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Leaves of fullmoon maple (Acer japonicum) turn brilliant red with anthocyanins
synthesis in autumn. Based on field observations, autumn coloring mainly occurs
in outer-canopy leaves exposed to sun, whereas inner-canopy leaves remain
green for a certain longer period before finally turn yellowish red with a smaller
amount of anthocyanins. Here, we hypothesized that outer-canopy leaves
protect themselves against photooxidative stress via anthocyanins while
simultaneously shading inner canopy leaves and protecting them from strong
light (holocanopy hypothesis). To test this hypothesis, we investigated
photoinhibition and leaf N content during autumn senescence in leaves of
pot-grown seedlings of fullmoon maple either raised under shade (LO, =13%
relative irradiance to open) or transferred to full sunlight conditions on 5 (LH1),
12" (LH2), or 18" (LH3) Oct, 2021. Dry mass-based leaf N (Npass) in green leaves
in shade-grown seedlings was = 30 mg N g™* in summer. N, in shed leaves
(25" Oct to 1% Nov) was 11.1, 12.0, 14.6, and 10.1 mg N g™t in LO, LH1, LH2, and
LH3 conditions, respectively. Higher Nyass Was observed in shed leaves in LH2,
compared to other experimental conditions, suggesting an incomplete N
resorption in LH2. F,/F,, after an overnight dark-adaptation, measured on 19"
Oct when leaf N was actively resorbed, ranked LO: 0.72 > LH3: 0.56 > LH1: 0.45 >
LH2: 0.25. As decreased F,/F,, indicates photoinhibition, leaves in LH2 condition
suffered the most severe photoinhibition. Leaf soluble sugar content decreased,
but protein carbonylation increased with decreasing F,/F,, across shade-grown
seedlings (LO, LH1, LH2, and LH3) on 19" Oct, suggesting impaired
photosynthetic carbon gain and possible membrane peroxidation induced by
photooxidative stress, especially in LH2 condition with less N resorption
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efficiency. Although the impairment of N resorption seems to depend on the
timing and intensity of strong light exposure, air temperature, and consequently
the degree of photoinhibition, the photoprotective role of anthocyanins in outer-
canopy leaves of fullmoon maple might also contribute to allow a safe N
resorption in inner-canopy leaves by prolonged shading.

KEYWORDS

inner-canopy leaves, sugar accumulation, holocanopy hypothesis, light attenuation,

photooxidative stress

Introduction

Autumn red coloring, a result of accumulation of
anthocyanins, is considered to have a protective role against
photooxidative stress under low temperature (photoprotection
hypothesis) (2003; Feild et al., 2001; Hoch et al., 2001), where
anthocyanins might act as light attenuators or antioxidants
(Neill et al., 2002; Moustaka et al., 2020). Conversely, red color
is also considered a signal against pest insects as a consequence
of co-evolution (co-evolution hypothesis) (2021; Pena-Novas
and Archetti, 2020). These two hypotheses are still debated
(Renner and Zohner, 2019; Pena-Novas and Archetti, 2020;
Hughes et al., 2022).

N resorption during autumn is an essential feature of
deciduous trees for overwintering and growth in next spring
(Hortensteiner and Feller, 2002; Cooke and Weih, 2005;
Niinemets and Tamm, 2005; Millard and Grelet, 2010; Tanaka
and Tanaka, 2011; Tobita et al, 2021). According to the
photoprotection hypothesis, anthocyanins are considered to
contribute to efficient N resorption by means of preventing
photooxidative stress (2020; Hoch et al,, 2003; Renner and
Zohner, 2019). Conversely, such a contribution of
anthocyanins to efficient N resorption was not necessarily
confirmed in other studies (2021; Feild et al., 2001; Pena-
Novas and Archetti, 2020).

Fullmoon maple (Acer japonicum) is popular in Japan
because of its beautiful brilliant red coloring in autumn. From
field observations, autumn red coloring is predominant in leaves
grown in the outer-canopy of fullmoon maple, whereas inner-
canopy leaves remain green for a longer time and finally turn
yellowish red with less anthocyanins (cf. Koike, 1990) (Figure 1).
Leaves of fullmoon maple flush once in spring, and shed almost
at the same time, irrespective of canopy position (Kikuzawa,
1983; Koike, 1990). The light environment within a canopy is
substantially heterogenous. Leaves within a canopy acclimate to
their growth light environment, where outer-canopy leaves have
higher area-based leaf N content and photosynthetic capacity
than inner-canopy leaves (2018b; Niinemets et al., 2004; Kitao
et al., 2006; Niinemets, 2007). Regarding N resorption at the
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canopy level, heterogeneous light environments within the
canopy should be taken into account.

Regarding species-specific autumn coloring, Koike (1990;
2004) summarized differences in autumn coloring among
deciduous broad-leaf tree species with different successional
traits. Late successional tree species, such as maple and cherry
with flush type leaf development, change leaf color from the
outer part of canopy. Early successional tree species, such as
birch, poplar, and willow, show earlier leaf senescence in the
inner canopy, with leaves generally turning yellow, even when
the outer-canopy leaves are still green. As early successional
species develop new leaves continuously, they have young
leaves in the outer canopy and old leaves in the inner
canopy. As for fullmoon maple, a typical anthocyanic species,
classified as late successional deciduous broad-leaf tree species,
outer-canopy leaves had higher amount of anthocyanins than
inner-canopy leaves during leaf senescence, while leaf
senescence was quite synchronized irrespective of the leaf
position, based on the seasonal changes in dry mass-based
leaf anthocyanins and N content (Supplementary Figure 1).
Higher amount of anthocyanins in the outer leaves of fullmoon
maple is consistent with the fact that an induction of
anthocyanins synthesis requires high light intensities (Steyn
et al.,, 2002).

Sugar accumulation might be a regulative signal of leaf
senescence (Ono et al., 2001; Wingler et al., 2006).
Anthocyanins are known to be synthesized from accumulated
sugars in leaves during autumn (Stitt and Hurry, 2002; Hughes
et al,, 2022). Besides photoprotection, recently, a possible
function of anthocyanins has been proposed as a sugar-buffer
to moderate sugar feedback regulation, which prevents early
sugar-mediated leaf senescence (Ono et al., 2001; Landi et al,
2015; Lo Piccolo et al., 2018; Lo Piccolo and Landi, 2021; Davies
et al,, 2022). Leaves in red-leafed Prunus cerasifera var. pissardii
showed delayed leaf senescence with lower soluble sugar content
than leaves in green-leafed P. cerasifera clone 29C (Lo Piccolo
et al., 2018). The Arabidopsis nla (nitrogen limitation
adaptation) mutant, which showed a lower production of
anthocyanins than wild type under limiting N, showed earlier
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FIGURE 1
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Autumn coloring in an adult tree of fullmoon maple (Acer japonicum) (A) in outer-canopy (B) and inner-canopy (C) leaves. Photographs were
taken on 26 Oct, 2021, at the arboretum of Hokkaido Research Center, Forestry and Forest Products Research Institute, in Sapporo (43.0°N,

141.4°E; 180 m a.s.L).

senescence (Peng et al., 2008). Furthermore, anthocyanins might
prolong leaf longevity by delaying the progress of abscission
layer in leaves of sugar maple (Acer saccharum Marsh.)
(Schaberg et al., 2008).

Regarding the canopy-level response to photooxidative
stress, outer-canopy leaves, acting as efficient light attenuators,
might protect inner-canopy leaves against solar radiation under
low temperature during leaf senescence. Photooxidative stress
might directly interfere the cellular processes for N resorption,
involved in membrane intactness (Hortensteiner and Feller,
2002; Okumoto and Pilot, 2011), or indirectly reduce
photosynthates necessary for protein breakdown and phloem
loading of amino acids (Hortensteiner and Feller, 2002; Cooke
and Weih, 2005; Liu et al.,, 2008; Okumoto and Pilot, 2011).
Exposure of inner-canopy leaves to strong light due to earlier
shedding of outer-canopy leaves might cause photooxidative
stress, leading to an insufficient N resorption.

Here, we assumed that higher amount of anthocyanins in the
outer-canopy leaves of fullmoon maple might prevent early leaf
senescence, leading to synchronized leaf senescence with inner-
canopy leaves. Based on this assumption, we propose a novel
hypothesis positing that outer-canopy leaves of fullmoon maple
protect inner-canopy leaves from oxidative stress by shading,
contributing to efficient N resorption in the inner-canopy leaves
(holocanopy hypothesis) (holo: from the Greek word holos —
6Mog-, meaning whole or entire). Validation of this hypothesis
requires evidence that N resorption of inner-canopy leaves is
protected by shading during leaf senescence. In other words,
exposure of inner-canopy leaves to strong sunlight during
autumn senescence (i.e. early shedding of outer-canopy leaves)
might reduce N resorption via photooxidative stress. To test this
hypothesis, we investigated photoinhibition and leaf N content
during autumn senescence in leaves of shade-grown seedlings of
fullmoon maple, transferred to the full sunlight condition on
different dates during autumn senescence, simulating early
shedding of outer-canopy leaves.
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Materials and methods
Plant materials

Four-year-old bare-root seedlings of fullmoon maple (Acer
japonicum) (= 40 cm in shoot height) were transplanted into 4-L
plastic pots, filled with clay loam soil mixed with Kanuma
pumice soil (1:1 in volume), at the end of April 2021. We
added 40 g pot™ of commonly-used fertilizer (Osmocote Exact
Standard 15-9-11 +TE, HYPONeX Japan, Osaka, Japan).
Twenty six seedlings were grown under natural light (HO),
while the other 26 seedlings were grown in an experimental
house (width: 2 m x length: 5 m x height: 2m) covered with a
shade cloth (relative light irradiance, = 13% to open) (L0). Leaves
flushed within a few days after transplanting into the pots. We
used leaves with the same leaf age, which flushed in spring.

Seedlings were grown at the respective light conditions
during the summertime. Then, seedlings grown under shade
were transferred into open conditions (the same place where HO
plants were cultivated) in autumn, on 5™ Oct (LH1), 12 Oct
(LH2), or 18™ Oct (LH3), simulating early shedding of outer
leaves in the canopy. Basically 4 seedlings were used as replicates
for each experimental condition (treatment). Photosynthetically
active radiance (PAR) and air temperature at open and shade
conditions were monitored by photo-sensors (S-LIA-M003,
Onset Computer Corporation, Bourne, MA, USA), and
thermo-sensors (S-THB-M002, Onset Computer Corporation)
placed in solar radiation shields (RS3, Onset Computer
Corporation), combined with data loggers (H21-USB, Onset
Computer Corporation) (Figure 2).

Chlorophyll fluorescence measurements

F/Fy = (Fiu-Fo)/Fy, was measured after an overnight dark-
adaptation with a chlorophyll fluorometer (Mini-PAMII, Walz,
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Date

Seasonal changes in daily integrated photosynthetically active radiation (PAR;.) (A), and daily mean temperature (B) in open (black line) and
shade (red line) conditions. Red symbols indicate the date of transfer of shade-grown seedlings to the open condition; LH1 (square): 5 Oct,

LH2 (triangle-up): 12 Oct, and LH3 (triangle-down): 18" Oct, 2021.

Effeltrich, Germany) periodically from summer to autumn until the
leaves shed. F,,, is the maximum fluorescence level elicited by a pulse
of saturating light (=~ 6000 umol m™ s™), and F, is the minimum
fluorescence level. Although F,/F,, cannot be equated with the
quantum efficiency of PSII photochemistry (Sipka et al,, 2021), a
decrease in F,/F,, might still be used as an empirical indicator of
photoinhibition (Krause, 1994; Werner et al., 2002). One leaf per
seedling was used for the measurement. Dark adaptation clips
(DLC-8, Walz) were attached to leaves in the evening of the
previous day for the measurements. We measured F,/F,, in the
following morning after an overnight dark-adaptation. We started
the measurements of F,/F,, on 2" Aug, 2021. Regarding shade-
grown seedlings transferred into the open condition, we attached
the dark adaptation clips in the evening of 4™ 171%™ and 17" Oct in
LHI, LH2, and LH3 seedlings, respectively. After measuring F,/F,,
on the following morning (5™, 12" and 18" Oct) to evaluate F,/F,,
before transfer, seedlings were transferred to the open condition.
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We also measured F./F,, 1 day after the transfer, specifically on 6™,
13" and 19" Oct, respectively. Then, we monitored F,/F,, at an =
1-week interval.

Leaf sugar, starch and nitrogen contents

Leaves used for F,/F,, were sampled immediately after the
measurements. One third of a whole leaf was sampled for
determination of leaf sugar, starch, and N contents. The rest
two third was frozen with liquid nitrogen, and stored at —80°C
until further analysis of protein carbonylation and leaf pigments,
as described below. Regarding shed leaves, several leaves per
seedling were sampled for determination of leaf N contents. Leaf
samples for sugar, starch, and N analyses were dried at 70°C to
constant weight in an electric oven. Sugars were extracted with
80% ethanol and determined by the phenol-sulfuric acid
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method (DuBois et al., 1956). Absorbance was measured at 490
nm using a spectrophotometer (AE-450N, ERMA Inc., Tokyo,
Japan). Starch in the residue was solubilized by potassium
hydroxide, and then digested to glucose with amyloglucosidase
solution (A9228, Sigma, St. Louis, Mo., USA) (Kabeya et al,
2003). The digested glucose was determined by the mutarotase-
glucose oxidase method (Wako Autokit Glucose (439-90901),
FUJIFILM Wako Pure Chemical Industries, Ltd., Osaka, Japan).
Absorbance was measured at 505 nm using a microplate
photometer (SH-1200, CORONA ELECTRIC Co. Ltd., Ibaraki,
Japan). Dry-mass-based leaf nitrogen content (Nj,.s) was
determined by a nitrogen carbon analyzer with oxygen
circulating combustion system (SUMIGRAPH, NC 22F,
Sumika Chem. Anal. Service, Osaka, Japan). We assumed that
leaf N content of HO and L0 seedlings sampled on 2" Aug, 20
Aug, and 8" Sept as leaf N content in green leaves. Efficiency of
N resorption was calculated as: resorption efficiency = ([N in
green leaves] — [N in shed leaves])/[N in green leaves] x 100
(Hoch et al., 2003).

Analysis of protein carbonylation

Frozen samples as described above were ground to powder
in liquid N,. Twenty mg of powdered sample were mixed with
200 uL of LDS bufter consisting of 50 mM Tris HCl pH7.5, 0.3M
sucrose, 0.1M dithiothreitol and 2% (w/v) lithium dodecyl
sulfate, and incubated at 75°C for 5 min. The total protein
concentration was determined by using a XL-Bradford kit
(Pharma Foods International Co. Ltd., Kyoto, Japan)
according to the manufacturer’s instruction. Protein carbonyl
concentration was determined by derivatization with 2,4-
dinitrophenylhydrazine (DNPH), using protein carbonyl assay
kit (ab17820, Abcam plc, Cambridge, UK) according to the
manufacturer’s instruction with a slight modification.
Specifically, protein extracts were diluted with the dilution
buffer supplied by the assay kit so that the protein
concentration was adjusted to 0.36 mg/ml. Ten UL of each
sample was loaded onto a 14% (w/v) polyacrylamide gel and
resolved by SDS-PAGE. The gel was blotted onto PVDF
membrane. Carbonylated protein was reacted with a primary
antibody against the dinitrophenyl moiety and the secondary
anti-IgG antibody conjugated with horse radish peroxidase
which were supplied by the kit (ab178020, abcam), and was
detected with fluorescent dye (NEL104001EA, Western
Lightning Plus-ECL, PerkinElmer, MA, USA) by a charge-
coupled-device camera (LuminoGraph II, ATTO Corp.,
Tokyo, Japan). The signals from all bands were combined to
estimate the total protein carbonylation of each sample.
Amounts of protein carbonylation were expressed in
arbitrary units.
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Analyses of leaf pigments

Pigments (chlorophyll a, b, violaxanthin, antheraxanthin,
and zeaxanthin) were extracted from 20 mg of frozen leaf
materials by homogenization in pre-cooled acetone at -30°C,
as described by Furukawa et al. (2019). Extracts were centrifuged
for 5 min at 21,600 x g at 4°C, and the supernatant was analyzed
by high performance liquid chromatography (HPLC) using a
C18 column (YMC-Pack ODS-AL 250 mm in length, 4.6 mm in
i.d;; YMC Co., Ltd, Kyoto, Japan). The sample was eluted with an
isocratic flow of solvent A (100% methanol) for 17 min, followed
by a linear gradient from solvent A to B (60% methanol, 20%
ethanol, 20% hexane) in 6 min and with an isocratic flow of
solvent B at a flow rate of 0.8 mL min". The eluates were
monitored by an L-2450 photodiode array detector (HITACHI
High Technologies Science Corporation, Tokyo, Japan).

Frozen samples were ground to powder using Multi-Beads
Shocker (Yasui Kikai Corporation, Osaka, Japan).
Approximately 10 mg of powdered sample were mixed with 1
ml of 3 M HCl: H,O: MeOH (1: 3: 16, v: v: v). Anthocyanins
were extracted using Shake Master (Biomedical Science
Corporation, Tokyo, Japan) and 2.3-mm diameter zirconia
beads for 2 min, and then incubated at 4°C for 2 h (Junker
and Ensminger, 2016). Subsequently, the extract was centrifuged
at 15,000 x g and 4°C for 5 min. The absorbance of the
supernatant was determined at 524 and 653 nm with a
spectrometer. Anthocyanin concentration was calculated as
(Asyy — 0.24A453)/33,000 [mmol mL™'], using a molar
extinction coefficient of 33,000 M~ cm™ (Gould et al., 2000),
and corrected for the interference by pheophytins (Murray and
Hackett, 1991).

Statistical analyses

One factorial ANOVA was employed to investigate the
differences among the light treatments (HO, L0, LH1, LH2, and
LH3) in F,/F,,, leaf N and resorption efficiency, leaf sugar and
starch contents, and leaf pigment contents on each date (R Core
Team and R Development Core Team, 2020). When there was at
least one significant difference among light treatments based on
the ANOVA, Tukey-Kramer post-hoc test followed. We applied
linear regression analyses to investigate the responses of 1) leaf
sugar content, 2) leaf starch content, and 3) protein
carbonylation to F,/Fy,. The level of significance was 0.05.

Results

F,/F,, during the summertime from the beginning of August
to the end of September 2021 was relatively constant at ~ 0.76
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Seasonal changes in F,/F, (A, C) and dry mass-based leaf N (B, D) in leaves of fullmoon maple grown under open (HO: circle), shade (LO:
diamond), and shade to open (LH1: square, LH2: triangle up, and LH3: triangle down) conditions. Seedlings grown under shade were transferred
to open conditions on 5™ (LH1: square), 12" (LH2: triangle up), and 18" (LH3: triangle down) of October. Open symbols indicate attached leaves
(n = 3 to 6), whereas closed symbols indicate pooled data for shed leaves collected from 25 October to 1 November (n = 9 to 22). Values are

means + se. Detailed results of statistical analyses are shown in Tables 1, 2.

and 0.81 in HO, and LO seedlings, respectively (Figures 3A, C;
Table 1). From the beginning of October, F,/F,, started to
decrease and reached 0.5 in HO and 0.68 in LO seedlings by
the end of October. The daily-integrated PAR (PAR;,) of the
initial day of transfer was 11.0, 27.5, and 15.5 mol m™ day" for
LHI1, LH2, and LH3 seedlings, respectively (Figure 2A). Daily
mean temperature of the initial day of transfer was 14.1, 13.1,
and 5.7°C for LH1, LH2, and LH3 seedlings, respectively
(Figure 2B). Fy/F,, in LHI, LH2, and LH3 seedlings decreased
from 0.82, 0.81, and 0.74 to 0.60, 0.58, and 0.56, respectively, one

day after the transfer. Although F,/F,, decreased linearly until
25" Oct in LH2 and LH3 seedlings, it stopped decreasing
temporarily from 6™ to 13™ Oct in LH1 seedlings, but then
decreased again until 25™ Oct (Figure 3C; Table 1). The daily
mean temperature from 6™ to 13™ Oct kept relatively high,
around 15°C, with relatively high PAR;, (> 20 mol m? day'1 for
4 days, not including 13™ Oct). However, it suddenly dropped
from 16™ to 23™ Oct, reaching a minimum value of 5.2°C
(Figures 2A, B). On 19™ Oct, during the course of N resorption
(cf. Figure 3D), LH2 seedlings showed the lowest F,/F,,

TABLE 1 Seasonal change in F,/F,, after an overnight dark-adaptation in leaves of fullmoon maple seedlings grown under different light conditions.

Date Open Shade

HO Lo LH1 LH2 LH3 F-statistics
Aug 2 0.76 + 0.01 ° 0.81 +0.00 * — — — 28.0%* (Fy )
Aug 20 0.74 +0.01 ° 0.80 + 0.01 ° — - - 21.9% (Fy6)
Sep 8 0.79 +0.02° 0.81 +0.01° — S — 8.03* (F1)
Sep 29 0.75 +0.02 ° 0.81 +0.01° — - - 12.6% (F16)
Oct 5 S — 0.82 % 0.01 S S
Oct 6 0.71 + 0.04 * 0.81 +0.01° 0.60 +0.05° — — 8.49* (Fa5)
Oct 12 S — — 0.81 + 0.01 S
Oct 13 0.64 +0.03° 0.78 +0.01 °* 0.59 +0.02° 0.58 + 0.04 ° — 9.85° (F3,,)
Oct 18 — — — S 0.74 + 0.02
Oct 19 0.53 +0.07 *° 0.72 +0.03 * 0.45 + 0,09 0.25 +0.05 0.56 + 0.02 ** 13.1% (Fy17)
Oct 25 0.50 +0.03 ° 0.68 +0.01 ° 0.07 + 0.04 0.02 +0.01 € 0.10 + 0.05 764 (Fy15)

HO: open condition, LO: shade condition (relative irradiance of = 13% of open condition) throughout the experimental period, LH1: transfer from shade to open on Oct 5, LH2: transfer from
shade to open on Oct 12, and LH3: transfer from shade to open on Oct 18. Values are means + se; n= 3 to 6 for attached leaves. Italic indicates F,/F,, in shade-grown leaves, measured in the
morning of the day of transfer. * denotes significant effect at P < 0.05, ** P < 0.01, and *** P < 0.001. ns indicates no significant effect. Different letters indicate significant differences among

means of the light treatments on the same date at P < 0.05.
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compared with F,/F,, in L0, LHI1, and LH3 seedlings
(Figure 3C; Table 1).

The mean value of dry-mass-based leaf N content (N y,s) in
green leaves (2™ Aug to 8™ Sep) was significantly lower in HO
seedlings (26.1 + 0.1 mg g, n=12) than in shade-grown
seedlings (LO: 30.8 + 0.7 mg g'', n=12), based on the student’s
t test (P < 0.001). Ny, in HO seedlings decreased from the end
of September, whereas that in shade-grown seedlings (LO)
decreased from the beginning of October (Figures 3B, D).
Among shade-grown seedlings, LO and LH2 seedlings had
higher Ny, compared with LHI and LH3 just before leaf
shedding on 25 Oct (Figure 3D; Table 2). Conversely,
significantly higher N, was observed in shed leaves of LH2
seedlings than those in the other treatments. Accordingly,
resorption efficiency was significantly lower in LH2 seedlings
(52.8%) when compared with that in L0 seedlings (64.0%).

Leaf sugar content was relatively higher in HO seedlings than
in LO seedlings during summertime (Figures 4A, C; Table 3).
Leaf sugar content increased from late summer to autumn
irrespective of light conditions, whereas L0 showed a greater
increase than HO, resulting in no significant difference in leaf
sugar content between HO and L0 seedlings after 13™ Oct, which
corresponds to the onset of N resorption (Table 3; cf. Figure 3D).
Although no significant difference in leaf sugar content among
shade-grown seedlings with different transfer timings (L0, LHI,
LH2, and LH2) was detected, a wide variation in leaf sugar
content was observed on 19™ Oct, where a marginal difference
between LO and LH2 (P=0.09) was detected.

Leaf starch content decreased from mid-summer to autumn,
and reached almost 0 before shedding, irrespective of growth
light conditions (Figures 4B, D). On 6™ Oct, one day after the
transfer of LH1 seedlings to the open condition, significantly
higher leaf starch content was observed in LH1 seedlings
compared with LO seedlings (Figure 4D; Table 4).

10.3389/fpls.2022.1006413

We investigated leaf sugar and starch as well as protein
carbonylation in shade-grown seedlings (LO, LH1, LH2, and
LH3) as a function of F,/F,, on 19™ Oct, when approximately
half of the retrievable N had been resorbed (Figure 3D). Across
the treatments, leaf sugar content decreased with decreasing F,/
Fn (Figure 5A), whereas no significant linear relationship
between leaf starch and F,/F,, was observed (Figure 5B).
Conversely, protein carbonylation, which is a good indicator
of oxidative stress by reactive oxygen species (ROS) (Anjum
et al., 2015), increased with decreasing F,/F,, (Figure 6).

Dry mass-based leaf chlorophyll content (Chl a+b) was
lower in open-grown seedlings (HO) than in fully-shade-grown
seedlings (LO) (Table 5). However, as leaf mass per area was
higher in open-grown seedlings (HO) than shade-grown
seedlings (L0, LH1, LH2, and LH3), area-based leaf
chlorophyll was not significantly different among the light
treatments (data not shown). The ratio of chlorophyll a to b
(Chl a:b) was not significantly different among the light
treatments. Chlorophyll-based xanthophyll cycle pool size
(sum of xanthophyll pigments: violaxanthin, antheraxanthin
and zeaxanthin) ((V+A+Z)/Chl) was significantly higher in HO
seedlings than shade-grown seedlings (L0, LH1, LH2, and LH3).
The conversion state of xanthophyll cycle (Z+A)/(V+A+Z)
showed higher values in HO, LH1, LH2, and LH3 leaves
sampled under full sunlight than in LO leaves sampled under
shade. Chlorophyll-based anthocyanins (anthocyanin/Chl) was
higher in open-grown (HO0) seedlings, than in shade-grown (L0),
and 1 day open-exposed (LH3) seedlings.

Discussion

In the present study, early shedding of outer canopy leaves,
simulated by transferring shade-grown seedlings to fully-open

TABLE 2 Seasonal change in dry-mass based leaf N content (Npass, mg g%) and resorption efficiency (%) in leaves of fullmoon maple seedlings

grown under different light conditions.

Date Open Shade

HO Lo LH1 LH2 LH3 F-statistics
Aug 2 26.1 406" 306 +09° — — — 17.0%* (Fy )
Aug 20 26.8 +0.4° 209 +12° — S — 6.01* (Fr6)
Sep 8 255+ 08" 321+14° — S — 17.0% (Fye)
Sep 29 209 +04° 308 +1.1° — S — 76.0* (Fy)
Oct 6 19.7 +08° 305+13° 27.7 £0.7° S — 32,50 (Fpg)
Oct 13 176 +1.7° 272+419° 242403 26.7 +0.5° — 6.69° (F3,,)
Oct 19 187 £ 2.1 232423 20.6 + 1.0 21.6 + 0.6 195+ 1.7 0.97" (Fy,7)
Oct 25 126 +23%® 160+ 09° 10.7 £04° 153+12°% 11.1£08° 4.58™ (Fy15)
Shed leaves 100+ 1.0° 111 +04° 120+ 06° 146 + 0.6 ° 10.1+02° 12,0 (Fy.70)
Resorption efficiency (%) 57.5 + 8.4° 64.0 + 1.3% 659 +19° 528 +1.9° 67.1+08° 9.48%%* (Fy.70)

HO: open condition, L0: shade condition (relative irradiance of = 13% of open condition) throughout the experimental period, LHI: transfer from shade to open on Oct 5, LH2: transfer from
shade to open on Oct 12, and LH3: transfer from shade to open on Oct 18. Values are means + se; n= 3 to 6 for attached leaves, sampled from Aug 2 to Oct 25, and n = 9 to 22 for shed leaves
collected from Oct 25 to Nov 1. * denotes significant effect at P < 0.05, ** P < 0.01, and *** P < 0.001. ns indicates no significant effect. Different letters indicate significant differences among
means of the light treatments on the same date at P < 0.05.
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FIGURE 4
Seasonal changes in dry mass-based leaf sugar (A, C) and leaf starch content (B, D) in leaves of fullmoon maple grown under open (HO: circle),
shade (LO: diamond), and shade to open (LH1: square, LH2: triangle up, and LH3: triangle down) conditions. Seedlings grown under shade were
transferred to open conditions on 5™ (LH1: square), 12" (LH2: triangle up), and 18" (LH3: triangle down) of October (n = 3 to 6). Values are
means + se. Detailed results of statistical analyses are shown in Tables 3, 4

light-exposed conditions, caused significantly lower N might be necessary for an efficient N resorption as a driving
resorption in the seedlings transferred on 12 Oct (LH2). energy for chlorophyll and protein catabolism (Hortensteiner
Leaves of LH2 seedlings showed a significantly lower F,/F,, and Feller, 2002), and amino acids export (Liu et al., 2008;
compared to L0, LH1, and LH3 on 19" Oct, when approximately Okumoto and Pilot, 2011), as well as for a regulative signal of leaf
half of resorbable N had been exported from the leaves in all senescence under low temperature (Stitt and Hurry, 2002;
treatments. Across the treatments, higher degree of protein Wingler et al., 2006; Tarkowski and Van den Ende, 2015).
carbonylation was observed in leaves with lower F,/F,, on 19t Shade-grown seedlings (LO) increased leaf sugar content to a
Oct. This suggests that photoinhibition, indicated by a decrease level comparable to sun-grown seedlings (HO) in autumn, also
in F/F,, (Krause, 1994; Werner et al., 2002), might be closely- suggesting the relevance of leaf sugar accumulation for leaf N
associated with oxidative stress by ROS, indicated by protein resorption. In this context, smaller sugar content in LH2
carbonylation (Anjum et al, 2015). Leaf sugar accumulation seedlings with severer photoinhibition, indicated by the lower

TABLE 3 Seasonal change in dry-mass based leaf sugar content (mg g™) in leaves of fullmoon maple seedlings grown under different light conditions.

Date Open Shade

HO Lo LH1 LH2 LH3 F-statistics
Aug 2 67.4+29° 363+ 16" — — — 88.6"** (Fy6)
Aug 20 704 +1.6° 379+238° - - — 98.7°* (Fy¢)
Sep 8 701 +18° 39.4+36° — — — 59.5"%* (F16)
Sep 29 76.6 +3.1° 53.1+42° — —_— — 20.4* (Fy6)
Oct 6 82.0 +4.7° 585 + 4.5° 663 + 6.7 — — 5.82% (Fy5)
Oct 13 84.4 + 10.1 63.1+33 67.1+58 67.2 %35 — 2.32" (Fs,,)
Oct 19 86.0 +6.2° 79.3 £ 5.5 % 70.3 +10.7 *® 56.0 + 4.2 ° 65.4 + 1.6 ° 3.33* (Fyy7)
Oct 25 66.5 + 6.4 65.5 + 6.7 522 + 4.6 488 + 42 61.7 +0.3 1.44" (Fyys)

HO: open condition, LO: shade condition (relative irradiance of = 13% of open condition) throughout the experimental period, LH1: transfer from shade to open on Oct 5, LH2: transfer from
shade to open on Oct 12, and LH3: transfer from shade to open on Oct 18. Values are means + se; n= 3 to 6 for attached leaves, sampled from Aug 2 to Oct 25. * denotes significant effect at P
<0.05,** P <0.01, and *** P < 0.001. ns indicates no significant effect. Different letters indicate significant differences among means of the light treatments on the same date at P < 0.05.
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TABLE 4 Seasonal change in dry-mass based leaf starch content (mg g™) in leaves of fullmoon maple seedlings grown under different light conditions.

Date Open Shade

HO Lo LH1 LH2 LH3 F-statistics
Aug 2 14.6 + 2.6 11.2 32 - - — 0.66™ (Fy¢)
Aug 20 223 +34 184 + 57 — — — 0.36™ (Fy6)
Sep 8 13.7 £ 1.9 53+43 [ [ - 3.04™ (Fy6)
Sep 29 73+ 15 88+ 1.8 — — — 0.40™ (Fy )
Oct 6 7.9 0.5 45+08° 104 +1.7° — — 8.62* (Fy5)
Oct 13 58 +2.0 43+ 06 83 +39 6.8+ 1.5 — 0.64™ (F3,,)
Oct 19 6.6+ 2.1 2.6+ 0.8 53+37 25412 45+ 16 1.00" (Byy7)
Oct 25 19+08° 0.3+03 04407 0.5+ 0.4 0.0+ 03 2.08™ (Fy;5)

HO: open condition, L0: shade condition (relative irradiance of = 13% of open condition) throughout the experimental period, LH1: transfer from shade to open on Oct 5, LH2: transfer from
shade to open on Oct 12, and LH3: transfer from shade to open on Oct 18. Values are means + se; n= 3 to 6 for attached leaves, sampled from Aug 2 to Oct 25. * denotes significant effect at
P < 0.05. ns indicates no significant effect. Different letters indicate significant differences among means of light treatments on the same date at P < 0.05.

F,/Fy, on 19" Oct (Krause, 1994; Werner et al., 2002), might resorption in shade-grown seedlings (L0) compared with open-
result in lower N resorption efficiency. grown seedlings (HO), as well as the retarded N resorption in LO
An increase in protein carbonylation is a biomarker of seedlings compared with LH1 and LH3 on 25" Oct.
oxidative stress by ROS (Anjum et al, 2015). A greater Higher LMA is a typical morphological trait in sun leaves,
amount of protein carbonylation was observed with decreasing which also have higher area-based photosynthetic capacity
F,/F,,, suggesting that oxidative damage of proteins facilitated by (2018b; Niinemets et al., 2004; Kitao et al., 2006). In the
ROS might occur in shade-grown seedlings transferred into present study, open and shade treatments were appropriate to
open condition, especially in LH2 seedlings. Oxidative stress, allow the study of typical sun and shade leaves (Table 5).
indicated by an increase in protein carbonylation, might also Assuming that anthocyanins have a photoprotective role as
increase the risk of membrane peroxidation (Anjum et al., 2015). light attenuators and antioxidants (Neill et al., 2002; Moustaka
Membrane intactness is also important for recycling N from the et al.,, 2020), open-grown seedlings (HO) had higher
photosynthetic apparatus (Hortensteiner and Feller, 2002) as photoprotective capacity by anthocyanins than shade-grown
well as for amino acid export (Okumoto and Pilot, 2011). (L0) and 1 day open-exposed seedlings (LH3). Moreover, LH1
Membrane peroxidation might be a cause of the insufficient N (14 days open-exposed), and LH2 (7 days open-exposed)
resorption observed in LH2 seedlings. It is noteworthy that an seedlings showed intermediate values of anthocyanins between
involvement of ROS in Rubisco degradation (Desimone et al., HO, and L0 and LH3, suggesting that anthocyanins might
1996; Stieger and Feller, 1997; Ishida et al., 1998; Hortensteiner gradually accumulate at a time scale of a few days. The
and Feller, 2002) might be reflected on the later start of N conversion state of xanthophyll cycle [(Z+A)/(V+A+Z)],

TABLE 5 Leaf mass per area (LMA) and pigments in leaves of fullmoon maple seedlings grown under different light conditions, sampled in the
morning of Oct 19.

Oct 19 Open Shade

HO Lo LH1 LH2 LH3 F-statistics
LMA (g m?) 62.5+3.6° 354+12° 370+ 1.8° 344 +07° 394+30° 23.4 % (Fy17)
Chl a+b 2.98 +0.39° 8.55 + 1.06 * 6.70 + 0.32 *° 6.54 + 0.67 *° 587 + 1.17 *° 4.63 * (Fy17)
(umol g'l)
Chl a:b 2.55 + 0.09 2,65+ 0.14 221 +0.12 238 +0.12 2.65 + 0.07 2.30 ™ (Fu17)
(V+A+Z)/Chl 1542 + 169 * 57.7 +94° 942 +51° 88.5+11.6° 69.0 +11.9° 9.96 *** (Fy,7)
(mmol mol™)
(Z+A)/(V+A+Z) 0.79 + 0.05 ° 0.57 +0.06 ° 0.88 +0.02 ° 0.81 +0.03 ° 0.78 +0.02 ° 6.76 ** (F417)
Anthocyanin/Chl 2324 065" 0.63+0.34° 1.87 +0.10 *° 0.91 +0.19 *° 058 +0.29° 4.14 % (Fyy7)
(mol mol ™)

Pigments analyzed were dry-mass based leaf total chlorophyll content (Chl a+b), chlorophyll a to b ratio (Chl a:b), chlorophyll-based xanthophyll cycle pigments content ((V+A+Z)/Chl),
including violaxanthin (V), antheraxanthin (A), and zeaxanthin (Z), conversion state of xanthophyll cycle ((Z+A)/(V+A+Z)), chlorophyll-based anthocyanins content (anthocyanin/Chl).
HO: open condition, LO: shade condition (relative irradiance of = 13% of open condition) throughout the experimental period, LH1: transfer from shade to open on Oct 5, LH2: transfer from
shade to open on Oct 12, and LH3: transfer from shade to open on Oct 18. Values are means + se; n= 3 to 6. *, **, and *** denote significant effect at P < 0.05, < 0.01, and < 0.001, respectively.
ns indicates no statistically significant effect. Different letters indicate significant differences among means of light treatments on the same date at P < 0.05.
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FIGURE 5

F,/F.,

Relationship between F,/F,, and leaf soluble sugar content (A) and leaf starch content (B) in leaves (measured and sampled on 19" Oct) of fullmoon
maple seedlings grown under shade (LO, diamond), transferred from shade to open conditions on 5™ Oct (LH1, square), on 12" Oct (LH2, triangle-up),
and on 18" Oct (LH3, triangle-down). Linear regression analysis was conducted for the pooled data across the light treatments.

which is closely related to thermal energy dissipation (Demmig-
Adams and Adams, 1992; Verhoeven et al., 1999), promptly
responded to the increase in solar radiation, where LH1, LH2,
and even LH3 (1 day after the transfer) seedlings showed a
comparable value of [(Z+A)/(V+A+Z)] to that in HO seedlings
grown under full sunlight. Although the pool size of xanthophyll
cycle was different between open-grown seedlings (HO0) and
shade-grown seedlings (L0, LH1, LH2, and LH3), conversion
of xanthophyll pigments to (Z+A) was well functioned against
high light in the open-transferred seedlings (LH1, LH2, and
LH3). Some photoprotective responses such as increases in
anthocyanins, and [(Z+A)/(V+A+Z)], compared to shade-
grown L0 seedlings, were observed in LH1 and LH2 seedlings.
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As F,/F,, in LHI on 19 Oct was comparable to F,/F,, in open-
grown HO seedlings (Table 1), LHI seedlings might have
successfully acclimated to high light condition. Conversely, the
photoprotective responses might not be sufficient enough in
LH2 seedlings since significantly lower F,/F,, on 19" Oct was
observed, compared to HO seedlings.

The higher starch content observed in LH1 than in L0 on 6
Oct, one day after the transfer, suggests a positive effect of
transfer into open condition with greater amount of solar
radiation on the photosynthetic carbon gain, in spite of
apparent photoinhibition. LH1 seedlings also showed a
temporal cessation of photoinhibition from 6™ to 13" Oct,
and comparable F,/F,, to that in HO on 19 Oct, with
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Relationship between F,/F., and carbonyl protein in leaves (measured and sampled on 19" Oct) of fullmoon maple seedlings grown
under shade (LO, diamond), transferred from shade to open conditions on 5" Oct (LH1, square), 12" Oct (LH2, triangle-up), and 18t
Oct (LH3, triangle-down). The amount of carbonyl protein was expressed in an arbitrary unit (a.u.). Linear regression analysis was

conducted for the pooled data across the light treatments.

accumulation of anthocyanins and increased xanthophyll cycle
conversion, suggesting acclimation to the high light condition
(Tobita et al, 2010). This acclimation might result from the
relatively high air temperature around 15°C at the first week
after the seedling transfer, and the moderate initial impact of
solar radiation (PAR;,, on the first day of transfer: 11.0 mol m~
day"). Conversely, LH2 seedlings were exposed to substantially
high PAR;, (=25 mol m? day™) on the first three days after
transfer, and suffered low temperatures down to 5°C in the
following week, which might induce the most severe
photoinhibition with incomplete acclimation (Ball, 1994;
Krause, 1994). Regarding LH3 seedlings, the initial PAR;,, was
intermediate (15.5 mol m™ day‘l), but the air temperature was
relatively low (below 10°C), leading to fast-progressing
photoinhibition. However, the extent of photoinhibition in
LH3 seedlings was limited on 19"™ Oct because of the shorter
period (1 day) of exposure to open radiation. Although the
degree of photoinhibition seems to be dependent on solar
radiation and air temperature as well as the timing of
simulated leaf shedding (2018a; 2022; Werner et al., 2001;
Kitao et al., 2004), severer photoinhibition, as was observed in
LH2, might increase the risk of incomplete N resorption by
oxidative damage.

Based on the findings described above, we propose the
“holocanopy hypothesis” to describe the phenomenon where
the outer-canopy leaves of fullmoon maple, the longevity of
which is prolonged with anthocyanins (2003; Feild et al., 2001;
Hoch et al., 2001; Schaberg et al., 2008; Lo Piccolo et al., 2018;

Frontiers in Plant Science

Moustaka et al., 2020; Lo Piccolo and Landi, 2021), protect
inner-canopy leaves from photooxidative stress by shading,
contributing to efficient N resorption as a whole canopy. This
hypothesis deserves further experimentation and validation in
different species and experimental systems. Based on field
observations, the timing of leaf shedding is quite synchronized
in all leaves within a canopy of fullmoon maple, as leaf age of
fullmoon maple is similar due to flush-type shoot development
(Kikuzawa, 1983; Koike, 1990). In the case of synchronized leaf
senescence, light attenuation by the outer-canopy leaves would
be of relevance to protect the inner-canopy leaves against
photooxidative stress during leaf N resorption. Although
further investigation in other autumn-coloring species is
needed, whole-canopy responses warrant consideration to
understand the role of autumn coloring.

Data availability statement

The original contributions presented in the study are
included in the article/Supplementary Material. Further
inquiries can be directed to the corresponding author.

Author contributions

MK: Conceptualization, Investigation, Formal analysis,
Writing - Original Draft. KY: Investigation, Writing - Review

frontiersin.org


https://doi.org/10.3389/fpls.2022.1006413
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Kitao et al.

& Editing. HT: Investigation, Writing - Review & Editing. EA:
Validation, Writing - Review & Editing. JK: Investigation,
Writing - Review & Editing. AT: Investigation, Writing -
Review & Editing. RT: Conceptualization, Investigation,
Writing - Review & Editing. All authors contributed to the
article and approved the submitted version.

Funding

This study was supported in part by JSPS KAKENHI Grant
Number JP20H03036 and JP20H03017 to MK and RT. EA also
acknowledges support by the National Natural Science
Foundation of China (No. 4210070867).

Acknowledgments

We thank H. Yamamoto for her skillful technical assistance
in cultivating the pot-grown seedlings.

References

Anjum, N. A, Sofo, A., Scopa, A., Roychoudhury, A, Gill, S. S., Igbal, M., et al.
(2015). Lipids and proteins-major targets of oxidative modifications in abiotic
stressed plants. Environ. Sci. pollut. Res. 22, 4099-4121. doi: 10.1007/s11356-014-
3917-1

Ball, M. C. (1994). “The role of photoinhibition during tree seedling
establishment at low temperatures,” in Photoinhibition of photosynthesis: from
molecular mechanisms to the field. Eds. N. R. Baker and J. R. Bowyer (Oxford, UK:
BIOS Scientific Publishers), 365-376.

Cooke, J. E. K., and Weih, M. (2005). Nitrogen storage and seasonal nitrogen
cycling in Populus: bridging molecular physiology and ecophysiology. New Phytol.
167, 19-30. doi: 10.1111/].1469-8137.2005.01451.X

Davies, K. M., Landi, M., van Klink, J. W., Schwinn, K. E., Brummell, D. A.,
Albert, N. W,, et al. (2022). Evolution and function of red pigmentation in land
plants. Ann. Bot., mcac109. doi: 10.1093/aob/mcac109

Demmig-Adams, B., and Adams, W. W. (1992). Photoprotection and other
responses of plants to high light stress. Annu. Rev. Plant Physiol. Plant Mol. Biol.
43, 599-626. doi: 10.1146/annurev.pp.43.060192.003123

Desimone, M., Henke, A., and Wagner, E. (1996). Oxidative stress induces
partial degradation of the large subunit of ribulose-1,5-bisphosphate carboxylase/
oxygenase in isolated chloroplasts of barley. Plant Physiol. 111, 789-796.
doi: 10.1104/pp.111.3.789

DuBois, M., Gilles, K. A., Hamilton, J. K., Rebers, P. A., and Smith, F. (1956).
Colorimetric method for determination of sugars and related substances. Anal.
Chem. 28, 350-356. doi: 10.1021/ac60111a017

Feild, T. S., Lee, D. W., and Holbrook, N. M. (2001). Why leaves turn red in
autumn. the role of anthocyanins in senescing leaves of red-osier dogwood. Plant
Physiol. 127, 566-574. doi: 10.1104/pp.010063

Furukawa, R., Aso, M., Fujita, T., Akimoto, S., Tanaka, R., Tanaka, A., et al.
(2019). Formation of a PSI-PSII megacomplex containing LHCSR and PsbS in the
moss Physcomitrella patens. J. Plant Res. 132, 867-880. doi: 10.1007/s10265-019-
01138-2

Gould, K. S., Markham, K. R., Smith, R. H., and Goris, J. J. (2000). Functional
role of anthocyanins in the leaves of Quintinia serrata A. Cunn. J. Exp. Bot. 51,
1107-1115. doi: 10.1093/jexbot/51.347.1107

Hoch, W. A, Singsaas, E. L., and McCown, B. H. (2003). Resorption protection.
Anthocyanins facilitate nutrient recovery in autumn by shielding leaves from

Frontiers in Plant Science

12

10.3389/fpls.2022.1006413

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fpls.2022.1006413/full#supplementary-material

potentially damaging light levels. Plant Physiol. 133, 1296-1305. doi: 10.1104/
PP.103.027631

Hoch, W. A,, Zeldin, E. L., and McCown, B. H. (2001). Physiological significance
of anthocyanins during autumnal leaf senescence. Tree Physiol. 21, 1-8.
doi: 10.1093/treephys/21.1.1

Hortensteiner, S., and Feller, U. (2002). Nitrogen metabolism and remobilization
during senescence. J. Exp. Bot. 53, 927-937. doi: 10.1093/jexbot/53.370.927

Hughes, N. M., George, C. O., Gumpman, C. B, and Neufeld, H. S. (2022).
Coevolution and photoprotection as complementary hypotheses for autumn leaf
reddening: a nutrient-centered perspective. New Phytol. 233, 22-29. doi: 10.1111/
nph.17735

Ishida, H., Shimizu, S., Makino, A., and Mae, T. (1998). Light-dependent
fragmentation of the large subunit of ribulose-1,5-bisphosphate carboxylase/
oxygenase in chloroplasts isolated from wheat leaves. Planta 204, 305-309.
doi: 10.1007/s004250050260

Junker, L. V., and Ensminger, I. (2016). Relationship between leaf optical
properties, chlorophyll fluorescence and pigment changes in senescing Acer
saccharum leaves. Tree Physiol. 36, 694-711. doi: 10.1093/treephys/tpv148

Kabeya, D., Sakai, A., Matsui, K., and Sakai, S. (2003). Resprouting ability of
Quercus crispula seedlings depends on the vegetation cover of their microhabitats.
J. Plant Res. 116, 207-216. doi: 10.1007/s10265-003-0089-3

Kikuzawa, K. (1983). Leaf survival of woody plants in deciduous broad-leaved
forests. 1. Tall trees. Can. J. Bot. 61, 2133-2139. doi: 10.1139/b83-230

Kitao, M., Harayama, H., Han, Q., Agathokleous, E., Uemura, A., Furuya, N,,
et al. (2018a). Springtime photoinhibition constrains regeneration of forest floor
seedlings of Abies sachalinensis after a removal of canopy trees during winter. Sci.
Rep. 8,6310. doi: 10.1038/541598-018-24711-6

Kitao, M., Harayama, H., Yazaki, K., Tobita, H., Agathokleous, E., Furuya, N.,
et al. (2022). Photosynthetic and growth responses in a pioneer tree (Japanese white
birch) and competitive perennial weeds (Eupatorium sp.) grown under different
regimes with limited water supply to waterlogging. Front. Plant Sci. 13.
doi: 10.3389/fpls.2022.835068

Kitao, M., Kitaoka, S., Harayama, H., Tobita, H., Agathokleous, E. , and Utsugi,
H. (2018b). Canopy nitrogen distribution is optimized to prevent photoinhibition
throughout the canopy during sun flecks. Sci. Rep. 8, 503. doi: 10.1038/541598-017-
18766-0

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2022.1006413/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.1006413/full#supplementary-material
https://doi.org/10.1007/s11356-014-3917-1
https://doi.org/10.1007/s11356-014-3917-1
https://doi.org/10.1111/J.1469-8137.2005.01451.X
https://doi.org/10.1093/aob/mcac109
https://doi.org/10.1146/annurev.pp.43.060192.003123
https://doi.org/10.1104/pp.111.3.789
https://doi.org/10.1021/ac60111a017
https://doi.org/10.1104/pp.010063
https://doi.org/10.1007/s10265-019-01138-2
https://doi.org/10.1007/s10265-019-01138-2
https://doi.org/10.1093/jexbot/51.347.1107
https://doi.org/10.1104/PP.103.027631
https://doi.org/10.1104/PP.103.027631
https://doi.org/10.1093/treephys/21.1.1
https://doi.org/10.1093/jexbot/53.370.927
https://doi.org/10.1111/nph.17735
https://doi.org/10.1111/nph.17735
https://doi.org/10.1007/s004250050260
https://doi.org/10.1093/treephys/tpv148
https://doi.org/10.1007/s10265-003-0089-3
https://doi.org/10.1139/b83-230
https://doi.org/10.1038/s41598-018-24711-6
https://doi.org/10.3389/fpls.2022.835068
https://doi.org/10.1038/s41598-017-18766-0
https://doi.org/10.1038/s41598-017-18766-0
https://doi.org/10.3389/fpls.2022.1006413
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Kitao et al.

Kitao, M., Lei, T. T. T, Koike, T., Tobita, H., and Maruyama, Y. (2006). Tradeoff
between shade adaptation and mitigation of photoinhibition in leaves of Quercus
mongolica and Acer mono acclimated to deep shade. Tree Physiol. 26, 441-448.
doi: 10.1093/treephys/26.4.441

Kitao, M., Qu, L., Koike, T., Tobita, H., and Maruyama, Y. (2004). Increased
susceptibility to photoinhibition in pre-existing needles experiencing low
temperature at spring budbreak in Sakhalin spruce (Picea glehnii) seedlings.
Physiol. Plantarum 122, 226-232. doi: 10.1111/j.1399-3054.2004.00393.x

Koike, T. (1990). Autumn coloring, photosynthetic performance and leaf
development of deciduous broad-leaved trees in relation to forest succession.
Tree Physiol. 7, 21-32. doi: 10.1093/treephys/7.1-2-3-4.21

Koike, T. (2004). “Autumn coloration, carbon acquisition and leaf senescence,”
in Plant cell death processes, ed. L. and D. Noodén (San Diego: Academic Press),
245-258. doi: 10.1016/B978-012520915-1/50019-9

Krause, G. H. (1994). “Photoinhibition induced by low temperature,” in
Photoinhibition of photosynthesis: from molecular mechanisms to the field. Eds.
N. R. Baker and J. R. Bowyer (Oxford: BIOS Scientific Publishers), 331-348.

Landi, M., Tattini, M., and Gould, K. S. (2015). Multiple functional roles of
anthocyanins in plant-environment interactions. Environ. Exp. Bot. 119, 4-17.
doi: 10.1016/j.envexpbot.2015.05.012

Liu, J., Wu, Y. H,, Yang, J. J, Liu, Y. D, and Shen, F. F. (2008). Protein
degradation and nitrogen remobilization during leaf senescence. J. Plant Biol. 51,
11-19. doi: 10.1007/BF03030735

Lo Piccolo, E., and Landi, M. (2021). Red-leafed species for urban “greening” in the age
of global climate change. J. For. Res. 32, 151-159. doi: 10.1007/s11676-020-01154-2

Lo Piccolo, E., Landi, M., Pellegrini, E., Agati, G., Giordano, C., Giordani, T., et al
(2018). Multiple consequences induced by epidermally-located anthocyanins in
young, mature and senescent leaves of Prunus. Front. Plant Sci. 9 917 doi: 10.3389/
fpls.2018.00917

Millard, P., and Grelet, G.-a. (2010). Nitrogen storage and remobilization by
trees: ecophysiological relevance in a changing world. Tree Physiol. 30, 1083-1095.
doi: 10.1093/treephys/tpq042

Moustaka, J., Tanou, G., Giannakoula, A., Adamakis, [.-D. S., Panteris, E.,
Eleftheriou, E. P., et al. (2020). Anthocyanin accumulation in poinsettia leaves and
its functional role in photo-oxidative stress. Environ. Exp. Bot. 175, 104065.
doi: 10.1016/j.envexpbot.2020.104065

Murray, J. R, and Hackett, W. P. (1991). Dihydroflavonol reductase activity in
relation to differential anthocyanin accumulation in juvenile and mature phase
Hedera helix L. Plant Physiol. 97, 343-351. doi: 10.1104/pp.97.1.343

Neill, S. O., Gould, K. S., Kilmartin, P. A., Mitchell, K. A., and Markham, K. R.
(2002). Antioxidant activities of red versus green leaves in Elatostema rugosum.
Plant Cell Environ. 25, 539-547. doi: 10.1046/j.1365-3040.2002.00837.x

Niinemets, U. (2007). Photosynthesis and resource distribution through plant
canopies. Plant Cell Environ. 30, 1052-1071. doi: 10.1111/].1365-
3040.2007.01683.X

Niinemets, U., Kull, O., and Tenhunen, J. D. (2004). Within-canopy variation in
the rate of development of photosynthetic capacity is proportional to integrated
quantum flux density in temperate deciduous trees. Plant Cell Environ. 27, 293
313. doi: 10.1111/j.1365-3040.2003.01143.x

Niinemets, U., and Tamm, U. (2005). Species differences in timing of leaf fall and
foliage chemistry modify nutrient resorption efficiency in deciduous temperate
forest stands. Tree Physiol. 25, 1001-1014. doi: 10.1093/treephys/25.8.1001

Okumoto, S., and Pilot, G. (2011). Amino acid export in plants: A missing link in
nitrogen cycling. Mol. Plant 4, 453-463. doi: 10.1093/mp/ssr003

Ono, K., Nishi, Y., Watanabe, A., and Terashima, . (2001). Possible mechanisms of
adaptive leaf senescence. Plant Biol. 3, 234-243. doi: 10.1055/S-2001-15201/ID/57

Pena-Novas, I, and Archetti, M. (2020). Biogeography and evidence for adaptive
explanations of autumn colors. New Phytol. 228, 809-813. doi: 10.1111/NPH.16478

Frontiers in Plant Science

13

10.3389/fpls.2022.1006413

Pena-Novas, I, and Archetti, M. (2021). A test of the photoprotection
hypothesis for the evolution of autumn colours: Chlorophyll resorption, not
anthocyanin production, is correlated with nitrogen translocation. J. Evol. Biol.
34, 1423-1431. doi: 10.1111/JEB.13903

Peng, M., Hudson, D., Schofield, A., Tsao, R., Yang, R,, Gu, H,, et al. (2008).
Adaptation of Arabidopsis to nitrogen limitation involves induction of anthocyanin
synthesis which is controlled by the NLA gene. J. Exp. Bot. 59, 2933-2944.
doi: 10.1093/jxb/ern148

R Core Team and R Development Core Team (2020) R: A language and
environment for statistical computing. Available at: https://www.r-project.org/.

Renner, S. S., and Zohner, C. M. (2019). The occurrence of red and yellow
autumn leaves explained by regional differences in insolation and temperature.
New Phytol. 224, 1464-1471. doi: 10.1111/nph.15900

Renner, S. S., and Zohner, C. M. (2020). Further analysis of 1532 deciduous
woody species from north America, Europe, and Asia supports continental-scale
differences in red autumn colouration. New Phytol. 228, 814-815. doi: 10.1111/
nph.16594

Schaberg, P. G., Murakami, A. P. F,, Turner, A. M. R, Heitz, A. H. K., Hawley, A.
G. J., Murakami, P. F,, et al. (2008). Association of red coloration with senescence of
sugar maple leaves in autumn. Trees 22, 573-578. doi: 10.1007/500468-008-0217-8

Sipka, G., Magyar, M., Mezzetti, A., Akhtar, P., Zhu, Q,, Xiao, Y., et al. (2021).
Light-adapted charge-separated state of photosystem II: structural and functional
dynamics of the closed reaction center. The Plant Cell 33, 1286-1302. doi: 10.1093/
plcell/koab008

Steyn, W.]., Wand, S.J. E., Holcroft, D. M., and Jacobs, G. (2002). Anthocyanins
in vegetative tissues: a proposed unified function in photoprotection. New Phytol.
155, 349-361. doi: 10.1046/.1469-8137.2002.00482.x

Stieger, P. A., and Feller, U. (1997). Requirements for the light-stimulated
degradation of stromal proteins in isolated pea (Pisum sativum L.) chloroplasts. J.
Exp. Bot. 48, 1639-1645. doi: 10.1093/jxb/48.9.1639

Stitt, M., and Hurry, V. (2002). A plant for all seasons: alterations in
photosynthetic carbon metabolism during cold acclimation in Arabidopsis. Curr.
Opin. Plant Biol. 5, 199-206. doi: 10.1016/S1369-5266(02)00258-3

Tanaka, R., and Tanaka, A. (2011). Chlorophyll cycle regulates the construction
and destruction of the light-harvesting complexes. Biochim. Biophys. Acta (BBA) -
Bioenergetics 1807, 968-976. doi: 10.1016/].BBABIO.2011.01.002

Tarkowski, L.P., and Van den Ende, W. (2015). Cold tolerance triggered by
soluble sugars: A multifaceted countermeasure. Front. Plant Sci. 6, 203.
doi: 10.3389/fpls.2015.00203

Tobita, H., Kitao, M., Uemura, A., and Utsugi, H. (2021). Species-specific
nitrogen resorption efficiency in Quercus mongolica and Acer mono in response
to elevated CO, and soil N deficiency. Forests 12, 1034. doi: 10.3390/f12081034

Tobita, H., Utsugi, H., Kitao, M., Kayama, M., Uemura, A., Kitaoka, S., et al.
(2010). Variation in photoinhibition among Sasa senanensis, Quercus mongolica,
and Acer mono in the understory of a deciduous broad-leaved forest exposed to
canopy gaps caused by typhoons. Trees - Structure Funct. 24, 307-319.
doi: 10.1007/s00468-009-0400-6

Verhoeven, A. S., Adams, W. W., and Demmig-Adams, B. (1999). The
xanthophyll cycle and acclimation of Pinus ponderosa and Malva neglecta to
winter stress. Oecologia 118, 277-287. doi: 10.1007/s004420050728

Werner, C., Correia, O., and Beyschlag, W. (2002). Characteristic patterns of
chronic and dynamic photoinhibition of different functional groups in a
Mediterranean ecosystem. Funct. Plant Biol. 29, 999-1011. doi: 10.1071/PP01143

Werner, C., Ryel, R. J., Correia, O., and Beyschlag, W. (2001). Effects of
photoinhibition on whole-plant carbon gain assessed with a photosynthesis
model. Plant Cell Environ. 24, 27-40. doi: 10.1046/j.1365-3040.2001.00651.x

Wingler, A., Purdy, S., MacLean, J. A., and Pourtau, N. (2006). The role of sugars
in integrating environmental signals during the regulation of leaf senescence. J.
Exp. Bot. 57, 391-399. doi: 10.1093/jxb/eri279

frontiersin.org


https://doi.org/10.1093/treephys/26.4.441
https://doi.org/10.1111/j.1399-3054.2004.00393.x
https://doi.org/10.1093/treephys/7.1-2-3-4.21
https://doi.org/10.1016/B978-012520915-1/50019-9
https://doi.org/10.1016/j.envexpbot.2015.05.012
https://doi.org/10.1007/BF03030735
https://doi.org/10.1007/s11676-020-01154-2
https://doi.org/10.3389/fpls.2018.00917
https://doi.org/10.3389/fpls.2018.00917
https://doi.org/10.1093/treephys/tpq042
https://doi.org/10.1016/j.envexpbot.2020.104065
https://doi.org/10.1104/pp.97.1.343
https://doi.org/10.1046/j.1365-3040.2002.00837.x
https://doi.org/10.1111/J.1365-3040.2007.01683.X
https://doi.org/10.1111/J.1365-3040.2007.01683.X
https://doi.org/10.1111/j.1365-3040.2003.01143.x
https://doi.org/10.1093/treephys/25.8.1001
https://doi.org/10.1093/mp/ssr003
https://doi.org/10.1055/S-2001-15201/ID/57
https://doi.org/10.1111/NPH.16478
https://doi.org/10.1111/JEB.13903
https://doi.org/10.1093/jxb/ern148
https://www.r-project.org/
https://doi.org/10.1111/nph.15900
https://doi.org/10.1111/nph.16594
https://doi.org/10.1111/nph.16594
https://doi.org/10.1007/s00468-008-0217-8
https://doi.org/10.1093/plcell/koab008
https://doi.org/10.1093/plcell/koab008
https://doi.org/10.1046/j.1469-8137.2002.00482.x
https://doi.org/10.1093/jxb/48.9.1639
https://doi.org/10.1016/S1369-5266(02)00258-3
https://doi.org/10.1016/J.BBABIO.2011.01.002
https://doi.org/10.3389/fpls.2015.00203
https://doi.org/10.3390/f12081034
https://doi.org/10.1007/s00468-009-0400-6
https://doi.org/10.1007/s004420050728
https://doi.org/10.1071/PP01143
https://doi.org/10.1046/j.1365-3040.2001.00651.x
https://doi.org/10.1093/jxb/eri279
https://doi.org/10.3389/fpls.2022.1006413
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Exposure to strong irradiance exacerbates photoinhibition and suppresses N resorption during leaf senescence in shade-grown seedlings of fullmoon maple (Acer japonicum)
	Introduction
	Materials and methods
	Plant materials
	Chlorophyll fluorescence measurements
	Leaf sugar, starch and nitrogen contents
	Analysis of protein carbonylation
	Analyses of leaf pigments
	Statistical analyses

	Results
	Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


