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Abstract

Disassembly and degradation of the photosynthetic protein complexes during

autumn senescence, a vital step to ensure efficient nutrient relocalization for winter

storage, is poorly understood. Concomitantly with the degradation, anthocyanins are

often synthesized. However, as to why leaves accumulate red pigments, no consen-

sus exists. One possibility is that anthocyanins protect senescing leaves from excess

light. In this study, we investigated the pigment composition, photosynthetic perfor-

mance, radical production, and degradation of the photosynthetic protein complexes

in Norway maple (Acer platanoides) and in its highly pigmented, purple-colored variety

(Faassen's black) during autumn senescence, to dissect the possible roles of anthocy-

anins in photoprotection. Our findings show that senescing Faassen's black was

indeed more resistant to Photosystem II (PSII) photoinhibition, presumably due to its

high anthocyanin content, than the green maple. However, senescing Faassen's black

exhibited low photosynthetic performance, probably due to a poor capacity to repair

PSII. Furthermore, an analysis of photosynthetic protein complexes demonstrated

that in both maple varieties, the supercomplexes consisting of PSII and its antenna

were disassembled first, followed by the degradation of the PSII core, Photosystem I,

Cytochrome b6f, and ATP synthase. Strikingly, the degradation process appeared to

proceed faster in Faassen's black, possibly explaining its poor PSII repair capacity.

The results suggest that tolerance against PSII photoinhibition may not necessarily

translate to a better fitness. Finally, thylakoids isolated from senescing and non-

senescing leaves of both maple varieties accumulated very little carbon-centered rad-

icals, suggesting that thylakoids may not be a major source of reactive oxygen species

in senescing leaves.

1 | INTRODUCTION

Leaf senescence is a controlled process that comprises several phases

in order to remobilize nutrients. To resorb the nutrients of the

chlorophyll-binding protein complexes of the photosynthetic electron

transport chain, Photosystem I (PSI) and Photosystem II (PSII) and

their light-harvesting complexes (LHCI and LHCII, respectively), chlo-

rophylls need to be detoxified into linear tetrapyrroles and stored in

the vacuole of the senescing cell (Matile et al., 1988; for reviews, see

Kuai et al., 2018; Wang & Grimm, 2021). Degradation of the protein
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complexes follows chlorophyll degradation (Ito et al., 2022; Miersch

et al., 2000; Nath et al., 2013; Tamary et al., 2019; Wang et al., 2014).

The former has been studied mainly during developmental (age-

related) senescence and at the level of individual protein subunits (for

reviews, see Domínguez & Cejud, 2021; Krieger-Liszkay et al., 2019;

Schöttler & T�oth, 2014). However, as the order in which the protein

complexes are degraded varies between different species, even

among different varieties of a species (Krupinska et al., 2012), and can

be affected by weather conditions (Humbeck & Krupinska, 2003), the

observations are difficult to generalize to other species and to other

types of senescence.

During developmental senescence, preferential degradation of

PSII often occurs (e.g., Nath et al., 2013) but early degradation of PSI

has also been observed (Miersch et al., 2000; Wang et al., 2014). Usu-

ally, LHCs are degraded late and incompletely (e.g., Miersch

et al., 2000), but this is not always the case (Krupinska et al., 2012). In

addition, different LHC proteins can have different degradation rates

(Moy et al., 2015; Nath et al., 2013).

Studies on the degradation of the photosystems during

autumn senescence of deciduous species, on the other hand, are

less common. Moy et al. (2015) reported that PSI is degraded

before PSII in sugar maple (Acer saccharum) and swamp white oak

(Quercus bicolor). Degradation of LHCs started at the same time as

the degradation of the photosystems, although, in sugar maple,

LHCII proteins were retained even at the end of senescence. In

sugar maple, the amount of the PsbS protein decreased, while the

PsbS amount strongly increased when the degradation of PSII was

initiated in swamp white oak, and then again decreased toward

the end of the senescence (Moy et al., 2015). In another study,

probably conducted in senescing sycamore maple (Acer pseudopla-

tanus) although described as Norway maple (Acer platanoides),

LHCII was observed to be degraded after PSII (Lepeduš

et al., 2010). In the study of Lepeduš et al. (2010), PSII amount

was measured via the D1 protein whose concentration may vary

also due to photoinhibition of PSII (Theis & Schroda, 2016;

Tyystjärvi, 2013; see below).

To our knowledge, the fates of cytochrome b6f (Cyt b6f ) or

ATP synthase (ATPase) are not known at the protein level during

autumn senescence. In age-related senescence, Cyt b6f is often

reported to be one of the earliest complexes degraded, while

ATPase is usually more stable (e.g., Domínguez & Cejud, 2021;

Guiamét et al., 2002; Nath et al., 2013; Tamary et al., 2019; Wang

et al., 2014). During age-related senescence, Rubisco is reported

to be preferentially degraded (e.g., Nath et al., 2013). However,

contrasting results have been obtained from deciduous trees

(Lepeduš et al., 2008; Lepeduš et al., 2010; Millard &

Thomson, 1989).

During autumn senescence, flavonoids may be synthetized

(Lee et al., 2003; Mattila et al., 2018). Yellow autumn colors are

mainly due to a slower degradation of carotenoids than chloro-

phylls, but red colors are caused by anthocyanin synthesis (Davies

et al., 2022; Lee et al., 2003). Reasons behind the autumnal accu-

mulation of red pigments have recently produced lively debates

(e.g., Agati et al., 2021; Hughes et al., 2022; Lev-Yadun, 2022;

Mattila & Tyystjärvi, 2023; Pena-Novas & Archetti, 2021;

Renner & Zohner, 2022). The main hypotheses (which are not

mutually exclusive) state that anthocyanins either protect senes-

cing leaves from excess light or are involved in plants' defense

against herbivores and/or pathogens.

In principle, anthocyanins could protect (senescing) leaves

by shielding excess light (Field et al., 2001) or by scavenging reac-

tive oxygen species, such as hydrogen peroxide (e.g., Gould

et al., 2002; Kytridis & Manetas, 2006). Photoprotection can be

estimated by measuring nutrient resorption (presumably a driver

of evolution for features of autumn senescence; Duan et al., 2014;

Field et al., 2001; Hoch et al., 2003), photosynthesis (e.g., carbon

fixation; Lo Piccolo et al., 2018) or PSII functionality (Field

et al., 2001; and many others). Light damages PSII with a rate that

is directly proportional to the intensity of light (Tyystjärvi &

Aro, 1996; for the mechanism(s), see Tyystjärvi, 2013; Mattila

et al., 2023). Here, this irreversible light-induced damage to PSII is

referred to as photoinhibition of PSII. To restore PSII activity, a

new D1 protein (a core protein of PSII) has to be synthetized by

the concurrent PSII repair cycle (for a review, see Theis &

Schroda, 2016). Anthocyanins absorb green light efficiently; how-

ever, green light causes only little damage to PSII, at least in senes-

cing leaves of Norway maple (Mattila & Tyystjärvi, 2023).

Therefore, the fact that many anthocyanins also absorb blue light

(e.g., Ji et al., 1992; for a review, see Landi et al., 2021) should con-

tribute to their photoprotective capacity. Anthocyanin accumula-

tion has been sometimes (Field et al., 2001; Hoch et al., 2003), but

not always (Lo Piccolo et al., 2018; Mattila & Tyystjärvi, 2023),

found to protect senescing autumn leaves.

Previously, we observed that the red sections of senescing leaves

of Norway maple show more severe stress symptoms than the yellow

sections (Mattila & Tyystjärvi, 2023; see also Nikiforou et al., 2011). In

accordance, partially dead Norway maple trees show a higher fre-

quency of red leaves than healthy trees (Sinkkonen, 2008). We pro-

posed that if translocation of photosynthates is limited under adverse

conditions, anthocyanins function as an additional electron

sink, which helps photosynthesis to function and, thus, enables

efficient nutrient resorption (Mattila & Tyystjärvi, 2023; for related

suggestions, see Adams III et al., 2018; Hernandez & Van

Breusegem, 2010; Lihavainen et al., 2021; Lo Piccolo et al., 2018;

Soubeyrand et al., 2018). In addition, anthocyanin accumulation

may be a response to nitrogen limitation, also in senescing trees

(Hughes et al., 2022; Renner & Zohner, 2022).

Senescing Norway maple often contains both red and yellow

leaves. On the other hand, a variety of Norway maple, Faassen's black,

has heavily pigmented leaves, sometimes appearing almost

black, already before autumn senescence (see Figure S1). In the pre-

sent study, we used these closely related but visually very different

maple species to better understand the possible photoprotective

functions of anthocyanins. To see if anthocyanins protect chloro-

plasts, especially PSII, from high light, we investigated the pigment

composition, photosynthetic reactions, PSII photoinhibition and
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accumulation of carbon-centered radicals. Further, we studied the

degradation of thylakoid protein complexes with native gel electro-

phoresis, (i) to see how the components of the photosynthetic elec-

tron transport chain are degraded during autumn senescence in the

two Norway maple varieties, and (ii) to see if high anthocyanin con-

tent affects the degradation process.

2 | MATERIALS AND METHODS

2.1 | Plant material

Leaves from Norway maple (A. platanoides L.; green maple), and from

its purple-colored variety (Faassen's black; purple maple) were

collected on September 20, 2022–October 24, 2022, from trees

growing on urban areas of Turku (Finland). Leaves of green maple

were collected from trees that turned yellow or only slightly red dur-

ing the autumn senescence; consequently, non-senescing leaves

appeared green and senescing leaves pale green or yellow (see

Figure S1). On the other hand, non-senescing leaves of Faassen's

black often appeared deep purple or even almost black and senescing

leaves red or bright orange (Figure S1). After collection, leaves were

brought to the laboratory for analyses. A set of non-senescing and

senescing leaves was always collected at the same time from a single

tree. All experiments were conducted with leaf material collected

from at least three individual trees.

Pumpkin (Cucurbita maxima Duchesne) was grown in a green-

house, as described in Mattila et al. (2023).

2.2 | Chlorophyll a fluorescence

(FM�F0)/FM = FV/FM values were measured with FluorPen (Photon

Systems Instruments) from adaxial leaf surfaces (unless otherwise

mentioned) after at least 30 min dark-acclimation. Rapid light curves

and quenching analyses were performed with Multi-Color-PAM

(Walz) on light-acclimated leaves. Fluorescence was probed with a

low-intensity (setting 3) measuring beam (625 nm; 5000 Hz). Leaves

were illuminated with white light of photosynthetic photon flux densi-

ties (PPFD) of 1, 4, 28, 54, 80, 119, 232, 328, 432, 674, 800, 1125,

1499, 1771, and 2045 μmol m�2 s�1, 30 s with each PPFD, after

which they were incubated in the dark for 4 min. An 800-ms saturat-

ing flash (setting 20) was given at the end of each PPFD and every

1 min under the darkness to calculate the relative electron transfer

rate (ETR; PPFD*0.42*(FM0�F)/FM0), photochemical quenching (qL;

(FM0�F)/(FM0�F0’)*(F00/F); Kramer et al., 2004), regulated non-

photochemical quenching (NPQ; F/FM0�F/FM) and non-regulated

non-photochemical quenching (NO; F/FM) of fluorescence. An

estimate for F00 (Oxborough & Baker, 1997) was used. Minimum

saturating irradiance and α (the initial slope of the light curve) were

obtained by fitting the data to a model of Platt et al. (1980) in the

Pam-Win-3 software (Walz). Red-measuring beam was chosen so

that the high anthocyanin content of Faassen's black would not

disturb the fluorescence measurements, while white light was used

as actinic illumination to stimulate natural conditions.

2.3 | Photoinhibition experiments

Leaf pieces (approximately 2 � 3 cm) were placed, either adaxial or

abaxial side up (as indicated) on a wet paper on a

temperature-controlled metal block (set to 20�C) and illuminated

(PPFD 2000 μmol m�2 s�1) for 45 min with a sunlight simulator LED

lamp (SLHolland). After the light treatment, leaf pieces were left to

recover under low light (PPFD approximately 2 μmol m�2 s�1) for 3 h.

Photoinhibition was quantified by the FV/FM parameter, measured

with FluorPen (Photon Systems Instruments) from the illuminated side

of the leaf, after 30 min dark-acclimation. In the case of Faassen's

black, some of the leaf pieces were dropped from the experiments

due to too low FV/FM values (prior an illumination).

2.4 | Isolation of thylakoid membranes

Three individual isolations were conducted from three trees (for both

green and Faassen's black maple). Leaves were kept under darkness

for at least 30 min prior the isolation (for the FV/FM measurements),

after which main veins were removed, rest of the leaf material was

cut to pieces and shortly ground with a blender in cold isolation buffer

(50 mM Hepes/KOH (pH 7.5), 330 mM sorbitol, 5 mM MgCl2, 1%

(w/v) bovine serum albumin, 5 mM sodium-L-ascorbate, 5% (w/v)

polyethylene glycol, 10 mM sodium fluoride (NaF)). Ascorbate was

added right before the isolation. The mixture was filtered through

Miracloth (Merck Millipore) and centrifuged (5 min, 5000 � g, 4�C).

Supernatant was removed and the pellet was resuspended in an

osmotic shock buffer (50 mM Hepes/KOH (pH 7.5), 5 mM MgCl2,

10 mM NaF) and centrifuged (5 min, 5000 � g, 4�C). Supernatant was

removed and the pellet washed with storage buffer (50 mM HEPES/

KOH (pH 7.5), 100 mM sorbitol, 5 mM MgCl2 and 10 mM NaF),

followed by centrifugation (5 min, 5000 � g, 4�C). Finally, the pellet

was resuspended in the storage buffer and stored at �75�C

before use.

Pumpkin thylakoids were isolated without NaF, ascorbate or poly-

ethylene glycol, as described in Mattila et al. (2023).

2.5 | Determination of the protein amount

10 μL of thylakoid suspension was dissolved in 30 μL of a protein

isolation buffer (50 mM Tris–HCl (pH 8.0), 2% sodium dodecyl sulfate,

10 mM ethylenediaminetetra-acetic acid), the sample was frozen in

liquid nitrogen and then immediately melted (75�C). Freezing/melting

was repeated, after which the sample was centrifuged (10 min,

18,000 � g). The amount of total proteins was determined with the

Lowry method, using the DCTM Protein assay kit (Bio-Rad). A calibra-

tion curve was obtained with bovine serum albumin.

RANTALA ET AL. 3 of 15
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2.6 | Quantification of pigments

Pigments were extracted from leaf pieces in dimethylformamide

(by incubating the sample for several days in the dark at 4�C) and from

thylakoids in 80% acetone (pH 7.5). Chlorophylls and carotenoids

were then quantified with a spectrophotometer according to Porra

et al. (1989) and Wellburn (1994), respectively. Leaf chlorophyll

amount was also estimated by MultispeQ (PhotosynQ) using the opti-

cal SPAD method (Hunt & Daughtry, 2014; Mattila &

Tyystjärvi, 2023). In this case, the relative chlorophyll values measured

with MultispeQ were converted to μg cm�2 with an empirical calibra-

tion curve (Figure S2).

2.7 | Leaf weight and thickness

Leaf thickness was first determined with MultispeQ (PhotosynQ),

which uses a Hall effect sensor. After that, leaf pieces (3 � 0.28 cm�2)

cut from the same leaf area were immediately weighed with an analyt-

ical scale.

2.8 | Detection of carbon-centered radicals

Thylakoids (50 μg chlorophylls mL�1) were illuminated for 30 min

(PPFD 2000 μmol m�2 s�1 with a cold white LED) at 20�C with constant

mixing in the presence of 50 mM α-(4-pyridyl 1-oxide)-N-tert-

butylnitrone (POBN; Enzo Life Sciences Inc.), as described in Mattila et al.

(2023). Accumulation of carbon-centered radicals (POBN-R adduct) was

measured before and after the treatment with an EPR spectrometer

(Miniscope MS 5000; Magnettech GmbH) and quantified by calculating

the height of the first positive peak, as described in Mattila et al. (2023).

2.9 | Polyacrylamide gel electrophoresis

The sample preparation for blue native (BN)-polyacrylamide gel elec-

trophoresis (PAGE), gel casting and electrophoresis were done essen-

tially as described in Järvi et al. (2011) and Rantala et al. (2018).

Briefly, the isolated thylakoid samples were diluted in BTH buffer

(25 mM Bis/Tris/HCl (pH 7.0), 20% (w/v) glycerol, 0.25 mg mL�1

Pefabloc and 10 mM NaF). An equal volume of 4% β-dodecyl-

maltocide (DM, Sigma) in BTH buffer was added to the sample to

achieve a final concentration of 0.5 mg mL�1 of chlorophyll and

2% DM. The samples were solubilized for 2 min on ice and the

unsolubilized membrane debris was removed by centrifugation at

18,000 � g at 4�. After centrifugation, 1/10 (v/v) of Serva Blue

buffer (100 mM BisTris/HCl (pH 7.0), 0.5 M ACA, 30% (w/v)

sucrose and 50 mg mL�1 Serva Blue G) was added to the sample

and 8 μg of chlorophyll was loaded on each well. Two-dimensional

sodium dodecyl sulfate (2D-SDS)-PAGE analysis of protein com-

plexes was performed as described in Rantala et al. (2018). The

proteins were visualized by silver staining (Blum et al., 1987).

2.10 | Statistical analyses and figure preparation

Data fitting and statistical tests (Student's t-tests, heteroscedastic)

were performed in Microsoft Excel (Office). Figures were prepared

with SigmaPlot (Systat) and CorelDraw (Alludo).

3 | RESULTS

3.1 | Pigment compositions and PSII efficiency in
autumn leaves of green and purple Norway maple

Non-senescing (mature) and senescing leaves were collected during

autumn from outdoor grown trees of Norway maple (denoted here

as “green”) and from its purple-colored variety (Faassen's black;

denoted as “purple”). The advancement of senescence was esti-

mated by measuring the chlorophyll content of the leaf. In general,

non-senescing purple leaves contained more chlorophyll (per leaf

area) than non-senescing green maple leaves. Accordingly, non-

senescing purple leaves were slightly thicker and heavier than

those of green maple (Figure 1A,B). In the case of green maple,

senescing leaves were thinner and lighter than non-senescing

leaves (Figure 1B). On the other hand, chlorophyll content did not

significantly affect the fresh weight of purple leaves (Figure 1B). In

green maple, FV/FM values, measured after 30 min in the dark,

remained high (>0.7) even in senescing leaves with very little chlo-

rophyll left (Figure 1C). Non-senescing purple leaves also showed

high FV/FM values (approximately 0.8); however, low FV/FM values

(approximately ranging from 0.1 to 0.6) were measured from a large

proportion of senescing purple leaves (Figure 1C).

To get more specific information about the pigment contents of

the leaves, pigments were extracted and quantified with a spectro-

photometer (Figure S3A). The chlorophyll a-to-b ratio was lower in

purple leaves than in green leaves (Figure 2). During senescence, the

ratio slightly decreased in both the green and purple maple (Figure 2).

The carotenoids-to-chlorophylls ratio increased during senescence,

again in both the green and purple maple; however, the increase was

more pronounced in purple leaves (Figure 2).

3.2 | In purple maple, FV/FM decreased slowly
during high light treatment but senescing leaves
possessed poor recovery capacity

To understand the reasons behind the low FV/FM values of senescing

purple leaves (Figure 1C) and, in general, to test the capacity of green

and purple maple leaves to resist PSII photoinhibition, leaf pieces

were illuminated with high light. Before and after the treatment, PSII

activity was estimated with the fluorescence parameter FV/FM. The

senescing leaves of purple maple had low FV/FM values already before

any illumination (Figures 1C and 3) and, therefore, it was necessary to

quantify photoinhibition as a percentage of the remaining PSII activity

(compared to control; Table 1) to compare the amount of PSII
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inactivation that was due to the light treatment in green and purple

maple. The high-light-induced decrease in the FV/FM value was smal-

ler in purple leaves than in green maple, both in the case of non-

senescing and senescing leaves (Figure 3; Table 1). Non-senescing

leaves of purple maple also recovered better, during a low-light

incubation after the high-light treatment, compared to green non-

senescing leaves. However, senescing purple leaves recovered very

little during the low-light incubation (Figure 3; Table 1).

F IGURE 2 Ratios of chlorophylls (Chl) a-to-b (circles and upwards
triangles) and of carotenoids (Car)-to-chlorophylls (squares and
downward triangles) in non-senescing and senescing leaves of Norway
maple (Green; green symbols) and in its purple-colored variety (Faassen's
black; violet symbols). Data show individual measurements (n = 138 in
the case of green maple and n = 71 in the case of purple maple) collected
from at least 10 individual trees (A) or average values of the data, divided
for easier visualization into groups corresponding to non-senescing leaves
with the highest chlorophyll content and to three stages of senescence
(B, C). Error bars show SD. Statistically significant differences (Student's t-
tests, heteroscedastic) between the indicated groups are highlighted with
asterisks (calculated only for Chl a/b values). Statistical significances
(probability of the null hypothesis) of p < 0.001 are indicated
with ***; p < 0.01 with ** and p < 0.05 with *.

F IGURE 1 Thickness (A), fresh weight (B), and FV/FM values
(C) measured from non-senescing and senescing leaves of Norway
maple (Green; green circles) and from its purple-colored variety
(Faassen's black; violet triangles). Dashed lines (B) show the best fits
to linear equations. Measurements in (C) have been conducted after
30 min of dark acclimation. Chlorophyll contents were estimated with
an optical method and converted to μg cm�2 with an empirical
calibration curve (see Figure S2). Each data point shows an individual
measurement (n = 57 in the case of green maple and n = 72 in the
case of purple maple) collected from at least five individual trees (A, B)
and (n = 57 in the case of green maple and n = 50 in the case of
purple maple) collected from three individual trees (C).
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Senescing leaves of green and purple maple contained, on

average, similar amounts of chlorophyll (Table 1). Non-senescing

purple leaves, on the other hand, contained notably more chloro-

phyll than non-senescing green leaves (Table 1), which could con-

tribute to the observed photoinhibition tolerance of these leaves

as, in a leaf with high chlorophyll content, the upper cell layers can

efficiently shield chloroplasts in the lower cell layers. Therefore,

to estimate the effect of the higher chlorophyll content of purple

leaves on photoinhibition, non-senescing leaves were also illumi-

nated on the abaxial, non-anthocyanic leaf surface (see

Figure S1C), in which case anthocyanins should exert a minimal

effect on photoinhibition. In line with the measurements con-

ducted on the adaxial surfaces with non-senescing leaves, purple

maple was more resistant against photoinhibition and showed bet-

ter recovery capacity than green maple (Figure 3). The differences,

however, were smaller than in the case of adaxial illumination and

not statistically significant, except in the case of the FV/FM values

after the recovery (Table 1).

3.3 | Photochemical and non-photochemical
quenching and initial slope of the light curve (α) were
low in senescing leaves

To estimate the photosynthetic capacity of non-senescing and senes-

cing leaves of green and purple maple, and to determine if induction

of non-photochemical quenching differed in the leaves with different

amounts of chlorophyll and anthocyanins, rapid light response fluores-

cence curves were measured from light-acclimated leaves (Figure 4;

Figure S5). As light absorption by PSII in the different leaves was not

known, only relative ETR could be calculated (Figure 4B). Based on

the ETR curves, minimum saturating irradiance and α (the initial slope

of the light curve) were calculated. Minimum saturating irradiances

were slightly higher in purple than in green maple (but the differences

were not statistically significant; Figure 4C). The values of the α

parameter were lower in senescing leaves than in non-senescing

leaves, though the differences were statistically significant only in the

case of purple leaves (Figure 4D). Photochemical quenching (qL) was

F IGURE 3 Photoinhibition and recovery in non-senescing (green) and senescing (dark yellow) leaves of Norway maple (Green) and in non-
senescing (violet) and senescing (pink) leaves of its purple-colored variety (Faassen's black). Leaf pieces were illuminated with high light (HL),
either on the adaxial (open bars) or on the abaxial leaf surface (when indicated; hatched bars), after which they were left to recover for a few
hours under low light. FV/FM values were measured after 30 min in the dark. Control shows the values prior to the illumination. Data show
averages (n = 6 in the case of non-senescing leaves and n = 9 in the case of senescing leaves, collected from three individual trees) and error bars
show SD.

TABLE 1 Chlorophyll contents, FV/FM values after high light and recovery (as percentages of the control), as well as the amounts of recovery
(as percentages of photoinhibition) of the leaf pieces used in the photoinhibition experiment (Figure 3). Averages ± SD are shown. Different
letters indicate a statistically significant difference; the tests were conducted between non-senescing leaves (green vs. Faassen's black; both
adaxial and abaxial illumination), between non-senescing and the corresponding senescing leaves, between senescing leaves (green vs. Faassen's
black) and between adaxial and abaxial illuminations (green vs. green and Faassen's black vs. Faassen's black). Chlorophyll contents were
estimated with an optical method and converted to μg cm�2 with an empirical calibration curve (see Figure S2).

Leaves Chlorophyll, μg cm�2

FV/FM after high
light, % of control

FV/FM after recovery,
% of control

Recovery, %
of inhibition

Green 60.3 ± 3.6 61.5 ± 11a 87.2 ± 4.7a 65.9 ± 10.5a

Senescing (green) 19.0 ± 8.1 46.8 ± 7.9b 72.9 ± 8.2b 49.3 ± 12.9b

Faassen's black 92.7 ± 8.3 74.4 ± 6.6b 94.6 ± 2.7c 78.9 ± 8.1b

Senescing (Faassen's) 18.4 ± 9.0 54.9 ± 6.5c 68.3 ± 6.5b 29.4 ± 12.6c

Green, abaxial 56.3 ± 7.2 50.8 ± 8.3a,d 70.3 ± 3.7d 38.7 ± 9.7a

Faassen's black, abaxial 80.6 ± 6.1 59.1 ± 5.9d 78.9 ± 3.7e 48.2 ± 6.0a
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F IGURE 4 Rapid light response fluorescence curves measured from light-acclimated non-senescing (green continuous lines) and senescing
(dark yellow dashed lines) leaves of Norway maple (Green) and from light-acclimated non-senescing (violet continuous lines) and senescing (pink
dotted lines) leaves of its purple-colored variety (Faassen's black). (A) Chlorophyll contents were estimated with an optical method and converted
to μg cm�2 with an empirical calibration curve (see Figure S2). (B) Relative electron transfer rates (ETR) at the indicated light intensities.
(C) Minimum saturating irradiances and (D) α (initial slopes of the light curve), calculated based on (B). (E) Photochemical (qL), (F) non-
photochemical (NPQ), and (G) the yield of non-regulated non-photochemical (NO) quenching of chlorophyll fluorescence at the indicated light
intensities (yellow horizontal bar) or under subsequent darkness (black bar). Statistically significant differences (Student's t-tests, heteroscedastic)
at the PPFDs 170, 800, and 2045 μmol m�2 s�1 and after 60 and 240 s of dark-acclimation are highlighted with asterisks. Statistical significances
(probability of the null hypothesis) of p < 0.001 are indicated with ***; p < 0.01 with **; p < 0.05 with *. The tests were performed between non-

senescing leaves, between non-senescing and corresponding senescing leaves and between senescing leaves. F, Faassen's black; G, Green; S,
Senescing (Faassen's black); Y, Senescing (green). Data show averages (n = 9, collected from nine individual trees) and error bars show SD. For
examples of the original fluorescence curves, see Figure S4.
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lower in senescing leaves of both green and purple maple, as com-

pared to the non-senescing leaves (Figure 4E). Furthermore, qL was

lower in green maple than in purple maple, particularly in the senes-

cing leaves, almost at all tested light intensities (Figure 4E). However,

the lower average chlorophyll content of green leaves, compared to

purple leaves (Figure 4A), makes the direct comparison more difficult,

especially in the case of senescing leaves. NPQ was higher and NO

lower in non-senescing than in senescing leaves in both green and

purple maples (Figure 4F,G). In general, NPQ was slightly lower in pur-

ple than in green maple leaves (but the difference was not statistically

significant), which together with the high qL, contributed to the high

relative ETR values in purple leaves.

3.4 | Pigment analysis from isolated thylakoid
membranes

Next, to study the degradation of the photosynthetic machinery

during senescence, thylakoid membranes were isolated from non-

senescing and senescing leaves. In the case of green maple, two classes

of senescing leaves, “early” (approximately 35% of chlorophylls left, com-

pared to non-senescing leaves) and “late” (approximately 15% of chloro-

phyll left), were used (Table 2). Senescing purple leaves were selected so

that their chlorophyll content approximately corresponded to the chloro-

phyll content of the early senescing green leaves (Table 2). As observed

before (Figures 1 and 2), senescing purple maple showed low FV/FM

values, a low chlorophyll a-to-b ratio, and a high carotenoids-

to-chlorophylls ratio, compared to senescing green maple (Table 2;

Figure S3B). The protein-to-chlorophyll ratio increased in senescing

leaves, compared to non-senescing leaves, though the difference was

statistically significant only in the case of purple maple (Table 2).

3.5 | Analysis of the senescence-related decline of
photosynthetic protein complexes

The degradation of the photosynthetic protein complexes upon

autumn senescence was assessed from the thylakoids isolated from

senescing leaves of green and purple maple (Figure 5; Table 2). The

photosynthetic protein complexes were excised from the thylakoid

membranes using the mild, non-ionic detergent β-DM that solubilizes

membrane protein complexes in their native form (i.e., still associated

with the pigments). Protein complexes were then separated on blue

native (BN)-PAGE and the gel was stained with Coomassie dye for

better visibility of the complexes (Figure 5A,C). For protein complex

identification, the protein subunits of the isolated protein complexes

were separated using denaturing two-dimensional (2D)-SDS-PAGE

(Figure 5B,D).

In the thylakoids isolated from non-senescing green maple leaves,

four large PSII-LHCII supercomplexes, PSII dimer/PSI-LHCI, ATPase,

PSII monomer, Cyt b6f, M-LHCII, and LHCII trimer were resolved

(Figure 5A). In the thylakoids isolated from early senescing leaves, the

amount of the four PSII-LHCII supercomplexes decreased dramatically

(Figure 5A). The amount of the PSII core dimer decreased slightly,

whereas the PSI, Cyt b6f, and ATPase complexes remained intact dur-

ing early senescence (Figure 5A,B). The amount of LHCII decreased

only marginally (Figure 5A,B). In the thylakoids isolated from late

senescing leaves of green maple, almost all PSII complexes were

degraded (Figure 5A,B) and also the amount of PSI, Cyt b6f, ATPase,

and LHCII significantly decreased (Figure 5A,B).

The pattern of the photosynthetic membrane protein complexes

in the thylakoids isolated from leaves of non-senescing Faassen's

black maple was similar to the non-senescing green maple (Figure 5).

In the senescing purple maple, almost all PSII supercomplexes were

disassembled (Figure 5C) and almost all PSII units were degraded

(Figure 5C,D). The amount of PSI, ATPase, and Cyt b6f was also signif-

icantly decreased, while high amounts of LHCII remained intact

(Figure 5C,D). Since the chlorophyll content of the senescing purple

maple corresponded to the chlorophyll content of the early senescing

green maple, the degradation of the photosynthetic protein com-

plexes seemed to proceed notably faster in purple maple than in green

maple during the autumn senescence.

3.6 | Very little carbon-centered radicals were
detected from maple thylakoids

Finally, the accumulation of carbon-centered radicals in the

thylakoids during a high light illumination was measured to get more

insights into the production of reactive oxygen species during autumn

TABLE 2 Chlorophyll (Chl) contents and FV/FM values (measured after 1 h dark-acclimation) measured from non-senescing and senescing
leaves of Norway maple (Green) and from its purple-colored variety (Faassen's black) used for isolation of thylakoid membranes, and ratios of
chlorophylls a to b, of chlorophylls to carotenoids (Car) and of chlorophylls to proteins, measured from the thylakoids. Different letters indicate a
statistically significant difference; the tests were performed between non-senescing leaves (green vs. Faassen's black), between non-senescing
and the corresponding senescing leaves and between senescing (early) and senescing (Faassen's black). Averages ± SD are shown.

Leaves Chl, μg cm�2 FV/FM Chl a/b Car/Chl Protein/Chl

Green 48.4 ± 9.8 0.79 ± 0.01a 2.95 ± 0.14a 0.18 ± 0.01a 9.8 ± 1.2a

Senescing (early) 17.0 ± 2.9 0.76 ± 0.04a–c 3.07 ± 0.09a 0.25 ± 0.03b 14.7 ± 2.9a,b

Senescing (late) 7.5 ± 2.6 0.75 ± 0.003b 3.07 ± 0.13a 0.37 ± 0.08b,c 22.3 ± 10.3a

Faassen's black 71.9 ± 11.1 0.77 ± 0.03a,c 2.62 ± 0.05b,c 0.18 ± 0.01a,d 7.6 ± 0.9a

Senescing (Faassen's) 20.6 ± 6.2 0.58 ± 0.13c 2.62 ± 0.08c 0.34 ± 0.01e 17.1 ± 2.1b
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senescence. Carbon-centered radicals are produced by ROS mediated

lipid and/or protein oxidation and have been suggested to also origi-

nate from the formation of oxidized PSII reaction center chlorophyll

(P680+), which both have the potential to cause photoinhibition.

Compared to thylakoids isolated from greenhouse-grown pumpkins,

very little radical accumulation was detected in maple thylakoids,

regardless if they were isolated from green or purple leaves or from

non-senescing or senescing leaves (Figure 6). Slightly more radicals

were detected in thylakoids isolated from non-senescing purple leaves

than in thylakoids isolated from non-senescing green maple. No statis-

tically significant differences were found between senescing and non-

senescing thylakoids (Figure 6).

4 | DISCUSSION

In the present research, we studied pigment composition, biophysical

characteristics, and degradation of the photosynthetic protein

complexes during natural autumn senescence in a deciduous species,

Norway maple (A. platanoides L.). In addition to the common, green-

colored variety, another variety of Norway maple that contains purple

leaves throughout the season (Faassen's black), was used to dissect

the possible roles of anthocyanins in photoprotection during

senescence.

4.1 | PSII activity drops in senescing Faassen's
black leaves due to poor PSII recovery

Faster PSII photoinhibition was observed in both senescing and non-

senescing leaves of green maple than in purple maple (Figure 3;

Table 1). The difference in photoinhibition tolerance between non-

senescing leaves of purple and green maple greatly diminished when

illumination was done on the non-anthocyanic abaxial leaf surface

(see Figure S1) and we, therefore, suggest that the high anthocyanin

content of purple leaves contributed to their photoinhibition

F IGURE 5 Separation of the thylakoid membrane protein complexes, with BN and 2D-SDS-PAGE, isolated from non-senescing and
senescing (early/late) leaves of green Norway maple (A, B) and from its purple-colored variety (Faassen's black; C, D), as indicated. (A, C) The
thylakoids were solubilized with β-DM and 8 μg of chlorophyll was loaded on each well. After electrophoresis, the gels were stained with a
Coomassie (CBB) stain for better visibility. (B, D) Gel lanes from native PAGE were incubated in denaturing Laemmli buffer and individual subunits
were separated according to their size with SDS-PAGE. The proteins were visualized with silver stain and the protein subunits annotated based

on Aro et al. (2005). Sc, supercomplex. For a general characterization of the leaves and thylakoids, see Table 2. For two additional biological
repetitions (from different trees), see Figure S5.
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tolerance, in the case of both non-senescing and senescing leaves.

However, it cannot be excluded that other differences, besides the

anthocyanin content, such as the high carotenoid content of senes-

cing purple maple (Figure 2), contributed to the observed photoinhibi-

tion results. While the non-senescing leaves of purple maple showed

faster recovery from photoinhibition than non-senescing green maple,

almost no recovery was observed in the senescing purple leaves

(Figure 3). Therefore, it is postulated that anthocyanins, although they

diminished PSII damage during the high-light treatment via shielding,

did not protect the PSII repair process in senescing leaves. It is known

that the PSII repair cycle is sensitive to reactive oxygen species

(Bethmann et al., 2019; Nishiyama et al., 2001; Yutthanasirikul

et al., 2016). Thus, the previous observations of no differences

between the antioxidant capacities of anthocyanic and non-anthocyanic

Norway maple and sugar maple leaves (Duan et al., 2014; van den

Berg & Perkins, 2007) are in agreement with our suggestion that

anthocyanins did not protect PSII repair.

In the senescing leaves of green maple, PSII activity remained

high (FV/FM 0.7–0.8; measured before any high light treatments) until

the point where almost no chlorophyll was left (Figure 1C), in line with

previous reports (e.g., Keskitalo et al., 2005; Mattila et al., 2021; Moy

et al., 2015). On the contrary, despite its slower photoinhibition, a dra-

matic decrease in PSII activity (measured before any high light treat-

ments) co-occurred with the chlorophyll degradation in the purple

maple (Figure 1C). We suggest that, due to its low recovery capacity

(Figure 3), damaged PSII units accumulated in the senescing leaves of

purple maple. If the poor PSII repair capacity is a common feature

of red leaves, this result may explain the apparent discrepancy

between previous observations of low FV/FM values (e.g., Nikiforou

et al., 2011) and high tolerance against photoinhibition of PSII

(e.g., Hoch et al., 2003) in leaves with high anthocyanin content.

In agreement with our hypothesis on the involvement of anthocy-

anins in photoprotection, another study showed that in-canopy leaves

of senescing fullmoon maple (Acer japonicum) containing low anthocy-

anin levels were more vulnerable to PSII damage under high light com-

pared to anthocyanin-rich outer-canopy leaves (Kitao et al., 2022).

However, other differences between the studied leaf types (high light

vs. low light acclimated leaves) could also have contributed to the

observed vulnerability to photoinhibition. On the other hand, no sig-

nificant photoprotection by red pigments was found when red and

yellow leaf sections of senescing Norway maple (the common variety,

here denoted as “green”) were compared (Mattila & Tyystjärvi, 2023).

The contrasting results on the role of anthocyanins in PSII photopro-

tection may be explained by the differences in the extent and timing

of anthocyanin synthesis in different plant species. Norway maple

trees usually accumulate less anthocyanins and at a later phase of

senescence (Mattila & Tyystjärvi, 2023) than fullmoon maple (Kitao

et al., 2022) or the purple Faassen's black that accumulates high

amounts of anthocyanins already before senescence (Figure S1).

4.2 | PSII degradation precedes the decline of
other photosynthetic complexes in both green and
purple maple during senescence, but the degradation
is faster in purple maple

Our analysis of the native thylakoid protein complexes during autumn

senescence demonstrates that PSII-LHCII supercomplexes, containing

PSII core dimer and two to four copies of trimeric LHCII complexes,

are the first to disassemble during autumn senescence in both green

and purple maple (Figure 5). The disassembly of PSII-LHCII supercom-

plexes is considered to be prerequisite for the degradation of the PSII

core subunits (Huang et al., 2013). Here, such disconnection of LHCII

from the PSII core in early senescing green maple was accompanied

by only a small decrease in the amount of PSII core proteins

(Figure 5B), which started to degrade dramatically only in the late

senescing leaves (Figure 5A,B). In the purple maple, on the other hand,

the disassembly of the PSII-LHCII supercomplex was accompanied by

degradation of the PSII core subunits (Figure 5C,D), and the overall

degradation of the photosynthetic complexes was much faster than in

green maple. In both green and purple maple, high amounts of LHCII

remained undegraded during the senescence (Figure 5). Early degrada-

tion of the LHCII antenna and PSII has been reported in other non-

F IGURE 6 Accumulation of carbon-centered radicals (R) during a
high light illumination in thylakoid membranes, isolated from
greenhouse-grown pumpkin and from non-senescing and senescing
leaves of Norway maple (Green) and of its purple-colored variety
(Faassen's black), as indicated. Radicals were detected with an EPR
probe (POBN). The signal obtained prior to the illumination has been
subtracted from the results. A statistically significant difference
(Student's t-tests, heteroscedastic) between the indicated maple
groups is highlighted with an asterisk. Statistical significances
(probability of the null hypothesis) of p < 0.001 are indicated with ***;
p < 0.01 with **; p < 0.05 with *. Data show averages (n = 3,
collected from three individual trees, except in the case of pumpkin
where leaves from three individual plants were pooled) and error bars
SD. For a general characterization of the leaves and thylakoids, see
Table 2.
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deciduous species (Tang et al., 2005; Wang et al., 2014) and can

indeed occur independently of each other (Chen et al., 2021).

In both the green and purple maple, we observed faster degrada-

tion of PSII than PSI (Figure 5). This contrasts the observations of

Moy et al. (2015), who observed faster degradation of PSI compared

to that of PSII in sugar maple and in swamp white oak during autumn

senescence. However, also Moy et al. (2015) observed that when the

PSII inner antenna protein CP43 was completely degraded at a late

phase of senescence in oak, the PSI protein PsaB was still detected.

Thus, it may not be enough to measure a single time point during

senescence. According to Moy et al. (2015), Lhcb1, Lhcb2, and Lhcb5

were retained, while Lhcb3, Lhcb4, and Lhcb6 were degraded faster.

We also observed the slow degradation of Lhcb1 and Lhcb2

(Figure 5).

In many tree species, chlorophyll a-to-b ratio decreases during

autumn senescence (Lee et al., 2003; Moy et al., 2015; Wolf, 1956),

suggesting that a common strategy during autumn senescence is to

first degrade photosystem core complexes and only later the chloro-

phyll b enriched LHCII. However, in some tree species, for example in

striped maple (Acer pensylvanicum) and in sycamore maple, the chloro-

phyll a-to-b ratio increases during senescence (Fulgosi et al., 2012;

Lee et al., 2003; Mattila et al., 2021). Our pigment analyses demon-

strate that the chlorophyll a/b ratio only slightly decreased during

senescence, both in green and purple maple (Figure 2), which is sur-

prising as, particularly during the late senescence, very little of the

core complexes were observed, while considerable amount of LHCII

was still detected (Figure 5). Thus, simple chlorophyll a/b ratio ana-

lyses are not sufficient to make assumptions about the order in which

the photosynthetic complexes are degraded.

We observed that ATPase was retained in the senescing maple

leaves (Figure 5), highlighting the need to produce energy during

senescence, presumably to power nutrient resorption (Keskitalo

et al., 2005). Also, Cyt b6f stayed intact until late senescence in

green maple and was abundant in senescing purple maple. Accord-

ingly, in senescing beech (Fagus sylvatica), P700 signal (from PSI)

decreases faster than that of Cyt b6f (Zhu & Wild, 1995), suggest-

ing slow degradation of Cyt b6f. On the contrary, a limitation

was previously observed in the electron transfer to PSI in senes-

cing silver birch leaves, which was speculated to originate from

Cyt b6f or from plastocyanin (Mattila et al., 2021). Plastocyanin

amount indeed decreases early during age-related senescence

(Shimakawa et al., 2020). However, even very low contents of

plastocyanin do not limit photosynthesis in Arabidopsis thaliana

mutants (Pesaresi et al., 2009). More studies are thus needed to

determine if the late degradation of Cyt b6f is a common feature

in autumn senescence.

The differences in the recovery after PSII photoinhibition

between the senescing purple and green maple (Figure 3), as dis-

cussed above, may stem from the earlier degradation of the photo-

synthetic electron transfer chain in the purple maple (Figure 5).

Indeed, the degradation of the entire photosynthetic machinery

seems to be faster and more extensive in purple maple compared

to the green maple (Figure 5). Is the “chaotic” degradation of

purple maple a symptom or a different senescence strategy? It has

been speculated that early degradation of LHCII and PSII may lead

to singlet oxygen production during age-related senescence

(Krieger-Liszkay et al., 2015; Krupinska et al., 2012). Possibly, the

high amounts of anthocyanins and carotenoids could protect

leaves from excess light, diminishing singlet oxygen production to

a degree that purple maple can afford fast degradation of

photosynthetic protein complexes?

4.3 | Why do not purple leaves lose weight during
senescence?

Leaf fresh weight decreased with decreasing chlorophyll content in

green maple, as commonly occurs during senescence (see the litera-

ture collected by van Heerwaarden et al., 2003), but not in purple

maple (Figure 1). It has been suggested that anthocyanins work as

osmo-regulators (Chalker-Scott, 2002), which could explain the

observed difference, as the senescence-associated mass loss may at

least partly be due to water loss (Wang et al., 2020). Anthocyanin

accumulation is indeed a common response to drought stress and cor-

relates with drought tolerance (for a review, see Naing & Kim, 2021).

However, in plants that accumulate anthocyanins during winter, the

contribution of anthocyanins to osmotic adjustment is minor com-

pared to other compounds, mainly sugars (Hughes et al., 2013). In

senescing leaves of bilberry (Vaccinium myrtillus), anthocyanins

increased during drought stress, but the increase did not correlate

with the severity of the stress and, thus, the authors did not support

the osmoregulatory hypothesis (Taulavuori et al., 2010).

4.4 | Thylakoids may not be a significant source of
reactive oxygen species during senescence

In this study, we observed only a modest accumulation of carbon-

centered radicals in maple thylakoids during illumination, compared to

thylakoids isolated from greenhouse-grown pumpkin (Figure 6). Reac-

tive oxygen species have the capacity to oxidize proteins and lipids,

which can result in the production of carbon-centered radicals (for a

review, see Pospíšil & Yamamoto, 2017). It has been suggested that

carbon-centered radicals generated during illumination may also origi-

nate from the formation of oxidized PSII reaction center chlorophyll

(P680+) or Tyr• (Yadav & Pospíšil, 2012). Plants growing under more

harsh outdoors-conditions may possess an ability to quench P680+,

maybe via cyclic electron transfer routes around PSII, including

cytochrome b559 and the β-carotene CarD2 (for a review, see

Shinopoulos & Brudvig, 2012). Both reactive oxygen species and

P680+ have been suggested to cause PSII photoinhibition (Callahan &

Cheniae, 1985; Kale et al., 2017; Mattila et al., 2023).

Accumulation of carbon-centered radicals in illuminated thyla-

koids increased in senescing green maple only a little, compared to

thylakoids isolated from non-senescing leaves, and not statistically

significantly (Figure 6). Non-senescing purple maple accumulated
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slightly more radicals than green maple, but despite the low FV/FM

and α values and more extensive degradation of protein complexes

(Figures 1, 4, and 5), senescing purple maple did not accumulate more

carbon-centered radicals than non-senescing purple maple, or senes-

cing green maple. In other studies, more hydrogen peroxide and

superoxide have been detected from senescing leaves of several

deciduous trees (Cheeseman, 2009; Kraj & Zarek, 2021; Lo Piccolo

et al., 2018). Previously, we measured high singlet oxygen production

during illumination of senescing silver birch leaves (Mattila

et al., 2021). In addition, Lepeduš et al. (2008) observed that oxidation

of lipids and especially of proteins increased during autumn senes-

cence in sycamore maple. The above-described measurements

(Cheeseman, 2009; Kraj & Zarek, 2021; Lepeduš et al., 2008; Lo

Piccolo et al., 2018; Mattila et al., 2021) are conducted on a leaf level

and, thus, it may be possible that thylakoid membranes are not the

source for the increased reactive oxygen production during senes-

cence. Indeed, production of reactive oxygen species, specifically of

singlet oxygen, has been suggested to increase during senescence due

to increased enzymatic production (Rangel et al., 2002; Springer

et al., 2015), that is, not due to a senescence-associated disruption of

light reactions. Also, Shimakawa et al. (2022) proposed that lipid per-

oxidation observed during early senescence mainly derives from enzy-

matic oxidation reactions, while at the last stages of senescence,

unregulated production of reactive oxygen species increases.

5 | CONCLUDING REMARKS

In the present study, we demonstrate that (i) anthocyanins can indeed

protect PSII from light-induced damage in both non-senescing and

senescing leaves, provided that they are accumulated in sufficient

amounts. Additionally, we show that (ii) the high anthocyanin content

does not protect the PSII repair process after photoinhibition during

autumn senescence. Instead, (iii) the photosynthetic performance

decreases, and (iv) the photosynthetic protein complexes degrade

much faster in the anthocyanin-rich purple maple compared to the

green maple variety. Thus, the increased protection against photoinhi-

bition in purple maple does not necessarily lead to improved plant

fitness.

It is important to note that the purple maple used in this study,

Faassen's black, is a garden variety and may not be competitive in a

natural environment. Therefore, further research should be conducted

using “natural” species to determine if the observations made here

can be generalized to other species with high anthocyanin content.

Despite this limitation, it is an intriguing observation that purple maple

leaves exhibited similar stress symptoms than red leaves of the

“green” maple (Mattila & Tyystjärvi, 2023).

There is also another difference between the used maple varie-

ties; non-senescing purple maple leaves are thicker and contain more

chlorophyll than those of green maple. Thus, the phase of senes-

cence may not have been the same in the compared senescing

leaves, even though they had similar chlorophyll contents, but the

senescing leaves of purple maple may have been at a more advanced

state of senescence than those of green maple. Therefore, further

protein-level studies with deciduous plants are needed to determine

if the “chaotic” degradation of the photosynthetic machinery

observed in purple maple is an isolated characteristic of a garden

plant or a general feature of species with high anthocyanin and/or

chlorophyll content.
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