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Running title

Anthocyanins as a sugar-buffer and an alternative electron sink during autumn senescence

Highlight

Anthocyanins act as a sugar-buffer and an alternative electron sink during leaf senescence after

cessation of starch synthesis to prevent sugar-mediated early senescence and photoinhibition.
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Abstract

We hypothesized that anthocyanins act as a sugar-buffer and an alternative electron sink during
leaf senescence to prevent sugar-mediated early senescence and photoinhibition. To elucidate
the anthocyanin role, we monitored seasonal changes in photosynthetic traits, sugar, starch and
N contents, pigment composition, and gene expression profiles in leaves exposed to
substantially different light conditions within a canopy of an adult tree of fullmoon maple (Acer
japonicum). Enhancement of starch amylolysis accompanied with cessation of starch synthesis
occurred in the same manner independent of light conditions. Leaf sugar contents increased,
but reached upper limits in the late stage of leaf senescence, even though leaf anthocyanins
further increased after complete depletion of starch. Sun-exposed leaves maintained higher
energy consumption via electron flow than shade-grown leaves during leaf N resorption. Thus,
anthocyanins accumulated in sun-exposed leaves might have a regulative role as a sugar buffer,
retarding leaf senescence, and an indirect photoprotective role as an alternative sink for
electron consumption to compensate declines in other metabolic processes such as starch and
protein synthesis. In this context, anthocyanins might be key substrates protecting both outer-
canopy leaves (against photoinhibition) and inner-canopy leaves (via shading by outer-canopy

leaves) from high light stress during N resorption.

Keywords: alternative electron sink, holocanopy hypothesis, N resorption, photoinhibition,

starch depletion, sugar-buffer

Introduction

Functions of autumn coloring, involved in red pigments, anthocyanins, have been debated for a
long time. Two major hypotheses on the function of autumn coloring have been proposed.
According to “photoprotection hypothesis”, anthocyanins act as sunscreen and antioxidants to
protect against high light under low temperature, preventing photooxidative stress (Hoch et al.,
2001, 2003; Feild et al., 2001; Neill et al., 2002; Renner & Zohner, 2019, 2020; Moustaka et al.,
2020). Instead, “co-evolution hypothesis” postulates a function as a signal for insect-tree
interaction, where red color appeals high chemical defense investment and low leaf nutrient

quality against insects (Archetti et al., 2009; Pena-Novas & Archetti, 2020, 2021; Hughes et al.,
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2022). Regarding the photoprotection hypothesis, accumulation of anthocyanins contributes to
efficient leaf N resorption by preventing photooxidative stress (Hoch et al., 2003; Renner &
Zohner, 2019, 2020). However, red leaves with anthocyanins not always showed higher N

resorption efficiency than green leaves (Pena-Novas & Archetti, 2020, 2021).

Recently, we also proposed the “holocanopy hypothesis”, which posits that outer-
canopy leaves protect inner-canopy leaves from photoinhibition by shading, facilitating leaf N
resorption in inner-canopy leaves (Kitao et al., 2022). Regarding this hypothesis, prevention from
early senescence in the outer-canopy leaves is essential. Furthermore, circumvention of
photoinhibition in the outer-canopy leaves per se might be necessary for efficient N resorption
as a whole canopy because photoinhibition in the middle of leaf senescence causes insufficient
N resorption (Hoch et al., 2003; Kitao et al., 2022). To support “holocanopy hypothesis”, further

investigation of the role of anthocyanins is needed.

Fullmoon maple is a late successional tree species with flush type shoot development,
which flushes all leaves once in spring, irrespective of canopy positions (Kikuzawa, 1983; Koike,
1990). Outer-canopy leaves of fullmoon maple turn red earlier, with a higher amount of
anthocyanins than inner-canopy leaves during autumn (Koike, 1990, 2004), whereas leaves shed
almost simultaneously at any position of the canopy based on field observations (Fig. S1). This
implies that leaf senescence of fullmoon maple, including N resorption might be seasonally-
programmed irrespective of growth light conditions, possibly responding to photoperiod
(Keskitalo et al., 2005). Thus, using leaves grown under different light conditions within the
canopy of fullmoon maple, we can distinguish the light-independent processes involved in
programmed leaf senescence from the light-dependent protective or regulative processes

related to anthocyanin accumulation.

“Photoprotection” is constituted by various processes, including reduction in light
absorption, scavenging of reactive oxygen species (ROS), and circumvention and dissipation of
excessive light energy, to prevent cellular damage from excessive light energy (Long et al., 1994;
Horton et al., 1996). Anthocyanins are considered to have the former two photoprotective roles,
attenuating light by screening and acting as antioxidants (Hoch et al., 2001; Neill et al., 2002;
Moustaka et al., 2020). Conversely, energy consumption by electron transport mainly involved
in photosynthesis and photorespiration (Cornic & Fresneau, 2002; Kitao et al., 2018, 2019) and

energy dissipation by non-photochemical quenching might play relevant photoprotective roles
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(Ruban, 2016; Murchie & Ruban, 2020). Anthocyanins are glycosides composed of the
anthocyanidin aglycone, typically attached to one or more sugar moieties (de Pascual-Teresa &
Sanchez-Ballesta, 2008; Wallace & Giusti, 2015), synthesized from photosynthates through the
shikimate, general phenylpropanoid, and flavonoid pathways, by consuming further chemical
energy such as ATP and NADPH produced by the thylakoid reactions (cf. 2ATP and 4NADPH are
required for anthocyanin biosynthesis from erythrose-4-phospate + phosphoenolpyruvate)
(Hernandez & Van Breusegem, 2010; Soubeyrand et al., 2018). Conversely, excessive ATP and
NADPH in grape cell suspensions under N limitation might be the metabolic driver of
anthocyanin biosynthesis (Soubeyrand et al., 2018). As anthocyanins are synthesized in the
cytosol, chloroplast malate valve and triose phosphate-3-phosphoglycerate shuttle, exporting
reducing equivalents and ATP from chloroplast to cytosol, might be involved (Shameer et al.,

2019).

Thus, Hernandez and Van Breusegem (2010) proposed that the synthesis and
accumulation of flavonoids, including anthocyanins and flavonols, can be an alternative sink for
photosynthates, which could represent an efficient pathway consuming chemical energy such
as ATP and NADPH. Accordingly, anthocyanins might be involved in the photoprotective energy

consumption alternative to primary metabolites such as sugars and starch.

Regarding regulation of autumn senescence, leaf sugars are considered as input signals
and energy suppliers for leaf senescence (Ono et al., 2001; Wingler et al., 2006; Kim, 2019).
During leaf senescence, the level of leaf sugar contents increases with decreasing starch levels
(Kim, 2019). As anthocyanins are synthesized from accumulated sugars in leaves during autumn
senescence (Stitt & Hurry, 2002; Hughes et al., 2022), anthocyanins could act as a sugar-buffer,
preventing early sugar-mediated leaf senescence (Ono et al., 2001; Landi et al., 2015; Lo Piccolo
et al., 2018; Lo Piccolo & Landi, 2021; Davies et al., 2022). Among anthocyanins, Cyanidin 3-O-
glucoside was mainly found in autumn leaves of Acer palmatum, a closely-related species to A.
japonicum (lwashina & Murai, 2008). Cyanidin 3-O-glucoside (C21H21011) has 3.5 times as many
C skeletons as glucose (C¢H1,06). Both as an alternative sink for photosynthates and a sugar-
buffer, accumulation of anthocyanins is expected to protect outer-canopy leaves from

photoinhibition, and prevent sugar-induced early leaf senescence.

We hypothesized that anthocyanins might have light-dependent photoprotective and

regulative roles to facilitate seasonally-programmed light-independent processes of leaf
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senescence, i.e., acting as an alternative electron sink and a sugar-buffer. To test this hypothesis,
we clarified which processes depended or not on growth light conditions, including
photosynthetic traits, sugar and starch contents, and pigment compositions in leaves grown
under substantially different light conditions within a canopy of an adult tree of fullmoon maple
(Acer japonicum) during autumn leaf senescence. We focus on the seasonal changes in the leaf
traits measured in 2021, and similar trends were observed in the previous year, 2020 (shown in

Supplementary data).

Materials and methods
Plant materials

We chose an adult tree (height: =10 m, age: 50 years old) of fullmoon maple (Acer japonicum)
grown in the arboretum of Hokkaido Research Center, Forestry and Forest Products Research
Institute (43.0°N, 141.4°E; 180 m a.s.l.). We monitored seasonal changes in photosynthetic traits,
sugar, starch and N contents, pigment compositions, and gene expression profiles in leaves
grown under different canopy positions i.e., different light conditions; 1) south-faced outer
canopy (high light condition: HL), 2) north-faced outer canopy (intermediate light condition: IL)
and 3) north-faced inner canopy (low light condition: LL). Leaves of fullmoon maple flushed at
once in the beginning of May 2021. Photosynthetically active radiation (PAR) was monitored at
each canopy position by photo-sensors (S-LIA-M003, Onset Computer Corporation, Bourne, MA,
USA) combined with data loggers (H21-USB, Onset Computer Corporation) from summer to
autumn in 2021. The averaged daily integrated PAR from 15 July to 8 Nov, 2021 was 18.5, 9.8,
and 1.3 mol m2day™ for HL, IL, and LL leaves, respectively (Fig. S2A). Air temperature at a height
of 50 cm above the ground was monitored by a thermo-sensor (S-THB-M002, Onset Computer
Corporation) placed in a solar radiation shield (RS3, Onset Computer Corporation), beneath the

canopy, combined with a data logger (H21-USB, Onset Computer Corporation) (Fig. S2B).

Gas exchange and chlorophyll fluorescence measurements

Area-based net photosynthetic rate (Aarea) and electron transport rate (ETRarea) were periodically
measured, totally 8 times from summer (29 July) to autumn (25 Oct), in 4 leaves at each canopy

position with a portable photosynthesis system (Li-Cor 6800, Li-Cor, Lincoln, NE, USA) combined
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with a leaf chamber fluorometer (LI-6800-01A, Li-Cor). Measurements were conducted at an
ambient CO, concentration of 400 umol mol?, a photon flux density (PFD) of 1000 umol m2s?,
and a leaf temperature of 20 to 25 °C. To monitor the seasonal change in photosynthetic capacity,
we measured Aarea and ETRarea Under saturating light (1000 umol m?2 s1) and optimal leaf
temperatures (20 to 25 °C). After the leaves reached a photosynthetic steady state under
saturating light (1000 pmol m s?), steady state fluorescence (Fs) and maximum fluorescence
under light (Fw') were determined with multi-phase flash method. Quantum vyield of
photosystem |l electron transport (Yll, = (Fn’-Fs)/Fm’) was also calculated (Genty et al., 1989;
Hendrickson et al., 2004; Klughammer & Schreiber, 2008). Leaf absorptance (ABS) was measured
with a leaf spectrometer (CI-710, CID Bio-Science, Camas, WA, USA). Leaf absorptance used for
the calculation of ETR is generally derived as to photosynthetic active PFD with wavelength
ranging from 400 to 700 nm (ABSa00-700). However, the light source used for the measurements
of photosynthetic gas exchange and chlorophyll fluorescence was supplied by an array of red
LEDs peaked at 625 nm and an array of blue LEDs peaked at 475 nm equipped with a leaf
chamber fluorometer (LI-6800-01A, Li-Cor). A PFD of 1000 pmol m2 s for the measurements
consisted of 900 pmol m2 s of red light and 100 umol m s’ of blue light. Here, we calculated
LED-specific leaf absorptance (Aiep) by using absorptance at the wavelength of 625 (ABSe;s) and
475 nm (ABSa47s) as: Aiep = 0.9 ABSezs + 0.1 ABSyys, then calculated ETR as: ETR = ABSiep X PFD x
0.5 x YII (Demmig-Adams et al., 1996). As the light source consisted of 90% red and 10% blue,
the effects of anthocyanins, which absorb some of the 475 nm blue light, are bypassed. Dry
mass-based net photosynthetic rate (Amass) and ETR (ETRmass) were also derived by using leaf

mass per area (LMA), as described below.

Fu/Fm, = (Fm-Fo)/Fm was measured after an overnight dark-adaptation with a portable
chlorophyll fluorometer (Mini-PAMII, Walz, Effeltrich, Germany). F. is the maximum
fluorescence level elicited by a pulse of saturating light (= 6000 pmol m? s?), and F, is the
minimum fluorescence level. Leaf clips for dark-adaptation (DLC-8, Walz) were attached to the
leaves in the evening of the day before the F,/F,, measurements (i.e., the evening of the day of
Aarea and ETRarea measurements). We measured F/Fr, in the next morning, after overnight dark-
adaptation. As F,/Fn has recently been shown not to be the efficiency of PSIl photochemistry
(Sipka et al. 2021), we considered F,/Fn as an empirical measure of PSIl activity. Furthermore, as
protein carbonylation, a biomarker of oxidative stress by ROS (Anjum et al., 2015), was related

to a decrease in F,/Fn during leaf senescence of A. japonicum in a previous study (Kitao et al.,
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2022), lower F./Fr, was considered an empirical indicator of photoinhibition in the present study.

Leaf sugar, starch, nitrogen and pigments contents

Leaves used for F,/Fn were sampled immediately after the measurements. Two thirds of a whole
leaf were frozen with liquid nitrogen and stored at -80 °C until further analyses of leaf pigments
and gene expression profiles. The other third was sampled for determination of leaf sugar, starch,
and N contents. Leaf samples for sugar, starch, and N analyses were dried at 70 °C to constant
weight in an electric oven. Leaf area and fresh weight (FW) were measured before drying. Based
on leaf area (measured before drying) and dry weight (DW), LMA was calculated. The ratio of
DW to FW (DW/FW) was used for converting fresh weight-based values (leaf pigments) to dry
mass-based ones. LMA was used for converting dry mass-based values to area-based ones, and
vice versa. Details of leaf sugars and starch determination are described in (Kitao et al., 2022).
Leaf pigments (anthocyanins, chlorophyll a, b, violaxanthin, antheraxanthin, and zeaxanthin)
were determined using the frozen samples. Details of pigment analyses are described in (Kitao

etal., 2022).

Isolation of RNA

The leaves harvested at IL and LL on 7 Sep, 28 Sep, 5 Oct and 13 Oct, respectively, were frozen
and ground into powder using a Multi Beads Shocker homogenizer (Yasui Kikai Corporation,
Osaka, Japan) under liquid nitrogen. Subsequently, total RNA was isolated from 20 mg of powder
using ISOSPIN Plant RNA Kit with Assist Buffer (Nippon Gene Co., Ltd., Tokyo, Japan) according
to the manufacturer's protocol. The extracted RNA was further purified using the RNeasy
PowerClean Pro CleanUp Kit (QIAGEN, Hilden, Germany) according to the manufacturer's
protocol. The purification procedure was repeated twice for the RNA samples from 13 Oct leaves,
as they appeared to contain excessive sugars after the first purification step. We also attempted
toisolate RNA from the leaves harvested on 19 Oct or later, but the yield and the quality of these
RNA samples were too low for the subsequent analysis with a next-generation sequencer (data
not shown). It was probably because senescence-induced degradation of RNA might have

already progressed to some extent on 19 Oct.
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Isoform sequencing analysis

To construct the gene models of A. japonicum, we performed isoform sequencing (Iso-Seq)
analysis with RNA extracted from the leaves in both IL and LL conditions harvested on 7 Jul and
7 Sep in 2021. We chose these leaves before autumn leaf senescence for Iso-Seq, because we
expected that these leaves were active in most metabolic pathways so that most genes for the
major metabolic pathways were expressed. Details in Iso-Seq analysis, and estimation of full-
length protein sequences are shown in Supporting Information (Methods S1,2), and Suppl. Data

Table 1.

Gene expression analysis using RNA-seq data

The same set of RNA samples used for the Iso-Seq analysis described above was analyzed with
DNBSEQ (MGI Tech Co. Ltd, Shenzhen, China) to yield paired-end 150 bp reads. The fastP
program ver. 0.20.0 (Chen et al., 2018) with default settings for paired-end reads was used to
clean the RNA-seq reads. Subsequently, the Salmon program ver. 1.9.0 (Patro et al., 2017) was
used to quantify the expression of the transcripts using the cleaned reads. The protein-coding
regions of the cDNAs obtained from the Iso-seq analysis were used as target sequences for the
quantification. Transcripts per million (TPM) calculated by Salmon were used to normalize

transcript read counts. The RNA-Seq data have been deposited at DDBJ (DRA016400).

Principal component analysis (PCA) was performed with iDEP (ver. 0.96) (Ge et al., 2018),
in which the first and second components point to the direction with the greatest and the second
greatest variation among samples, respectively. k-means clustering was also performed with
iDEP, in which 1,000 highly expressed genes were selected and grouped into four clusters based
on their expression profiles. Results of PCA and k-means clustering are shown in Supplementary

data (Fig. S3&S54, Table S1, Suppl. Data Table 2).

Functional annotation of genes

For the Kyoto Encyclopedia of Genes and Genomes (KEGG release 105.0) pathway analysis, the
KO identifier of each gene was assigned by KofamKOALA ver.2023-01-01 (Aramaki et al., 2020).

In addition, the closest Arabidopsis homologue of each gene was searched in the TAIR10
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database using NCBI-BLASTP (Altschul et al., 1990). The annotations of the KEGG pathway and

the closest Arabidopsis homologs are summarized in Suppl. Data Table 1.

Acer genes encoding enzymes involved in carotenoid biosynthesis, tetrapyrrole
biosynthesis, sugar and starch metabolism, and flavonoid metabolism were selected by their
sequence homology to their Arabidopsis counterparts, as most of these Arabidopsis genes were
shown to encode functional enzymes according to the reference database of the Arabidopsis

Biological Resource Center (https://abrc.osu.edu).

Statistical analysis

Tukey-Kramer multiple comparison test was employed to investigate the differences among the
growth light conditions (HL, IL, and LL) in photosynthetic traits, leaf N, sugar and starch contents,
and leaf pigment contents on each date (R Core Team & R Development Core Team, 2020), as
well as the differences among dates in each light condition (HL, IL, or LL). Regarding F,/Fr, a
stepwise method for variable selection for multiple regression analysis was used for quantitative
evaluation of the influence of the explanatory factors (initial variables: integrated solar radiation
(PARint), daily mean temperature, light-saturated net photosynthetic rate (Amass and Aarea), pool
size of xanthophyll cycle (V+A+Z), leaf anthocyanin content) on F,/Fr.. Stepwise regressions were
used to define the subset of effects that would altogether provide the smallest corrected Akaike
information criterion (AIC) in subsequent modeling. The analysis was conducted for both dry
mass- and area-based variables, where area-based PARintarea Was converted to dry mass-based
PARint.mass using LMA to align the units (PARintmass = PARint area/ LMA). The level of significance was
0.05 with two-tailed testing. In the present study, both dry mass- and area-based variables are

shown.

Results
Leaf anthocyanin content, leaf N content, and F./Fn,

All leaves grown in the canopy of an adult tree of fullmoon maple flushed at the beginning of
May 2021, and shed at the beginning of November. We considered that dry-mass based analyses

were suitable for seasonal changes in leaf physiological traits, while area-based analyses would
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be better to investigate light-dependent processes in response to incident light, generally
expressed on the basis of area. Leaf anthocyanin contents on the basis of both dry mass
(Anthocyaninmass) and leaf area (Anthocyaninaea) started to increase gradually from early
October in all light conditions (Fig. 1A,C). Then, Anthocyaninmass increased 3.3-, 2.2-, and 1.4-fold
in HL, IL, and LL leaves from 19 to 29 Oct, while Anthocyaninarea increased 2.4-, 2.1-, and 1.2-fold
in HL, IL, and LL leaves, respectively (Table S2). Higher LMA was observed in leaves grown under
higher PAR (HL > IL > LL) (Fig. S5, Table S3), which caused differences between values on the
basis of dry mass and leaf area. Among light conditions, significantly higher Anthocyaninmass was
observed in HL and IL leaves than in LL leaves on 21, 26 and 29 Oct (Table S2). Dry mass- and
area-based leaf N contents gradually decreased in HL and IL leaves from 28 Sep to 19 Oct, and
progressively declined within 10 days toward the end of October (Fig. 1B,D, Table S2).
Conversely, Leaf N content in LL leaves was relatively stable throughout the season up to 19 Oct,
and then abruptly declined toward the end of October, similarly to the declines observed in HL
and IL leaves. It should be noted that most of resorbable leaf N was exported within a week,
from 19 to 26 Oct, in all leaves irrespective of growth light conditions. F,/Fr, in all leaves (HL, IL
and LL) was relatively stable until 22 Oct, and then significantly declined on 26 Oct (Fig. 1E, Table
S2). F\/Fm was relatively higher in LL leaves than in HL leaves, whereas no significant difference
was observed among HL, IL, and LL leaves on 26 Oct, when F,/F., declined (Table S2). LED-specific
leaf absorptance (ABS.ep) was stable with no significant difference among HL, IL, and LL leaves
from 17 Aug to 19 Oct, and then declined towards the end of Oct with a higher decreasing rate
in LL > IL > HL (Fig. 1F, Table S2).

Leaf chlorophyll and xanthophyll pigments

Both dry mass- and area-based total leaf chlorophyll contents (Chlabmass, and Chlasb area)
decreased gradually from summer (27 July) to autumn (19 Oct) in all leaves grown under
different light conditions (HL, IL, and LL), and then abruptly declined in all leaves until 26 Oct (Fig.
2A,C, Table S4). The ratio of chlorophyll a to b (Chl,) in HL leaves was stable throughout the
season, while Chl, in ILand LL leaves showed significantly higher values on 26 Oct than on other
dates (Fig. 2E). Xanthophyll cycle pool size (V+A+Z, sum of xanthophyll pigments; V: violaxanthin,
A: antheraxanthin, Z: zeaxanthin) decreased gradually from summer (27 July) to autumn (19 Oct)

in all leaves grown under different light conditions (HL, IL, and LL) on the basis of both dry mass

10
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and area (Fig. 2B,D). Although V+A+Z declined substantially from 19 to 26 Oct in ILand LL leaves,
that in HL leaves kept a relatively high value even on 26 Oct before minimize in the end of
October. The conversion state of xanthophyll cycle [(Z+A)/(V+A+Z)] was generally higher in HL
leaves than in IL and LL leaves throughout the season (Fig. 2F). In some cases (17 Aug, 7 Sep, 5
Oct, 19 Oct, and 22 Oct), (Z+A)/(V+A+Z) in IL leaves was higher than in LL leaves (Table S4).
Considering mean PAR during 1 h before leaf sampling (Fig. S6), (Z+A)/(V+A+Z) appeared to be
light-dependent, where higher (Z+A)/(V+A+Z) was observed under higher PAR across leaves
grown under different light conditions from 27 Jul to 12 Oct. Conversely, HL leaves kept high
values of (Z+A)/(V+A+Z) even under relatively low PAR from 19 to 26 Oct, while (Z+A)/(V+A+Z)
in IL and LL leaves showed increasing trends during leaf senescence from 19 to 26 Oct with

relatively constant PAR (Fig. 2F, Fig. S6).

Leaf sugar and starch contents

Dry mass-based leaf sugar content (Sugarmass) increased toward autumn, and the highest leaf
sugar contents were observed on 22 Oct for HL and IL leaves and on 26 Oct for LL leaves (Fig. 3A,
Table S5). Conversely, no significant seasonal changes in area-based leaf sugar content
(Sugararea) were observed in IL and LL leaves, while an apparent peak of Sugarare Was observed
in HL leaves on 22 Oct (Fig. 3C, Table S5). Dry mass-based leaf starch content (Starchmass) and
area-based leaf starch content (Starcharea) showed similar trends throughout the season (Fig.
3B,D, Table S5). Highest leaf starch contents (Starchmass and Starcharea) were observed on 17 Aug
in HL and IL leaves. Then, Starchmass and Starchaea decreased toward the end of October,
reaching almost 0. Starch content (Starchmass and Starcharea) in LL leaves declined from 17 Aug
toward the end of October. It is noteworthy that Sugar/(Sugar+Starch) showed no significant
difference among the light conditions throughout the season (except for 22 Oct, but the
difference was small: 0.96, 0.97, and 0.98 for HL, IL, and LL leaves respectively) (Fig. 3E, Table
S5). Sugar/(Sugar+Starch) temporarily dropped on 17 Aug, and then increased from the end of

September toward the end of October to reach almost 1 across all light conditions.

Photosynthetic rate and electron transport rate

Mass-based net photosynthetic rate under saturating light (Amass) was relatively stable with no

11
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significant difference among HL, IL, and LL leaves from 26 July to 4 Oct. Then, decreases in Amass
were observed from 12 Oct in IL and LL leaves when compared the maximum value in the
summertime (26 Jul), whereas Amass in HL leaves declined from 18 Oct while the maximum value
was observed on 12 Oct (Fig. 4A, Table S6). Higher Amass was observed in HL than in IL and LL
leaves on 12 Oct, while higher Amass was observed in HL leaves than in IL leaves on 18 and 25 Oct.
Area-based net photosynthetic rate under saturating light (Aarea) in HL leaves was stable from 26
Jul to 12 Oct, and then declined toward 26 Oct (Fig. 4C, Table S6). Decline in Aaea from the
maximum value in the summertime (26 July) was observed from 4 Oct in IL leaves, but from 12
Oct in LL leaves. Aarea Was higher in HL and IL leaves than in LL leaves from 26 July to 27 Sep.

Thereafter, Aarea Was higher in HL leaves than in IL and LL leaves.

Mass-based light-saturated electron transport rate (ETRmass) showed significant
decreases from 26 July to 16 Aug in HL and IL leaves (Fig. 4B, Table S6). Afterwards, ETRmass in HL
and IL leaves was relatively stable from 16 Aug to 12 Oct, then declined towards 25 Oct.
Conversely, ETRmass in LL leaves decreased gradually from 26 Jul to 12 Oct, and then declined
towards 25 Oct. Generally, ETRmass in HL leaves was higher than that in LL leaves throughout the
season, and also higher than those in IL leaves around the end of leaf senescence (18 and 25
Oct). Area-based ETR (ETRarea) showed similar seasonal changes in HL, IL and LL leaves, whereas
generally higher ETRarea Was observed in leaves grown under higher light intensity (HL > IL > LL)
from 16 Aug to 18 Oct (Fig. 4D, Table S6). Significantly higher ETR.rea Was observed in HL leaves

thanin IL and LL leaves on 25 Oct.

Multiple regression analysis for F./Fm

Best model, based on the smallest AIC, included three explanatory variables, namely PARintmass,
Amass, and Anthocyaninmass, Which significantly predicted Fy/Fm (F(3,92) = 86.9, p<0.001, r> = 0.729).
The coefficients of the three variables were significant (p < 0.001), and Amass had a positive
coefficient while PARint,mass and Anthocyaninmass had negative coefficients (Table 1). In addition,
a multiple regression to predict F,/Fn, using area-based variables for PARint area Aarea, V+A+Zarea,
and Anthocyaninarea, showed a similar result, where A,rea had a positive coefficient and PARint area

and Anthocyaninares had negative coefficients to predict Fy/Fr, (Table 1).
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Relationship between leaf anthocyanins and sugar contents

As described above, [Sugar/(Sugar+Starch)] increased to almost 1 (above 0.90 from 19 Oct)
during autumn senescence (cf. Fig. 3E). Leaf anthocyanin contents in IL and HL leaves showed
progressive increases when Sugar/(Sugar+Starch) exceeded 0.9, whereas such a progressive
increase was not observed in LL leaves (Fig. 5A). Based on the relationship between leaf
anthocyanin contents and leaf sugar contents (Fig. 5B, Fig. S7), all leaves (HL, IL, and LL) showed
increasing trends in leaf sugar with increasing leaf anthocyanin in leaves sampled from 27 Jul to
19 Oct before progressive leaf N resorption (cf. Fig. 1), whereas leaf sugar contents were almost
stable from 22 to 29 Oct during leaf N resorption even when leaf anthocyanin increased. Similar

trends were observed in IL and LL leaves measured in the previous year, 2020 (Fig. S8).

Expression profiles of the flavonoid biosynthesis genes

Thirteen genes involved in flavonoid biosynthesis were detected in our Iso-Seq analysis (Suppl.
Data Table 3), based on their homology to Arabidopsis flavonoid biosynthesis genes (Saito et al.,
2013). Among them, ten genes whose expression was higher than their isoforms were selected,
and their expression profiles were plotted in Fig 6. Interestingly, all the analyzed genes leading
to cyanidin formation showed synchronized expression profiles (Fig. 6). In LL, these genes
showed a peak in their expression on 27 Sep, and then decreased. These profiles are consistent
with the changes in the anthocyanin levels, which started to increase at the end of Sep (see the
insets of Fig. 1A). In IL, the expression of the genes involved in cyanidin synthesis was constant
or slightly decreasing until the beginning of Oct, and increased on 13 Oct (Fig. 6). These patterns
well explain the changes in anthocyanin contents under IL, which increased till the end of Sep,

but decreased once in early Oct, and showed another increase in the mid Oct.

Three F3GIcT genes showed similar expression profiles to each other (Fig. 6). They
showed two peaks on 27 Sep and 13 Oct under LL, while they showed a decrease on 27 Sep and
an increase in Oct under IL. An increasing trend of the gene expression in Oct is correlated with
the onset of anthocyanin accumulation (Fig. 1A). An increasing expression of F3GIcT may
indicate that the level of glycosylated anthocyanin increased on and after 13 Oct. UGT84A1 is a
UDP-glucosyltransferase family protein having 1-O-glucosyltransferase activity for

phenylpropanoids such as p-coumaric acid (Lim et al., 2001). The expression of this gene
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increased on 27 Sep under IL conditions, otherwise, it was stable at least until 13 Oct.

Chlorophyll metabolism

The expressions of three key enzymes of chlorophyll biosynthesis, which include glutamyl-tRNA
reductase (HEMA1), the H subunit of Mg-chelatase (CHLH) and Mg-protolX monomethylester
cyclase (MgCy-CHL27), were higher under IL than under LL conditions (Fig. 7). They tended to
decrease under LL during developmental senescence, while they were relatively stable until
early Oct and showed a decrease on 13 Oct under IL. The expression of the other enzymes in the
chlorophyll a biosynthesis pathway, including glutamate-1-semialdehyde mutase (GSA), 5-
aminolevulinate dehydratase (ALAD), protoporphyrinogen IX oxidase (PPO), and two subunits of
Mg-chelatase (CHLD and CHLI), were constant and were synchronized under IL and LL conditions.
It is likely that the expressions of these genes are kept high so that none of these enzymes would

form a bottleneck in chlorophyll biosynthesis.

We detected five genes encoding the enzymes in chlorophyll breakdown in our Iso-
Seq/RNA-Seq analysis (Fig. 7), among which the expressions of isoforms of chlorophyll b
reductase (NYC1), magnesium dechelatase (Stay-Green or SGR), pheophytinase (PPH), and
pheophorbide a oxygenase (PAO) gradually increased until 5 Oct, and then showed marked
increases on 13 Oct, while that of 7-hydroxymethyl chlorophyll a reductase (HCAR) was stable.
NYC1 is rate-limiting in the chlorophyll a-to-b conversion, while HCAR is usually abundant and
stable (Tanaka & Tanaka, 2011). Therefore, it would be reasonable that the gene expression of

HCAR did not show important changes during development.

Carotenoid biosynthesis

The expressions of the nine genes encoding enzymes involved in carotenoid biosynthesis were
analyzed by RNA-Seq (Fig. 8). Gene expression of the four genes (PSY, PDS, ZDS and CRTISO) for
the formation of lycopene were stable and did not even show a decrease on 13 Oct when
chlorophyll breakdown started. The genes for two isoforms of zeaxanthin epoxidase (ZEP) and
that for violaxanthin deepoxidase (VDE), both of which are involved in the xanthophyll cycle,
were stably expressed until 13 Oct. Gene expression for neoxanthin synthase (NSY) increased on

13 Oct. Since neoxanthin is a precursor of abscisic acid (ABA), it is possible that a demand for
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ABA biosynthesis led to an increase in NSY expression. Gene expression of lycopene g-cyclase
also increased on 13 Oct. It was notable that gene expression for most of the detected

carotenoid biosynthesis genes was synchronized under IL and LL conditions.

Sugar/Starch metabolism

Gene expression for the key enzymes of the Calvin cycle, namely the small and the large subunit
of Rubisco (RbcS and Rbcl), plastid fructose 1,6-bisphosphatase (FBPase) and
phoshphoribulokinase (PRK), was stable until 13 Oct. These results indicate that the Calvin cycle
was fully active until mid-Oct. Starch biosynthesis is finely controlled by the activity of ADP-
glucose pyrophosphorylase (AGPase) (Streb & Zeeman, 2012). Gene expression for the small
subunit of AGPase and the second isoform of the large subunit of AGPase gradually decreased
in the period between 7 Sep and 13 Oct (Fig. 9A). Among seven genes that encode plastid-
localized starch degradation enzymes, those for glucan water dikinase 1 (GWD1),
phosphoglucan phosphatase (starch excess 4: SEX4), beta-amylase isoforms 3 (BAM3) and 9
(BAM9) increased, while those for phosphoglucan water dikinase (PWD), isoamylase (ISA) and
disproportionating enzyme 1 (DEP1) were stable (Fig. 9B). GWD, SEX4 and BAM are key enzymes
in the control of starch degradation (Lu & Sharkey, 2006). Overall, there is a trend toward a
gradual increase in gene expression for key enzymes in starch degradation, while gene

expression for other enzymes remained at a relatively constant level.

In the cytosol, disproportionating enzyme (D-enzyme, DPE2) and sucrose phosphate
synthase (SPS) increased over the course of RNA-Seq analysis (Fig 9B). DPE2 plays an essential
role in starch degradation through maltose metabolism (Lu & Sharkey, 2006), while sucrose-
phosphate synthase plays a major role in sucrose synthesis (Huber & Huber, 1996) catalyzing the
formation of sucrose-6-phosphate. On the contrary, the genes encoding the other enzymes

involved in sucrose synthesis show stable expression.

Key regulators in leaf senescence

Trehalose-6-phosphate is known as a regulator of leaf senescence, whose level is correlated with
the onset of leaf senescence (Wingler et al., 2012). It is also known to regulate starch

degradation and sucrose synthesis (Lunn et al., 2014). In our Iso-Seq and RNA-Seq analysis, we
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detected six homologs that putatively encode trehalose-6-phosphate synthase (TPS), while 11
TPS genes have been identified in A. thaliana. In A. japonicum, four TPS homologs showed
relatively stable expression (Fig. 10), while TPS9 and TPS10 showed a sudden increase on Oct 13,
a pattern similar to those of key chlorophyll breakdown genes (SGR1, PPH, and PAO in Fig. 7).
Even though the roles of TPS genes in the leaf senescence of A. japonicum have not been
identified, it is tempting to speculate that TPS9 and/or TPS10 are involved in the regulation of
leaf senescence and sucrose synthesis in A. japonicum. It should be noted that we could not
detect the transcriptomes for SnRK1, which is a central regulator of energy metabolism whose

activity is regulated by trehalose-6-phosphate (Wurzinger et al., 2018).

TOR is a protein kinase involved in various developmental controls by interacting with
RAPTOR and LST1 (Henriques et al., 2022). The TOR and RAPTOR genes showed stable expression
patterns during autumn senescence, while the LST1 gene was not detected in our Iso-seq
analysis. Hexokinase is an intracellular sugar sensor involved in developmental control (Kim,
2019). The HXK2 gene encoding a cytosolic form of hexokinase also showed a stable expression
pattern (Fig. 10). It is unclear whether these regulators play a major role in the control of sugar

metabolism during autumn senescence in A. japonicum.

We also analyzed the expression of a representative senescence marker, SAG12, which
encodes vacuolar protease, whose expression increases with leaf senescence (Lohman et al.,
1994). Its expression steadily increased during the period of our analysis (Fig. 10). Its expression
levels were similar between IL and LL conditions, indicating again that developmental leaf

senescence synchronized within the single tree regardless of light conditions.

Discussion

Seasonal changes related to leaf physiological traits could be separated into processes
independent or dependent on light, by using a flush type leaf development species, A. japonicum.
We considered that light-independent would be essential processes related to efficient N
resorption during leaf senescence, whereas light-dependent might be protective or regulative
processes for the light-independent processes. Here, the seasonal changes in leaf N, F,/F,, and

Sugar/(Sugar + Starch) might be fundamental, and seasonally-programmed independent of light
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conditions, primarily responding to photoperiod (Keskitalo et al., 2005; Fracheboud et al., 2009),
while photosynthetic activities and leaf pigments (including anthocyanins) might have protective
or regulative roles in response to growth light conditions. Similar trends were observed in

seasonal changes in IL and LL leaves measured in the previous year, 2020 (Fig. S9).

It was rather surprising that the gene expression for chlorophyll biosynthesis, carotenoid
biosynthesis, starch/sugar metabolism, and developmental regulators are synchronized under
LL and IL conditions, though the levels of chlorophyll (Fig. 2), xanthophyll cycle pigments (Fig. 2),
and starch/sugar showed clear differences between these two conditions. These results may
indicate that the final metabolite levels are determined by post-transcriptional regulation
including translational controls, modification of enzyme activities, and/or the control of enzyme
stabilities via environmental conditions. Anthocyanin biosynthesis is exceptional in this aspect.
Expression patterns of genes involved in anthocyanin biosynthesis differed between LL and IL
conditions and were correlated with changes in anthocyanin accumulation (Fig. 6). Anthocyanin
biosynthesis appears to be transcriptionally controlled in a cell-autonomous way in response to
a light environment of each cell. On the other hand, post-transcriptional regulation might be
more important for the metabolic control of photosynthetic pigments (chlorophyll and
carotenoid) and products (starch/sugar). It is probably because sugar is transported to sink cells,
thus it should be controlled in relation to the other cells, which may necessitate more complex

regulatory mechanisms.

Comprehensive transcriptome analyses associated with autumn leaf senescence have
been conducted in several plant species (Bhalerao et al., 2003; Wen et al., 2015; Li et al., 2020).
Compared to this study, the trend of gradually decreasing expression of photosynthesis-related
genes is similar, but the expression of other genes varies according to the phenology of each
plant. In aspen (Populus tremula), an increase in the expression of metallothionein genes was
prominent during autumn leaf senescence (Bhalerao et al., 2003), but it was not observed in
maple and other species. Conversely, increased expression of protease-coding genes was
observed in both maple and aspen during autumn senescence (Fig. 10), indicating activation of
protein degradation is common in these species. In gum trees in a subtropical region (Wen et al.,
2015), the expression of genes related to chlorophyll biosynthesis contrasts with that in maple:
in gums, key genes such as HEMA and ChlH show decreased expression during summer and
increased expression during winter, which probably reflects the phenology of gums maintaining

chlorophyll even in winter. The gene expression pattern of Ginkgo biloba leaves during autumn
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senescence (Li et al., 2020) is relatively similar to that in maple, showing a gradual decrease in
the expression of chlorophyll biosynthesis genes and constant expression of carotenoid
synthesis genes. It seems that the gene expression patterns associated with autumn senescence

exhibit convergent evolution rather than phylogenetic relationships.

The decrease in Chlaw synchronized with that in leaf N. In IL and LL leaves, increases in
Chl,:, were observed on 26 Oct, which might reflect a conversion of chlorophyll b to chlorophyll
a for the degradation of light-harvesting complexes (LHC) during leaf senescence (Tanaka &
Tanaka, 2011). Key enzymes of chlorophyll biosynthesis, such as HEMA1, CHLH and MGCy-CHL27,
were expressed greater in IL leaves than in LL leaves until the onset of leaf senescence (13 Oct)
(Fig. 7). In general, the turnover of chlorophyll a and b in leaves is low (Beisel et al., 2010), where
only part of chlorophyll a could be degraded in a light-dependent manner, which is probably not
catalyzed by enzymes. Thus, the function of de-novo chlorophyll biosynthesis might compensate
chlorophyll that was degraded by light-induced damages under high light condition (IL)
compared with low light condition (LL). Conversely, enzymes related to chlorophyll breakdown
(NYC1, SGR, PPH, and PAO) showed marked increases on 13 Oct at the onset of leaf senescence,
which might lead to rapidly declined chlorophyll contents in late Oct. Interestingly, the
expressions of these enzymes were highly synchronized during developmental progress and
between IL and LL conditions, indicating that chlorophyll degradation is under strict
developmental control at whole-tree level, irrespective of the difference in light environments
among individual leaves. The decrease in Chla., during leaf senescence might be involved in both
a decline in chlorophyll biosynthesis and an enhancement of chlorophyll degradation (Tanaka &

Tanaka, 2011).

At the onset of leaf senescence (13 Oct), transcriptomic regulation of xanthophyll-
related enzymes, ZEP, and VDE was functional. Thus, it would be reasonable to assume that the
observed changes in the (V+A)/(V+A+Z) ratios (Fig. 2F) resulted from the changes in the activity
of ZEP/VDE. In particular, VDE activity depends on the ApH of thylakoid membranes (Pflindel &
Dilley, 1993), which are supposed to increase under illumination at relatively low temperatures.
Pool size of xanthophyll pigments (V+A+Z) kept relatively higher values in HL leaves than IL and
LL leaves from 19 to 26 Oct, suggesting that xanthophyll-related non-photochemical quenching
(Demmig-Adams & Adams, 2006) might still be functional in HL leaves at the final stage of leaf
senescence. As xanthophyll conversion state (Z+A)/(V+A+Z) is dependent on the light intensity

at leaf sampling (Verhoeven et al., 1999; Gamon et al., 2015), higher (Z+A)/(V+A+Z) was

18



545
546
547
548

549
550
551
552
553
554
555

556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575

observed in leaves grown under higher light intensities (HL > IL > LL) throughout the season.
Increases in (Z+A)/(V+A+Z) observed in IL and LL leaves on 26 Oct might suggest increased
thermal energy dissipation that compensated the decrease in energy dissipation by electron

flow during leaf senescence (Demmig-Adams et al., 1996; Lu et al., 2002; Kitao et al., 2018, 2019).

Conversely, photoinhibition, indicated by decreased F./F., (Kitao et al., 2022), was not
apparent until 26 Oct. However, the values of F,/Fn (> 0.4) on 26 Oct were considerably higher
than that reported in shade-grown seedlings of fullmoon maple (F./Fm = 0.25) to repress N
resorption, when exposed to full sunlight during leaf senescence (Kitao et al., 2022). Considering
that leaf N resorption was also almost completed on 26 Oct, we postulate that photooxidative
stress was well managed not to interfere leaf N resorption in all leaves irrespective of growth

light conditions.

Based on the multiple regression analysis regarding photoinhibition, greater amount of
solar radiation might exacerbate photoinhibition (Werner et al., 2001). Conversely, higher
photosynthetic activity indicated by Amass and Aaea might contribute to preventing
photoinhibition in leaves grown under higher solar radiation (Table 1). The role of anthocyanins
as a sunscreen or antioxidants (Neill et al., 2002; Hoch et al., 2003; Renner & Zohner, 2019;
Moustaka et al., 2020) was not confirmed because of the negative coefficient for leaf
anthocyanin contents predicting F,/Fn (Table 1). Little contribution of anthocyanins as a
sunscreen was further supported by the higher leaf absorptance in HL and IL leaves with greater
amounts of anthocyanins than in LL leaves during leaf senescence (Fig. 1F). Similarly,
accumulation of anthocyanins in Norway maple (Acer platanoides) and a purple-colored variety
of it might not contribute to alleviating chronic photoinhibition (Rantala et al., 2023; Mattila &
Tyystjarvi, 2023). Although a major part of electron flow was consumed by photosynthesis, total
electron flow, consumed by Rubisco carboxylation (photosynthesis) and oxygenation
(photorespiration), and alternative electron pathways, is more relevant than photosynthetic
rate per se in terms of preventing PSIl from excessive energy accumulation (Foyer et al., 1990;
Laisk et al., 2006; Rochaix, 2011). We assumed that ETR calculated by chlorophyll fluorescence
empirically represented total electron flow. Maintaining higher ETR in leaves exposed to higher
solar radiation (HL leaves) during leaf senescence (18 to 25 Oct) might have a photoprotective
role against photoinhibition, together with thermal energy dissipation related to the higher pool

size of xanthophyll, as described above (Demmig-Adams et al., 1996; Kitao et al., 2006, 2018).
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Regarding the role of anthocyanins as an alternative electron sink, we also made an
estimation of alternative electron flow (Ja) consumed by processes other than photosynthesis
and photorespiration, based on total electron flow calculated via chlorophyll fluorescence (Jf,
equal to ETR), and electron flow consumed by Rubisco carboxylation and oxygenation (Jr); Ja =
Je — Jr (Laisk et al., 2006). Although there might be an inevitable uncertainty in estimating Jg
accurately because of many assumptions on the parameters not directly measured, such as G-
based I'" and Rq. However, we believe that assessments of seasonal trends in electron flows and
for a relative comparison among leaves grown under different light conditions would be possible.
Details about the methods are described in Supplementary data (Methods S3). Alternative
electron pathways consist of cyclic electron flow around PSI, water-water cycle, nitrite reduction,
and malate valve, adjusting ATP/NADPH ratio during photosynthesis, and also preventing
overreduction in the electron transport chain (Foyer et al., 1990; Heber & Walker, 1992; Laisk
et al., 2006; Walker et al., 2020). We found that Ja in HL, and IL leaves was higher than that in LL
leaves throughout the season (Fig. S10, Table S7). Conversely, the ratio of Ja to Js in HL and IL
leaves was relatively stable throughout the growing season (except for 26 Jul in HL, and 25 Oct
in HL and IL leaves), even when Je declined but substantially high amount of anthocyanins
accumulation was observed on 19 Oct in HL and IL leaves (Fig. S11, Table S7). This suggests that
the synthesis of anthocyanins might not enhance the amount of Ja relative to Jr. Instead, it might
compensate decreases in energy (ATP) and reducing power (NADPH) consumption by other
metabolic processes, such as starch synthesis, and protein synthesis during leaf senescence
(Keskitalo et al., 2005); the latter is supported by the lack of high-quality RNA on 19 Oct in the
present study. Since both anthocyanin and starch biosynthesis was enhanced due to excess of
ATP and NADPH in N-limited grape cell suspensions with decreasing protein synthesis
(Soubeyrand et al., 2018), anthocyanin biosynthesis may play a relevant role as an alternative

electron sink after the cessation of starch synthesis.

Among seasonally-programmed processes, the identical seasonal change in
Sugar/(Sugar+Starch) across growth light conditions is a novel finding. The expression of the key
genes for starch biosynthesis (AGPase L2 and S) show a gradual decrease, whereas, the
expression of the key genes for starch degradation (BAM3 and BAM9), and sucrose synthesis
(SPS1) show a gradual increase from 3 Sep to 13 Oct irrespective of growth light conditions.
Sugar/(Sugar+Starch) was higher than 0.90 on 19 Oct and higher than 0.96 from 22 to 29 Oct in

all leaves, suggesting that starch synthesis might stop completely during the late stage of leaf N
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resorption. Such a synchronized change in Sugar/(Sugar+Starch) was also observed in the same
tree in the previous year, 2020 (across years), and pot-grown seedlings of fullmoon maple under
open (full-sunlight) and shade (relative irradiance of = 13% to open) conditions in 2021 (among
individuals between different light conditions) (Fig. 11, cf. Kitao et al. 2022). Suppression of
starch biosynthesis and enhancement of starch degradation during leaf senescence might be
under an accurate temporal regulation for sugar (energy) supply toward the onset of leaf N

resorption (Keskitalo et al., 2005; Kim, 2019).

As starch is water-insoluble, it acts as an efficient sugar-buffer, accumulating
photosynthates in an osmotically inert form (Egger et al., 1996; Kitao et al., 2004; Wyka et al.,
2016). As the buffer function of starch declined toward leaf senescence, anthocyanins in leaves
of fullmoon maple might act as an alternative sugar-buffer, retarding leaf senescence (Fig. 5B,
Fig. S8) (Ono et al., 2001; Landi et al., 2015; Lo Piccolo et al., 2018; Lo Piccolo & Landi, 2021;
Davies et al., 2022), as well as an alternative sink for light energy consumption, maintaining ETR
to prevent photoinhibition (Fig. 4B,D) (Hernandez & Van Breusegem, 2010; Kitao et al., 2018).
Assuming that cyanidin 3-O-glucoside was the main anthocyanin in autumn leaves of A.
japonicum (lwashina & Murai, 2008), the highest anthocyanin (25 pmol g?) in HL and IL leaves
was equivalent to 15.75 mg g* glucose based on the 3.5 fold difference in the C skeleton.
Furthermore, if ATP and reducing power (needed for anthocyanin biosynthesis) are provided
from sugars through glycolysis, TCA cycle, and mitochondrial electron transport (Fernie et al.,
2004), much more glucose should be taken into account. In such a case, anthocyanins could be
considered as an effective energy escape valve, maintaining photosynthetic electron flow to

prevent photoinhibition even under starch depletion (Mattila & Tyystjarvi, 2023).

A marked increase in F3GIcT observed in IL leaves on 13 Oct that corresponded to an
increase in Sugar/(Sugar+Starch) also supports this hypothesis. The fewer amounts of
anthocyanins in LL leaves might be attributed to the lower production of photosynthates under
the low light condition. This appears to be consistent with anthocyanins being mainly found in
central vacuoles, apart from cytoplasmatic and chloroplastic metabolism (Merzlyak et al., 2008),
which is often referred as a rebuttal against the role of anthocyanins as antioxidants in
“photoprotection hypothesis” (Archetti et al., 2009; Hughes et al., 2022). Merzlyak et al. (2008)
also reported that anthocyanins accumulated in the vacuoles of the epidermis in spring, but in
the vacuoles of the palisade parenchyma in autumn. The former might be a photoprotective

strategy (sunscreen) for immature photosynthetic machinery in young leaves, as proposed in
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“photoprotection hypothesis” (Archetti et al., 2009; Renner & Zohner, 2019, 2020), but the latter
might support the idea that anthocyanins act as a sugar-buffer and an alternative sink for

electron transport.

Thus, as “holocanopy hypothesis” posits, anthocyanins protected outer-canopy leaves
against early-shedding and photoinhibition, then the outer-canopy leaves protected inner-
canopy leaves from photoinhibition by shading (cf. Kitao et al. 2022), which contributes to
efficient N resorption as a whole tree. As for protecting outer-canopy leaves against strong light,
“holocanopy hypothesis” might be on the side of “photoprotective hypothesis” rather than “co-
evolution hypothesis”. However, underlying mechanisms involved in anthocyanins were
substantially different; a sugar-buffer and an alternative electron sink for the former, versus
sunscreen and antioxidants for the latter (Archetti et al., 2009). Furthermore, “holocanopy
hypothesis” might comprehend “nutrient-limitation hypothesis”, which recently proposes that
low leaf N and high soluble sugars may serve as the proximate causes for autumn leaf reddening

(Hughes et al., 2022).

Regarding non-anthocyanic species, silver birch (Betula pendula), which usually does not
synthesize large amounts of anthocyanins, increases flavonol content with chlorophyll
degradation during autumn senescence (Mattila et al., 2018, 2021). Greater accumulation of
flavonol glycosides was observed in autumn than in spring in Cabernet Sauvignon grapevine, a
cultivar of Vitis vinifera L. (Bouderias et al., 2020). Although further investigation is needed,
accumulation of flavonoids (including anthocyanins and flavonols) might be a common
mechanism to compensate the closed pathway of starch synthesis during leaf senescence,
whereas accumulation of anthocyanins or flavonols might be species-specific, leading to a

different color appearance (red or yellow) in autumn.

Supplementary data
The following Supplementary data is available for this article:

Suppl. Data Table 1 The list of Acer japonicum genes (transcriptome units) that were selected

first selected by CDS-HIT, and by BLAST search against the TAIR 10 database.

Suppl. Data Table 2 The list of genes categorized in Clusters A to D by k-Mean clustering.
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Suppl. Data Table 3 List of Acer japonicum genes that are involved in the metabolism of

flavonoid, chlorophyll, carotenoid, starch and sugar.

Methods S1 Isoform sequencing analysis.

Methods S2 Estimation of full-length protein sequences using the Iso-Seq data.
Methods S3 Estimation of alternative electron flow.

Figure S1 Phenological records of Acer japonicum.

Figure S2 Seasonal changes in daily integrated photosynthetic active radiance, and in daily mean

temperature.
Figure S3 Principle component analysis (PCA) of Acer japonicum transcriptomes.
Figure S4 k-means clustering shows four clusters of Acer japonicum transcriptomes.

Figure S5 Seasonal changes in leaf mass per area (LMA) in leaves grown under different light

conditions within the canopy of fullmoon maple tree.

Figure S6 Seasonal changes in mean PAR for 1 h before leaf sampling for leaves grown under

different light conditions within the canopy of fullmoon maple.

Figure S7 Relationship between leaf anthocyanin and sugar contents in leaves grown at the
south-faced outer-canopy, north-faced outer-canopy, and north-faced inner-canopy of an adult

tree of fullmoon maple.

Figure S8 Relationships between [Sugar/(Sugar+Starch)] and Anthocyaninm.s, and between

Anthocyaninmass and Sugarmass.

Figure S9 Seasonal changes in 2020.

Figure $10 Seasonal changes in Jg, Jg, and Ja.

Figure S11 Seasonal changes in the ratio of Ja to Jr.

Table S1 Representative metabolic pathways enriched in k-means clustering. Top 1,000 genes.

Table S2 Results of Tukey-Kramer multiple comparison test of dry mass- and area-based leaf
anthocyanin content, leaf N content, and F,/F., in leaves of a fullmoon maple tree among dates,

or among light conditions.
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Table S3 Results of Tukey-Kramer multiple comparison test of leaf mass per area (LMA) in leaves

of a fullmoon maple tree among dates, or among light conditions.

Table S4 Results of Tukey-Kramer multiple comparison test of pigments in leaves of a fullmoon

maple tree among date, or among light conditions.

Table S5 Results of Tukey-Kramer multiple comparison test of dry mass- and area-based leaf
sugar content, leaf starch content, and ratio of sugar to [sugar + starch] in leaves of a fullmoon

maple tree among date, or among light conditions.

Table S6 Results of Tukey-Kramer multiple comparison test of dry mass- and area-based net
photosynthetic rate, and electron transport rate in leaves of a fullmoon maple tree among dates,

or among light conditions.

Table S7 Results of Tukey-Kramer multiple comparison test of Jg, Jr, Ja, and Ja/J; in leaves of a

fullmoon maple tree among dates, or among light conditions.
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Table 1. Summary of multiple linear regression of F,/Fn, in leaves grown under different light
conditions in the canopy of fullmoon maple. Initial explanatory variables affecting F,/Fm: daily
mean temperature, and dry mass- or area-based integrated solar radiation (PARint.mass, PARint,area),
light-saturated net photosynthetic rate (Amass, Aarea) in the previous day of F,/F,, measurements,
xanthophyll pigments content (V+A+Zmass, V+A+Zarea), including violaxanthin (V), antheraxanthin
(A), and zeaxanthin (Z), anthocyanins content, which were determined in leaves just after F,/Fm,
measurements. Area-based integrated solar radiation (PARintarea) Was converted to mass-based
PARint.mass @S [PARintarea]/LMA (= leaf mass per area). Stepwise regressions were undertaken to
define the subset of effects that would altogether provide the smallest corrected Akaike
information criterion (AIC) in subsequent modeling. As a measure of multicollinearity, variance

inflation factor (VIF) is demonstrated.

Summary measures Regression coefficients
R? P Intercept Variable Coefficients t-value P VIF
Mass-based  0.725 <0.001 0.653 Temperature -0.00103 -0.69 0.49 1.85
full model (n=96) PAR int.mass -0.124 -1.88 0.06 2.18
AIC =-263 Amass 2.01 7.48 <0.001 2.81
V+A+Zmass -0.0209 -0.43 0.67 3.50
Anthocyaninmass -0.00734 -4.00 <0.001 2.48
Mass-based  0.729 <0.001 0.637 PARint.mass -0.152 -3.05 <0.001 1.30
best model (n=96) Amass 1.93 7.77 <0.001 2.43
AIC =-266 Anthocyaninmass -0.00672 -3.98 <0.001 2.12
Area-based  0.679 <0.001 0.650 Temperature 0.000953 0.62 0.54 1.71
full model (n=96) PAR int.aea -0.00642 -3.71 <0.001 5.05
AIC =-248 Aarea 0.0350 7.22 <0.001 3.01
V+A+Zarea 0.000563 0.59 0.56 5.08
Anthocyaninarea -0.123 -3.59 <0.001 2.28
Area-based  0.683 <0.001 0.669 PARint.area -0.00548 -4.71 <0.001 2.30
best model (n=96) Aarea 0.0358 7.57 <0.001 2.89
AIC=-251 Anthocyaninarea -0.139 -4.83 <0.001 1.64
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Figure legends

Figure 1. Seasonal changes in dry mass-based leaf anthocyanin content (Anthocyaninmass, A), and
leaf N content (Nmass, B), area-based leaf anthocyanin content (Anthocyaninares, C), and leaf N
content (Narea, D), Fv/Fm (E), and LED-specific leaf absorptance (ABSiep, F) in leaves grown under
high light at the south-faced outer-canopy (red circles, HL), intermediate light at north-faced
outer-canopy (open rectangles, IL), and low light at north-faced inner-canopy (black closed
triangles, LL) of an adult tree of fullmoon maple. Values are means * SE (n=4). Insets enlarge
seasonal changes in anthocyanins from the end of July to the middle of October. Leaves were
sampled after the measurements of F,/F, on 27 Jul, 17 Aug, 7 Sep, 28 Sep, 5 Oct, 13 Oct, 19 Oct,
22 Oct, 26 Oct, and 29 Oct. Note: Leaf anthocyanins and N can be measured for the leaves
sampled on 29 Oct, whereas F,/F could not be measured, since fluorescence signals were too

small because of almost no chlorophyll remained at that time (cf. Fig. 2).

Figure 2. Seasonal changes in dry mass-based leaf chlorophyll content (Chlasb,mass, A), xanthophyll
pigment pool size (V+A+Zmass, B), area-based leaf chlorophyll content (Chlab,area, C), xanthophyll
pigment pool size (V+A+Zarea, D), the ratio of chlorophyll a to b (Chl.., E), and conversion state
of xanthophyll cycle [(Z+A)/(V+A+Z), F] in leaves grown at the south-faced outer-canopy (red
circles, HL), north-faced outer-canopy (open rectangles, IL), and north-faced inner-canopy (black
closed triangles, LL) of an adult tree of fullmoon maple. Values are means * SE (n=4). Leaves
were sampled on 27 Jul, 17 Aug, 7 Sep, 28 Sep, 5 Oct, 13 Oct, 19 Oct, 22 Oct, 26 Oct, and 29 Oct.
Note: Chl ., and (Z+A)/(V+A+Z) could not be calculated on 29 Oct, since the values of Chla. and

(V+A+Z) were not detectable (=0).

Figure 3. Seasonal changes in mass-based leaf sugar (Sugarmass, A) and starch content (Starchmass,
B), area-based leaf sugar (Sugararea, C) and starch content (Starcharea, D), and the ratio of leaf
sugar to [sugar + starch] (Sugar/(Sugar + Starch), E) in leaves grown at the south-faced outer-
canopy (red circles, HL), north-faced outer-canopy (open rectangles, IL), and north-faced inner-
canopy (black closed triangles, LL) of an adult tree of fullmoon maple. Values are means * SE
(n=4). Leaves were sampled on 27 Jul, 17 Aug, 7 Sep, 28 Sep, 5 Oct, 13 Oct, 19 Oct, 22 Oct, 26
Oct, and 29 Oct.
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Figure 4. Seasonal changes in mass-based net photosynthetic rate (Amass, A), electron transport
rate (ETRmass, B), area-based net photosynthetic rate (Aarea, C), and electron transport rate
(ETRarea, D) in leaves grown at the south-faced outer-canopy (red circles, HL), north-faced outer-
canopy (open rectangles, IL), and north-faced inner-canopy (black closed triangles, LL) of an
adult tree of fullmoon maple. Measurements were conducted under saturating light (1000 pumol
m2 s1) and optimal leaf temperature ranged from 20 to 25 °C. Values are means * SE (n=4).
Measurements of gas exchange and chlorophyll fluorescence were conducted totally 8 times:

26 Jul, 16 Aug, 6 Sept, 27 Sept, 4 Oct, 12 Oct, 18 Oct, and 25 Oct in 2021.

Figure 5. Relationships between the ratio of sugar to sugar plus starch [Sugar/(Sugar+Starch)]
and Anthocyaninmass (A), and between Anthocyaninmass and Sugarmass (B), in leaves grown at the
south-faced outer-canopy (red circles, HL), north-faced outer-canopy (open rectangles, IL), and

north-faced inner-canopy (black closed triangle, LL) of an adult tree of fullmoon maple.

Figure 6. Expression of genes encoding key enzymes in flavonoid biosynthesis. The x-axes and
the y-axes indicate dates and transcripts per million counts (TPM). Open rectangles indicate IL
leaves, and black closed triangles LL leaves. Error bars indicate standard deviation (n = 3).
Phenylalanine ammonia lyase (PAL) and accetyl-CoA carboxylase (ACC) are key enzymes to
control the metabolic flow in anthocyanin synthesis (Saito et al., 2013). Chalcone synthase (CHS)
catalyzes the formation of naringenin chalcone, which is the committed step of all flavonoid
compounds. This compound is further modified by several enzymes including flavonoid 3'
hydroxylase (F3'H) to form cyanidin or related compounds. These compounds are further
glycosylated by various glycosylases, including flavonoid 3-O-glucosyltransferase (F3GIcT; also

called anthocyanin glycosyltranferase (Tohge et al., 2005), and are stored in the vacuole.

Figure 7. Expression of genes encoding key enzymes in chlorophyll biosynthesis and breakdown.
The x-axes and the y-axes indicate dates and transcripts per million counts (TPM). Open
rectangles indicate IL leaves, and black closed triangles LL leaves. Error bars indicate standard

deviation (n = 3).
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Figure 8. Expression of genes encoding key enzymes in carotenoid biosynthesis. The x-axes and
the y-axes indicate dates and transcripts per million counts (TPM). Open rectangles indicate IL

leaves, and black closed triangles LL leaves. Error bars indicate standard deviation (n = 3).

Figure 9. Expression of the genes encoding the key enzymes in carbohydrate metabolism,
related to starch biosynthesis (A) and degradation (B). The X axes and the Y axes indicate dates
and transcripts per million counts (TPM). Open rectangles indicate IL leaves, and black closed
triangles LL leaves. Error bars indicate standard deviation (n = 3). TP: triose phosphate, G1P:
glucose-1-phosphate, F1,6BP: fructose 1,6-bisphosphate. Note: RBCL is encoded by the plastid
genome so that it was not expected to be detected after the purification of polyA mRNA for Iso-
Seq analysis. Nevertheless, our Iso-Seq analysis detected a small amount of RbcL mRNA, which

was possibly due to non-specific binding to the oligo-dT column.

Figure 10. Expression of the genes related to the progression of leaf senescence. HXK denotes
hexokinase. TOR is a protein kinase involved in the regulation of various developmental controls.
RAPTOR is also involved in developmental controls by interacting with TOR. TPS denotes
trehalose phosphate synthase. The numbers following TPS indicates the isoform numbers of the
corresponding Arabidopsis homologs. An enzyme that catalyzes the formation of trehalose from
trehalose-6-phosphate (T6P) was not detected in our Iso-Seq analysis. SAG12 (senescence-
associated gene 12) encodes a vacuolar cysteine protease whose expression is well correlated
with the progression of leaf senescence. The X axes and the Y axes indicate dates and transcripts
per million counts (TPM). Open rectangles show gene expression under LL conditions, while
black closed triangles indicate gene expression under IL conditions. Error bars indicate standard

deviation. n = 3.

Figure 11. Seasonal changes in Sugar/(Sugar+Starch) in leaves of an adult tree of fullmoon maple
grown under different light conditions in 2021 (cf. Fig. 4E) (A) and in 2020 (n=4 to 6) (cf. Fig. S9J)
(B) in leaves grown at the south-faced outer-canopy (red circles, HL), north-faced outer-canopy

(open rectangles, IL), and north-faced inner-canopy (black closed triangle, LL) of an adult tree of
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fullmoon maple, and that in pot-grown seedlings of fullmoon maple (4-year-old, = 40 cm in shoot
height) grown under open (open diamonds) (n=4) and shade: =13% of full sunlight (black closed

triangles-down) in 2021 (n = 4 to 6) (C) (cf. Kitao et al. 2022). Error bars indicate standard error.
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Figure 1. Seasonal changes in dry mass-based leaf anthocyanin content (Anthocyanin,,., A), and leaf N content (N,,..., B), area-based leaf anthocyanin content
(Anthocyanin,,,, C), and leaf N content (N,,.., D), F,/F,, (E), and LED-specific leaf absorptance (ABS .y, F) in leaves grown under high light at the south-faced outer-
canopy (red circles, HL), intermediate light at north-faced outer-canopy (open rectangles, IL), and low light at north-faced inner-canopy (black closed triangles, LL)
of an adult tree of fullmoon maple. Values are means = SE (n=4). Insets enlarge seasonal changes in anthocyanins from the end of July to the middle of October.
Leaves were sampled after the measurements of F /F., on 27 Jul, 17 Aug, 7 Sep, 28 Sep, 5 Oct, 13 Oct, 19 Oct, 22 Oct, 26 Oct, and 29 Oct. Note: Leaf anthocyanins
and N can be measured for the leaves sampled on 29 Oct, whereas F /F,, could not be measured, since fluorescence signals were too small because of almost no
chlorophyll remained at that time (cf. Fig. 2).
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Figure 2. Seasonal changes in dry mass-based leaf chlorophyll content (Chl,,, ..., A), Xanthophyll pigment pool size (V+A+Z .., B), area-based leaf chlorophyll
content (Chl,,, .ear C), Xanthophyll pigment pool size (V+A+Z,., D), the ratio of chlorophyll a to b (Chl,, E), and conversion state of xanthophyll cycle
[(Z+A)/(V+A+Z), F] in leaves grown at the south-faced outer-canopy (red circles, HL), north-faced outer-canopy (open rectangles, IL), and north-faced inner-canopy
(black closed triangles, LL) of an adult tree of fullmoon maple. Values are means & SE (n=4). Leaves were sampled on 27 Jul, 17 Aug, 7 Sep, 28 Sep, 5 Oct, 13 Oct,

19 Oct, 22 Oct, 26 Oct, and 29 Oct. Note: Chl,,, and (Z+A)/(V+A+Z) could not be calculated on 29 Oct, since the values of Chl_,, and (V+A+Z) were not detectable
(=0).
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Figure 3. Seasonal changes in mass-based leaf sugar (Sugar, .., A) and starch content (Starch, .., B), area-based leaf sugar (Sugar,.,, C) and starch content
(Starch,,.., D), and the ratio of leaf sugar to [sugar + starch] (Sugar/(Sugar + Starch), E) in leaves grown at the south-faced outer-canopy (red circles, HL), north-
faced outer-canopy (open rectangles, IL), and north-faced inner-canopy (black closed triangles, LL) of an adult tree of fullmoon maple. Values are means * SE
(n=4). Leaves were sampled on 27 Jul, 17 Aug, 7 Sep, 28 Sep, 5 Oct, 13 Oct, 19 Oct, 22 Oct, 26 Oct, and 29 Oct.
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Figure 4. Seasonal changes in mass-based net photosynthetic rate (A, ..., A), electron transport rate (ETR,, ..., B), area-based
net photosynthetic rate (A,,,, C), and electron transport rate (ETR,,,, D) in leaves grown at the south-faced outer-canopy
(red circles, HL), north-faced outer-canopy (open rectangles, IL), and north-faced inner-canopy (black closed triangles, LL) of
an adult tree of fullmoon maple. Measurements were conducted under saturating light (1000 umol m-2 s!) and optimal leaf
temperature ranged from 20 to 25 ° C. Values are means £ SE (n=4). Measurements of gas exchange and chlorophyll
fluorescence were conducted totally 8 times: 26 Jul, 16 Aug, 6 Sept, 27 Sept, 4 Oct, 12 Oct, 18 Oct, and 25 Oct in 2021.



Anthocyanin ___. (umol gl

w
o

25 LA 8 o
O
20 - o ®
Q o o
15 + e °
10
® HL
. A 1L
O C D 1 Dl.ﬂm A 1 1 1 1 1 1
04 05 06 07 O 0O 5 10 15 20 25 30
Sugar / (Sugar + Starch) Anthocyanin ____ (umol g™

Figure 5. Relationships between the ratio of sugar to sugar plus starch [Sugar/(Sugar+Starch)]
and Anthocyanin,, . (A), and between Anthocyanin,, .. and Sugar,,,.. (B), in leaves grown at the
south-faced outer-canopy (red circles, HL), north-faced outer-canopy (open rectangles, IL), and
north-faced inner-canopy (black closed triangle, LL) of an adult tree of fullmoon maple.



Cytosol

acetyl-CoA

Gene.50132
ACC1

0913 09/27 10/11

malonyl-CoA

phenylalanine

Gene.6874
PAL1_1

600 -
400-

200~

&

0-
09/13  09/27 10/11

trans-cinnamic acid
Gene.18372
C4H
1500 -

1000 -

P

500 -
0- . . .
09/13 0927 1011

p-coumaric acid

Gene.15258

BN oW
o 9 &
38 & o
oL T T
(@]
=
w

09/13  09/27  10/11

g—coumaric acid-CoA

Gene.216:
CHS
6000 -
4000

2000

‘

0
09/13  09/27  10/11

naringen chalcone

Gene.16159
F3'H

1000~

500

B

0-
09713 09/27  10/11

dihydrokaempferol

Gene.16532
UGT84A1

09/13  09/27 1011

Gene.21728
F3GlcT_1
600 -

400 -
200-

0-
09/13  09/27 1011

Gene.21894
F3GIcT_2

600~
400~
200~

0= [ [ [
0913 09/27  10/11
Gene.22224
F3GIcT_3
1000~

750 -
500-
250~

0-

09/13  09/27  10/11

glycosylation of

cyanidin

various flavonoids

Figure 6. Expression of genes encoding key enzymes in flavonoid biosynthesis. The x-axes
and the y-axes indicate dates and transcripts per million counts (TPM). Open rectangles
indicate IL leaves, and black closed triangles LL leaves. Error bars indicate standard
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Figure 11. Seasonal changes in Sugar/(Sugar+Starch) in leaves of an adult tree of fullmoon maple grown
under different light conditions in 2021 (cf. Fig. 4E) (A) and in 2020 (n=4 to 6) (cf. Fig. S9J) (B) in leaves
grown at the south-faced outer-canopy (red circles, HL), north-faced outer-canopy (open rectangles, IL),
and north-faced inner-canopy (black closed triangle, LL) of an adult tree of fullmoon maple, and that in
pot-grown seedlings of fullmoon maple (4-year-old, = 40 cm in shoot height) grown under open (open
diamonds) (n=4) and shade: =13% of full sunlight (black closed triangles-down) in 2021 (n = 4 to 6) (C) (cf.
Kitao et al. 2022). Error bars indicate standard error.
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