antiquum,
and one rhizome with 3—4 leaves per pot for the other
three ferns) filled with organic soil and maintained
outdoors in the nursery of the Endemic Species Research
Institute, Chichi Township, Nantou County, Taiwan
(23°49'N, 120°48'E, 250 m a.s.l.). Plants were regularly
watered and fertilized (half-strength Hoagland’s nutrient
solution per month) and received up to two levels of light
intensity by two levels of sunlight [i.e., 100% and 10%
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(beneath shade cloth)] according to the light condition of
their habitat (see the text table below). During the growth
period, the average hourly values of daily maximum PPFD
ranged from 1,296-1,456 umol m? s! (Mar-Aug) and
1,150-770 pmol m?2 s! (Sep-Nov) (data from the
Endemic Species Research Institute).

Species Type of plant Ilumination
[% of sunlight]
A. formosana  broad-leaved pioneer tree 100

A. crenata broad-leaved understory shrub 10
A. cornudentata broad-leaved understory shrub 10
D. donianum  medium- to heavy-shade fern 10

A. somai heavy-shade fern 10
P. lingus mild-shade fern 100 and 10
A. antiquum mild- to medium-shade fern 100 and 10

Low light (LL) induction: Measurements were carried
out in November 2011 in a laboratory at the Endemic
Species Research Institute. At nightfall of one day before
the measurement, potted plants were dark-adapted over-
night (room temperature maintained at ~25°C). On the
next day, fully expanded, younger leaves were selected for
measurements. First, CO, exchange and Chl fluorescence
of the dark-adapted leaves were measured simultaneously
by a portable, open-flow gas-exchange system (LI-6400,
LI-COR, Lincoln, NE, USA) with an integrated fluo-
rescence chamber head (LI-6400-40) under darkness.
Then, the leaves were exposed to 100 pmol m2 s! of
PPFD by the light source of the fluorescent chamber head
for 20 min, and the values of CO, exchange and Chl
fluorescence were recorded every 1 min during initial
4 min, then every 2 min. Throughout the measurements,
leaf temperature and relative humidity in the chamber were
kept at 25°C and 75% (air entering chamber controlled by
passing temperature-controlled water), respectively, under
two different CO, concentrations: 350—400 pmol mol™ (no
control) and 0 umol mol ™ inlet CO; (air entering chamber
was passing through temperature-controlled saturated
KOH solution).

In the dark-adapted leaves, the minimal and maximal
fluorescence, Fo and Fn, were determined by applying
a weak pulse of light [0.1 pmol(quantum) m~ s7!] and
a 0.8-s pulse of saturating flashes of approximately

Results

The time-course variations of NPQ, Pg, and ETR under LL
were shown in Fig. 1. Induction curves of Pg and ETR
under HL were published previously (Wong et al. 2012).
Thus, we showed the typical time-course variation in NPQ
in Fig. 24 (obtained in 2010) and Fig. 2B (obtained in 2011
To compare the effect of photosynthetic rate on NPQ, we
also showed typical data for Pg obtained at 2,000 pmol
m2 s PPFD in 2010 in Fig. 2C.
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6,000 pmol(quantum) m~ s7!, respectively. In leaves under
illumination, F and F,,' were the actual and maximal levels
of fluorescence, respectively. The former was determined
under induction light (100 pmol m™ s™! PPFD), and the
latter was determined similarly as Fy,.

High light (HL) induction: Measurements were done
from August to October 2010 and in November 2011 in a
laboratory at the Endemic Species Research Institute using
the same equipment as above. In the 2010, overnight dark-
adapted leaves were exposed to 2,000 umol m2 s™! PPFD
for 30 min, then dark-adapted for 30 min. The values of
CO, exchange and Chl fluorescence were recorded just
before and every 2 min during illumination. Chl fluo-
rescence under darkness was recorded at 2, 4, and 30 min
after the end of light induction. In November 2011, the
overnight dark-adapted leaves were exposed to 2,000 pmol
m2 s7! PPFD for 4 min. The values of CO; exchange and
Chl fluorescence were recorded just before and every
1 min during illumination. In both two periods, leaf
temperature, CO, concentration, and relative humidity in
the chamber were kept at 25°C, 350-400 pmol mol™!
(no control), and 75%, respectively, throughout the
measurements. The Chl fluorescence parameters were
obtained as during LL induction.

Calculation and statistical analysis: Gross photosyn-
thetic rate (Pg) was calculated as the sum of net photo-
synthetic rate and dark respiration rate. The former was the
CO; exchange rate under light, and the latter was the CO,
exchange rate measured in the dark just before illu-
mination. The potential quantum efficiency of PSII (F,/F)
was calculated as (Fn, — Fo)/Fi. NPQ and electron transport
rate (ETR) were calculated as: Fn/Fn' — 1 and AF/Fy' x
PPFD % 0.5 x a, respectively (Maxwell and Johnson 2000).
We used the mean value of 0.84 for leaf absorption (o) in
green leaves (Bjorkman and Demmig 1987).

Data presented were obtained for each leaf (Figs. 3,4)
or they presented the mean (the other figures) of 3-5
(0 inlet CO,) and 4-6 (ambient CO,) leaves from four
plants of each species grown under both light condition.
Each leaf was used as 1 replicate in statistical analyses.
Data were analyzed by linear regression analysis using
Sigma Plot 10.0 (Systat Sofiware, Point Richmond, CA,
USA).

When overnight dark-adapted leaves were suddenly
exposed to light, NPQ, Pg, and ETR increased rapidly
during the first 1-2 min of illumination at LL or HL.
Thereafter, the relation among those three parameters and
induction time varied greatly by species, light intensity,
and CO; concentration. At LL and ambient CO, concen-
tration, Pg and ETR increased with prolonging illumi-
nation time and became stable within 2—8 min. In species



LIGHT INDUCTION OF COz2 FIXATION, NONPHOTOCHEMICAL QUENCHING, AND PHOTOINHIBITION

with high Pg and ETR, NPQ was only transiently gene-
rated, peaking after 1 min of illumination, then relaxing
rapidly to a low steady-state level within 6-8 min. In
contrast, species with low Pg and ETR showed unrelaxed
NPQ until the end of light induction (20 min), even though
P and ETR reached a steady state within 1-6 min. When
Pg was inhibited by low CO, concentration, NPQ was
enhanced in all plants and increased rapidly during the first
1-2 min of illumination, with only mild or no relaxation
on subsequent light induction. Under saturated light
intensity (HL), NPQ increased rapidly within first 1-2 min
of light induction, then increased slowly; it did not relax

Dark 100 pmol m” s

NPQ

Pc [umol(CO,) m?s™]

ETR [umol(e) m? s
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Fig. 1. Time course variation in nonphotochemical quenching
(NPQ), gross photosynthetic rate (Pg), and electron transport rate
(ETR) in Alnus formosana (&), Pyrrosia lingus (squares), and
Archangiopteris somai (stars) cultivated under 100% (open
symbols) and/or 10% (closed symbols) sunlight. Variables were
measured at 25°C and 100 pmol m= s™! photosynthetic photon
flux density, at ambient (so/id lines) and 0 inlet COz (dotted lines)
concentrations. Data are means + SE [z = 3-5 (0 inlet CO2) and
4—6 (ambient CO2)].
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Fig. 2. Time course of illumination and darkness; and variation
in nonphotochemical quenching (NPQ, 4,B), and gross photo-
synthetic rate (Pg) at 30 min after the start of light induction (C)
in Alnus formosana (8), Pyrrosia lingus (squares), and Archan-
giopteris somai (stars) cultivated under 100% (open symbols)
and/or 10% (closed symbols) sunlight. Variables were measured
under 25°C; 2,000 pmol m™ s! photosynthetic photon flux
density and ambient CO:2 concentration. Data are means + SE
(n = 4-6). Panels 4 and C represent 2010 measurements [data of
C are from Wong et al. (2012)]; panel B represents 2011
measurements.

until the end of light induction (30 min) in all tested
species. Leaves with high Pg showed always high NPQ at
the initial part of light induction, then it increased more
slowly than in leaves with low Pg (Fig. 2).

The above results suggested that NPQ was closely
associated with Pg and ETR. These relations existed not
only among species but also among individual leaves
within the same species. To elucidate this matter in more
details, we used variables for single leaves to analyze the
relations NPQ vs. Pg and NPQ vs. ETR at the initial (first
1 and 2 min under LL and HL induction, respectively) and
final (20 and 30 min after the start of LL and HL induction,
respectively) states of light induction. Under LL, leaves
with low Pg and ETR, regardless of species characteristics
or inhibition by low CO,, showed always high NPQ, at
both 1 min or 20 min after the start of light induction
(Fig. 3). However, at given Pg and ETR, leaves of the
pioneer tree, A. formosana, and 1 mild-shade fern
(P. lingus) exhibited always the highest NPQ, followed by
two understory shrubs (4. crenata and A. cornudentata),
two medium- to heavy shade-adapted ferns (4. antiquum
and D. donianum), and one heavy-shade-adapted fern
(4. somai). Yet, at the final stage of light induction, the
leaves with hlgh Ps and ETR (PG20mim and ETR20mim)
always showed high NPQ relaxation (ANPQ_20min, NPQ
value obtained at 1 min minus that obtained at 20 min after
the start of light induction; Fig. 3E,F).

After 2 min of HL, Pg and ETR showed a weak, but
significant, positive correlation with NPQ when data from
all tested leaves were merged for regression analysis
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(Fig. 44,B). In contrast, after 30 min of HL, NPQ was
negatively correlated with P and ETR. However, the sun
leaves of the pioneer tree and two ferns (P. lingus, adapted
to mild-shade, and 4. antiqguum, adapted to mild- to
medium-shade) had always higher NPQ at the given Pg
and ETR (Fig. 4C.,D). In most tested plants, the NPQs
obtained at the initial stage of light induction (first 1 or
2 min) but under different light intensities or CO concen-
trations significantly correlated with each other (Fig. 5).
However, under LL and ambient CO, concentration, the
NPQ for A. formosana was low because of high Pg
(Fig. 34). Thus, NPQ was located at the far left of the
regression lines, when combining all tested plants for
regression analysis (Fig. 5).

When the light was turned off, the NPQ relaxed sharply
within 2 min, then decreased slowly in the leaves exposed
to HL for 30 min (Fig. 24). Sun leaves of one pioneer tree
and two mild- to medium-shade—adapted ferns retained
only 10% of NPQ, while the shade leaves retained from

Discussion

We used combined measurements to examine the light
induction of Pg, ETR, and NPQ in several species adapted
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25 30 35

adapted fern) combined for regression
analysis, respectively. *** — p<0.001.

45% (A. somai, a heavy- shade—adapted fern) to about 20%
(two understory shrubs and one medium- to heavy shade—
adapted fern) until they were in darkness for 30 min. The
remaining NPQ (NPQpomin' ") correlated negatively with
that obtained at 2 min after the start of HL (NPQamin")
(Fig. 6). In addition, under HL or 0 inlet CO, concen-
tration), species adapted to or leaves acclimated to HL
tended to exhibit high NPQ at the initial stage (first 1 or
2 min) of light induction. They had high relative potential
quantum efficiency of PSII (F./Fn%") when exposed to
HL for 30 min and then darkened for 30 min (F/Fn of
overnight dark-adapted leaves was 100%). Thus, photo-
inhibition tended to be low in the leaves with high NPQ
obtained at the initial state of light induction (Fig. 7B-D).
However, the NPQ of 4. formosana under LL and ambient
CO: concentration was located at the far left of the NPQ
vs. Fu/Fun%"" regression line, which indicated low NPQ
(Fig. 74).

to different light regimes. The NPQ of all plants increased
rapidly during the first 1-2 min of light induction
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regardless of LL or HL and CO, conditions. However,
thereafter, the relation between NPQ and induction time
varied largely by species, as well as light intensity and CO»
concentration during light induction (Figs. 14, 24).
Typically, transient qg was found only under LL. Here,
NPQ may peak at about 60 to 100 s after the start of
illumination, then relaxes rapidly during the first 3—4 min
of illumination, then slowly to a low steady-state level
(Finazzi et al. 2004, Kalituho ef al. 2007). In this study,
only one pioneer tree (4. formosana) and one mild shade—
adapted fern (P. lingus) showed marked transient NPQ
under LL and ambient CO, concentration (Figs. 14, 3E.F).
As well, the formation and relaxation of the transient NPQ
during LL induction were closely related to photosynthetic
rate and ETR, despite variations in these characteristics
were due to the differences of species, as well as different
leaves in the same species, and CO, concentrations during
measurement (Fig. 3). The leaves with high Pg and ETR
tended to have low NPQ at both the initial (1 min after)
and final (20 min after) stages of light induction and
showed high NPQ relaxation from 1 to 20 min after the
start of illumination. The leaves with low Pg and ETR,
regardless of species or inhibition by low CO,, showed
slight or no NPQ relaxation with subsequent light
induction. Therefore, NPQ relaxation under LL was
closely associated with the utilization of light energy
absorbed by the photosystems. The leaves with low Pg
might require less light energy. To avoid the damage
caused by excess of absorbed energy, leaves might
disperse more energy through NPQ and thus they show
slight or absent NPQ relaxation during light induction. By
contrast, leaves with high photosynthetic rate have less
superfluous light energy and they show lesser need to

ETR3omin [kmol(e) m? s

adapted fern) combined for regression ana-
lysis, respectively. * — p<0.05, ** — p<0.01.

disperse energy through NPQ (Scholes et al. 1997,
Demmig-Adams et al. 2006, Golan et al. 2006). Therefore,
the NPQ decreases in parallel with the time-course
increase in photosynthetic rate (Finazzi et al. 2004).

However, compared to the same levels of Pg and ETR,
the rank of NPQ at both 1 and 20 min after the start of
100 umol m2 5! PPFD induction was as following pioneer
tree and mild shade—adapted fern > broad-leaved under-
story shrubs and medium- to heavy shade—adapted ferns >
heavy shade—adapted fern (Fig. 34—D). Plants adapted or
acclimated to high light tend to have high photosynthetic
rate and/or NPQ (Scholes et al. 1997, Demmig-Adams et
al. 2006, Golan et al. 2006). At the early state of LL
induction, the maximum NPQ value increases with
increasing PsbS protein and zeaxanthin content, as well
lumen acidification (Finazzi et al. 2004; Kalituho et al.
2007, Zulfugarov et al. 2007). During the later stage of
light induction (10—15 min), the zeaxanthin dependent qg
is NPQ component involved (Nilkens ef al. 2010, Murchie
and Niyogi 2011). Sun leaves have higher contents of PsbS
and xanthophylls cycle pigments and form the higher ratio
of zeaxanthin and antheraxanthin than shade leaves
(Demmig-Adams et al. 2006, Golan ef al. 2006, Ballottari
et al. 2007, Yamazaki et al. 2007). Probably for this
reason, the species more adapted to HL regimes showed
higher NPQ at given Pg and ETR and thus they could
dissipate excessive light energy more than species adapted
to LL regimes.

At ambient CO, condition, Pg closely correlated with
ETR (Figs. 1,2 and Wong et al. 2012). However, under
0 inlet CO,, most leaves retained 50% to 70% of ETR,
although Pg was inhibited to almost zero, as compared
with the same material measured under the same PPFD but
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Fig. 5. Relation between nonphotochemical quenching (NPQ) in
leaves exposed to 100 umol m™ s™' PPFD and ambient CO2
concentration for 1 min (NPQimin**) and NPQ under other
conditions (NPQimin®F for leaves exposed to 100 pmol m=2 s7!
PPFD and 0 inlet CO2 concentration for 1 min; NPQimin'" and
NPQ2min™" for leaves exposed to 2,000 umol m~ s~! PPFD and
ambient COz concentration for 1 min and 2 min, respectively) in
3 woody species [Alnus formosana (&), Ardisia crenata
(downward triangles), and Ardisia cornudentata (upward
triangles)] and 4 fern species [Pyrrosia lingus (squares),
Asplenium antiquum (circles), Diplazium donianum (diamonds),
and Archangiopteris somai (stars)] cultivated under 100% (open
symbols) and 10% (closed symbols) sunlight. Each point
represents the mean of 3—5 (0 inlet CO2) and 4-6 (ambient CO2)
leaves. *, ** and *** — p<0.05, 0.01 and 0.001, respectively,
excluding data for Alnus formosana &.

ambient CO, condition (Fig. 1B,C and data not shown).
The electrons might flow to alternative energy sinks, other
than CO, fixation, such as photorespiration (Peterson
1994), water—water cycle (Asada 1999), cyclic electron
flow within PSII (Miyake and Okamura 2003), and
nitrogen assimilation (Robinson 1990).

At HL and ambient CO; concentration, NPQ increased
rapidly within the first 1-2 min of light induction, but
transient qg could not be found in all tested plants (Fig. 24
and data not shown). This result was similar to previous
findings (Ballottari et al. 2007, Thaipratum et al. 2009,
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Fig. 6. Relation between nonphotochemical quenching (NPQ) in
leaves exposed to 2,000 pmol m? s PPFD for 2 min
(NPQ2min'') and NPQ in leaves exposed to 2,000 umol m2 s!
PPFD for 30 min, then darkness for 30 min (NPQp3omin''") in 3
woody species [Alnus formosana (@), Ardisia crenata
(downward triangles), and Ardisia cornudentata (upward
triangles)] and 4 fern species [Pyrrosia lingus (squares),
Asplenium antiquum (circles), Diplazium donianum (diamonds),
and Archangiopteris somai (stars)] cultivated under 100% (open
symbols) and 10% (closed symbols) sunlight. Each point
represents the mean of 4-6 leaves. ** — p<0.01.

Nilkens et al. 2010). Nevertheless, similarly to LL, species
more adapted to HL regimes showed higher NPQ under
the initial stage of HL induction. Thus, NPQ during the
first 1 or 2 min of HL induction positively correlated with
NPQ during the first 1 min of light induction under LL in
most tested plants, when combining all tested species for
regression analysis (Fig. 5B,C). However, the NPQ value was
higher under HL than under LL as compared with the same
species at the initial state of light induction. The NPQ
formation at the initial state might be promoted by light
intensity (Kalituho et al. 2007); as well as by high contents of
PsbS protein and zeaxanthin, when leaves were induced at
both low (Finazzi et al. 2004, Kalituho et al. 2007, Zulfugarov
et al. 2007) and high light intensities (Ballottari et al. 2007,
Thaipratum et al. 2009). As well, similar values of NPQ under
HL could be found under LL but 0 inlet CO, (Fig. 5). Both
conditions might manifest excessive light energy, either due
to HL or inhibited photosynthesis.

The NPQ of the pioneer tree, 4. formosana, measured
during the first 1 min under LL and ambient CO, concen-
trations, was located at far left of the regression lines (Fig. 5).
Therefore, A. formosana showed a relatively low NPQ
value under such conditions. The reason could be that
A. formosana had the higher Pg and thus lower NPQ than
the other tested species (Fig. 34). In contrast, under LL and
0 inlet CO,, as well as HL and ambient CO», 4. formosana
could exhibit a high NPQ at the initial stage of the light
induction, because photosynthesis was inhibited by the
low CO; concentration (Fig. 34) or photosynthesis was not
yet activated enough (Fig. 44). Sun leaves have high
photosynthetic rate and can dissipate the absorbed excess
light energy through NPQ (Scholes et al. 1997, Demmig-
Adams et al. 2006, Golan et al. 2006), but their photo-
synthesis is not yet activated enough at the initial
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state of high light induction; thus the leaves with high Pg
tended to have high NPQ under such conditions (Fig. 44).
In contrast, 30 min after the start of HL induction, probably
due to photosynthesis being activated, the leaves with high
Pg tended to have low NPQ (Fig. 40).

At the initial state of HL induction, the fastest-
developing NPQ component is an important mechanism to
protect the photosystem (Miiller et al. 2001, Murchie and
Niyogi 2011). Even if photoprotection of PSII is affected
by antioxidation (Golan et al. 2006, Murchie and Niyogi
2011), under HL induction, the leaves with higher NPQ at
the initial 1 or 2 min still tended to have a lower degree of
photoinhibition at the final stage of induction (30 min)
(Fig. 7B,D), with more NPQ relaxation when leaves were
shifted from light to dark (Fig. 24 and data not shown).
The initial developing NPQ wvalues, obtained under
different light and CO; conditions, correlated with each
other (Fig. 5); thus, these NPQ values showed significant
correlation with the degree of photoinhibition (Fig. 7).
Because NPQ values can be quickly obtained during the
initial 1 or 2 min of light induction, NPQ might be useful
to assess the light-adaptation capability of species.
However, at the initial 1 min of light induction under LL
and ambient CO, concentrations, A. formosana showed the
low NPQ due to the high Pg, which was located at far left
of the NPQ-F./Fin% regression line (Fig. 74). In contrast,
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