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Abstract Acclimation of wild type and the chlorina F2 mutant
of barley to either high light or low temperature results in a 2- to
3-fold increase in non-photochemical quenching which occurred
independently of either energy-dependent quenching (qE), xan-
thophyll cycle-mediated antenna quenching or state transitions.
Results of in vivo thermoluminescence measurements used to ad-
dress this conundrum indicated that excitation pressure regulates
the temperature gap for S2Q�B and S2Q�A charge recombinations
within photosystem II reaction centers. This is discussed in terms
of photoprotection through non-radiative charge recombination.
� 2006 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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1. Introduction

Changes in either irradiance or temperature exacerbate the

potential imbalances in energy budget due to imbalances be-

tween the rate at which photosynthetic electrons are generated

through photochemistry versus the rate at which redox poten-

tial energy is utilized through reductive metabolism [1–3].

Thus, either high light or low temperature can result in compa-

rable excitation pressure estimated as 1 � qP [1–3].

Although PSII is a major component regulating photosyn-

thetic linear electron transport, it is also extremely susceptible

to photoinhibition and photodamage upon exposure to excess

excitation [4–6]. Non-photochemical quenching (NPQ)

through xanthophyll-dependent antenna quenching [7–10]

and state transitions [11,12] represent major advances in our

understanding of photoprotection of PSII. However, several
Abbreviations: EPS, epoxidation state; Fv/Fm, maximum photochem-
ical efficiency of PSII in the dark adapted state; NPQ, non-photo-
chemical quenching; qP, photochemical quenching parameter; ST,
capacity for state transition calculated as ½ðF 0I � F IÞ � ðF 0II � F IIÞ�=
ðF 0I � F IÞ; TM, thermoluminescence peak temperature

*Corresponding author. Fax: +1 519 661 3935.
E-mail address: nhuner@uwo.ca (N.P.A. Hüner).
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reports have indicated that significant levels of NPQ can not

be accounted for by xanthophyll cycle-dependent, antenna

quenching [7,13–17]. Chl a fluorescence quenching analyses

[4,14–19] as well as thermoluminescence measurements

[15,20,21] indicate that reaction center quenching may contrib-

ute to photoprotection of PSII [4]. We combined thermolumi-

nescence, a very sensitive spectroscopic technique to probe

charge recombination events in PSII reaction centers in vivo

[22–26], with Chl a fluorescence induction and P700 measure-

ments to test the hypothesis that excitation pressure modulates

PSII charge recombination events in response to growth and

acclimation to high light and low temperature. The results

are discussed in terms of photoprotection through a non-radi-

ative pathway for quenching within PSII reaction centers.
2. Materials and methods

2.1. Growth conditions
WT and the F2 mutant of barley (Hordeum vulgare L.) and winter

rye (Secale cereale L.) were grown in controlled environment chambers
(Conviron, Winnipeg, MB, Canada) at four different temperature/irra-
diance conditions (�C/lmol photons m�2 s�1): 20/250, 20/800, 5/50, 5/
250 and a relative humidity of 50%. Fully expanded second and third
leaves harvested 2 h into the photoperiod were used in all experiments.

2.2. Pigment analyses
Pigments were extracted, separated and quantified by high-perfor-

mance liquid chromatography as described in detail previously [27].
The epoxidation state (EPS) of the xanthophyll cycle pigments was cal-
culated as: EPS = (V + 0.5A)/(V + A + Z). V, violaxanthin; A, anther-
axanthin; Z, zeaxanthin.

2.3. SDS–PAGE and immunoblotting
Thylakoid membranes for SDS–PAGE were isolated as described in

detail previously [28]. Solubilized samples containing equal amounts of
protein (20 lg lane�1) were separated on a 15% (w/v) linear polyacryl-
amide gel and electrophoretically transferred to nitrocellulose mem-
branes. Immunoblots were performed with specific antibodies raised
against D1 protein (PsbA), Lhcb1, Lhcb5 and PsbS (1:5000 dilutions).

2.4. Modulated chlorophyll fluorescence
Modulated chlorophyll a fluorescence of dark adapted leaves was

measured under ambient O2 and CO2 with a PAM 101 chlorophyll
fluorescence measuring system (Heinz Walz GmbH, Effeltrich,
Germany). NPQ and 1 � qP were calculated as described in [3].
All fluorescence parameters were measured at the corresponding
growth temperature and growth irradiance during steady-state
photosynthesis.
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State 1 and state 2 transitions were estimated at the corresponding
growth temperature/irradiance conditions as described by Lunde
et al. [11], using PAM-101 chlorophyll fluorescence measuring system
(Heinz Walz GmbH, Effeltrich, Germany) equipped with a blue light
source consisting of a lamp with a Corning 4-96 filter and a far red
light (FR) was provided by a FL-101 light source; (kmax = 715 nm,
10 W m�2, Schott filter RG 715). The relative change in state transition
was calculated ½ðF 0I � F IÞ � ðF 0II � F IIÞ�=ðF 0I � F IÞ, where FI and FII

designate fluorescence in the presence of PSI light (far-red) in state 1
and state 2, respectively, while F 0I and F 0II designate fluorescence in
the absence of PSI light in state 1 and state 2, respectively [11].

2.5. Thermoluminescence
Thermoluminescence (TL) measurements of intact barley and rye

leaves were performed on a custom-designed, personal-computer-
based TL data acquisition and analysis system as described earlier
[20,21]. A xenon-discharge flash lamp (XST103, Heinz Walz GmbH,
Effeltrich, Germany) was used to expose the samples to a single turn-
over flash (1.5 ls peak width at 50% of maximum). Dark adapted
leaves were cooled to 0 �C prior to exposing the samples to the flashes.
For S2Q�A recombination studies, leaves were vacuum infiltrated with
DCMU (20 lM) in darkness before the flash illumination. Experi-
ments were performed at a heating rate of 0.6 �C s�1.

2.6. e/P700
The relative intersystem electron pool sice (e/P700) was measured by

the photooxidation of P700 estimated as the absorbance change at
820 nm (DA820/A820) at the respective growth temperatures in winter
rye as described in detail previously [20,29].
3. Results and discussion

We confirmed [30,31] that the F2 mutant exhibited minimal

levels of Lhcb1 but comparable levels of the PSII reaction cen-

ter polypeptide, D1, and the core antenna polypeptide, Lhcb5

compared to WT barley regardless of the growth condition

(20/250, 20/800, 5/50, 5/250) (Fig. 1A). Neither WT barley

nor the F2 mutant exhibited any signs of photoinhibition dur-

ing steady-state growth as indicated by comparable maximal

PSII photochemical efficiency (Fv/Fm = 0.787 ± 0.015) in leaves

in their dark adapted state under all regimes tested. Similar re-

sults have been reported for rye and wheat [32]. Nevertheless,

excitation pressure measured as 1 � qP [3] in the WT accli-

mated to either 5/250 or 20/800 was 2- to 3-fold higher than

that of barley acclimated to either 5/50 or 20/250 (Table 1).

Similar results for the effects of growth regime on 1 � qP were

observed for the F2 mutant (Table 2) and have been published

for winter rye [32].

Concomitantly, NPQ increased 2- to 3-fold in WT barley

plants acclimated to high excitation pressure (20/800 or 5/

250) compared to plants grown at low excitation pressure

(20/250 or 5/50), respectively. However, the changes in NPQ

were associated with only minimal changes in the EPS of the
Fig. 1. (A) Immunoblot analysis of WT and F2 thylakoid membrane
proteins isolated from plants grown under different temperature (�C)
irradiance (lmol m�2 s�1) regimes. (B) Chl a fluorescence induction
curves for WT and the F2 mutant of barley. Up arrows indicate actinic
white light (250 lmol photons m�2 s�1) on. Down arrows indicate
actinic light off. (C) Typical fluorescence traces of state 1–state 2
transitions in WT and F2 mutant of barley grown at 20 �C and an
irradiance of 250 lmol photons m�2 s�1. Dark adapted leaves were
exposed to either blue light favoring PS II or far-red light favoring PS I
as described in detail by Lunde et al. [11]. Up arrows indicate lights on
and down arrows indicate lights off. The scale at the bottom of
indicates time in state 2 and state 1.

c

/

xanthophyll cycle (Table 1). Similar trends for the effects of

steady-state growth regime on NPQ (Table 2) were observed

in the F2 mutant and have been reported for winter rye [32].

Thus, although changes in NPQ are correlated with alterations

in excitation pressure during steady-state growth of WT bar-



Table 2
Effect of growth irradiance and growth temperature on photosynthetic parameters (1 � qP, NPQ), EPS of the xanthophylls cycle pigments and the
characteristic temperatures (TM) of S2Q�A and S2Q�B thermoluminescence glow peaks of the barley F2 mutant

Growth regime (�C/lmol m�1 s�1) 1 � qP EPS NPQ T MðS2Q�AÞ ð
�CÞ T MðS2Q�AÞ ð

�CÞ DTM (�C)

20/250 0.132 ± 0.003 0.93 ± 0.02 0.45 ± 0.02 40.4 ± 0.1 25.3 ± 1.4 15.1 ± 0.3
20/800 0.527 ± 0.045 0.83 ± 0.02 1.11 ± 0.05 37.2 ± 0.2 30.2 ± 2.4 7.0 ± 0.3
5/50 0.106 ± 0.002 1.00 ± 0.02 0.65 ± 0.07 41.9 ± 0.8 26.5 ± 1.4 15.4 ± 1.2
5/250 0.425 ± 0.047 0.95 ± 0.04 0.81 ± 0.07 34.8 ± 1.0 29.7 ± 0.7 5.1 ± 0.5

All measurements were performed at the growth temperature and growth irradiance. All data are the means of 3–5 experiments ± S.E. with at least
three replicate measurements per experiment. DT M ¼ T MðS2Q�B Þ � T MðS2Q�AÞ.

Table 1
Effect of growth irradiance and growth temperature on photosynthetic parameters and the TM of S2Q�A and S2Q�B thermoluminescence glow peaks
of WT barley

Growth regime (�C/lmol m�1 s�1) 1 � qP EPS NPQ T MðS2Q�B Þ ð
�CÞ T MðS2Q�AÞ ð

�CÞ DTM (�C)

20/250 0.287 ± 0.024 0.90 ± 0.03 1.21 ± 0.05 41.1 ± 0.3 20.9 ± 0.1 20.1 ± 0.2
20/800 0.619 ± 0.016 0.75 ± 0.05 2.42 ± 0.08 35.7 ± 0.6 23.8 ± 0.2 11.8 ± 0.4
5/50 0.100 ± 0.026 0.93 ± 0.03 0.72 ± 0.18 39.3 ± 1.3 22.8 ± 0.1 16.5 ± 0.7
5/250 0.465 ± 0.055 1.00 ± 0.03 2.32 ± 0.09 35.2 ± 0.2 28.9 ± 0.2 6.3 ± 0.2

All measurements were performed at the growth temperature and growth irradiance. All data are the means of 3–5 experiments ± S.E. with at least
three replicate measurements per experiment. DT M ¼ T MðS2Q�B Þ � T MðS2Q�AÞ.
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ley, the F2 mutant and winter rye, the changes in NPQ occur

independently of changes in xanthophyll-cycle activity.

There is a consensus that the major component of NPQ is

the DpH-dependent quenching (qE) [8,33]. The initial, fast

phase of the recovery of Chl a fluorescence flash yields after

the actinic light has been turned off, can be used to estimate

the extent of qE [8,33]. As shown in Fig. 1B, the F2 mutant

exhibited minimal capacity for qE compared to WT barley.

State 1–state 2 transitions represent a short-term mechanism

to balance the energy distribution between PSII and PSI

[11,12]. Fig. 1C illustrates that WT barley exhibited normal

capacity to undergo state transitions when grown at low

excitation pressure at 20/250 ðST ¼ ½ðF 0I � F IÞ � ðF 0II � F IIÞ�=
ðF 0I � F IÞ ¼ 0:744 � 0:090Þ. Although WT barley grown at

low excitation pressure at 5/50 also exhibited a similar capacity

for state transitions (ST = 0.629 ± 0.048) as WT grown at

20/250, growth of WT at high excitation pressure at either

20/800 (ST = 0.445 ± 0.031) or 5/250 (ST = 0.327 ± 0.063)

inhibited ST by about 45%. In contrast to WT, we were unable

to detect state transitions in the F2 mutant grown at either 20/

250 (Fig. 1C) or at any of the growth conditions tested (data

not shown). Thus, the modulation of NPQ in WT barley (Ta-

ble 1) and the F2 mutant (Table 2) in response to changes in

excitation pressure can not be accounted for by changes in

either xanthophyll-cycle activity or qE. Although Lhcb5

(CP26) has been shown to be a requirement for state transi-

tions in Chlamydomonas reinhardtii [34], enhanced capacity

for state transitions can not account the modulation of NPQ

by excitation pressure in either the WT or the F2 mutant of

barley (Fig. 1C; Table 2).

Chl a fluorescence quenching analyses [4,14–19] as well as

thermoluminescence measurements [15,20,21] indicate that

reaction center quenching may contribute to NPQ. Fig. 2 illus-

trates typical thermoluminescence glow curves for S2Q�B and

S2Q�A recombinations in WT barley. WT barley grown at high

excitation pressure (Fig. 2C and D) exhibited a narrowing of

the temperature gap (DTM) between S2Q�B (�DCMU) and

S2Q�A (+DCMU) recombinations compared to WT barley

grown at low excitation pressure (Fig. 2A and B). The TM
for S2Q�B recombination was down-shifted by 4–5 �C whereas

the TM for the S2Q�A recombination was up-shifted by 3–5 �C

in WT barley grown at high excitation pressure (20/800 or 5/

250) relative to WT grown at low excitation pressure (20/250

or 5/50) (Table 1). Excitation pressure had similar effects on

the TM of the S2Q�B and S2Q�A recombinations in the F2 mu-

tant. The DTM for the F2 mutant grown at either 20/250 or

5/50 was 15.1 ± 0.3 and 15.4 ± 1.2 �C, respectively, whereas

DTM for growth at either 20/800 or 5/250 was 7.0 ± 0.3 and

5.1 ± 0.5 �C, respectively. Thus, high excitation pressure ap-

pears to cause a similar 8–10 �C narrowing of the DTM for

S2Q�A and S2Q�B recombinations in WT and the F2 mutant of

barley.

PsbS is the PSII subunit assumed to be essential for NPQ via

the xanthophyll cycle [9,10,35]. Although the content of PsbS

appeared to be correlated with excitation pressure in WT bar-

ley (Fig. 1A), excitation pressure had no effect on PsbS levels in

the F2 mutant (Fig. 1A). To eliminate the possibility that

changes in the levels of PsbS may affect PSII charge recombi-

nation and DTM, we also compared S2Q�A=S2Q�B recombina-

tions in the npq4-1 mutant of Arabidopsis thaliana, which

lacks PsbS and exhibits minimal NPQ [9,10], with those in

WT A. thaliana. We observed a 5.7 �C down-shift in the TM

for S2Q�A recombinations from 39.9 ± 0.6 �C in the WT to

34.2 ± 0.7 �C in the npq4-1 mutant and a concomitant 4.9 �C

down-shift in the TM for S2Q�A recombinations from

22.5 ± 0.6 �C in the WT to 17.6 ± 0.6 �C in npq4-1 mutant.

Although charge recombination is sensitive to PsbS, the pres-

ence or absence of PsbS did not affect the DTM for S2Q�A / S2Q�B
recombinations in the npq4-1 mutant (DTM = 16.6 �C) com-

pared to WT A. thaliana (DTM = 17.4 �C).

The pooled results for WT barley, the F2 mutant and winter

rye grown at either 20/250, 20/800, 5/50 or 5/250 illustrated in

Fig. 2E indicate that the DTM for S2Q�A and S2Q�B recombina-

tions decreased in a linear fashion from about 25 �C at low

1 � qP to about 6 �C at high values of 1 � qP. A decrease in

DTM is consistent with a decrease in the free energy gap for

electron transfer between QA and QB [22–24,36] which creates

a predisposition for the accumulation of Q�A and non-radiative
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Fig. 2. Thermoluminescence glow curves of S2Q�B (solid curves) and
S2Q�A (dashed curves) charge recombinations in WT barley plants
grown under low (A, B) and high (C, D) excitation pressure conditions.
Experimental curves represent averages of 5–9 scans. Vertical broken
and solid lines represent TM for S2Q�A and S2Q�B recombinations,
respectively, and the DTM represents the temperature gap between the
S2Q�A and S2Q�B recombinations. (E) Correlation between the reduction
state of QA measured as 1 � qP and the temperature gap (DTM)
between the characteristic peak temperatures (TM) of S2Q�B and S2Q�A
charge recombinations in WT and F2 mutant barley and rye plants
grown at either 20/50, 20/250, 20/800, 5/50 or 5/250. All measurements
of 1 � qP were performed at the corresponding growth temperature
and irradiance. All values represent means ± S.E. from 3 to 5
independent measurements. The P-value refers to the linear regression.
(¤) WT-barley-20/250; (w) WT-barley-20/800; ( ) WT barley-5/50;
(c) WT barley-5/250; (b) F2 barley-20/250; (,) F2 barley-20/800; (n)
F2 barley-5/50; (s) F2 barley-5/250; (h) Rye-20/250; (.) Rye-20/800;
(m) Rye-5/50; (d) Rye-5/250; (n) Rye-20/50.
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Fig. 3. (A) Relationship between excitation pressure (1 � qP) and
intersystem electron pool size (e�/P700) in winter rye. All plants were
grown at either 20/50, 20/250, 20/800, 5/50 or 5/250. Excitation
pressure (1 � qP) was calculated as described in [3], e�/P700 was
calculated according to [29,38] and all measurements were performed
at the corresponding growth temperature and irradiance. (B) Rela-
tionship between DTM and e�/P700. All data represent the means ±
S.E. from 3 to 5 independent experiments.
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PSII charge recombination. Although modulation of the DTM

for S2Q�A and S2Q�B recombinations by low growth tempera-

ture have been reported for Synechococcus sp PCC 7942 [21],
A. thaliana [15] as well as for pine exposed to natural over-win-

tering conditions [20], we show for the first time that excitation

pressure rather than low temperature per se regulates DTM for

S2Q�A and S2Q�B recombinations.

Fig. 3A illustrates that an increase in 1 � qP is positively

correlated with an increase in the intersystem electron pool size

(e�/P700). We conclude that steady-state growth at either 20/

800 or 5/250 results in comparable excitation pressure

(1 � qP) because both growth regimes induce comparable met-

abolic limitations on the acceptor side of PSI, which cause an

increased reduction state of the PQ pool. This, in turn, induces

a decrease in the DTM (Fig. 3B). Our results indicate that PSII

reaction centers are functionally altered in response to modu-

lation of the redox state of the intersystem electron transport
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chain such that the free energy gap between S2Q�A and S2Q�B is

decreased favoring non-radiative PSII charge recombination

when the PQ pool is reduced during steady-state growth. We

have reported that such decreases in the DTM are associated

with a 30–40% decrease in total thermoluminescence yield

[15,21] which is consistent with a dark decay pathway for these

charge recombinations events [37] and photoprotection

through non-radiative reaction center quenching. Thus, our re-

sults support the suggestion [4] that photoprotection of PSII

through reaction center quenching complements photoprotec-

tion through antenna quenching.
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