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Abstract Many challenging environmental conditions cre-
ate a scenario where plants must respond to excess excitation
energy. This review addresses the role of plant memory for
prior excess-light exposure in shaping plant response with an
emphasis on photoprotective non-photochemical energy dis-
sipation and on evergreen species that have a particular pro-
pensity for this process. A summary of possible causes for
variation in this latter process is presented, with attention to
(1) genetic differences among photosynthetic organisms, (ii)
different growth light environments during the organism’s
development, and (iii) the immediate exposure history of a
leaf. Specific features of non-photochemical energy dissipa-
tion subject to such variation are considered, including (i)
the maximal extent of non-photochemical energy dissipation
(along with the size of the pool of interconvertible xantho-
phylls violaxanthin, antheraxanthin, and zeaxanthin and the
extent of their interconversion over a timeframe of minutes)
and (ii) the onset and relaxation kinetics of non-photochem-
ical energy dissipation. This review focuses specifically on
the modifiable features of rapidly relaxing, pH-dependent
non-photochemical fluorescence quenching (NPQ) and
emphasizes the effect of recent light-exposure history on
both leaf zeaxanthin content and the onset kinetics of fast-
acting NPQ. It is concluded that responses to excess light
are a common feature of plant response to a host of environ-
mental challenges not only in sun-exposed, open locations
but also when plants are subject to shading by over-hanging
canopies, and that the study of plant response to various
environmental stresses should thus include attention to
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excess excitation energy. Studies under controlled conditions
should mimic natural light environments and be conducted
with plants acclimated to such light conditions.

Keywords Kinetics - Fluctuating light environment -
pH-dependent NPQ - Zeaxanthin - Xanthophyll

Abbreviations

A Antheraxanthin

Chl  Chlorophyll

F Steady-state fluorescence

F Maximal fluorescence in darkened leaves
F,' Maximal fluorescence under actinic light
F Variable fluorescence in darkened leaves
F Variable fluorescence under actinic light

NPQ Non-photochemical fluorescence quenching
PFD  Photon flux density

PSII  Photosystem II

v Violaxanthin

Z Zeaxanthin

VAZ Xanthophyll cycle pool (V+ A +7Z)

Introduction and overview

Many challenging environmental conditions create a sce-
nario where the plant must respond to excess excitation
energy (see, e.g., Logan et al., 1999; Demmig-Adams and
Adams, 2018). We herein address the role of plant memory
for prior excess-light exposure in shaping plant response
and discuss implications for the study of plant response to
the environment. While light energy fuels photosynthesis, it
simultaneously presents a challenge to the operation of pho-
tosynthesis. Absorption of more light than can be utilized
through the photochemical pathway leads to one or more
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evasive responses (Logan et al., 1999). For example, when
excitation energy exceeds the capacity for photosynthesis/
photochemical utilization, an alternative, photoprotective
pathway is activated that dissipates excess energy non-
photochemically as heat (see relevant chapters in Demmig-
Adams et al., 2014). This latter process, and its modulation
in response to the external light environment, is the topic of
this review. When the rate of alternative, non-photochemical
dissipation of excitation energy does not increase enough, or
does not increase fast enough, excitation transfer to oxygen
leads to formation of reactive oxygen species (ROS). These
ROS can act as gene regulators that can suppress expres-
sion of photosynthetic genes (Foyer, 2018), directly attack
photosynthetic and other cell structures, and even trigger
programmed cell death (Wagner et al., 2004). While acti-
vated, non-photochemical energy dissipation does not sim-
ply dispose of unusable energy, but routes a given fraction
of excitation energy away from photochemistry — not only
under excessive light but also upon return to limiting light
levels. For that reason, fast-acting non-photochemical energy
dissipation is engaged under excess light and typically dis-
engaged upon return to limiting light (Adams et al., 1999).
Fast-acting non-photochemical dissipation is carefully regu-
lated through (1) pH-dependent formation and removal of
a xanthophyll-based quencher and (2) a pH-sensing protein
that activates non-photochemical dissipation (see chapters in
Demmig-Adams et al., 2014). This was demonstrated for the
model plant Arabidopsis thaliana and the model green alga
Chlamydomonas reinhardtii by showing that fast-acting non-
photochemical energy dissipation was inhibited in mutants
deficient in either the pH-sensing protein (Li et al., 2000,
2004) or the pH-controlled enzyme that produces the xan-
thophyll zeaxanthin (Z) from the corresponding di-epoxide
violaxanthin (V) via the mono-epoxide antheraxanthin (A)
(Niyogi et al., 1997, 1998).

In this review, we show that variation in non-photochem-
ical energy dissipation can have several causes, including
(i) genetic differences among photosynthetic organisms, (ii)
growth light environment during the organism’s develop-
ment over days and weeks, and (iii) immediate exposure
history over minutes and hours. We also review specific
features of non-photochemical energy dissipation that are
subject to variation, including (i) the maximal extent of non-
photochemical energy dissipation (along with the size of
the pool of interconvertible xanthophylls and the extent of
their conversion over a few minutes) and (ii) the onset and
relaxation kinetics of non-photochemical energy dissipation.

Recently, a simple, elegant mechanistic model was devel-
oped to predict how the onset kinetics of non-photochem-
ical energy dissipation (assessed from non-photochemical
quenching of chlorophyll fluorescence, NPQ) will vary
over a series of light exposures from interaction of only
the pH-sensing protein and zeaxanthin in the microalga
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Nannochloropsis (that possesses no lutein and exhibits
no state shifts; Short et al., 2022). Different proteins and
xanthophylls, with corresponding functions, facilitate non-
photochemical energy dissipation in different species and/
or genotypes of photosynthetic organisms (see chapters in
Demmig-Adams et al., 2014). During rapid fluctuations
in the external light environment, these other proteins and
xanthophyll cycles are likewise controlled by changes in
intra-thylakoid pH as an indicator for whether excitation is
limiting or in excess (see chapters in Demmig-Adams et al.,
2014).

In addition to these above pH-dependent components,
non-photochemical energy dissipation can have pH-inde-
pendent components that are characterized by gradual onset
under excess light and slow reversal under limiting light or
darkness. There is a large body of work comparing fast-
acting, pH-dependent NPQ with slowly reversible, pH-inde-
pendent non-photochemical energy dissipation in different
species and/or different growth environments (for reviews,
see chapters in Demmig-Adams et al., 2014; see also Dem-
mig-Adams & Adams, 2006; Demmig-Adams et al., 2022).
Notably, even pH-dependent NPQ can persist for extended
periods of time in darkness when temperature is low enough
to maintain trans-thylakoid pH gradient in darkness (Gil-
more & Bjorkman, 1994a, 1994b, 1995; Demmig-Adams
et al., 1996b; Verhoeven et al., 1998; Demmig-Adams et al.,
2006).

However, the present review focuses specifically on
modifiable features of rapidly relaxing, pH-dependent NPQ.
We highlight adjustments in the maximal capacity of fast-
acting NPQ, as driven by growth light environment during
plant development over days and weeks, and superimposed
adjustments to NPQ onset kinetics driven by recent history
of exposure to excess light over time frames from minutes
to hours. We discuss that the modifiable kinetic and other
features of fast-acting NPQ make it inadvisable to classify
NPQ types solely by their kinetics. In acknowledgment of
this complexity, we here use a descriptive terminology of
“fast-acting, pH-dependent” NPQ, rather than implying an
association between NPQ kinetics and particular quenchers
(Nilkens et al., 2010). We here emphasize the effect of recent
light-exposure history on both leaf zeaxanthin content and
on the onset kinetics of fast-acting NPQ. To compare NPQ
onset kinetics and extent with leaf carotenoid composition,
we present NPQ features alongside concomitant adjustments
in xanthophyll cycle (VAZ) pool as well as the fraction of
this pool that is converted to Z (or Z+ A) over short periods
(10-15 min) of exposure to excess light.

We relate these findings to preservation of an excess-
light-responsive state of the photochemical system in
leaves returned to low light or darkness. Our focus here is
on leaf preloading with some zeaxanthin and on an appar-
ent enhanced accessibility of violaxanthin for conversion to
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additional zeaxanthin. Specifically, we address leaves’ abil-
ity for an exceptionally rapid onset of pH-dependent NPQ,
as opposed to earlier work focusing on the variable recovery
kinetics and the slow return to high photochemical efficiency
(and long-term retention of zeaxanthin) under environmental
stress that lowers plant growth rate (and limits plant sink
activity; Adams et al., 2013, 2014).

Sunflecks in shaded environments provide
a much-needed energy boost

Experience of excess light is an extremely common occur-
rence for photosynthetic organisms in natural settings;
excess light is a rather continuous condition in open loca-
tions with daylong sunlight exposure as well as a common
intermittent condition underneath canopies of vegetation or
on days with partial cloud cover. In fact, it’s challenging to
locate any leaf in natural settings that does not experience
excess light at one time or another over the course of every
single day (Demmig-Adams et al., 2020). In natural settings,
changes in non-photochemical energy dissipation intimately
track the patterns of incident light (photon fluence density,
PFD), such as often-bell-shaped PFD curves in fully exposed
locations over the course of a day, or the rapid PFD fluctua-
tions found in variable light environments (Fig. la—d).

Fast-growing plants with high photosynthetic capacity
(e.g., herbaceous annual or biennial crops and weeds) are
unable to grow in deep shade and typically occur either in
open locations, fully sunlight-exposed gaps in forests, or
under canopies that allow ample light penetration. In con-
trast, shade-tolerant species can grow under denser cano-
pies with a more minimal light supply. However, even on
the deeply shaded floor of a multi-layered rainforest, where
vegetation is remarkably sparse, leaves of rainforest spe-
cies (e.g., Alocasia) occur specifically in locations where
they experience at least some shafts of higher light intensity
(termed sunflecks) that represent excess light and are associ-
ated with rapid increases and decreases in non-photochem-
ical energy dissipation (Logan et al., 1997).

The sought-after supply of sufficient light for photosyn-
thesis, growth, and reproduction in variably shaded environ-
ments thus typically includes exposure to excess light (Dem-
mig-Adams et al., 2020). Sunflecks represent both a boost to
the plant’s carbon budget (Chazdon & Pearcy, 1986, 1991,
Pearcy, 1990) and a need for increased photoprotection
(Adams et al., 1999). When leaves are occasionally found
in the deepest shade without exposure to sunflecks, these
leaves are typically older leaves overgrown by other leaves
(that provide a high level of shading) or they belong to a vine
(example of Smilax australis, Table 1), where only some
leaves extend into continuous deep shade while another part
of the plant is growing in a higher-light environment with
better light supply (e.g., Adams et al., 1988). The vine may

supplement such deeply shaded leaves with carbon from the
leaves that receive more light.

Wide range of growth light environments for the vine
Smilax australis

Figure 1 depicts diurnal changes in light incident on leaves
of the vine Smilax australis growing either in unfiltered
sunlight (Fig. 1a) or under a eucalypt canopy that allowed
passage of many sunflecks of rather high intensity over the
course of the day (Fig. 1b). These PFD distribution patterns
were mirrored by diurnal changes in the estimated rates of
photosystem II (PSII) photochemistry (rate of photochemi-
cal utilization of absorbed light, P, through PSII) and of the
alternative non-photochemical pathway of energy dissipa-
tion as heat (D rate) (Fig. 1c,d). PSII photochemistry rate
was estimated from the chlorophyll fluorescence parameter
(F,'—F)/F,'XPFD, i.e., the fraction of light utilized for
photochemistry multiplied by PFD, as described by Genty
et al. (1990), and non-photochemical dissipation rate was
correspondingly estimated from (1 —F,'/F,,") X PFD (for fur-
ther detail, see Adams et al., 1999; see also Demmig-Adams
et al., 1996a).

For leaves experiencing continuous sun exposure, the
estimated PSII photochemistry rate increased during mid-
day but much less so than the incident PFD (Fig. 1a,c). As
expected, the rate of non-photochemical energy dissipation
was low during the morning and afternoon, but much higher
over midday (Fig. 1c). Even in fast-growing annual and bien-
nial crops or weeds with very high rates of photosynthesis/
photochemistry, only about 40-50% of full sunlight at mid-
day can be used for photosynthesis/photochemistry (Dem-
mig-Adams et al., 1996a).

In the fluctuating light environment, estimated PSII
photochemistry rate of Smilax australis exhibited modest
increases during sunflecks, and decreases during intermit-
tent low-light periods throughout the day (Fig. 1b,d), while
the estimated rate of non-photochemical dissipation exhib-
ited corresponding but much more pronounced increases
and decreases (Fig. 1d). It should be noted that the few data
points for estimated non-photochemical dissipation rate do
not fully capture the speed of return to low D rates between
sunflecks. Data points taken closer together during a sunfleck
and a subsequent low-light period (see just before 14:00 h)
suggest that D rate dropped quickly (Fig. 1d). Changes in
the photochemical system upon transition from sunfleck
to a low post-sunfleck PFD occur rapidly as indicated by
more continuous measurements of incident PFD, PSII effi-
ciency [(F,,'—F)/F'], and NPQ (F_/F,'— 1) in another vine
(Stephania japonica) growing in the same habitat (Adams
et al., 1999).

In the open, sun-exposed environment, xanthophyll
cycle conversions in Smilax australis (Fig. 1e) followed the
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Fig. 1 Diurnal changes in
PFD incident on leaves of the
evergreen vine Smilax australis
exposed to full sunlight (a)

or growing in the understory
of a Eucalyptus forest (b) and
associated changes in (c,d)
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general pattern displayed by the rate of non-photochemi-
cal dissipation (Fig. 1c). In other words, in the open, sun-
exposed environment, incident PFD (Fig. 1a), the estimated
rate of non-photochemical energy dissipation (Fig. 1c),
and xanthophyll pool (VAZ) conversion state (Fig. le)
all changed gradually over the course of the day. In con-
trast, in the environment with multiple sunflecks of high
intensity, incident PFD (Fig. 1b) and the estimated rate of
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Hour of the day

non-photochemical energy dissipation (Fig. 1d) changed
much more rapidly than VAZ pool conversion state (Fig. 1f).
In other words, VAZ pool conversion state did not track the
multiple rapid increases and decreases in incident PFD and
in the estimated rate of non-photochemical dissipation and
instead remained elevated throughout the day (Fig. 1f).
These findings are consistent with a particularly important
role of the pH-sensing PsbS protein in rapid engagement and
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Table 1 Carotenoid content on a chlorophyll (Chl) basis and chloro-
phyll a/b ratio of leaves of the evergreen vine Smilax australis leaves
growing in deep shade (excess-light-naive; n=2), in the understory
below an Eucalyptus forest with an open canopy (canopy organiza-
tion allows sunlit areas; Sunflecks; n=16), and in full sunlight (n=8
to 11)

Compounds Deep shade / Sunflecks  Full sunlight
Excess-light-
naive
mmol (V+A+7) 42 96+6 140+ 15
mol~! Chl
mmol p-carotene mol~! 74 83+7 108+5
Chl
mmol lutein mol~! Chl 96 126 +7 153+3
mmol neoxanthin 43 40+2 42+1
mol~! Chl
mmol a-carotene mol™' 41 12+2 6+1
Chl
Chl a/b 3.38 3.60+0.09 3.58+0.13

Values represent means for each leaf+standard deviation where
available. Data from Adams et al. (1999). A, antheraxanthin; V, vio-
laxanthin; Z, zeaxanthin

disengagement of non-photochemical energy dissipation in
these rapidly fluctuating light environments. Kiilheim et al.
(2002) demonstrated such a role in rapidly fluctuating natu-
ral environments, where the PsbS-deficient npg4 mutant of
Arabidopsis thaliana exhibited significantly reduced repro-
ductive fitness (reduced seed production), whereas npg4
exhibited no adverse effects under constant high PFD in
controlled conditions (Niyogi et al., 1998).

Moreover, under both continuous unfiltered sun exposure
and in the sunfleck-rich environment, the xanthophyll cycle
started out with partial conversion to Z+ A at predawn and
then rose to near 100% conversion either over midday in full-
sun exposure or for most of the day in the sunfleck-rich envi-
ronment (Fig. le,f). These findings suggest that presence of
pre-existing zeaxanthin speeds up onset of fast-acting NPQ,
which may be of particular importance in rapidly fluctuat-
ing light environments. Further experimental evidence in
support of this interpretation is summarized in the section
below on Recent light-exposure history affects onset kinetics
of pH-dependent NPQ.

Table 1 compares an additional feature of the light envi-
ronment as well as leaf ascorbate and carotenoid contents
for Smilax australis plants growing in deep shade without
sunflecks (excess-light-naive leaves) with the leaves growing
either in continuous unfiltered sun exposure or with frequent
sunflecks (as depicted in Fig. 1). Total daily light supply
(mol photons per day) was extremely low in deep shade,
much higher in the environment with frequent sunflecks, and

further increased by another 28% in continuous unfiltered
sun (Table 1). The trends exhibited by the estimated rates
of PSII photochemistry and non-photochemical dissipation
(Fig. 1c,d) suggest that much of this additional light supply
exceeded what the plant was able to use for carbon gain.
Similarly, whereas ascorbate levels were non-detectable in
deep shade, they were high in the environment with multiple
sunflecks and strongly further increased (by another 160%)
in continuous full sun (Table 1). Ascorbate plays a dual role
in photoprotection against excess light through (i) its role in
the xanthophyll cycle as well as (ii) a supporting role in the
Mehler process where oxygen acts as an electron acceptor
and resulting hydrogen peroxide is detoxified by ascorbate-
dependent peroxidase (Grace & Logan, 1996).

Some, but not all, leaf carotenoids occur at greater lev-
els in response to excess light in the growth environment
(Logan et al., 1996). The only carotenoid that exhibited
decreased levels relative to chlorophyll in response to greater
light supply was a-carotene (Table 1), which is consistent
with an exclusive role of a-carotene in shade-grown leaves
(Demmig-Adams & Adams, 2018; Verhoeven et al., 1999).
The carotenoid neoxanthin exhibited no differences in con-
centration relative to chlorophyll across the entire range of
light environments (Table 1). Compared to their levels in
excess-light-naive leaves, the other ubiquitous leaf carot-
enoids were present at higher levels relative to chlorophyll,
with p-carotene exhibiting modestly higher levels (12% &
46%), lutein showing a more pronounced enhancement (31%
& 59%), and the xanthophyll cycle pool (VAZ) exhibiting
the greatest enhancement (128% & 233%) in environments
with multiple sunflecks or continuous unfiltered sun, respec-
tively (Table 1). These trends are consistent with the binding
of B-carotene to core antennae, the latter of which comprise
a greater fraction of chlorophyll in high-light environments
(Krause et al., 2001), as well as roles of f-carotene (see, e.g.,
Telfer, 2014), lutein (see, e.g., Dall’Osto et al., 2006; Aven-
son et al., 2008; Esteban & Garcia-Plazaola, 2014; Agostini
et al., 2021), and VAZ in photoprotection, with a particular
role of the xanthophyll cycle pigments under highly exces-
sive light (see, e.g., Demmig-Adams et al., 2020).

Chlorophyll a/b ratio is indicative of the ratio of Chl
b-containing light-harvesting complexes (Green & Durn-
ford, 1996) to Chl b-less core antennae and is inversely
related to PSII antenna size as well as typically higher in
sun versus shade leaves (Krause et al., 2001; Logan et al.,
1996). This ratio was the same in the environments with
multiple sunflecks and continuous full sun and was lower
only in deep shade (excess-light-naive leaves; Table 1).
In natural settings, PSII antenna size of species able to
occupy a wide range of light environments can thus be
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the same between continuous full sun exposure versus
a fluctuating light environment with sunflecks under a
canopy (Adams et al., 1999; see also Schumann et al.,
2017). Substantial amounts of excess light in the latter
light environments can apparently be addressed to a large
extent by non-photochemical energy dissipation. Mainte-
nance of a relatively high PSII antenna size paired with
a high capacity for rapidly modulated non-photochemi-
cal energy dissipation presumably allows leaves under a
canopy to optimize both carbon gain and photoprotection
during continuous rapid alternation between limiting and
excess light.

Response to growth light environment typical
for evergreen plant species

Plant species vary in how strongly their maximal capac-
ity for fast-acting, pH-dependent NPQ responds to growth
light intensity. Figure 2 illustrates that a long-lived, slow-
growing evergreen (example of Monstera deliciosa;
Fig. 2a,c,e), capable of growing in deep shade as well
as in full sunlight, had a limited ability to increase its
maximal photosynthetic capacity (Fig. 2a) and thus a
limited associated capacity for utilization of excitation
energy through the photochemical pathway. Conversely,
this evergreen species exhibited tremendous variation in
the capacity for alternative removal of excitation via pH-
dependent non-photochemical dissipation (assessed as
NPQ capacity; Fig. 2c) as well as in the accumulation of
the de-epoxidized components (zeaxanthin and antherax-
anthin; Fig. 2e) of the xanthophyll cycle.

In contrast to rapidly growing, short-lived species
(example spinach; Fig. 2b,d,f), shade-tolerant evergreen
species like Monstera deliciosa are able to slow their
metabolism enough to meet their energy demands and
thrive in deep shade with extremely limited energy sup-
ply. However, because such species do not increase their
photosynthetic capacity with increasing growth light sup-
ply as much as annual species (Fig. 2a,b), they instead
increase the capacity for non-photochemical energy dis-
sipation and production of the de-epoxidized components
of the xanthophyll cycle between intermediate and high
light supply (Fig. 2c,e).

In other words, evergreen species do not channel increas-
ing light supply into increasing additional productivity as
much as annual species. Conversely, modulation of the
capacity for non-photochemical energy dissipation plays a
particularly prominent role in slow-growing species when
these develop under conditions of highly excessive light
(Logan et al., 1998; Demmig-Adams et al., 2006). The pro-
nounced upregulation of the pool size of xanthophyll cycle
pigments (here VAZ) in this scenario can be considered part
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Fig. 2 Effect of growth light environment (PFD) on light- and
CO,-saturated photosynthetic capacity (a,b), the maximal capacity of
pH-dependent NPQ (c,d), and maximal zeaxanthin (Z) and antherax-
anthin (A) level relative to chlorophyll (Chl; e.f) in the slow-growing
evergreen species Monstera deliciosa (a,c.e) as compared to the fast
growing annual spinach (b,d.f). Significant differences among means
are indicated by different upper-case letters (n=3; p<0.01). Data re-
graphed from Demmig-Adams et al., (2006a, 2006b). The capacity
of pH-dependent NPQ was determined as the fraction of NPQ after
rapid vacuum-infiltration of leaves with the uncoupler nigericin in
0.01% TWEEN during continuous exposure to highly excessive light
(for details, see methods in Demmig-Adams et al., 2006a, 2006b).
The maximal capacity of photosynthetic electron transport was deter-
mined as is customary from the light- and CO,-saturated rate of oxy-
gen evolution. Maximal NPQ capacity was determined as is custom-
ary under conditions (an atmosphere of 2% O,, 0% CO,) that allow
full development of the trans-thylakoid pH required for NPQ induc-
tion but only a minimal rate of photochemical energy dissipation in
all leaves (despite different electron transport capacities in different
species)

of plant memory for prior excess-light exposure. To test for
adjustments in maximal capacity for non-photochemical
energy dissipation, plants should be grown under PFDs that
cover the entire range of PFDs tolerated by a given species,
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and it should be noted whether a given species responds
more like spinach or more like M. deliciosa.

Recent light-exposure history affects onset kinetics
of pH-dependent NPQ

In addition to adjustments in the maximal capacity of fast-
acting NPQ in response to growth PFD, both sun-grown and
deep-shade-grown, excess-light-naive plants accelerate the
onset kinetics of fast-acting NPQ upon repeat exposure to
experimental excess light as shown here for the example of
the evergreen groundcover Vinca minor grown either out-
doors in full sunlight (Fig. 3a) or in deep shade (Fig. 3b).
Overall, Fig. 3 shows that sun-grown leaves of Vinca minor
had a greater capacity for fast-onset NPQ than shade-grown
leaves and that both sets of leaves exhibited much slower
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Fig. 3 Time course of NPQ development in leaves of the evergreen
groundcover Vinca minor grown in either full sun (a) or deep shade
(b) upon experimental exposure to high PFD (2,050 pmol m~2 s71).
Leaves were collected from their outside growth environment
predawn. Measurements were conducted on leaf discs kept under a
stream of humidified air in a measurement chamber; prior to the first
high-light exposure, leaf discs were kept in darkness with a very low
level of far-red (FR) light for 15 min. This was followed by a first
exposure to high light for 15 min, a subsequent dark period (with FR)
of another 15 min, and a second exposure to high light for 15 min.
Re-graphed from Demmig-Adams (1998)

onset of NPQ during a first exposure to excess (very high)
light after an extended dark period compared to subsequent
exposures to excess light (Demmig-Adams, 1998). A similar
response to repeated experimental exposure to excess light
had been reported previously, with a less rapid onset of fast-
acting NPQ in zeaxanthin-free leaves (Fig. 4a) and a much
faster onset of fast-acting NPQ in zeaxanthin-preloaded
leaves (Fig. 4b) in a subsequent exposure (Demmig-Adams
et al., 1989).

Similar responses to repeated exposure to excess light as
those reported for leaves (Figs. 3,4) were also reported for
the alga Nannochloropsis (Short et al., 2022). As in plants,
subsequent exposures to excess light led to faster onset of
NPQ than the first exposure after an extended dark period.
The above-mentioned model put forth by these authors
(Short et al., 2022), based on interaction of a pH-respond-
ing protein and a pH-controlled xanthophyll (zeaxanthin),
was able to predict this variability in the onset kinetics of
NPQ. These findings further indicate that pH-dependent
NPQ, involving the same protein and xanthophyll, can have
variable kinetics. Conversely, different NPQ onset kinetics
per se do not mean that different molecular players must be
involved. Rather, these findings indicate that the most rapid
onset of pH-dependent NPQ requires a state of the photo-
chemical system that maintains a memory of excess-light
exposure, which here includes a retention of some zeaxan-
thin resulting in leaves preloaded with zeaxanthin prior to
another exposure to excess light (see also Matuszyniska et al.,
2016).

Yet another feature that characterizes the photochemical
system’s readiness for dealing with highly excessive light is
the extent to which the available VAZ pool can be converted
to its de-epoxidized forms (zeaxanthin and antheraxanthin)
over a time frame of 10 to 15 min. Excess-light-naive leaves
of Vinca minor grown in deep shade converted merely 34%
of their smaller VAZ pools (28 mmol V+ A +Z per mol
Chl) to zeaxanthin (or a corresponding 44% to zeaxan-
thin + antheraxanthin) compared to sun-grown leaves that
converted 66% of their larger pools (100 mmol V+A+7Z
per mol Chl) to zeaxanthin (or a corresponding 81% to zeax-
anthin + antheraxanthin) over 10 to 15 min of experimental
exposure to very high light (Demmig-Adams, 1998). Simi-
lar differences were seen in other species (Demmig-Adams,
1998). These findings suggest that deep-shade-grown leaves
without a history of daily excess-light exposure do not
have the organization of the photochemical system neces-
sary to reach full conversion of their VAZ pools. This may
mean that violaxanthin and/or violaxanthin de-epoxidase
in excess-light-naive leaves are not in the correct position
to support rapid VAZ pool conversion and engagement of
the resulting epoxidized forms in non-photochemical dis-
sipation. Such a limitation likely involves various aspects
of thylakoid organization (see, e.g., Szilagyi et al., 2007,
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Fig. 4 (a) Time course of changes in chlorophyll fluorescence
recorded from leaf discs of the evergreen vine Hedera helix main-
tained in a measuring chamber under a low light level of 100 pumol
photons m~2 s! in humidified air and suddenly switched to a stream
of humidified 2% O, and 0% CO, (making even the low PFD highly

Kirchhoff, 2014). The xanthophyll features described above,
i.e., VAZ pool size, the fraction of this pool available for de-
epoxidation over a timeframe of minutes, and retention of
its de-epoxidized forms, can all be considered part of plant
memory for excess-light exposure. In other words, plant
memory for excess light apparently involves maintenance
of a thylakoid organization with a large VAZ pool fully
accessible to conversion (or remaining partly converted) for
some time upon return to low light or darkness following an
exposure to excess light.

Growth light environment modulates multiple
molecular players that respond to excess light

Antioxidant metabolites and antioxidant enzymes

Vinca major plants growing in controlled environments
under 12-h photoperiods of either 20, 100, or 1200 umol
photons m~2 s~! exhibited increasing levels of NPQ
(0.08 +£0.39, 0.28 +0.05, 0.84 +0.08, respectively) with
increasing growth PFD (Grace & Logan, 1996), consistent
with the greater NPQ capacities of plants grown in natural
settings with different light supply (Fig. 3). Furthermore,
both VAZ pool size (Fig. 5a) and conversion state, (Z+ A)/
(V+ A+7Z), exhibited concomitant increases (from 0+0 to
0.07+0.02 and 0.58 +0.05 for the conversion state under 20,
100, and 1200 pmol photons m~2 s~ respectively; Grace &
Logan, 1996). Both 20 and 100 pmol photons m~2s~! can be
assumed to represent non-excessive light, with the possible
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excessive) in a first treatment (yellow line), followed by return to air
for 60 min and a subsequent second excessive-light exposure in 2%
0, and 0% CO,, and (b) corresponding zeaxanthin content of leaves
determined immediately prior to the first and second treatments,
respectively. Data re-graphed from Demmig-Adams et al. (1989)

caveat that onset of 100 umol photons m~2 s~! after a 12-h
dark period could represent a brief transition period where
absorbed light may not be fully utilized.

Moreover, acclimatory adjustments, especially in the
leaves grown under 1200 pumol photons m~2 s~!, were also
seen in other photoprotective systems, such as antioxidant
metabolites (here, ascorbate and glutathione; Fig. 5b,c)
and antioxidant enzymes (here, ascorbate peroxidase, glu-
tathione reductase, and superoxide dismutase; Fig. 5d,e,f)
that are concentrated in the chloroplasts of leaves but are
also found in other compartments. This finding is relevant
here because it indicates that numerous systems are adjusted
in concert in response to growth PFD.

Thylakoid organization and composition

The findings summarized here concerning modulation of
non-photochemical energy dissipation suggest that the same
xanthophyll quenchers can interact with a host of molecular
modulators in causing pronounced variation in kinetics and
extent of xanthophyll cycle conversion state as well as non-
photochemical dissipation activity (see also Demmig-Adams
et al., 2012, 2020; Adams et al., 2013; Demmig-Adams &
Adams, 2018).

Plant memory of excess-light exposure under pronounced
environmental stress can involve components of non-pho-
tochemical energy dissipation with slow kinetics of onset
and relaxation and typically includes lasting preservation
of the VAZ pool in a highly converted (de-epoxidized) state
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Fig. 5 Foliar levels of (a) the xanthophyll cycle pool, (b) ascorbate,
and (c) glutathione as well as enzyme activities of (d) superoxide
dismutase, (e) ascorbate peroxidase, and (f) glutathione reductase in
leaves of the evergreen groundcover Vinca major grown under 20,

(Adams et al., 1995, 2006; Kress & Jahns, 2017; Dem-
mig-Adams et al., 2020; see also Ruban & Johnson, 2010;
Jahns & Holzwarth, 2012). However, we here emphasize
preservation of an elevated de-epoxidation state in dark-
ness without appreciable depression of PSII photochemi-
cal efficiency. Such preservation ranges from retention of
small pool fractions in the de-epoxidized state in fluctuat-
ing or open environments (Demmig-Adams et al., 2020) to
retention of high fractions in environments with additional
environmental stress (Barker et al., 2002). As documented
above (Figs. 3,4), leaves preloaded with zeaxanthin in initial
experimental exposure to excess light exhibit an acceler-
ated onset of fast-acting NPQ during a subsequent exposure.
Plant memory evidently also supports fast-acting NPQ in
variable natural light environments, with sunflecks (Fig. 1)
that may seem irregular when observed on any given day
but do repeat themselves predictably from day to day under
the same canopy and with the same arc of the sun across the
sky (Adams et al., 1999). Larger shifts in the sunfleck pattern
under a given canopy typically occur only as the sun’s path
changes during the year, as the canopy drops leaves, or as
the result of an occasional permanent break in the canopy.
Growth light intensity and dynamics affect various
aspects of thylakoid organization, including localization,
conformation, and composition of thylakoid proteins and

100, and 1200 pmol photons m~2 s~'; n=3 leaves; FW, fresh weight.
Data from Grace and Logan (1996). No statistical analyses were pro-
vided in the latter report. A, antheraxanthin; V, violaxanthin; Z, zeax-
anthin; FW, fresh weight; hr, hour

pigments, and involve pH-, redox-, and phosphorylation-
related events (see, e.g., Kirchhoff, 2014; Suorsa et al.,
2015; Schumann et al., 2017; Kim et al., 2019; Hommel
et al., 2022). The memory of excess-light exposure pre-
sumably involves some, or all, of these same factors. The
following paragraphs describe concomitant modulation of
concentration and/or activity of (i) the zeaxanthin-removing
xanthophyll cycle enzyme zeaxanthin epoxidase and (ii) the
photosystem II core protein D1 and examples for associated
events.

Plant memory of excess-light exposure causes preserva-
tion of an excess-light-responsive state of the photochemi-
cal system upon return to low light or darkness that can
last either for minutes, overnight, or even longer. Whereas
the focus of this review is on plant memory for excess light
without the concomitant presence of other environmental
stresses, such as unfavorable temperature and/or drought
(see, e.g., Demmig-Adams et al., 1988; Barker et al., 2002;
Demmig-Adams & Adams, 2006; Putzler et al., 2022), the
latter factors induce particularly pronounced alterations that
persist upon return to low light or darkness. For example,
correlations between zeaxanthin retention and modulation
of the PSII core protein D1 and the zeaxanthin-removing
enzyme (zeaxanthin epoxidase) of the VAZ cycle have been
noted. Long-term retention of de-epoxidized xanthophylls
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was associated with concomitant degradation of both
zeaxanthin epoxidase and D1 (Bethmann et al., 2019). A
shorter-term, reversible inactivation of zeaxanthin epoxidase
was associated with sustained D1 phosphorylation (Hoang
et al., 2020). Comparable phenomena have been reported
for extended excess-light exposure either after transfer of
deep-shade-grown, excess-light-naive plants to high light
or by overwintering conifers during winter. A multi-day
exposure of deep-shade-grown Monstera deliciosa to highly
excessive light induced waves of intensifying zeaxanthin
retention. This started with retention of some zeaxanthin
and prolonged D1 phosphorylation (without D1 degrada-
tion) throughout the first night and was followed by a fur-
ther increase in nocturnally retained zeaxanthin and strong
D1 degradation after additional days of exposure to highly
excessive light (Demmig-Adams et al., 2006). Similarly,
moderate nocturnal zeaxanthin retention was associated
with nocturnally sustained D1 phosphorylation (without D1
degradation) in conifers overwintering at a moderately high
elevation of 1730 m (Ebbert et al., 2005), whereas strong
D1 degradation associated with more pronounced nocturnal
zeaxanthin retention occurred in conifers overwintering at
extreme elevations of 2930 m (Zarter et al., 2006). Modula-
tion of D1 phosphorylation and turnover as well as modula-
tion of zeaxanthin epoxidase activity and turnover thus also
appear to be part of the suite of mechanisms involved in
plant memory for excess-light exposure.

Summary and conclusions (with an emphasis
on evergreen species)

— Excess-light-naive leaves take longer to adopt the excess-
light-responsive state of the photochemical system and
have limited readiness to convert the VAZ pool to zeax-
anthin.

— The kinetics of fast-acting, pH-dependent NPQ are vari-
able and respond to the leaf’s memory of excess-light
exposure.

— Opver short time frames, this memory includes residual
zeaxanthin, and possible associated changes, and further
speeds up the onset of fast-acting NPQ.

— Both sun-grown and deep-shade-grown (excess-light-
naive) leaves exhibit such a memory of recent excess-
light exposure with faster onset kinetics of fast-acting
NPQ in zeaxanthin-preloaded leaves.

— Multiple features of the xanthophyll cycle (here VAZ),
including pool size, degree of rapidly attainable de-epox-
idation, and retention of de-epoxidized forms for various
times in darkness, form part of plant memory for prior
excess-light exposure.

— NPQ kinetics are not suitable to attribute different com-
ponents of non-photochemical energy dissipation to

@ Springer

different quenchers, but likely indicate involvement of
different modulators of quencher concentration, locali-
zation, and action. A range of characterizations, beyond
onset and relaxation kinetics, is needed to help assess
underlying mechanisms of non-photochemical energy
dissipation.

— Plant life form impacts the maximal capacity for non-
photochemical energy dissipation. In response to increas-
ing growth light supply up to full sunlight, slow-growing
evergreens exhibit limited increases in maximal pho-
tosynthetic capacity paired with dramatic increases in
maximal NPQ capacity.

— Growth of study plants in well-defined light environ-
ments, including those that mimic specific natural light
environments, should be helpful in future studies of the
dynamics of non-photochemical energy dissipation,
including NPQ kinetics and capacity. Conversely, growth
of plants under continuous non-excessive light, which
prevents acclimation processes, is unlikely to reveal the
full range of possible non-photochemical energy dissipa-
tion responses.

Broader implications

Responses to excess light are a common feature of plant
response to a host of environmental challenges, and not
only in sun-exposed, open locations but also when plants
are subject to shading by over-hanging canopies. The study
of plant response to various environmental stresses should
thus include attention to excess excitation energy. Any stud-
ies under controlled conditions should mimic natural light
environments and be conducted with plants acclimated to
such light conditions.
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