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Abstract Moderately high temperature reduces photo-

synthetic capacities of leaves with large effects on thyla-

koid reactions of photosynthesis, including xanthophyll

conversion in the lipid phase of the thylakoid membrane. In

previous studies, we have found that leaf temperature of

40�C increased zeaxanthin accumulation in dark-adapted,

intact tobacco leaves following a brief illumination, but did

not change the amount of zeaxanthin in light-adatped

leaves. To investigate heat effects on zeaxanthin accumu-

lation and decay, zeaxanthin level was monitored optically

in dark-adapted, intact tobacco and Arabidopsis thaliana

leaves at either 23 or 40�C under 45-min illumination.

Heated leaves had more zeaxanthin following 3-min light

but had less or comparable amounts of zeaxanthin by the

end of 45 min of illumination. Zeaxanthin accumulated

faster at light initiation and decayed faster upon darkening

in leaves at 40�C than leaves at 23�C, indicating that heat

increased the activities of both violaxanthin de-epoxidase

(VDE) and zeaxanthin epoxidase (ZE). In addition, our

optical measurement demonstrated in vivo that weak light

enhances zeaxanthin decay relative to darkness in intact

leaves of tobacco and Arabidopsis, confirming previous

observations in isolated spinach chloroplasts. However, the

maximum rate of decay is similar for weak light and

darkness, and we used the maximum rate of decay fol-

lowing darkness as a measure of the rate of ZE during

steady-state light. A simulation indicated that high tem-

perature should cause a large shift in the pH dependence of

the amount of zeaxanthin in leaves because of differential

effects on VDE and ZE. This allows for the reduction in

DpH caused by heat to be offset by increased VDE activity

relative to ZE.

Keywords Zeaxanthin � Violaxanthin de-epoxidase �
Zeaxanthin epoxidase � Moderately high temperature �
DpH

Introduction

Photosynthetic capacities of leaves are reduced by mod-

erately high temperature (30–40�C). In addition to deacti-

vation of Rubisco (Salvucci and Crafts-Brandner 2004),

moderately high temperature can also have large effects on

thylakoid membrane structure and thylakoid reactions of

photosynthesis. Moderately high temperature increases the

fluidity (Raison et al. 1982) and leakiness (Weis 1981;

Bukhov et al. 1999; Havaux and Niyogi 1999; Schrader

et al. 2004) of thylakoid membranes, causes thylakoid

membrane de-stacking (Armond et al. 1980; Gounaris et al.
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1983; Gounaris et al. 1984; Xu et al. 2006), and induces

state 1 to state 2 transitions (Ovaska et al. 1990; Mohanty

et al. 2002; Schrader et al. 2004; Haldimann et al. 2008;

Zhang and Sharkey 2009). Under steady-state light, the

acceptor side of photosystem II (PSII) tends to become less

reduced, while the donor side and reaction centre chloro-

phyll (P700) of PSI tends to become more reduced under

moderately high temperature (Zhang and Sharkey 2009).

Transthylakoid proton conductance and counterion move-

ments are significantly increased by heat while the pH

component (DpH) of the transthylakoid proton motive

force (pmf) was much reduced under moderately high

temperature (Zhang et al. 2009). The thylakoid lumen pH is

a key regulator of thylakoid reactions of photosynthesis

(Kramer et al. 2004).

The conversion of violaxanthin to zeaxanthin via the

intermediate antheraxanthin in the xanthophyll cycle plays

an important role in photoprotection of plants and algae

(Gilmore 1997; Demmig-Adams 1998; Niyogi 1999; Ort

2001). Under excess light conditions, low lumen pH

induces the conversion of violaxanthin to zeaxanthin, the

protonation of the PsbS (a polypeptide of PSII), and/or a

conformational change of LHCII, which work together to

dissipate the excess light energy from chlorophyll in the

form of heat to prevent overexcited PSII centers (Müller

et al. 2001; Li et al. 2004; Horton et al. 2005). This is

termed energy-dependent quenching (qE), one of the major

and most rapid components of non-photochemical

quenching (NPQ) (Niyogi 2000). Zeaxanthin has two other

important functions besides its role in photoprotection.

First, it has been reported to stabilize thylakoid membranes

by reducing their fluidity (Sarry et al. 1994; Havaux et al.

1996; Havaux 1998). Second, it can act as an antioxidant

and prevent lipid peroxidation (Lim et al. 1992; Sarry et al.

1994; Havaux et al. 2007).

Zeaxanthin is produced through the de-epoxidation of

violaxanthin via the intermediate antheraxanthin by viola-

xanthin de-epoxidase (VDE), and it is converted back to

antheraxanthin and finally to violaxanthin through epoxi-

dation by the zeaxanthin epoxidase (ZE) (Siefermann-

Harms 1985; Jahns et al. 2009). VDE activity is pH

dependent (Pfündel and Dilley 1993; Yamamoto and Bassi

1996). It binds to the thylakoid membrane at pH \ 6.5 and

is activated at pH \ 6.2, with its activity saturated at

pH \ 5.8 (Pfündel and Dilley 1993; Hager and Holocher

1994). The optimum pH for ZE is 7.8 in the light and 7.4 in

the dark, and it is inactive when pH is below 5.5 (Siefer-

mann and Yamamoto 1975), indicating its possible location

on the stromal side of the thylakoid membrane. A trans-

membrane model has been proposed for the xanthophyll

cycle, in which de-epoxidation of violaxanthin occurs in

the lipid matrix on the luminal side and epoxidation of

zeaxanthin occurs on the stromal side (Siefermann and

Yamamoto 1975). Therefore, the lumenal pH will have a

large effect on the activity of VDE. The accumulation of

zeaxanthin is controlled by the competition between zea-

xanthin formation through VDE and zeaxanthin con-

sumption by ZE (Takizawa et al. 2007). In this way,

zeaxanthin accumulation will be governed not only by the

lumenal pH but also by the activity of ZE.

Heat has been found to increase zeaxanthin accumula-

tion in some experiments, and zeaxanthin can help leaves

tolerate heat (Havaux 1998). However, heat also reduces

the DpH across the thylakoid membrane (Zhang et al.

2009), which should reduce the amount of zeaxanthin in

leaves at high temperature. A slight heat-induced reduction

in zeaxanthin content was found in light-adapted tobacco

leaves, but the reduction was not as great as predicted by

the reduced DpH (Zhang et al. 2009). The increase in

zeaxanthin at high temperature could be replicated by using

dark-adapted leaves illuminated for just 5 min.

In this study, new experiments were conducted to

investigate the time course of heat effects on zeaxanthin

accumulation and decay during light induction. In addition

to tobacco, in which observations of decreased zeaxanthin

at high temperature in light were first made, we used

Arabidopsis thaliana leaves. In order to follow the time

course of changes in zeaxanthin content, we monitored the

absorbance change at 505 nm (ZDA505), with corrections

for the electrochromic shift (ECS) and light scattering

effects previously demonstrated, to follow changes in Z

content (Zhang et al. 2009) at either 23 or 40�C. The npq1

mutant, deficient in zeaxanthin accumulation, was utilized

to test the suitability of the optical method for zeaxanthin

measurement. Estimates of the effect of heat on VDE and

ZE activities were used in a model of zeaxanthin accu-

mulation. The effects of moderately high temperature on

zeaxanthin accumulation and decay were investigated and

discussed.

Materials and methods

Plant material

Nicotiana tabacum WU38 (tobacco) plants were grown in a

greenhouse with supplemental light of 200–300 lmol

photons m-2 s-1 provided by 1,000-W high-pressure

sodium lights, 16-h photoperiod, and day/night temperature

around 23�C. Young, fully expanded, and intact leaves

from 6-week-old plants were used for measurements.

Arabidopsis thaliana (Arabidopsis) ecotype Columbia 0

(Col-0) and npq1 (mutant deficient in zeaxanthin accu-

mulation in the Col-0 background) (Niyogi et al. 1998)

were grown in soil under 100 lmol photons m-2 s-1 light

intensity in a growth chamber, with 8/16 h day/night,
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23/19�C day/night. Plants were fertilized weekly with half

strength Hoagland’s nutrient solution. Young, fully

expanded, and intact leaves from 6-week-old plants were

used for measurements.

Spectroscopic measurement

Optical measurements of zeaxanthin accumulation and

decay, the ECS, and chlorophyll fluorescence were con-

ducted in a newly constructed spectrophotometer instru-

ment, which was modified from the previous non-focusing

optics flash spectrophotometer (NoFOSpec) (Avenson et al.

2004; Takizawa et al. 2008; Zhang et al. 2009). Zeaxanthin

accumulation has a signature absorbance peak at 505 nm

(Yamamoto and Kamite 1972); however, because it over-

laps with other components, such as ECS (peak at 518 nm)

and qE-related absorbance changes (peak at 535 nm),

multi-wavelength deconvolution is necessary to get a more

precise measurement of zeaxanthin level. The deconvolu-

tion for zeaxanthin was similar to that described previously

(Zhang et al. 2009), except for the additional 488 nm signal

(peak of the reversed ECS absorbance change), which was

used for further refining the measurements. The relative

extinction coefficients for each component (zeaxanthin,

ECS, and qE) at three wavelengths (505, 520, and 535 nm)

were determined as described (Kramer and Sacksteder

1998; Zhang et al. 2009). For this purpose, 488 nm light

was used to finely tune the optical measurement. The

deconvolution formulas were solved by linear algebra

giving the following equation for calculating relative zea-

xanthin changes:

Zeaxanthin ¼ �1:33� DA488 þ 1:78� DA505 � 0:91

� DA520 þ 0:64� DA535:

ð1Þ

The ECS signal in tobacco was obtained by the formula

ECS ¼ 0:22� DA488 � 0:97� DA505 þ 1:69� DA520

� 0:86� DA535:

ð2Þ

Dark-adapted, intact tobacco leaves, which should have

little zeaxanthin, were used for measurements. A dark

baseline was first recorded for 30 min and then actinic light

(347, 665, or 1,000 lmol photons m-2 s-1) provided by

red-light-emitting diodes (LEDs) was on for 45 min to

induce zeaxanthin formation, followed by 30 min dark or

weak light to dissipate zeaxanthin. During the experiment,

four measuring wavelengths (488, 505, 520, and 535 nm)

were recorded simultaneously. The amount of zeaxanthin

accumulated was estimated by the deconvoluted 505 signal

(ZDA505). The rate of zeaxanthin accumulation at light

initiation was estimated by the linear slope of the

corresponding ZDA505 curve. During the post-illumination

darkness, the rate of zeaxanthin decay was estimated by

linear fitting of the corresponding ZDA505 curve, with the

absolute value of the linear slope taken as the decay rate.

For weak light experiments, leaves were first illuminated

with 1,000 lmol photons m-2 s-1 light for 45 min,

followed by weak light (25 lmol photons m-2 s-1) for

30 min, instead of darkness.

The long-period ECS (25-s dark interval) with four

wavelengths was performed at the end of 3 or 45 min light

to estimate the pH component (DpH) of the transthylakoid

pmf in leaves as described (Cruz et al. 2001; Zhang et al.

2009). The ECS signal was deconvoluted from 488-, 505-

and 535-nm signals using Eq. 2. The inverted phase of the

ECS is proportional to the DpH component of the trans-

thylakoid pmf. DpH reported is denoted as ‘‘relative’’

because it was measured by absorbance change, and one

unit is equivalent to a change of 0.001 absorbance units.

Energy-dependent quenching (qE) was estimated from

the saturation-pulse-induced chlorophyll a fluorescence

yields in light-adapted tobacco leaves by equations below,

where Fm

0
is the maximum fluorescence yield caused by a

saturating flash pulse in leaves illuminated for 45 min, and

Fm

00
is its recovery in the dark after the light was off for

20 min. This simplified method not requiring long periods

of dark adaptation depends on there being very little photo

inhibition during the experiments, as was found for heat-

treated Arabidopsis (Zhang and Sharkey 2009).

qE ¼ F00m=F0m � 1: ð3Þ

Zeaxanthin accumulation and decay in Arabidopsis

leaves was monitored by the spectrophotometer using the

same method as in tobacco, except that only 1,000 lmol

photons m-2 s-1 was used for 45-min illumination. The

zeaxanthin contribution in Arabidopsis was obtained with

the formula

Zeaxanthin ¼ �0:67� DA488 þ 0:96� DA505 � 0:14

� DA520 � 0:21� DA535:

ð4Þ

The ECS signal in Arabidopsis was obtained by the

following formula

ECS ¼ 0:89� DA488 � 1:35� DA505 þ 1:87� DA520

� 0:73� DA535:

ð5Þ

Heat treatment and gas exchange

The experiments described above were performed under

either 23 or 40�C, each with leaves from different plants.

The high-temperature treatment in tobacco leaves was

same as before (Zhang et al. 2009). Intact tobacco leaves
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were clamped into the leaf chamber in the spectropho-

tometer under flowing humidified ambient air (79% N2,

21% O2, 372 parts per million by volume, a mole fraction,

and ppmv CO2). Heat treatment was imposed by flowing

water from either of two thermostated water baths, one set

at 23�C and the other at 40�C, through a metal block that

was attached to the actinic and measuring light pipe of the

spectrophotometer, just above the leaf. The temperature of

the leaf (monitored by thermocouple attached to the leaf)

was switched between 23 and 40�C in 2 min.

The net CO2 assimilation rate in tobacco was measured

by gas exchange as described (Zhang and Sharkey 2009).

Mixed gas (79% N2, 21% O2, and 372 ppmv CO2) with

controlled humidity (dew point at 16.5�C) flowed into the

leaf chamber and passed over the abaxial leaf surface. The

H2O and CO2 before and after the leaf chamber were

measured using a CO2/H2O analyzer (Model LI-6262,

LI-COR, Lincoln, Neb. USA). The net CO2 assimilation

rate and stomatal conductance under 45-min illumination

were calculated using equations of Farquhar and von

Caemmerer (1982).

For Arabidopsis experiments, the spectrophotometer

was connected with a LI-COR 6400 (LI-COR, Inc., Lin-

coln, NE) which provided controlled gas concentration

(79% N2, 21% O2, and 400 ppmv CO2) and humidity (dew

point at 16.5�C), and allowed measurement of net CO2

assimilation rates and stomatal conductance simultaneous

with the optical measurements. Intact Arabidopsis leaves

were clamped into the LI-COR leaf chamber that was

anchored in the light path of the spectrophotometer. Two

thermostated water baths, one set at 23�C and the other at

40�C, were connected to the leaf chamber for heat

treatment.

Results

Optical measurement of effect of temperature

on zeaxanthin

Moderately high temperature increased the zeaxanthin

accumulation rates at light initiation and zeaxanthin decay

rates during the initial darkness after illumination (Fig. 1).

The amount of zeaxanthin (ZDA505) in tobacco leaves

increased much faster upon illumination at 40�C than at

23�C (Fig. 1A). Higher levels of zeaxanthin were found at

40�C until 10–15 min after turning on the light. By the end

of 45-min light, ZDA505 at 40 and 23�C reached a similar

level. Following illumination, ZDA505 at 40�C decayed

much faster than that at 23�C. Similar effects of heat on

zeaxanthin accumulation and decay were found in intact

leaves of Arabidopsis, except that the ZDA505 rose much

more rapidly under high temperature and ZDA505 decay in

darkness at 23�C was much slower than that in tobacco

(Fig. 1B). The Arabidopsis mutant deficient in zeaxanthin

accumulation, npq1, exhibited little change of ZDA505 in

response to illumination or darkness at either 23 or 40�C

(Fig. 1B), verifying our optical method employed to

monitor zeaxanthin accumulation and decay in vivo.

Effect of temperature on zeaxanthin and photosynthesis

Three-minute illumination induced zeaxanthin formation in

tobacco leaves, but there was more zeaxanthin accumulation

at 40�C than at 23�C at three light intensities (Student’s

t-test, P \ 0.05) (Fig. 2A). At the end of 45-min light,

zeaxanthin levels increased at both temperatures as com-

pared to that at the end of 3-min light (Fig. 2B). However,
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Fig. 1 Monitoring zeaxanthin accumulation and decay by ZDA505.

Dark-adapted, intact tobacco and Arabidopsis leaves were given

45 min illumination, followed by a 30-min post-illumination dark

period. The 505-nm signal (ZDA505), representing the amount of

zeaxanthin, was deconvoluted by 488-, 520-, and 535-nm signals.

Zeaxanthin accumulation and decay were monitored by ZDA505

before, during, and after the light, with the signal before illumination

as the dark baseline. Measurements were performed at either 23 or

40�C with separate leaves. Three light intensities (347, 665, and

1,000 lmol photons m-2 s-1) were used individually for tobacco, and

1,000 lmol photons m-2 s-1 light was used for Arabidopsis. The

curves from 1,000 lmol photons m-2 s-1 light are presented here as

demonstrations. The npq1 mutant is deficient in zeaxanthin accumu-

lation, and it is on the background of Columbia-0 (Col)
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the difference in zeaxanthin content between leaves at 23�C

and 40�C disappeared after 45-min light. Within the noise

level, both the heated and the control leaves had a similar

amount of zeaxanthin at the end of 45-min light (P [ 0.05),

and high light intensity induced relatively more zeaxanthin

than low light. Net CO2 assimilation rates in tobacco leaves

with 3-min light were about 25% of those in leaves with

45-min light (Fig. 2C, D), indicating that by the end of

3-min light, photosynthesis was not fully activated.

Heat effects on zeaxanthin accumulation and net CO2

assimilation rates in Arabidopsis leaves at 1,000 lmol

photons m-2 s-1 (Fig. 3) were similar to those in tobacco

leaves (Fig. 2). With 3-min light, Arabidopsis leaves at

40�C had more zeaxanthin and higher net CO2 assimilation

rates than those at 23�C (P \ 0.01). By the end of 45-min

light, leaves at 40�C had slightly less zeaxanthin than leaves

at control temperature, but the difference was not significant

(P [ 0.05); the net CO2 assimilation rates at 40�C were

significantly higher than those at 23�C (P \ 0.01).

High temperature increased the stomatal conductance in

tobacco leaves at all the three light intensities (Fig. 4A). At

the same temperature, leaves illuminated with higher light

had higher stomatal conductance than those with lower

light, although the difference between 347 and 665 lmol

photons m-2 s-1 was small. In tobacco leaves at 40�C, the

rate of increase of stomatal conductance between 15 and

20 min of illumination was greater than at 23�C. However,

after 45 min of illumination, the stomatal conductance in

tobacco leaves at 40�C reached a plateau but continuously

increased in leaves at 23�C. In Arabidopsis, the stomatal

conductance was comparable in leaves at 23 and 40�C until

20 min of illumination (Fig. 4B). Afterward, stomatal

conductance at 23�C continued to increase while stomatal

conductance at 40�C remained constant (Fig. 4B).
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Fig. 2 Zeaxanthin

accumulation and CO2

assimilation in tobacco leaves

with 3- or 45-min light. Dark-

adapted, intact tobacco leaves

were illuminated for 45 min

with one of the three light

intensities (347, 665,

1,000 lmol photons m-2 s-1) at

either 23 or 40�C, each with a

different leaf. A, B, The

amounts of zeaxanthin

accumulated with 3- or 45-min

light was estimated by ZDA505.

C, D Net CO2 assimilation rates

were measured by gas exchange

(mean ± SE, n = 3–5)
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Fig. 3 Zeaxanthin accumulation and CO2 assimilation in leaves of

Arabidopsis with 3- or 45-min light. Dark-adapted, intact Arabidopsis

(Col-0) leaves were illuminated for 45 min with 1,000 lmol photons

m-2 s-1 light intensity at either 23 or 40�C, each with different

leaves. A The amount of zeaxanthin accumulated with 3 or 45 min

light was estimated by ZDA505. B Net CO2 assimilation rates were

measured by gas exchange (mean ± SE, n = 6–8)
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Temperature and DpH

In tobacco leaves at 23�C, the DpH component of the

transthylakoid pmf was reduced by the end of 45 min of

illumination with 1,000 lmol photons m-2 s-1 light rela-

tive to the value at the end of 3-min light (Fig. 5). The DpH

in tobacco leaves heated to 40�C was lower at 3 min than

after 45 min at 23�C, but no further reduction after 45 min

was seen. In Arabidopsis, the DpH at 23�C with 45-min

light was reduced to 66% of that with 3-min light, and 70%

for heated leaves with 3 min light, and 40% for heated

leaves with 45-min light.

At the end of 45 min light, the DpH was reduced by high

temperature in all the three light intensities in tobacco

leaves (Fig. 6), consistent with our previous report in light-

adapted leaves (Zhang et al. 2009). Heat caused little

change of zeaxanthin accumulation (ZDA505) when com-

pared at the same light intensity (P [ 0.05). The relation-

ship between zeaxanthin accumulation and DpH was

shifted to lower pH at 40�C compared with 23�C (Fig. 6A).

qE decreased at 40�C as compared with 23�C, but with the

same light intensity (Fig. 6B). Nonetheless, the relation-

ship between qE and light-induced DpH was shifted to

lower pH at 40�C compared with 23�C except possibly at

the lowest light intensity. The relationship between qE and

zeaxanthin accumulation is consistent with a lower luminal

pH at high temperature (specifically, lower qE per zea-

xanthin), and the amount of zeaxanthin was nearly the

same at high temperature as at low temperature (Fig. 6C).

Activities of VDE and ZE

Heat increased the activities of both VDE and ZE in intact

leaves of tobacco and Arabidopsis (Fig. 7). The experi-

ments were started with dark-adapted leaves which should

have little zeaxanthin initially and thus little substrate for

ZE; therefore the initial rate of accumulation of zeaxanthin

after the light was turned on should mainly reflect the

activity of VDE. At light initiation, the VDE activity

estimated by zeaxanthin accumulation rates in tobacco

leaves at 40�C was 3–4 times faster than that at 23�C but

exhibited little dependence on light intensity (Fig. 7A).

Upon the cessation of light, photosynthetic electron

transport and proton flux will stop rapidly. As a result, the

transthylakoid DpH will be dissipated. Owing to its
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units (mean ± SE, n = 4 for tobacco, n = 3–5 for Arabidopsis)
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dependence on DpH, the activity of VDE should cease in a

few seconds as DpH decreases in the dark, but the activity

of ZE during the initial dark period should continue at a

rate close to the one before the light was turned off. If this

holds true, then the initial decay rate of zeaxanthin

(tDA505-Decay), just after the light was turned off, should

reflect the activity of ZE during illumination. During the

first few seconds of darkness the ZE activity in tobacco

leaves was about twice as fast at 40�C as at 23�C, and it

was slightly faster following lower light than higher light

(Fig. 7B). In Arabidopsis leaves, both VDE and ZE

activities were doubled at 40�C as compared with those at

23�C (Fig. 7C, D).

The zeaxanthin decay rate was significantly reduced after

15-min darkness in both tobacco and Arabidopsis (Fig. 8).

However, switching from high light to 25 lmol photons

m-2 s-1, rather than to darkness resulted in the high initial

rate of decay extending for much longer time. Fifteen

minutes after the turning off the actinic light, the decay rates

of zeaxanthin in weak light illumination (25 lmol photons

m-2 s-1) were much faster in both tobacco and Arabidopsis

leaves than those in darkness, but the maximum rate was

similar regardless of darkness or weak light.

Discussion

Moderately high temperature accelerated the activities of

both VDE and ZE in intact tobacco and Arabidopsis leaves,

but to different degrees (Figs. 1, 7). As proposed previ-

ously (Takizawa et al. 2007), zeaxanthin accumulation in

the steady state is affected by the balance between VDE,

which is highly dependent on lumen pH, and ZE, which is

independent of lumen pH. Furthermore, Takizawa et al.

(2007) proposed that changing the ratio of activities of

VDE and ZE will shift the lumen pH dependence of zea-

xanthin accumulation. We adapted the analysis in Takiza-

wa et al. (2007) for the data reported here (Appendix), and

the results indicate that there could be a large shift in the

pH dependence of zeaxanthin accumulation because of the

differential effects of heat on VDE and ZE (Fig. 9). This

provides one potential explanation for the small change in

zeaxanthin in heated leaves, even though the DpH is

reduced and thus thylakoid lumen pH is increased. How-

ever, given the complexity of violaxanthin/zeaxanthin

interconversion, other explanations could also account for

this phenomenon. For example, it is possible that the

conversion reached a maximum because of violaxanthin

availability to VDE, and therefore the conversion rate

became insensitive to pH.

High temperature increased zeaxanthin accumulation in

dark-adapted leaves with 3-min illumination, but not in

leaves with 45-min illumination (Figs. 2, 3), confirming

our previous results (Zhang et al. 2009). There are several

possibilities to explain this phenomenon. In dark-adapted

leaves with a short illumination time, there was less
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Fig. 6 Zeaxanthin and qE in response to DpH in tobacco leaves with

45-min light. Dark-adapted, intact tobacco leaves were illuminated

for 45 min with one of the three light intensities (347, 665, and

1,000 lmol photons m-2 s-1) at either 23 or 40�C. Two data points

with the same light intensity but one at 23�C and the other at 40�C

were connected by dashed lines. The amount of zeaxanthin accumu-

lated with 45-min light was estimated by ZDA505. The measurement of

DpH is the same as in Fig. 5. qE (the energy-dependent quenching,

activated by lumen acidification) was measured by chlorophyll

a fluorescence and calculated as (Fm

00
/Fm

0
-1), Fm

0
is the maximal

fluorescence level from leaves illuminated for 45 min, and Fm

00
is its

recovery in the dark after the light. (mean ± SE, n = 3)
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zeaxanthin accumulated initially; therefore there was less

substrate for ZE activity; however, with illumination of

longer duration (45 min), zeaxanthin accumulation induced

by light may inhibit the enzyme activity of VDE (Havir

et al. 1997) and stimulate ZE activity. As a result, the heat-

accelerated VDE activity was dominant when dark-adapted

leaves had just 3-min light, resulting in more zeaxanthin

accumulation at 40�C than at 23�C. However, after 45-min
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Fig. 7 Estimating the activities of VDE and ZE based on zeaxanthin

accumulation and decay rates. A, B Dark-adapted, intact tobacco

leaves were illuminated for 45 min with one of three light intensities

(347, 665, and 1,000 lmol photons m-2 s-1) at either 23 or 40�C,

each with a different leaf. The activity of VDE at light initiation (the

first few seconds after light was on) was estimated by the initial

accumulation rate of zeaxanthin (tDA505), which is the linear slope of

the corresponding ZDA505 curve. The activity of ZE by the end of light

was estimated by the initial decay rate of zeaxanthin (tDA505-Decay)

for the first few seconds after light was off which is the absolute value

of the linear slope of the corresponding ZDA505 curve (mean ± SE,

n = 3). C, D, Dark-adapted, intact Arabidopsis (Col-0) leaves were

illuminated for 45 min with 1,000 lmol photons m-2 s-1 light at

either 23 or 40�C. The estimations of VDE and ZE activities were

same as in tobacco (mean ± SE, n = 7–8)

Fig. 8 Zeaxanthin decay in

darkness or weak light. Dark-

adapted, intact tobacco (A) or

Arabidopsis (Col-0) (B) leaves

were illuminated for 45 min

with 1,000 lmol photons m-2

s-1 light at 23�C, then the

1,000 lmol photons m-2 s-1

light was off, either darkness or

25 lmol photons m-2 s-1 weak

light was on for 30 min. The

upward and downward arrows
indicate the onset and cessation

of 1,000 lmol photons m-2 s-1

light
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illumination, the inhibition of VDE by zeaxanthin and the

stimulation of ZE by both zeaxanthin and heat resulted in a

balance between VDE and ZE, producing comparable or

sometimes less zeaxanthin accumulation in heat-treated,

light-adapted leaves.

Second, photosynthesis was not fully activated by the

end of 3-min light but was so after 45 min of illumination

(Figs. 2, 3). In tobacco, the increase in photosynthetic rate

between 3 and 45 min may have been caused in part by

stomatal opening, but in Arabidopsis, the increase in pho-

tosynthesis with time at 40�C was not the result of stomatal

effects to any great degree (Fig. 4). By the end of 45-min

light when photosynthesis is fully induced, the increased

rate of use of ATP in photosynthesis could make the DpH

smaller than that at 3 min (Fig. 5).

VDE activity during initial illumination was increased at

40�C in intact leaves of tobacco and Arabidopsis, which is

consistent with the results from in vitro experiments

showing that the conversion from violaxanthin to zeaxan-

thin is highly temperature dependent (Latowski et al.

2002). What caused the increased activity of VDE under

moderately high temperature? Latowski et al. (2002) found

that from 4�C to 25�C, the maximal time required for the

conversion of violaxanthin to antheraxanthin was dramat-

ically shortened from 217 min to 5.6 min, but there was

little effect on the time required for the conversion from

antheraxanthin to zeaxanthin which is much faster (around

3 min), indicating that the conversion from violaxanthin to

antheraxanthin is rate limiting and much more sensitive to

temperature. Jahns et al. (2009) proposed that the release of

violaxanthin from antenna proteins and its subsequent

diffusion from the antenna-binding site to the VDE-binding

site are the rate-limiting steps of de-epoxidation. It could

be because the release of violaxanthin or its diffusion to

VDE is faster under high temperature. The properties of the

thylakoid membrane lipid have a strong impact on xan-

thophyll conversion (Latowski et al. 2000; Latowski et al.

2002; Goss et al. 2005), and the activity of VDE is pro-

posed to be limited by xanthophyll diffusion within the

membrane (Macko et al. 2002). Heat stress can increase the

fluidity of the thylakoid membrane (Raison et al. 1982),

which may accelerate the diffusion of violaxanthin toward

the VDE-binding site and make violaxanthin more acces-

sible to VDE.

The increased ZE activity at high temperature may

result from the activation energy of the enzyme. In addi-

tion, the increased fluidity of the thylakoid membrane at

high temperature may increase the diffusion of zeaxanthin

to the site where ZE is located. In contrast, ZE activity was

slowed at 4�C compared with 20�C (Reinhold et al. 2008).

Moreover, ZE activity in leaves illuminated by lower light

was faster than in those with higher light (Fig. 7), consis-

tent with the hypothesis that ZE activity is reduced by high

light, which may involve a direct modification of the

enzyme (Reinhold et al. 2008).

The rapid decay of zeaxanthin immediately after turning

off the light slowed considerably in darkness but not under

weak light (Fig. 8), as reported by Hager (1966). Zeaxan-

thin formation requires NADPH. Arabidopsis mutants with

reduced NADPH concentration accumulated high levels of

zeaxanthin, suggesting a possible role for NADPH as an

important regulator of ZE activity (Takahashi et al. 2006).

The maintenance of ZE activity by weak light could result

from maintenance of reduced NADPH by 25 lmol photons

m-2 s-1 light, but other explanations, such as phosphory-

lation, are also possible.

In summary, zeaxanthin accumulation and decay were

monitored in vivo by the deconvoluted 505-nm absorbance

in dark-adapted, intact tobacco and Arabidopsis leaves

under 45-min light induction at either 23 or 40�C. Mod-

erately high temperature increased the activities of both

VDE and ZE, which may result from heat-increased flu-

idity of the thylakoid membrane. More zeaxanthin was

accumulated in heated leaves initially when photosynthesis

was not activated and ZE may be limited by the amount of

zeaxanthin; however, by the end of 45-min light, heated

leaves did not have more zeaxanthin than those at 23�C.

Nonetheless, relatively more zeaxanthin and qE were

formed than expected, given the reduced DpH found at

high temperature. A large shift in the pH dependence of

zeaxanthin accumulation allowed for the effect of heat in

reducing the DpH to be offset by increased VDE activity.

ZE activity was accelerated by weak light at 23�C, con-

firming previous in vitro findings.

Fig. 9 Dependence of relative zeaxanthin concentration on DpH.

Details of the model and parameters are given in the Appendix. Black
lines are data for 23�C, gray lines for 40�C. Solid lines are for tobacco

and dashed lines are for Arabidopsis

Photosynth Res (2011) 108:171–181 179

123



Acknowledgments This research was supported by the National

Research Initiative of the USDA Cooperative State Research, Edu-

cation and Extension Service, Grant number 2004-35100-14860 and

Project number MICL03483 (TDS) and the US Department of Energy

(DE-FG02-08ER15955, (DMK).

Appendix

Model of zeaxanthin dependence on pH

The relative amount of zeaxanthin was modeled following

Takizawa et al. (2007) and presented briefly here. The

synthesis of zeaxanthin was modeled as

dZ=dt ¼ k1 1� Zð Þ ð6Þ

where Z is the relative concentration of zeaxanthin (strictly

Z ? A), k1 is the rate constant of VDE, and 1-Z is the

relative concentration of violaxanthin. The disappearance

of zeaxanthin by ZE was modeled as

�dZ=dt ¼ k2Z ð7Þ

where the value for k2, the ZE rate constant, was taken

from the initial decay of zeaxanthin upon darkening the

leaf. Although the factors controlling ZE and VDE are

complex (see Discussion), the only requirement for this

analysis is that the concentration of V affects the rate of

VDE and that the concentration of Z affects the rate of ZE.

The concentration of Z at equilibrium will be that

concentration where formation equals disappearance:

k2Z ¼ k1 1� Zð Þ ð8Þ

Solving for Z.

Z ¼ k1= k2 þ k1ð Þ ð9Þ

Because of the pH dependence of k1, Z will depend on the

DpH. The pH of the lumen was estimated as

pHL ¼ pHS � DpH ð10Þ

where pHL is the pH of the lumen; pHS is the pH of the

stroma, taken to be 7.8 and constant (Takizawa et al. 2007).

The activity of VDE (k1) was modeled as.

k1 ¼ k01=ð1= 10nHðpH�pKÞ þ 1
� �

ð11Þ

where k0 is a theoretical maximal rate of VDE at optimal

pH, nH is an effective Hill coefficient, and pK is the

effective pK of protonation. The values developed by

Takizawa et al. (2007) were used here (nH = 4, pK = 6).

The scale for DpH was estimated by assuming that the

optical signal reported in Fig. 5 after 3 min represented a

maximum DpH and was equal to 2.5 pH units. The DpH

after 45 min were estimated as 1.9 and 1.2 for tobacco at

23 and 40�C, respectively, and 2.2 and 0.9 for Arabidopsis

at 23 and 40�C, respectively. k0 was adjusted until k1 was

equal to the observed values at the indicated DpH. The

results shown in Fig. 9 illustrate that the relationship

between DpH and zeaxanthin concentrations can vary

because of changes in the ratios of rates of VDE and ZE

activity, as first shown by Takizawa et al. (2007). The

results of this modeling and data reported here show that

the effects of heat, in causing a loss of DpH but increasing

VDE activity, can be offsetting resulting in little change in

zeaxanthin concentration in moderately heat-stressed

leaves.
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