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To protect themselves from fluctuating light environments, plants have evolved non-photochemical
quenching (NPQ) as a protective mechanism. NPQ comprises the thermal dissipation of excess light
energy via the de-excitation of singlet excited chlorophyll (Chl) in photosystem II of photosynthetic
organisms. In this review, all available data on the NPQ and its components have been summarized.
NPQ components were primarily distinguished based on the NPQ relaxation and its sensitivity to
chemical inhibitors. However, numerous diverse processes contribute to NPQ therefore, it has been
suggested to separate NPQ components based on the molecular players involved as well as on Chl
fluorescence relaxation Kinetics. These types of NPQ include energy-dependent quenching (qE), state
transition quenching (qT), photoinhibitory quenching (qI), sustained quenching (qH), zeaxanthin-
dependent quenching (qZ), and chloroplast movement-dependent quenching (qM). Although molec-
ular players and regulatory elements that modulate these quenching types are not discussed in this
review, they may differ and afford to adapt to the environmental stresses that plants are experiencing.
Finally, the role of the investigation of NPQ components, their molecular players, and regulatory
mechanisms involved in NPQ as promising targets for strategies to breed highly productive and tol-
erant crop plants was suggested.

Keywords: Chlorophyll fluorescence, chloroplast movement-dependent quenching, energy-dependent
quenching, non-photochemical quenching, plant, state transition quenching, photoinhibitory quenching,
sustained quenching, zeaxanthin-dependent quenching

INTRODUCTION

A biological process that converts the energy
from sunlight into chemical energy is called pho-
tosynthesis. In plants, this process assimilates
CO; and produces biological compounds through
the Calvin—Benson—Bassham cycle. Although
light is mandatory for photosynthesis, excess
light becomes a damaging factor to the photosyn-
thetic apparatus. Usually, the quantity of light
changes in natural environments therefore, pho-
tosynthetic organisms are often exposed to light
stress. When sunlight is in excess, over-excitation
of the photosystems occurs and it results in dam-
age to the photosynthetic apparatus. Finally, it
may lead to cell death in photosynthesizing or-
ganisms. The reaction center of photosystem II
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(PSII) consumes the energy captured by the an-
tenna and causes a decrease in the density of ex-
cited states. This leads to the decrease in the flu-
orescence intensity/lifetime of the antenna chlo-
rophylls (Chl) and is called photochemical
quenching (qP) (Krause and Weis, 1991). An-
other type of quenching exists when the reaction
center of the RCII is closed. This type of quench-
ing mechanism is called non-photochemical
quenching (NPQ) of Chl fluorescence (Demmig-
Adams et al., 2014). Plants have evolved this
NPQ as a protective mechanism that dissipates
excess light energy as heat (Miiller et al., 2001;
Ruban, 2016). NPQ involves the thermal dissipa-
tion of excess absorbed energy through the de-ex-
citation of singlet excited Chl in photosystem II
(PSID).
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Chl fluorescence is actually an “instrument”
that detects the total density of excited states in
the photosynthetic antenna (Clayton, 1980;
Blankenship, 2002; Ruban, 2012). Thus, NPQ is
not a straight measure of dissipated excess energy
absorbed by the antenna. Application of photo-
synthetically active radiance to the photosyn-
thetic organisms drives electron transport follow-
ing light harvesting by the antenna. Electron
transport is associated with the proton gradient
across the photosynthetic membrane, ApH, which
activates NPQ (Briantais et al., 1979; Wraight
and Crofts, 1970). Indeed, the acidification of the
thylakoid membranes was found to induce the
protonation in PSII and trigger the NPQ response
(Rees et al., 1992; Liguori et al., 2019; Krishnan-
Schmieden et al., 2021; Li et al., 2004). Although
the minimum obligation for the NPQ activation is
the presence of the LHCII and ApH, these factors
alone are not enough to induce a significant and
fast NPQ response under physiological ApH val-
ues (Saccon et al., 2020). The xanthophyll cycle
and the photosystem II subunit S (PsbS) protein
have a decisive role in the NPQ activation, espe-
cially under smaller ApH values (Johnson and
Ruban, 2011). Because plants can alter the gath-
ering of these factors based on metabolic and en-
vironmental signals, providing a complex control
of the NPQ response. It is important to note that
this has a great physiological meaning. It has
been shown that NPQ can arise in the absence of
PsbS or zeaxanthin, as in wild-type plants, in
spite of losing the kinetics of fast activation and
deactivation (Johnson and Ruban, 2010; Johnson
et al., 2012).

In this review, we summarize all available
pieces of information on NPQ and its components
because, the rate of induction and relaxation of
NPQ components become a leading factor for the
growth of plants in the field (Murchie and Niyogi,
2011; Kromdijk et al., 2016). The knowledge
about NPQ and its components might be helpful
to breed crop plants with high productivity and
tolerance to environmental stresses. NPQ compo-
nents were initially defined based on NPQ relax-
ation kinetics and its sensitivity to chemical in-
hibitors (Ruban, 2016; Walters and Horton,
1991). Numerous diverse processes contribute to
NPQ. Therefore, Malno€¢ (Malnoé, 2018) sug-
gests separating them based on the molecular

players involved as well as on Chl fluorescence
relaxation kinetics. Because of the complexity of
the integral components of NPQ and its compo-
nents, [ will not discuss all the players and con-
trollers in this review. These types of NPQ in-
clude energy-dependent quenching (qE), state
transition quenching (qT), photoinhibitory
quenching (ql), sustained quenching (qH), ze-
axanthin-dependent quenching (qZ), and chloro-
plast movement-dependent quenching also called
as blue light-dependent quenching (qM) (see Fig.
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Fig. 1. A schematic diagram illustrating the process of
non-photochemical quenching (NPQ) in plants.

Energy-dependent quenching — qE

The fastest and major component of NPQ is
the energy-dependent quenching (qE), which is
initiated under light and reversed in the dark (Li
et al., 2002; Zulfugarov et al., 2007; Ruban et al.,
2012; Niyogi and Truong, 2013; Goss and
Lepetit, 2015). qE is determined by the acidifica-
tion of the thylakoid lumen that occurs mainly un-
der high light conditions (Wraight and Crofts,
1970; Briantais et al., 1979). This acidification al-
ters the pigment composition of LHCII primarily
through the xanthophyll cycle and triggers qE
protein effectors, such as PsbS protein of PSII in
plants (Pashayeva et al., 2021)._Evidence col-
lected during the last two decades suggests that
the leading quenching site of qE in vivo is the
LHCII (Ruban et al., 2012). qE is a ubiquitous
energy dissipation mechanism among photosyn-
thetic eukaryotes (Niyogi and Truong, 2013$
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Goss and Lepetit, 2015). qE deficient plants be-
come highly sensitive to photoinhibition (Ruban
et al., 2012; Niyogi and Truong, 2013; Zulfuga-
rov et al., 2014) and it protects PSII reaction cen-
ters against photodamage (Pashayeva et al., 2021;
Zulfugarov et al., 2007; Zulfugarov et al., 2014;
Zulfugarov et al., 2019). PsbS protein, xantho-
phyll cycle, and ApH co-operate together to in-
duce conformational changes in the thylakoid
membrane (Jeong et al., 2010; Zulfugarov et al.,
2010). The conformational changes which occur
in the thylakoid membranes of plants are pro-
posed to initiate quenching (Ruban et al., 2012).
Most importantly, it has been shown that genetic
alteration of qE capacity improves crop produc-
tivity in the field (Kromdijk et al., 2016).

State transition quenching — qT

The redistribution of excitation energy be-
tween photosystems in response to light causes a
disproportion in excitation between these photo-
systems, called state transition (qT) (Bellaflore et
al., 2015). State transition limits the over-reduc-
tion or over-oxidation of the photosynthetic elec-
tron transport chain and also the possibility of
photo-oxidative damage (Derks, 2015). Usually,
qT occurs under low-light conditions and in-
volves the movement of phosphorylated antenna
proteins away from PSII (Krause and Weis, 1991;
Ruban and Johnson, 2009). In plants, state transi-
tions occur through LHCII movement in a way
different from that used in qE (Pashayeva et al.,
2021). gE occurs due to the reversible phosphor-
ylation of the antenna proteins and it regulates the
relocation of some populations of LHCII from
PSII to PSI.

Photoinhibitory quenching — ql

Photoinhibitory quenching (ql) mainly in-
cludes a loss in the number of active PSII reaction
centers from photodamage (Derks et al., 2015).
Previously the mechanisms that resulted in the
light-induced reduction in the quantum yield of
PSII because of DI photoinactivation were
termed photoinhibitory quenching (ql) (Krause,
1988; Malnoé€, 2018). However, gl is also con-
nected with zeaxanthin maintenance. ql contains
all mechanisms with slow relaxation Kkinetics,
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such as photoinhibition and other un-considered
modes of continuous thermal dissipation (Dem-
mig-Adams and Adams, 1992). gl revenues sev-
eral hours or longer to relax depending on both
photoinhibition and other long-term photoprotec-
tive quenching mechanisms (Malno€ et al., 2017;
Ruban and Horton, 1995). Thus, ql is the slowest
component of NPQ (Zulfugarov et al., 2014).

Sustained quenching — qH

gqH is the most newly recognized antenna-
quenching component of NPQ, which protects
the photosynthetic apparatus under stress condi-
tions in Arabidopsis (Brooks et al., 2013; Malnoé
et al., 2017). gH is a different NPQ component
independent of PsbS protein of PSII, ApH, ze-
axanthin, the STN7 kinase, and photoinhibition
processes. Because qH is also a slow component
of NPQ it is named a sustained quenching that oc-
curs within a photosynthetic antenna (Brooks et
al., 2013; Malnoé€ et al., 2018). This quenching
mechanism involves the plastid lipocalin LCNP
(Malnoé et al., 2017) and is prevented by the sup-
pressor of quenchingl (SOQ1) under non-stress
conditions. The molecular players of qH, LCNP,
and the relaxation of ghl (ROQHI1) were sug-
gested to play an antagonistic role in a dosage-
dependent manner to protect the photosynthetic
apparatus and in sustaining the light-harvesting
efficiency in plants (Amstutz et al., 2020).

Zeaxanthin-dependent quenching — qZ

Using different NPQ mutants from Ara-
bidopsis showed that the new type of quenching
occurs in plants unrelated to qE, qT, or gl
(Nilkens et al., 2010). The analysis of the NPQ
induction and relaxation kinetics shows a lifetime
in the range of 10—15 min. Because this lifetime
correlates with zeaxanthin formation, authors
identified this type of quenching as a zeaxanthin-
dependent quenching — qZ (Nilkens et al., 2010).
gZ is dependent upon the accumulation of ze-
axanthin, but its induction is independent of both
ApH and PsbS (Dall’Osto et al., 2005; Nilkens et
al., 2010). gZ is supposed to arise within the mi-
nor antennae that persist attached to PSII, which
includes minor LHC proteins (Jahns and
Holzwarth, 2012). qZ relaxes more slowly than
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fastest gE (Dall’Osto et al., 2005; Nilkens et al.,
2010; Jahns and Holzwarth, 2012). It has been
shown that qZ is the most variable NPQ compo-
nent in different plants and its variation influ-
enced the strength and the kinetic properties of
the response to the given experimental conditions
(Sello et al., 2019). Some plants can modulate qZ
depending on growth conditions, but probably,
this response may also be inclined by species-
specific features.

Chloroplast movement-dependent quenching
— qM

A blue light-dependent quenching (qM) is
tempted by chloroplast movement (Cazzaniga et
al., 2013; Dall’Osto et al., 2014). gM is also
called chloroplast movement-dependent quench-
ing and it was detected in phot2 mutant of Ara-
bidopsis with impaired chloroplast movement
(Kasahara et al., 2002) as a module lacking in the
Chl fluorescence decay (Cazzaniga et al., 2013).
More recently it has been shown that qM has little
influence on the photoprotection efficiency under
high-light conditions in ‘“shade”-grown Ara-
bidopsis plants. Consequently, the existence of
NPQ component qM and its influence on pho-
toinhibition should be carefully reevaluated (Wil-
son and Ruban, 2020).

CONCLUSIONS

As drawn in this review, up-to-date research has
shifted toward a dynamic role for NPQ and its
components. From an alliance of this literature re-
view, it is clear that NPQ response changes dy-
namically via its different components under light
to balance between protection and light utiliza-
tion. From our existing state of information, we
suppose that the regulatory mechanisms of the
different NPQ components play a dynamic role in
the acclimation and adaptation of plants to fluc-
tuating light environments as well as to other bi-
otic stresses. It is well likely that the fundamental
mechanisms of the NPQ components are the
same for most of them. However, molecular play-
ers and regulatory elements that modulate these
quenching types differ and might afford to adapt
to the range of environmental conditions that

photosynthetic organisms are experiencing. To
end, I suggest that investigating the regulatory
mechanisms of NPQ components and molecular
players involved in these processes are promising
targets for strategies to breed highly productive
and tolerant crop plants.
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Xlorofil fliioressensiyasimin geyri-fotokimyasi sonmasi vo onun komponentlari: son iralilayislor
Ziilfiigarov Ismayil Sohbat oglu

AMEA-nin Molekulyar Biologiya va Biotexnologiyalar Institutu,
Baki, Azarbaycan

Daoyison is1q miihitinin tosirinden qorunmaq {igiin bitkilor qoruyucu mexanizm kimi geyri-fotokimyavi
sonma (QFS) inkisaf etdirmislor. QFS, fotosintetik orqanizmlarin fotosistem Il-ds singlet hoyacanlanmig
xlorofilin (XI) sénmaosi yolu ils artiq is1q enerjisinin istilik enerjisi kimi yayilmasindan ibaratdir. Bu icmalda
QFS vo onun komponentlori haqqinda bilinanlari iimumilagdirdik. QFS komponentlori ilk novbado hom
QFS relaksasiyasina, hom do onun kimyavi inhibitorlara qars1 hassasligina gors forqlondirilirdi. Bununla
belos, ¢oxsayl miixtslif proseslor QFS-da istirak edirlor, buna gors do QFS komponentlorinin formalasma-
sinda istirak edon molekulyar istirakgilara, eloco do X1 fliioressensiyasinin relaksasiya kinetikasina osasla-
naraq ayrilmasi toklif edilmisdir. Bu QFS ndvlarine - enerjidon asili sonmo (qE), vaziyyato kegid sona (qT),
fotoinhibirlasdirici sonma (ql), davamli sénma (qH), zeaksantindon asili sénmae (qZ) ve xloroplastin haroke-
tindon asili sénmo (qM) daxildir. Bu sénma ndvlorini modullagsdiran molekulyar istirak¢ilar vo tonzimlayici
elementlor bu icmalda miizakirs edilmosa do, onlar forqli ola va bitkilorin moruz qaldig straf miihit streslora
uygunlagsmasina komok eda bilorlor. Nohayst, yiiksok mohsuldar vo doéziimlii bitkilsrinin yetigdirilmosi
strategiyalari ticlin perspektiv hadaflor kimi QFS komponentlarinin, onlarin molekulyar istirak¢ilarinin vo
QFS-i tonzim edon mexanizmlorin tadqiqinin rolu toklif edilmisdir.

Agar sozlar: Xlorofil fliioressensiyasi, xloroplastin harakatindan asili s6nma, enerjidon asili sonma, geyri-
fotokimyavi sénma, bitki, vaziyyata kegid sénma, fotoinhibirlasdirici sonma, davamli sonmo, zeaksantindon
asili sonrmo

Hedoroxumuueckoe Tymenue ¢uyopecueHun XJI0poGuiLjIa M ero KOMIOHEHThI — OCJIeIHHE
JOCTUKEHUA

3yabgdyrapos Ucmauna Cox0at oriy
Hucmumym monexynapuot buonocuu u ouomexnonozuti HAH Asepbatiosicana, baky, Azepoatioscan

B kayecTBe 3aMTHOrO MEXAaHU3MA B OTBET Ha BO3JECHCTBUE NU3MEHSIOIICICS CBETOBOM SHEPIUU PACTEHUS
pazBuin HepoToxumuueckoe Tymenue (HOT)- HOT Brimrouaer TynieHne CHHITIETHO-BO30YKIEHHOTO XJI0-
podumna (XI) B porocunTesnpyromux opranusMax B potocucreme |l B Buje TermoBoit sueprun. B aTom
0030pe Mbl 00001HIIH Bee, uTo M3BecTHO 0 HDT 1 ero kommnonenrax. Kommnonentst HOT ornuyanuce B
MEPBYIO OYepelb peaKcalueil 1 YyBCTBUTEIBHOCTBIO K XUMUYecKuM HHruoutopam. Onnaxo B HOT Bo-
BJICYCHO MHO’KECTBO Pa3JIMUHBIX IIPOLIECCOB, IIO3TOMY OBLIIO MPEJIOKEHO TPOBECTH pa3ielIeHHE Ha OCHOBE
OTJIMYHMIA MOJIEKYJISIPHBIX COCTABIISIFOIINX, YYacTBYIOIUX B popmupoBaHnn komnoHenToB HOT, a takxke
¢daryopecuennuu Xl, Ha ocHOBe KMHETHKH penakcanuu. OTr THibl HOT BKiIrOYaroT 3HEPro3aBUCUMOE TY-
menue (qE), Tymenue «mepexonoB coctosHuin» (qT), hoTonnrudupyromee Tymenue (4l), HempepsIBHOE
tymenue (qH), 3eakcanTuH-3aBUCHMOE TyIIeHue (4Z) ¥ TYIICHHE, 3aBUCAINEE OT IBUKCHUS XJIOPOILIACTOB
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(gM). XoTst MOJIEKYISIPHBIC YIACTHUKH M PETYJSITOPHBIE 3JIEMEHTBI, KOTOPBIC MOIYIUPYIOT 3TH BHUIIBI, B
JaHHOM 0030pe He 00CYXIat0TCs, OHU MOTYT OBITh Pa3HBIMU U ITOMOTAIOT PACTCHHSM alallTUPOBATHCS K
CTpeccaM OKpYXKaroIIel Cpebl, KOTOPBIM OHH MO/IBEpratoTcs. B 3akiroueHre, ObITo BRICKa3aHO MHEHHUE O
posnn u3ydeHus KOMNOHeHTOB HDT, ux MONEKyJISpHBIX YYaCTHUKOB U MEXaHU3MOB, PETYIHPYHOLIUX
H®T, kax nepcrneKTUBHBIX MUILIEHEN NI CTPATErvil BhIpAIlMBAaHUSI BBICOKOYPOXKAWHBIX U TOJEPAHTHBIX
pacTeHui.

Knwouesvie cnosa: @nyopecyenyus xaopoguiia, myuleHue, 3a8ucsujee om OBUNCEHUS XTOPONIACHOS,
9HEP203A8UCUMOe MYuleHUe, He(homoxumuyeckoe myuieHue, pacmenue, myuieHue cOCMoaHUl, myuleHue
domouneudbuposanus, HenpepviHoe myuieHue, 3eaKcanmut-3a6UCUMoe myuenue
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