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Abstract Non-photochemical fluorescence quenching

(NPQ) is mainly associated with the transthylakoid proton

gradient (DpH) and xanthophyll cycle. However, the exact

mechanism of NPQ is different in different oxygenic

photosynthetic organisms. In this study, several inhibitors

were used to study NPQ kinetics in the sea ice alga

Chlamydomonas sp. ICE-L and to determine the functions

of DpH and the xanthophyll cycle in the NPQ process.

NH4Cl and nigericin, uncouplers of DpH, inhibited NPQ

completely and zeaxanthin (Z) was not detected in 1 mM

NH4Cl-treated samples. Moreover, Z and NPQ were

increased in the samples containing N,N’-dicyclohexyl-

carbodiimide (DCCD) under low light conditions. We

conclude that DpH plays a major role in NPQ, and acti-

vation of the xanthophyll cycle is related to DpH. In

dithiothreitol (DTT)-treated samples, no Z was observed

and NPQ decreased. NPQ was completely inhibited when

NH4Cl was added suggesting that part of the NPQ process

is related to the xanthophyll cycle and the remainder

depends on DpH. Moreover, lutein and b-carotene were

also essential for NPQ. These results indicate that NPQ in

the sea ice alga Chlamydomonas sp. ICE-L is mainly

dependent on DpH which affects the protonation of PSII

proteins and de-epoxidation of the xanthophyll cycle, and

the transthylakoid proton gradient alone can induce NPQ.

Keywords DpH � Xanthophyll cycle � NPQ � Antarctic

sea ice alga � Chlamydomonas sp. ICE-L

Introduction

Photosynthetic organisms have evolved various photopro-

tective mechanisms in the thylakoid membrane to prevent

the damage caused by excess excitation (Bajkán et al.

2011). Under high light conditions a mechanism known as

non-photochemical quenching (NPQ) is triggered to dissi-

pate excess absorbed light energy within the photosystem

II (PSII) antenna as heat, preventing photodamage to the

reaction center (Johnson and Ruban 2011). This process is

one of the most important photoprotection mechanisms in

higher plants and algae (Müller et al. 2001; Horton and

Ruban 2005). Three components contribute to the regula-

tion of NPQ: first, the build up of a proton gradient (DH?

or DpH) across thylakoid membranes (Horton et al. 1996),

which is generated by photosynthetic proton pumping;

second, the activity of the xanthophyll or violaxanthin (V-)

cycle with the corresponding formation of zeaxanthin

(Z) (Demmig-Adams et al. 1990), and third, the protein

PsbS/LhcSR, a protein homologous to antenna components

(Demmig-Adams et al. 2006; Li et al. 2000).

The major component of NPQ is rapid reversible, DpH-

dependent quenching, known as qE (Li et al. 2000). In

addition to qE, a second component is photoinhibitory

quenching ‘qI’, which is irreversible in the short-term,

resulting in the sustained down-regulation of photochemi-

cal efficiency (Horton et al. 2008; Garcı́a-Plazaola et al.
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2012). Recently, a third component of NPQ, which is DpH

independent and entirely dependent on the Z content, was

termed ‘qZ’ (Dall’Osto et al. 2005; Nilkens et al. 2010).

Carotenoids play fundamental roles in light harvesting and

photoprotection (Demmig-Adams and Adams 1996).

Exposure to different light conditions induces changes in

carotenoid composition via the xanthophyll cycle (XC) (Li

et al. 2009). The XC involves the reversible light-depen-

dent conversion of violaxanthin (V) to zeaxanthin (Z) via

antheraxanthin (A) intermediates. Z is involved in the NPQ

response through either a direct or an indirect mechanism

(Lepetit et al. 2012; Zhang et al. 2012). Following dark or

low light conditions, zeaxanthin epoxidase (ZEP) converts

Z back to V in a reverse reaction. Diatoms and other

chromophytes display a simple XC, which comprises the

one-step conversion of diadinoxanthin (Ddx) to diatoxan-

thin (Dtx) (Goss and Jakob 2010; Depauw et al. 2012).

The exact mechanisms of NPQ vary among the plant

kingdom. In plants, NPQ is triggered by a change in thy-

lakoid lumen pH under high light conditions, activating the

XC and the protonation of PsbS protein (Li et al. 2000).

Protonation of PSII proteins leads to their dissociation from

PSII and their aggregation within the membrane (Betterle

et al. 2009; Johnson et al. 2011). NPQ in green algae shows

the same pH modulation as in plants, but relies on LHCSR

proteins which are induced by high light in Chlamydo-

monas and correlate with the qE capacity (Peers et al.

2009). Interestingly, the moss, Physcomitrella patens,

encodes both PsbS and LHCSR proteins (Alboresi et al.

2010), which are both active in NPQ. In diatoms, NPQ

seems to depend on at least two factors: a specific XC and

the activity of LHCSR-like effectors, with different effi-

ciencies and pH requirements to those of terrestrial plants

and green algae (Depauw et al. 2012). In the giant kelp,

Macrocystis pyrifera, in contrast to higher plants, the

degree of NPQ induction is related to the amount of Z

synthesized in high light, and the transthylakoid proton

gradient alone does not induce NPQ (Garcı́a-Mendoza and

Colombo-Pallotta 2007).

The Antarctic sea ice alga, Chlamydomonas sp. ICE-L, a

typical species of green microalgae, can adapt to natural

habitats in the polar region and similar extreme environ-

ments. It has been shown to undergo specific ecological

and physiological adaptations to harsh habitats, including

low temperature, intense solar irradiance, excessive UV

radiation and nutrient depletion (Kan et al. 2006). Chla-

mydomonas sp. ICE-L must have several photoprotective

mechanisms to survive in these harsh conditions. Similar to

higher plants and Chlamydomonas reinhardtii, Chlamydo-

monas sp. ICE-L has a XC and a higher NPQ capacity

under high light conditions. In this study, we determined

NPQ kinetics in Chlamydomonas sp. ICE-L and the rela-

tionship between DpH and the XC in the NPQ process.

Several specific inhibitors, namely NH4Cl, DTT, nigericin

and DCCD, were used to characterize the nature of the

quenching. In parallel, we also examined the changes in

NPQ capacity and XC pigment contents.

Materials and methods

Culture conditions

The Antarctic sea ice alga, Chlamydomonas sp. ICE-L (Liu

et al. 2006), was isolated from floating in sea ice near the

Zhongshan Research Station in Antarctica (69.8�S, 77.8�E)

during China’s 18th Antarctic Expedition (2001–2002).

Algal cells were grown in sterile natural seawater Provasoli

seawater medium (Provasoli 1968). This cultivation was

conducted in 500 mL Erlenmeyer flasks containing

300 mL medium at 6 ± 1 �C. They were illuminated at a

light intensity of 40 lmol photons m-2 s-1 under a 12 h/

12 h light/dark photoperiod. All glassware and media used

in the experiments were previously sterilized by autoclav-

ing. Cells were harvested during the exponential phase of

growth, centrifuged at 60009g for 5 min and resuspended

in their culture medium to a final concentration of OD

680 = 1.3. This concentrated suspension was used for the

experiments.

The functions of DpH and the XC were characterized

using the inhibitors NH4Cl, nigericin, DCCD and DTT. For

each experiment, 2 ml of cell suspension was used. Sodium

bicarbonate was added at a concentration of 4 mM from a

freshly prepared 0.2 M stock water solution to prevent

limitation of the photosynthetic rate due to carbon supply.

When appropriate, NH4Cl (ammonium chloride), nigericin,

DTT (dithiothreitol) or DCCD (N,N’-dicyclohexyl-carbo-

diimide) were added at the start of dark incubation. Stock

solutions of NH4Cl (1 M in distilled water), DCCD

(Sigma, 1 mM in absolute ethanol) and DTT (Sigma,

20 mM in distilled water) were freshly prepared.

Measurement of Chl fluorescence

To measure chlorophyll fluorescence, a fresh 2 mL sample

was placed in a 5 mm quartz cuvette. The light responses

of the Chl fluorescence parameters of dark-adapted algal

cells were measured using a Dual-PAM fluorometer (Heinz

Walz, Germany). Prior to measurement of fluorescence,

samples cultivated under normal conditions were dark-

adapted for 20 min (in triplicate). A pulse of saturating

light (10000 lmol photon m-2 s-1 for 300 ms) was then

applied to determine the maximum fluorescence (Fm). For

cells cultured under different inhibitor conditions, actinic

light was used at 830 lmol photons m-2 s-1. Once steady

state fluorescence was achieved, saturating pulses were
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applied every 30 s to measure the Fm under actinic light

(Fm0). Samples cultured under the induction conditions

were analyzed directly in the Dual-PAM fluorometer. The

energy dissipation that was not used for PSII photochem-

istry was determined based on the fluorescence quenching

effect using the ratio NPQ = (Fm-Fm’)/Fm’ (Bilger and

Björkman 1990). All experiments were conducted in trip-

licate. For NPQ kinetics, to minimize the contribution of

the saturating light flashes (which are required to determine

the NPQ parameter) to NPQ formation, the flashes were

separated at 10 s intervals for the first 20 s of induction,

30 s intervals between 20 and 80, and 60 s intervals from

80 to 1400 s.

Pigment analysis

Culture samples (50 ml) were filtered through a grade GF/F

filter (Whatman PLC, Kent, UK). The filter was wrapped in

aluminum foil, immediately frozen in liquid nitrogen, and

stored at -80 �C. The filtered cells were mechanically

disrupted and the pigments were extracted in a tube by

adding 5 ml of 85 % acetone. The tube was then placed in

a beaker containing ice and water, which was placed in an

ultrasonic bath for 5 min. Cellular debris was removed by

centrifugation and the supernatants were filtered through a

0.45 lm syringe filter into amber high-pressure liquid

chromatography (HPLC) vials. The vials were stored on ice

in the dark prior to injection. All extraction procedures

were carried out in a dimly lit room.

The concentrations of XC pigments were determined

using reversed phase HPLC as described by Zapata et al.

(2000) and spectrophotometrically detected by their

absorbance at 450 nm. Pigment quantification was per-

formed using calibration curves calculated from HPLC

separations using purified pigment standards. The

de-epoxidation state of the violaxanthin cycle was calcu-

lated as (Z ? 0.5A)/(V ? A ? Z) (Casper-Lindley and

Björkman 1998).

Results

Light responses of photosynthetic parameters

In order to determine the saturation light intensity of

Chlamydomonas sp. ICE-L, we first measured chlorophyll

a fluorescence quenching using different intensities of

actinic light. The effects of these light intensities on pho-

tosynthetic electron transport rate (ETR) were investigated

using different PSII fluorescence parameters calculated

from the Chl a fluorescence curve. Figure 1 shows NPQ

and ETR values in control cells measured at different

actinic light intensities. The cells had a minimal NPQ value

of about 0.13 when actinic light was 131 lmol photons

m-2 s-1. As expected, NPQ and ETR were efficiently

activated and their values increased with increasing irra-

diance. Actinic light intensities higher than 830 lmol

photons m-2 s-1 did not induce a stronger final NPQ. We

observed a slightly increased NPQ at higher light intensi-

ties, and ETR showed a similar relationship between light

intensities. Actinic light was set to 830 lmol photons m-2

s-1, which was sufficient to ensure maximal NPQ activa-

tion in Chlamydomonas sp. ICE-L.

Effect of NH4Cl and nigericin on NPQ

The uncouplers of DpH, NH4Cl and nigericin were used to

determine whether NPQ in Chlamydomonas sp. ICE-L was

activated by DpH. NPQ induction kinetics were monitored

in the algal cells incubated with each uncoupler for 10 min

in darkness before high light treatment. Figure 2a shows

the effects of different concentrations of NH4Cl on NPQ

capacity in Chlamydomonas sp. ICE-L. The NPQ value in

control samples was approximately 1.6, and NPQ

decreased when NH4Cl concentration increased. When

cultured in 1 mM NH4Cl, NPQ reached a stable level of

about 0.17. NPQ was approximately 0.057 in the presence

of 3 mM NH4Cl and when the NH4Cl concentration was

increased this did not induce a smaller final NPQ. It was

necessary to use NH4Cl at 3 mM to achieve complete

inhibition of DpH, showing that NPQ was triggered by

DpH. Figure 2b shows the NPQ kinetics in the samples

cultured in the presence of NH4Cl and nigericin. Concen-

trations of 1 and 3 mM NH4Cl were used to study NPQ

kinetics and NPQ values decreased significantly compared

to the control cells. Nigericin also disrupted DpH and

induced a reduction in NPQ values. Nigericin inhibited

NPQ with greater potency than NH4Cl in Chlamydomonas

Fig. 1 NPQ values and ETR measured under different actinic light

intensities. After dark-adaptation of 20 min, cells were subjected to a

saturating light pulse and then illuminated for 5 min with actinic light

of adjustable intensity
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sp. ICE-L as 10 lM nigericin inhibited NPQ completely.

These data showed that DpH played a major role in NPQ

capacity in Chlamydomonas sp. ICE-L.

Effect of DCCD on NPQ kinetics

The relationship between DpH and NPQ was further

investigated using DCCD to vary the extent of the light-

dependent lumen acidification. Figure 3 shows NPQ

kinetics in cells with and without 20 lM DCCD under low

light (LL) and high light (HL) conditions. When dark-

adapted cells were incubated with 20 lM DCCD; DCCD

enhanced the extent of NPQ by about 0.5 at LL irradiance

(131 lmol photons m-2 s-1), and low NPQ was generated

in the absence of DCCD. In contrast, under HL conditions

(830 lmol photons m-2 s-1) DCCD had a strong inhibitory

effect on NPQ and decreased to 0.3 under higher illumi-

nation in the presence of DCCD (20 lM), as high con-

centrations of DCCD bind to carboxy amino residues

located in the hydrophobic domains of the light harvesting

antenna which can reverse acid-induced fluorescence

quenching. These data indicated that DpH induced the

protonation of PSII proteins under HL conditions and NPQ

in Chlamydomonas sp. ICE-L was dependent on trans-

thylakoid DpH.

Effect of DTT on NPQ

In order to verify the effects of Z, DTT-treated samples

were used to measure NPQ capacity. NPQ values in DTT-

treated and control samples were determined after 15 min

of illumination (Fig. 4). The DTT-treated samples showed

decreased NPQ in Chlamydomonas sp. ICE-L. NPQ

capacity decreased rapidly from 1.27 to 0.6 when 1 mM

DTT was added to the culture. NPQ decreased to about 0.5

in the 2 mM DTT-treated sample and subsequent increas-

ing concentrations of DTT induced a small reduction in

NPQ capacity, showing that this was sufficient to block the

de-epoxidation reaction in Chlamydomonas sp. ICE-L. As

shown in Fig. 4, NPQ was suppressed by DTT and was

reduced by *60 % which was related to an increase in A

and Z due to V de-epoxidation after exposure to HL.

In order to determine the role of DpH and XC in NPQ,

the effects of NH4Cl and DTT on NPQ induction were

assayed in algal cells. Figure 5 shows the time course of

NPQ kinetics induction in different incubated samples. In

control cells, the NPQ value increased rapidly and reached

Fig. 2 Effect of NH4Cl and nigericin on NPQ in Chlamydomonas sp.

ICE-L. a Increasing concentrations of NH4Cl. b NPQ kinetics in cells

cultured in NH4Cl and nigericin. Before measuring NPQ values, cells

were incubated in the dark for 10 min with NH4Cl and nigericin and

then illuminated for 15 min at 400 lmol photons m-2 s-1. CL

(control cells), NH4Cl-1 (1 mM NH4Cl), NH4Cl-3 (3 mM NH4Cl),

nigericin (10 lM)

Fig. 3 Effect on NPQ of 20 min dark incubation with 20 lM DCCD

in Chlamydomonas sp. ICE-L cells at 131 lmol photons m-2 s-1 and

830 lmol photons m-2 s-1. DCCD was added at 20 lM at the start of

the 20 min dark-adaptation period
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1.0 after 10 s, decreased to 0.5 at 140 s, and then reached a

higher value of about 1.2 with prolonged illumination. In

addition, NPQ in control samples decreased to a low level

of about 0.1 after the addition of NH4Cl. In DTT-treated

cells, NPQ decreased slightly at first and then reached a

stable level of about 0.5 within a few seconds in saturating

light and disappeared immediately after addition of the

uncoupler NH4Cl. Therefore, the amount of NPQ sup-

pressed by the application of DTT may be related to an

increase in A and Z due to V de-epoxidation after exposure

to saturating light. These results indicated that approxi-

mately 60 % of NPQ was suppressed by DTT in the second

phase which was related to the XC and the remainder was

dependent on DpH.

Pigment compositions and xanthophyll cycle activities

in different experimental cells

Pigment contents play a fundamental role in light har-

vesting and photoprotection. Chl a ? b (Chls) contents and

XC pigments measured under different light conditions and

inhibitors are shown in Table 1. Under LL conditions, Z

was not detected and the level of A was approximately

0.51. When the sample was induced under HL conditions,

the ratio of Z to Chls content was 3.24 and the de-epoxi-

dation ratio was 0.62, showing that the HL treatment was

effective in inducing Z synthesis and the de-epoxidation

index in the XC. When algal cells were cultured with

DCCD, the Z ratio in the LL-DCCD and HL-DCCD

samples were 0.56 and 2.43, respectively, which indicated

that the level of DpH in DCCD-treated samples can affect

activation of the XC, and under different light conditions

DCCD had different effects on algal cells. No Z was

observed in 1 mM NH4Cl-treated samples with the lowest

NPQ values, showing that synthesis of Z is related to DpH.

In the 2 mM DTT-treated sample, no Z was observed and

the XC decreased to 0.06, showing that 2 mM DTT is

necessary to block the conversion of V into A and Z under

HL conditions. Furthermore, the induced samples were

characterized by a slightly elevated Chl a/b ratio as com-

pared to the LL sample (Table 1), and the content of both

lutein and b-carotene increased. The size of the XC pool in

other samples increased compared to the LL sample.

However, there were no significant alterations in LL-

DCCD-treated samples with regard to the ratio of

b-carotenoid to Chl content, lutein content, the size of the

XC pool and the de-epoxidation index of XC pigments.

These data showed that the XC participates in the NPQ

mechanism and DpH play an important role in xanthophyll

conversion.

Discussion

Non-photochemical fluorescence quenching is a very

complex and finely feed-back regulated process and its

components play different roles in different oxygenic

photosynthetic organisms. The discovery of novel regula-

tors of light responses in photosynthetic organisms occur-

red during characterization of the NPQ process. In higher

plants, the presence of a transthylakoid proton gradient

(DpH) alone can induce NPQ and the obligatory role of

de-epoxidized xanthophylls in NPQ remains controversial

Fig. 4 Effect of increasing concentration of DTT on NPQ capacity.

Cells were incubated in the dark for 20 min with DTT prior to

illumination (15 min at 400 lmol photons m-2 s-1)

Fig. 5 Time course of NPQ in Chlamydomonas sp. ICE-L exposed

to 400 lmol photons m-2 s-1 for 15 min and kept in darkness after

illumination. Cells incubated in the presence of 2 mM DTT for

20 min before light exposure are shown by solid square. Solid circle
NPQ in untreated samples (control sample); solid square NPQ in cells

incubated with DTT before high light exposure; open circle 1 mM

NH4Cl was added after 440 s of illumination in control samples; open
square 1 mM NH4Cl was added after 440 s of illumination in DTT-

treated samples
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(Lavaud et al. 2002). In the green alga, C. reinhardtii, NPQ

is essentially controlled by DpH and further depends on the

action of xanthophylls. In the giant kelp, Macrocystis py-

rifera, in contrast to higher plants, NPQ is activated by the

amount of Z synthesized in HL conditions and the trans-

thylakoid proton gradient seems to be related only to

activation of violaxanthin de-epoxidase (Garcı́a-Mendoza

and Colombo-Pallotta 2007). In this study, NPQ kinetics in

the sea ice alga, Chlamydomonas sp. ICE-L, were studied

using several inhibitors to determine the function of DpH

and the XC in the NPQ process.

The formation of a transthylakoid proton gradient is

essential for NPQ, and disruption of this gradient imme-

diately relaxes the fluorescence quenching formed in HL.

NH4Cl and nigericin are well-known uncouplers which

decrease DpH formed during illumination. Decreased NPQ

values following the addition of these uncouplers were

detected in Chlamydomonas sp. ICE-L, indicating that

NH4Cl and nigericin disrupted DpH and induced a reduc-

tion in NPQ values. A large proportion of NPQ can be

inhibited by 1 mM NH4Cl and Z was not detected in

NH4Cl-cultured samples, suggesting that in Chlamydo-

monas sp. ICE-L NPQ is essentially controlled by DpH,

and activation of the XC may be related to the formation of

DpH.

At low concentrations, DCCD is an inhibitor of ATP

synthase (Lavaud et al. 2002), which blocks the proton

conductive channel, and its presence should increase DpH

formed during low illumination. Low light intensity of

131 lmol photons m-2 s-1 did not induce high NPQ and Z

synthesis in the absence of DCCD, while in the presence of

DCCD, NPQ increased and Z was detected (Table 1). On

the other hand, DCCD-treated cells under HL conditions

inhibited the release of protons into the lumen (Fig. 3) as

NPQ and Z content had decreased compared to HL-

induced samples. These results showed that some PSII

proteins are sensors of lumen acidification, as supported by

the presence of protonatable DCCD-binding residues. In

plants, pH transduction is operated by PsbS through the

protonation of two glutamate residues (Li et al. 2004), and

C. reinhardtii LhcSR3 has protonatable DCCD-binding

sites which are induced by low lumen pH and are essential

for energy quenching (qE) (Bonente et al. 2012). Two

LHCSR proteins have been identified in Chlamydomonas

sp. ICE-L (Mou et al. 2012) and may be sensors of lumen

pH, which is a function of PsbS in plants. These results

demonstrate that a build up of DpH induces the protonation

of PSII proteins and NPQ is mainly dependent on DpH

which may trigger de-epoxidation of the XC in the Ant-

arctic sea ice alga Chlamydomonas sp. ICE-L.

Dithiothreitol has been used to detect Z-independent

fluorescence quenching in higher plants and algae (Gilmore

and Yamamoto 1991). In this study, algal cells were pre-

incubated with increasing concentrations of DTT (up to

8 mM) and NPQ was determined at the end of the illu-

mination period. As shown in Fig. 4, NPQ decreased when

DTT concentrations increased. Z was not detected in 2 mM

DTT-treated samples and NPQ decreased to 0.5. These

results clearly demonstrated the obligatory presence of Z

for NPQ in Chlamydomonas sp. ICE-L, and that NPQ can

still be formed in the absence of Z. When DTT was

incorporated with NH4Cl in cultured cells, NPQ kinetics

decreased before NH4Cl was added and then decreased to

approximately 0, showing that NPQ was partially sup-

pressed by DTT which was related to the XC and the

remainder was dependent on DpH. DpH affects not only the

activation of NPQ, but also de-epoxidation of the XC in

causing NPQ. We conclude that NPQ in Chlamydomonas

sp. ICE-L is triggered by DpH and further depends on

xanthophylls, and this mechanism is similar to that in

higher plants.

The NPQ regulators in the Antarctic sea ice alga

Chlamydomonas sp. ICE-L were identified in the present

study. qE is mainly dependent on lumen pH in this alga, as

clearly shown by its sensitivity to uncouplers and the

inhibition of NPQ by DCCD. Chlamydomonas sp. ICE-L

can regulate thermal dissipation of excess absorbed light

energy in seconds to minutes. Furthermore, the xanthophyll

pigments, lutein, and b-carotene are essential for NPQ.

Therefore, the mechanism of NPQ in Chlamydomonas sp.

Table 1 Pigment contents of Chlamydomonas sp. ICE-L cells cultured under different experimental conditions

Chla/b V/Chls A/Chls Z/Chls Lutein/Chls b-carotene/Chls V ? A ? Z (Z ? 0.5A)/(V ? A ? Z)

LL 1.19 3.29 0.51 ND 11.28 1.04 3.8 0.07

HL 1.29 1.93 0.44 3.24 12.56 3.11 5.61 0.62

LL-DCCD 1.21 3.21 0.23 0.56 13.1 1.23 4 0.17

HL-DCCD 1.31 2.93 0.19 2.43 12.53 1.81 5.55 0.45

NH4Cl-1 1.29 3.06 1.1 ND 14.79 2.36 4.16 0.13

DTT-2 1.26 5.54 0.71 ND 23.37 6.75 6.25 0.06

Pigment contents were normalized to the chlorophyll a ? b (Chls) concentration (w/w) 9 100. LL (low light), LL-DCCD (131 lmol photons

m-2 s-1 with 20 lM DCCD), HL (high light), HL-DCCD (830 lmol photons m-2 s-1 with 20 lM DCCD), NH4Cl-1 (1 mM NH4Cl), DTT-2

(2 mM DTT)
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ICE-L involves feedback energy dissipation which is trig-

gered by low lumen pH which then triggers the protonation

of PSII proteins and de-epoxidation of the XC, and then Z

and other accumulated pigments are correlated with NPQ

amplitude. This photoprotection process, similar to that in

higher plants, may be related to the HL conditions found in

the Antarctic region.
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