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Lifetime-resolved imaging measurements of chlorophyll a fluorescence were made on leaves of avocado
plants to study whether rapidly reversible ApH-dependent (transthylakoid H* concentration gradient)
thermal energy dissipation (qE) and slowly reversible ApH-independent fluorescence quenching (ql)

Keywords: are modulated by lutein-epoxide and violaxanthin cycles operating in parallel. Under normal conditions
Fluorescence lifetime imaging microscopy (without inhibitors), analysis of the chlorophyll a fluorescence lifetime data revealed two major lifetime
Lutein ) pools (1.5 and 0.5 ns) for photosystem II during the ApH build-up under illumination. Formation of the
l];g;npiiomde 0.5-ns pool upon illumination was correlated with dark-retention of antheraxanthin and photo-con-

verted lutein in leaves. Interconversion between the 1.5- and 0.5-ns lifetime pools took place during
the slow part of the chlorophyll a fluorescence transient: first from 1.5 ns to 0.5 ns in the P-to-S phase,
then back from 0.5 ns to 1.5 ns in the S-to-M phase. When linear electron transport and the resulting
ApH build-up were inhibited by treatment with 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU), the
major fluorescence intensity was due to a 2.2-ns lifetime pool with a minor faster contribution of approx-
imately 0.7 ns. In the presence of DCMU, neither the intensity nor the lifetimes of fluorescence were
affected by antheraxanthin and photo-converted lutein. Thus, we conclude that both antheraxanthin
and photo-converted lutein are able to enhance ApH-dependent qE processes that are associated with
the 0.5-ns lifetime pool. However, unlike zeaxanthin, retention of antheraxanthin and photo-converted
lutein may not by itself stabilize quenching or cause ql.

Thermal energy dissipation
Xanthophyll cycle

© 2011 Elsevier B.V. All rights reserved.

1. Introduction irradiance. Photosystem (PS) II complex, the light-driven water-

plastoquinone oxidoreductase [1], is especially vulnerable to

Adaptation of photosynthetic organisms to terrestrial environ-
ments necessitated, among other things, the ability to rapidly reg-
ulate harvesting of light energy in response to dramatic changes in

Abbreviations: A, antheraxanthin; o-car, o-carotene; B-car, pB-carotene; CCD,
charge coupled device; Chl, chlorophyll; Chl a/Chl b, chlorophyll a to chlorophyll b
ratio; DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethylurea; ApH, transthylakoid pro-
ton concentration gradient; DPS, extent of de-epoxidation state of xanthophyll-
cycle pigments; FLIM, fluorescence lifetime imaging microscopy; L, lutein; Lx, lutein
epoxide; M, fractional depth of fluorescence modulation; NPQ, non-photochemical
fluorescence quenching; ¢, phase shift of the fluorescence modulation relative to
the excitation modulation; PS, photosystem; gE, rapidly reversible ApH-dependent
fluorescence quenching; ql, slowly reversible fluorescence quenching associated
with photoinhibition; qT, fluorescence quenching associated with state transition
(change in distribution of antenna between the two photosystems); V, violaxan-
thin; Z, zeaxanthin.
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over-excitation and photooxidative damage because of its rela-
tively slower photochemical turnover, combined with a large pool
of chlorophyll (Chl) molecules bound in the major light-harvesting
antenna complex (LHCII). Light energy absorbed in excess of pho-
tochemical utilization can be dissipated quickly and harmlessly
in light-harvesting antenna complexes; this dissipation is triggered
by a build-up of a transthylakoid H* concentration gradient (ApH)
and involves de-epoxidized xanthophylls in the xanthophyll cycle
(for review, see [2,3]). In the xanthophyll cycle, also termed viola-
xanthin (V) cycle, V is de-epoxidized to antheraxanthin (A) and
zeaxanthin (Z) by the enzyme V de-epoxidase, which is activated
by light-driven acidification of the thylakoid lumen. The reverse
reactions catalyzed by Z epoxidase convert Z and A back to V and
this becomes detectable when V de-epoxidase is inactive at high
lumen pH, which usually occurs under weak light or during the
night. The light-dependent de-epoxidation and epoxidation thus
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determine the equilibrium position of V, A and Z, or de-epoxidation
state (DPS) of the V cycle (DPS-VAZ) defined as DPS-VAZ = ([A] +
[ZD)/(IV] +[A] +[Z]), where [V], [A] and [Z] refer to measured
mmol amounts of V, A and Z per mol of Chl a. Elimination of V
de-epoxidase activity by an inhibitor [4] or by genetic mutation
[5] largely diminishes ApH-induced thermal energy dissipation,
highlighting an essential role of the V cycle in light harvesting reg-
ulation. Indeed, the V cycle has been found in chloroplasts of all
higher-plant species thus far investigated.

Some higher-plant species possess another xanthophyll cycle,
involving lutein (L) and lutein epoxide (Lx), in addition to the V cy-
cle (for a review of the Lx cycle, see [6]). Lutein epoxide undergoes
light-induced de-epoxidation from Lx to L in the same way as V to
A and Z. However, epoxidation of L to Lx is generally much slower
than the corresponding reactions in the V cycle, and the kinetics of
post-illumination Lx recovery are strikingly variable in different
Lx-cycle species [6]. Nevertheless, substantial amounts of Lx can
accumulate in leaves of Lx-cycle plants under shade (low light).
While little Lx is detected in leaves of many plants, L, the other pig-
ment in the Lx cycle, is universal and also the most abundant xan-
thophyll in higher-plant thylakoids. Involvement of L in thermal
energy dissipation has been suggested by studies on Arabidopsis
mutants either lacking or over-accumulating L [7-9] as well as in
isolated LHCII and LHCII crystals [10,11]. Given this proposed role
of L in energy dissipation, and also considering the analogous light-
dependent responses and similar chemical structures of the xan-
thophyll molecules in the two cycles, we suggest that the operation
of the Lx cycle is an additional mechanism for regulating light
harvesting in the antenna complexes of the Lx-cycle plants [6]. In
support of this notion, leaves maintaining high DPS in the Lx cycle
(DPS-LXL, calculated as DPS-LxL = [L]/([Lx] + [L]), where [L] and [Lx]
are mmol of L and Lx per mol of Chl a) after light-induced de-
epoxidation, showed rapid and enhanced non-photochemical
quenching (NPQ) upon re-illumination [12,13].

There are two opposing views concerning consequences of slow
Lx restoration and the resulting retention of high DPS-LxL in leaves.
One view is that high DPS-LXL leads to constitutive dissipation
(down-regulation) in PSII both in the light and in the dark
[14,15]. This resembles the reduced maximal PSII efficiency mea-
sured in overwintering leaves that accumulate large amounts of
Z due to sustained de-epoxidation in the V cycle [16,17], or in
leaves and cells of mutants that lack Z epoxidase activity [5,18-
21]. The other view postulates that high DPS-LXL enhances energy
dissipation under illumination, without affecting the maximal PSII
efficiency in the dark [12]. In both cases, retention of high DPS-LXL
is associated with rapid development of thermal energy dissipation
upon irradiance increase.

The Chl a fluorescence intensity and lifetime signals change sig-
nificantly during light induction, which is known as the Chl a fluo-
rescence transient (for review of fluorescence induction, see
[22,23]). These changes in fluorescence intensity reflect changes
in PSII photochemistry, downstream reactions in the electron
transport chain and CO, fixation, as well as protective or photoin-
hibitory thermal energy dissipation. The fluorescence induction
curve begins with a minimum fluorescence level designated as O
(‘origin’), that rises to P (‘peak’), followed by a decline to S (‘steady
state’) within about a second; this is followed by a slow rise to M
(‘maximum’) and a decline to T (‘terminal state’). The detailed pat-
tern depends on the intensity of excitation light. The patterns of
the fluorescence transient vary among different photosynthetic
organisms and are affected by photochemical reactions (dominant
within the microsecond to second time window, represented by
the O-to-P phase) as well as by physiological processes (within
the second-to-minute time window, represented by the P-S-M-T
phase) under given conditions. The Chl a fluorescence transient
in different photosynthetic systems has been reviewed [23].

Most previous studies have analyzed the effect of the V and Lx
cycles on light energy utilization and energy dissipation by mea-
suring the Chl a fluorescence intensities. However, intensity mea-
surements alone cannot distinguish between changes in Chl a
concentrations or changes in fluorescence quantum yields (fluores-
cence lifetimes) caused by dynamic quenching reactions. To gain
maximum information concerning underlying molecular mecha-
nisms and concentration changes from fluorescence measure-
ments, it is essential to measure fluorescence lifetimes [24].
Fluorescence lifetime-resolved measurements can differentiate
Chl a species with different dynamic de-excitation rates (lifetimes),
and importantly, fluorescence lifetimes are independent of the con-
centrations of fluorophores. Therefore, by determining lifetimes, it
is possible to estimate fractional species concentrations from
fractional intensity contributions of the different lifetime compo-
nents (e.g. quenched and unquenched). Whether sustained de-
epoxidation in the Lx cycle increases the rate constant of thermal
energy dissipation in darkness (without ApH) and/or in light (with
ApH) can be tested by measuring PSII Chl a fluorescence lifetimes
at various DPS-LXL with different levels of ApH. Because changes in
measured fluorescence parameters take place rapidly in photosyn-
thetic systems during and following illumination, it is necessary to
carry out the lifetime-resolved measurements rapidly [25]. In
addition, we are interested in intact, fully functional photosyn-
thetic systems. Therefore, we have used a real-time, full-field,
frequency-domain, fluorescence lifetime-resolved imaging micro-
scope (FLIM) to track real-time changes in the nanosecond fluores-
cence response in intact leaves of avocado plants. Avocado plants is
an Lx-cycle species which shows extremely slow epoxidation. The
goal of our experiments was to study changes, in real time, of rel-
ative concentrations of quenched and unquenched Chl a molecules
in leaves of avocado plants with intact functional photosynthetic
systems during illumination and following dark adaptation.
Changes in concentrations of quenched and unquenched Chl a mol-
ecules during the fluorescence transient were quantified by follow-
ing the dynamic fluorescence decay of Chl a.

Our lifetime-resolved fluorescence data reveal two major pools
of PSII fluorescence lifetimes in avocado leaves: 1.5 ns and 0.5 ns
(unquenched and quenched components). Dynamic interconver-
sion between these two pools takes place during the Chl a fluores-
cence transient. Retention of L in the Lx cycle and A in the V cycle
enhances rapid development of ApH-dependent quenching
(termed qE) associated with the 0.5-ns lifetime pool; however, un-
like Z, retention of A and L may not stabilize quenching in the ab-
sence of ApH. With DCMU, which blocks electron flow from
reduced Qa to the plastoquinone pool, the major lifetime pool
was located at 2.2 ns with a minor intensity component at approx-
imately 0.7 ns in all samples having various DPS in the two cycles.
Our results lead us to conclude that both photo-converted L as well
as A are involved in the ApH-dependent interconversion between
the 1.5-ns and 0.5-ns lifetime pools in avocado leaves. To our
knowledge, this is the first time FLIM measurements have been
used to follow in real time lifetime changes due to both qE and ql.

2. Material and methods
2.1. Plant material

Two avocado trees (Persea americana Mill., var. ‘Stuart Mexicola’)
were kept under room light (photosynthetic photon flux density of
~5 umol photons m 2 s~ !) in the laboratory after they had been
transported from a nursery (Clifton’s nursery, Porterville, CA, USA)
to the Physics Department of the University of Illinois at Urbana-
Champaign. Following three weeks of ‘acclimation’, experiments
were conducted by using fully-expanded, mature leaves.
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2.2. Light treatment

Since many genes in photosynthesis are controlled by circadian
clocks (see e.g. [26]), we started measurements early in the morn-
ing. Leaves that had been kept in dim light of the laboratory were
taken at 8:30 AM, cut into two halves along the midvein and
floated on water with the adaxial surface facing the air. For each
leaf, one half was placed under a halogen lamp (400-
500 pmol photons m~2 s~ !, “light”-samples) for 20 min to induce
xanthophyll de-epoxidation, while the other half was kept under
room light (~5 pmol photons m~2s~!, “control”-samples). At the
end of the treatment, both light- and control-samples were
wrapped in a moist tissue and put in a plastic bag to avoid dehy-
dration. Subsequently, they were kept in darkness to allow epoxi-
dation of de-epoxidized xanthophylls.

Leaf discs (50 mm?) for FLIM measurements were taken from
light- and control-samples at five different time points (Fig. 1). After
leaves had been collected at 8:30 AM, the first leaf discs of control-
samples were taken and dark-adapted on a moist tissue for 10 min.
These discs, called “control-morning”, are in the most epoxidized
state of the two xanthophyll cycles in avocado leaves in our exper-
iment. After the 20-min treatment under the room light or the hal-
ogen lamp, leaf discs were taken in parallel from both control- and
light-samples at four different time points during the subsequent
dark recovery treatment in the plastic bag, namely after 10
(“control-10” and “light-10"), 60 (*“control-60” and “light-60"), 180
(“control-180” and “light-180") or 360 (‘“‘control-360” and “light-
360”) min. The light-samples from the dark recovery treatment
have different DPS of the V cycle.

2.3. Treatment with inhibitor

The ApH-dependence of the quenching was examined by treat-
ing the samples with 3-(3,4-dichlorophenyl)-1,1-dimethylurea
(DCMU), which blocks electron flow from reduced Q4 (bound pri-
mary quinone in PSII) to the plastoquinone pool by displacing Qg
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Fig. 1. Experimental protocol for FLIM (fluorescence lifetime imaging microscopy)
measurements. Leaf disc samples of avocado plants were collected and FLIM
measurements were performed at five different time points indicated by gray
triangles. The first discs (“control-morning” samples) were taken after harvesting
the leaves at 8:30 AM under room light (~5 pmol photons m~2s~!) and after dark
adaptation for 10 min. All other samples were taken after a 20-min exposure of the
leaves to room light (control-treatment) or halogen lamp (400-500 pmol pho-
tons m~2 57!, light-treatment) followed by dark adaptation of 10 (“control-10” and
“light-10"), 60 (“control-60" and “light-60"), 180 (“control-180" and “light-180") or
360 (“control-360” and “light-360"") min. Twenty consecutive FLIM measurements
were made on each dark-adapted leaf disc under continuous laser illumination
(50 pumol photons m~2s~!). After the 20th measurement, the laser beam was
blocked for 5 min to dark-adapt the sample, and then the final (21st) measurement
was made in the same spot. Then, leaf discs were dark-adapted for another 5 min
and frozen in liquid nitrogen for pigment analysis by HPLC (High Performance
Liquid Chromatography) (see Section 2.6).

from its binding site [27], thereby inhibiting photochemical fluo-
rescence quenching and the ApH build-up through linear electron
transport. Two avocado leaves were collected at 8:30 AM and
floated on water without being cut into two halves. One of the
leaves was treated as light-sample while the other was treated as
control, but both in the absence of DCMU, according to the treat-
ment protocol described above. Following the different treatments,
six replicate leaf discs (50 mm?) were removed from both light-
and control-leaves and three discs were floated on water (water-
control and water-light) and the other three on 1.2 mM DCMU
(DCMU-control and DCMU-light) with the adaxial surface facing
the air for 360 min, corresponding to the longest dark recovery
treatment of the time-course experiment. During the inhibitor
treatment, the samples were kept under room light (~5 pmol pho-
tons m~2 s~ !). At the end of the inhibitor treatment, leaf discs were
dark-adapted for 10 min and used for FLIM measurements.

2.4. Fluorescence lifetime imaging microscopy (FLIM) measurements

Full-field fluorescence lifetime-resolved images were obtained
by the frequency-domain homodyne technique. The instrument
is described elsewhere [19,28]. This method of measuring FLIM is
rapid and all pixels on the CCD (Charge Coupling Device) are ac-
quired simultaneously. The laser excitation wavelength was
488 nm for all FLIM measurements in this study, and the incident
laser intensity on the sample surface was ~50 pmol pho-
tons m~2s~'. An emission filter with bandpass between 670 and
725 nm was used to collect mostly PSII fluorescence.

At room temperature, the contribution of PSI fluorescence is
very little at all wavelengths [29]. In the frequency domain the life-
time components are weighted by their intensity contributions,
and the intensity of a fluorescence species decreases proportionally
as the lifetime decreases. The fluorescence of PSI decays in about
100 ps at room temperature; thus we do not expect to observe
any dynamic fluorescence contribution from the PSI rapid decay.
In accordance with this expectation, the progression of the points
on the polar plot (Section 2.5) during the FLIM data acquisition
(Section 3.3, shown later in Fig. 6) shows no deviation toward
the fast lifetime of PSI as the 0.5-ns lifetime pool is approached.
Spectrally resolved FLIM measurements between 690 and
700 nm focused on PSII [28] show similar results as reported here.
Thus, the PSI component is negligible in our measurements.

Dark-adapted leaf discs were placed between a cover slip and
moist tissue, which was put on a glass slide. Fluorescence intensity
images were obtained with a 40x objective lens from the adaxial
surface of the leaf discs, focusing on a mesophyll layer. Fig. 2A
shows a fluorescence intensity image of an avocado leaf disc. The
gray scale bar represents fluorescence intensity (in arbitrary units,
A.U.). The structure of veins (dark areas) and chloroplasts (bright
spots) can be distinguished easily in this image.

The measurement protocol adopted for the FLIM experiments in
this study is shown in Fig. 1. Twenty consecutive FLIM measure-
ments were made under continuous laser illumination (488 nm)
to determine phase (¢) and modulation (M) values (which are re-
lated to the lifetimes - see Section 2.5) and intensity during the fluo-
rescence induction transient. Each measurement took 15 s. After
300 s (that is, following the 20th FLIM measurement), the laser light
was blocked for 5 min to dark-adapt the sample, followed by a final
(21st) FLIM measurement at the same spot. The purpose of this last
measurement was to check if the laser illumination caused slowly
reversible quenching associated with photoinhibition (ql).

After the 21st measurement, leaf discs were dark-adapted for
another 5 min to minimize a local effect of laser illumination be-
fore being frozen in liquid nitrogen (77 K) for later High Perfor-
mance Liquid Chromatography (HPLC) pigment analysis.
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Fig. 2. FLIM measurement of an intact avocado leaf disc. (A) Chl a fluorescence intensity image of a 1st FLIM measurement on a light-360 sample. A 40x objective lens is used
and focused on a mesophyll cell layer. The gray scale bar represents fluorescence intensity (in arbitrary units). (B) Polar plot (Mcos(¢) versus Msin(¢), where M and ¢ are
modulation and phase) representation of the fluorescence lifetime information of every pixel of the image in panel A. The gray scale bar indicates the number of pixels.

2.5. Frequency domain data analysis and the polar plot analysis

Data from FLIM measurements were analyzed by using a digital
Fourier transform algorithm [30] to determine the measured
frequency-domain fluorescence lifetime parameters, M and ¢, at
every pixel. M is the amplitude of the AC modulation of the fluores-
cence signal relative to the DC average of the fluorescence; ¢ is the
phase delay of the fluorescence relative to the excitation light. For a
single lifetime component, these parameters are related directly to
the lifetime as follows:

M= (1)
1+ (w1)?
@ = tan Y1), (2)

where @ is modulation frequency of the instrument, which was
100 MHz in this study, and t is the fluorescence lifetime of the fluo-
rophore. For the case of multiple lifetime components, the fluores-
cence signal is still modulated at the same frequency as the
excitation light, but lifetimes determined from the measured mod-
ulation and phase values in Eqgs. (1) and (2) are only effective life-
times, and do not refer to actual individual lifetimes. However,
information concerning the individual contributing lifetimes can
still be determined by well-known methods [30].

The fluorescence lifetime data were analyzed by the model-free,
“polar plot” method [28,31,32] to identify differently quenched
states of Chl a molecules, and the behavior of the different
quenched states was followed during the light induction. Model-
free means that no models are assumed and no analysis is carried
out prior to the construction of the polar plot (for instance, no
assumption of the number of fluorescence components is made).
The modulation and phase parameters, which are measured in a
model-free manner in the frequency domain data acquisition, are
directly plotted. Thus the fluorescence response during the fluores-
cence transient is tracked directly on the polar plot without the
previous intervention of a model. In this plot, the x- and y-axes
are defined as

X =Mcos(¢), (3)

¥y =Msin(@). (4)

Fig. 2B shows the polar plot analysis of all the pixels from
Fig. 2A. For in vivo experiments on intact leaves, fluorescence life-
time parameters were calculated by averaging lifetime data from a
center area of a full-field image. The CCD exposure time was se-
lected to achieve a good signal-to-noise ratio.

The advantage of the polar plot representation is that it displays
the two fluorescence lifetime-related parameters, M and ¢, on the

same figure, with Mcos(¢) and Msin(¢) on the x- and y-axis,
respectively. The semicircle is centered at (x,y)=(0.5,0) and has
a radius of 0.5. The polar plot provides a direct visualization and
characterization of lifetime data without a priori assuming a model
[28,31]; that is, without an initial assumption of the number or dis-
tribution of fluorescence lifetime components. All (x, y) points rep-
resenting a fluorescence signal from a fluorophore with a single
lifetime lie on a universal semicircle of the polar plot. All points
from a fluorescence signal composed of multiple lifetime compo-
nents lie inside the semicircle. Data points from fluorescence with
two lifetime components are inside the semicircle and lie on a
straight line connecting the two single lifetime locations on the
semicircle. The position on the straight line depends on the frac-
tional fluorescence intensity contributed by each lifetime compo-
nent [31].

2.6. Pigment analysis

These data, determined from fluorescence lifetime-resolved
measurements, were compared with the levels of DPS-LXL and
DPS-VAZ for each sample, determined by HPLC, to correlate the
quenching effect of xanthophyll de-epoxidation with the molecu-
lar composition of the two cycles. Leaf discs (50 mm?), frozen in li-
quid nitrogen following the FLIM experiments, were lyophilized
overnight. Immediately before pigment extraction, leaf discs were
ground in a small amount of liquid nitrogen by using a mortar and
pestle. Pigments were extracted in chilled acetone, and the final
volume of the extract was adjusted to 1 mL. Then the extracts were
centrifuged at 13,000 rpm for 5 min and syringe-filtered prior to
the HPLC analysis.

Photosynthetic pigments were separated on an Allsphere ODS-1
column (5 pm, Alltech Associates, Deerfield, IL, USA) using solvents
and protocols modified from Gilmore and Yamamoto [33]. Pig-
ments were identified by retention times and absorption spectra
monitored by a Waters 996 photodiode array detector (Waters
Corporation, Milford, MA, USA). Data were analyzed with Waters
Empower software. The HPLC system was calibrated for quantita-
tive analysis of carotenoids and Chls by using pure standards (Chls
from Sigma Aldrich Chemie, Taufkirchen, Germany; carotenoids
from CaroteNature, Lupsingen, Switzerland).

3. Results

3.1. Pigment composition in avocado leaves before and after various
light treatments

The photosynthetic pigment composition of dark-adapted
avocado leaves taken at 8:30 AM (“control-morning” samples) is
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summarized in Table 1. The avocado leaves used here had a rela-
tively high Chl a to Chl b ratio (Chl a/Chl b higher than 4), suggest-
ing a somewhat small PSII antenna size. Neither Z nor A was
detected in these dark-adapted samples; the V-cycle pigments
were fully epoxidized to V. In contrast, only 10% of the Lx-cycle
pigments were Lx and the rest were L. The majority of these L
molecules were probably not involved in xanthophyll cycling, anal-
ogous to large pools of L found in plants without a Lx cycle, or to
non-convertible pools of V in the V cycle [34]. As previously
reported [15], avocado leaves contained substantial amounts of
o-carotene (oi-car), a pigment often found in shade-grown leaves
or shade-tolerant plants (e.g. [35]). The total amount of carotenes
(oi-car + B-car), most of which are bound in the core complexes
[36], was ca. 110 mmol per mol Chl; this is more than 50% of the
total xanthophylls (about 200 mmol per mol Chl), which includes
neoxanthin (N) in addition to V, Lx and L.

The 20-min exposure to the halogen lamp followed by 10-min
dark adaptation (“light-10") resulted in de-epoxidation of nearly
half of the V-cycle pigments (Figs. 3A and B). The V level was grad-
ually restored in the light-samples at the expense of A +Z during
the subsequent dark period of 60, 180 and 360 min (light-60,
light-180 and light-360, respectively); further, the recovery was
not complete even after 6 h of darkness. Following different dura-
tions of dark adaptation, A was the dominant de-epoxidized form
of V in light-samples.

The 20-min light treatment also induced de-epoxidation in the
Lx cycle (Figs. 3C and D). The Lx level was diminished to less than

5 mmol per mol Chl in the light-10-samples, which was accompa-
nied by an increase in DPS-LXL. Although a decrease in L has been
documented in avocado leaves after transfer to much higher light
intensities [15], the moderate intensity of the halogen lamp used
for the light treatment did not cause such a decrease in L in our
avocado leaves. Unlike the V cycle, the Lx cycle exhibited little
recovery during subsequent dark adaptation of up to 6 h, in agree-
ment with the slow reversibility of this cycle observed in avocado
leaves in previous physiological/ecophysiological studies [6,15].

No change in pigment composition was detected in separate
control-samples, which were kept under room light during the
20-min treatment (Fig. 3); that is, for these control-samples, the
xanthophylls in both cycles remained epoxidized throughout the
experiment.

3.2. Fluorescence lifetime imaging microscopy (FLIM) measurements in
control- and light-samples

In the control- and light-samples showing different degrees of
de-epoxidation due to contrasting epoxidation kinetics in the
two cycles, FLIM measurements were made in vivo to examine
the effects of xanthophyll de-epoxidation on the PSII Chl a fluores-
cence lifetime. Fig. 4 shows the average fluorescence intensity
measured in three different leaves of control- (open symbols) and
light-samples (closed symbols) during 20 consecutive FLIM mea-
surements under continuous laser illumination. Note that the data
of the 1st FLIM measurements, shown at time t = 0, were actually

Table 1

Pigment composition in dark-adapted avocado leaves in the morning.
Chl a/Chl b N \% Lx L o-car B-car
4.16+0.14 350+ 1.6 32.4+0.8 13.9+24 117.3+8.6 31.2+3.1 80.9+4.1

Carotenoid contents are given on a Chl basis (mmol mol Chl~?). Neither A nor Z was detected in the samples. (n = 4, +SE).
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Fig. 3. Composition of the xanthophyll-cycle pigments in dark-adapted control- and light-samples at different times (n = 4, £+SE). (A) Levels of violaxanthin (V). (B) De-
epoxidation state of the V cycle (DPS-VAZ) calculated as ([A] + [Z])/([V] + [A] + [Z]), where [V], [A] and [Z] are amounts of violaxanthin, antheraxanthin and zeaxanthin (mmol
mol~! Chl), respectively. (C) Levels of lutein epoxide (Lx). (D) De-epoxidation state of the Lx cycle (DPS-LxL) calculated as [L]/([Lx] + [L]), where L is lutein. The different
sampling times were: at 8:30 AM and after 10, 60, 180 or 360 min of dark adaptation following a 20-min exposure to ~5 (control) or 400-500 pimol photons m~2 s~ (light).
None of the control-samples contained A or Z whereas most of the light-samples had A, but no Z, except for a single light-10-sample in which a small amount of Z

(5.5 mmol mol~! Chl) was detected.
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recorded during the first 15 s of illumination, and accordingly do
not represent the maximum fluorescence intensity (Fm, measured
in a dark-adapted state). The final (21st) measurement was made
in the time interval between 600 and 615 s, following the 20 con-
secutive FLIM measurements and a 5-min dark adaptation.

In general, and as expected, the fluorescence intensity of the 1st
measurements was higher in control-samples than in light-
samples; the highest intensity was found in control-morning and
the lowest in light-10 (Fig. 4). The initial fluorescence intensity
upon illumination varied little among control-samples, whereas
the intensity values increased in light-samples with increasing
length of dark adaptation from 10 to 360 min. Pronounced recov-
ery of the initial fluorescence intensity was observed in light-
samples between 10 and 60 min of dark treatment; thereafter,
the recovery was small.

After the 1st FLIM measurements, the fluorescence intensity ini-
tially decreased (corresponding to the P to S decline in the Chl a
fluorescence transient) and then increased (corresponding to the
S to M rise) in all samples under the continuous laser illumination.
Independent of the light intensity during the pre-treatments, long-
er dark adaptation resulted in a slower onset of the S-to-M rise,
which happened earliest in light-10 (after the 4th measurement)
and latest in control-360 (the 19th measurement). In all samples
except light-10, the fluorescence intensity of the 21st measurement
recovered to 80% or 90% of the original values recorded at the 1st
FLIM measurements, indicating that the 5-min laser illumination
caused little gl in our avocado leaf discs. In the case of light-10
samples, the intensity of the 21st measurements was higher than
the 1st measurements.

Light, 50umol photons m2s™ | Dark

——C-morning
||-=-C-10
C-60
——C-180
1| —=-C-360
—L-10
—L-60
|——L-180
= -360

Intensity (A.U./ms)

0 100

200 300 400 500 600
Time (second)

Fig. 4. Chlorophyll a fluorescence intensity during 20 continuous FLIM measure-
ments under laser illumination (50 pmol photons m~2 s~ ') and a subsequent 21st
measurement after 5 min of dark adaptation. Fluorescence intensity (in arbitrary
units, A.U.) was normalized to a 1 ms CCD (Charge Coupled Device) exposure time.
Shown are the averages of three replicates from three different leaves for control-
(C, open symbols) and light-samples (L, filled symbols) at five different sampling
times: morning, and after 10, 60, 180 or 360 min of dark adaptation following a
20-min exposure to ~5 (control) or 400 to 500 wmol photons m~2s~! (light).
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3.3. Analysis of FLIM data

The FLIM data of control- and light-samples taken from one of
three replicate leaves are presented in Fig. 5. Several locations cor-
responding to single lifetimes (4 ns, 3 ns, 2 ns, 1.75ns, 1.19 ns,
0.70 ns and 0.46 ns) are marked for reference on the semicircle of
the polar plot of Fig. 5. Comparable results were obtained in all rep-
licate leaves. The data from control- and light-samples are located
inside the semicircle, indicating that the fluorescence signals of
these samples were composed of multiple lifetime components.
The data of the complete sequence of FLIM measurements (during
the fluorescence transients measured at different delay times) are
fitted with a linear least-squares regression (Fig. 5). Each separate
data sets of control and light samples fit well to a straight line,
intercepting the semicircle at positions corresponding to a slower
and faster lifetime. The intercept values on the polar plots varied
slightly among the three controls and among the three light sam-
ples for the different leaves; but the overall behavior was the same.
The averages and variances for the two semicircle intercepts from
control and light sample data acquired with different leaves are:
control: 1.70 (#0.10), 0.60 (+0.09); light: 1.28 (+0.09), 0.44
(+0.05). Both intercepts for the light samples correspond to some-
what faster lifetimes than the corresponding intercepts for the
control samples. The reason for this is not known.

Fig. 6A shows the control- (blue open circles) and light-samples
(red filled circles) of data and linear fit from all the different leaves
on the same plot. By close inspection of this plot, it is clear that the
control and light samples do not follow exactly the same straight
line, as do the data from the separate leaves (e.g. Fig. 5). The
straight line fit to the combined samples (all controls together with
all light samples) intercepts the semicircle at locations correspond-
ing to two lifetimes, at 1.56 ns and at 0.51 ns. However, these inter-
cept values are very close to the average of the intercept values
from Fig. 5.

For convenience in the following discussion of the data, we refer
to the slower and faster lifetime components (pools) as the 1.5 and
0.5 ns components, for both the control and for the light samples,
recognizing, of course, that these values are slightly different for
the control and light samples of the different leaves. During the
5-min light induction, data from control-samples progress along
this straight line, starting from positions near 1.5 ns and progress-
ing towards 0.5 ns (Figs. 5A and 6A). Later during the light induc-
tion, the points on the polar plot gradually progress back along
the straight line towards the 1.5-ns starting point. This pattern fol-
lows the P-S-M transient observed in the fluorescence intensity
(Fig. 4); that is, shorter lifetimes correspond to lower fluorescence
intensities, in agreement with a previous report in barley leaves
[37]. This excellent correlation between the data acquired from
fluorescence lifetime data and the measured fluorescence intensity
strongly implies that the fluorescence transient arises from the
interconversion of Chl a molecules between two major lifetime
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Fig. 5. Separate polar plots of FLIM data from (A) control- and (B) light-samples taken from one of the replicate leaves at five different time points: 8:30 AM, after 10, 60, 180
or 360 min of dark adaptation following a 20-min exposure to ~5 (control) or 400-500 pmol photons m~2 s~! (light). As discussed in the text, the position on the regression
straight line indicates the estimated intensity fractions of two lifetime pools with lifetimes of 1.75 ns and 0.70 ns for the control, and 1.19 ns and 0.46 ns for the light samples.
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pools (unquenched and quenched). Compared to control-samples,
the polar plot data from light-samples are initially concentrated
nearer to the 0.5-ns point on the semicircle (Figs. 5B and 6A), espe-
cially for the data of light-10. The same general pattern of data pro-
gression along the straight line was observed in the light-samples
as in the control-samples. That is, during the 5-min light induction
the data points first progressed along the straight line towards the
0.5-ns location, and then reversed, progressing towards the 1.5-ns
location. This again parallels the intensity changes measured in
these samples (Fig. 4). Fig. 6B shows a three-dimensional (3-D)
polar plot of the same data set as in Fig. 6A, with the fluorescence
intensity given on the z-axis. The 3-D representation shows that
the rise and decay of the intensity along the z-axis (which is the
same data as in Fig. 6C) correlates monotonically with the progres-
sion of the FLIM data along the straight line between the two life-
times intersecting the semicircle on the x-y plane (the x-y plane is
the polar plot of Fig. 6A).

In order to further examine the underlying mechanism of the
observed fluorescence intensity changes, we used the measured
lifetime parameters (lifetimes and fractional intensities) obtained
from the polar plot analysis of the fluorescence intensity data
(Fig. 6B) to simulate a two-lifetime model (see Appendix A, “The
two-lifetime model” for a detailed derivation). In this model, we as-
sume that the fluorescing molecules giving rise to the two different
lifetime components have the same natural radiative lifetime; in
other words, the two lifetimes represent two degrees of dynamic
quenching of otherwise identical Chl a molecules. The two-lifetime
model can distinguish between two different possibilities for the
fluorescence intensity changes during the fluorescence induction:
(1) shifts in fractional contributions of two lifetime components
through interconversion between two quenched states (keeping
the concentrations constant), or (2) changes in the total concentra-
tion of molecules capable of fluorescence. In Fig. 6C, the fluores-
cence intensity is plotted against the fractional intensity of the
0.5-ns lifetime pool, calculated by assuming a two-lifetime model
(two pools centered around two different lifetimes) with variable
fractional contributions. The data from both control- and light-
samples are distributed along the simulation curve of the two-
lifetime model, and the simulated fluorescence intensity agrees
well with the measured intensity transient in these samples. The
simulated values are close to the experimental data in all the indi-
vidual samples at different time points (see Figure B.1 in Appendix
B). These results demonstrate that the interconversion between the
two differently quenched states, represented by the 1.5- and 0.5-ns
lifetime pools in the polar plot, adequately explain the changes in
fluorescence intensity observed in the avocado leaf discs during
the P-S-M fluorescence transient (Fig. 4). Concentration changes
of Chl, such as due to molecular degradation (photolysis) or state
transitions (i.e. shuttling of light-harvesting antenna complexes
between PSII and PSI) [38,39], appear to play a minor role in the
quenching of fluorescence in avocado leaves under our experimen-
tal conditions.

Frequency domain FLIM measures directly “intensity fractions”,
which are the fractions of intensity that correspond to the different
lifetimes. If the component lifetimes are known, the fractions of the
molecular species with different lifetimes can be calculated. Fig. 7
summarizes the behavior of the “species fractions” of the two life-
time pools (1.5- and 0.5-ns pools) during the light induction in
control- and light-samples. In all control-samples, laser illumination
induced a very similar P-to-S fluorescence decrease in the fraction
of Chl a species of the 1.5-ns lifetime pool (Fig. 7A); this decline
was slightly slower in the control-morning samples. However, dif-
ferences between the control-samples were observed in the subse-
quent S-to-M fluorescence rise. Longer dark treatment delayed the
onset of the S-to-M fluorescence rise, concomitant with a progres-
sive decrease of the lowest fraction of the 1.5-ns species measured
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Fig. 6. Polar plot of FLIM combined data from both control- (blue open circles) and
light-samples (red filled circles), (A) and (B); and fluorescence intensity against
fractional intensity of a lifetime component (c). (A) The polar plot of all data from
control- and light-samples taken from one of the three replicate leaves at five
different time points: 8:30 AM, after 10, 60, 180 or 360 min of dark adaptation
following a 20-min exposure to ~5 (control) or 400-500 wmol photons m~2s™"
(light). The regression straight line indicates the estimated fractions of two lifetime
pools with lifetimes of 1.5 ns and 0.5 ns. (B) A 3-D presentation of the polar plot; the
z-axis is the fluorescence intensity normalized to CCD exposure time (arbitrary
units, A.U. normalized to 1 ms). (C) Measured fluorescence intensity plotted against
the fractional intensity of the 0.5-ns lifetime pool derived from the polar plot.
The simulation (line) is calculated from the two-lifetime model (see text and
Appendix A). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

during the light induction. In control-samples, the lowest species
fraction of the 1.5-ns lifetime pool occurred between 180 and
195 s (control-morning, black crosses), 120 and 135 s (control-10,
blue open triangles), 135 and 195 s (control-60, cyan open circles),
165 and 180s (control-180, pink open diamonds), and 210 and
255 s (control-360, red open squares). At the 21st FLIM measure-
ments after 5 min of darkness, the 1.5-ns species fraction recov-
ered to 60-80% of the initial levels, analogous and corresponding
to the intensity data (Fig. 4).
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The species fraction of the 1.5-ns lifetime pool was much smal-
ler in light-samples than in control-samples, and this was observed
already for the 1st FLIM measurements (Fig. 7B). The initial species
fraction of the 1.5-ns pool recovered in light-samples with increas-
ing duration of dark adaptation (from 10% to 50%). However, unlike
in the control-samples, in all the light-samples the 1.5-ns species
fraction decreased to comparable low levels (less than 10%) during
the light induction, although this decrease was fastest in light-10
and slowest in light-360. These lowest values were recorded in
light-samples between 30 and 45 s (light-10, blue filled triangles),
90 and 135 s (light-60, cyan filled circles), 120 and 195 s (light-
180, pink filled diamonds), and 135 and 225 s (light-360, red filled
squares). At the 21st measurements, the 1.5-ns species fraction ac-
counted for about 40% of the entire population of the fluorescent
molecules in all light-samples irrespective of the sampling time.
Except in light-10, this corresponds to 80% of the initial levels.

The species fraction of the 0.5-ns lifetime pool undergoes
changes essentially opposite to that of the 1.5-ns pool (Fig. 7C
and D for control- and light-samples, respectively). This is also evi-
dent in Fig. A.2 in Appendix B, where the species fractions of the
two lifetime pools are plotted together for each treatment and
time.

3.4. Xanthophy!ll de-epoxidation state and the 0.5-ns lifetime pool

If the two xanthophyll cycles in avocado leaves are involved in
regulation of light harvesting and thermal energy dissipation, vari-
ations in the species fraction of the two lifetime pools (Fig. 7)
should correlate with changes in DPS (Fig. 3). In order to directly
compare fluorescence lifetime and pigment data, the species frac-
tion of the short (0.5-ns) lifetime pool was plotted against DPS
for each sample (Fig. 8). As these DPS values represent a dark-
adapted condition, only the lifetime data from the first three mea-
surements (within 45 s) were examined, that is, only before sub-
stantial de-epoxidation could have been induced by laser
illumination. The DPS was analyzed separately for the V cycle
(DPS-VAZ, Fig. 8A-C) and the Lx cycle (DPS-LxL, Fig. 8D-F), as well
as both cycles combined (DPS-all, calculated as ([A]+[L])/
([V]+[A] +[Lx] +[L]), Fig. 8G-I). In these samples DPS-VAZ was
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determined by the levels of A and V; the data of the single light-
10-sample, which contained some Z, was not included in Fig. 8.

Linear regression lines fitted to the data show a positive corre-
lation between the species fraction of the 0.5-ns lifetime pool and
DPS of each xanthophyll cycle separately, as well as both cycles to-
gether (Fig. 8). The 0.5-ns species fraction was best predicted by
DPS-all, suggesting the involvement of both A in the V cycle and
L in the Lx cycle in the interconversion between the 1.5- and 0.5-
ns lifetime pools. The highest R? values were found at the 1st
and 2nd measurements for DPS-all (Fig. 8B, E and H). In the first
15s both DPS-VAZ and DPS-all explained the variations in the
0.5-ns species fraction well; thereafter, the correlation was better
when the two cycles were combined than for the V cycle alone. Be-
tween the two cycles, DPS-VAZ indicated a stronger correlation
with the 0.5-ns species fraction than DPS-LXL, which may be attrib-
uted to a greater impact of the V cycle than the Lx cycle, or the
large pool of L that is not involved in the Lx cycle.

3.5. Inhibitor experiment

Unlike the ql-type quenching that persists in the absence of
ApH, the rapidly reversible component of fluorescence quenching
(gE) requires a build-up of ApH across the thylakoid membrane
[40,41]. To ascertain the effect of ApH on fluorescence lifetimes,
avocado leaf discs were treated with water or 1.2 mM DCMU dur-
ing the 6-h recovery period following the 20-min light- or control-
treatment in the absence of DCMU.

The FLIM measurements were performed in the water- or
DCMU-treated leaf discs using the same measurement protocol.
The fluorescence data of the water-treated leaf disc samples
(brown circles in Fig. 9A) were very similar to those of control-
and light-samples shown in Figs. 4-6. After incubation with DCMU,
the fluorescence intensity and the lifetime parameters remained
essentially constant in both DCMU-light and DCMU-control samples
during laser illumination (green circles in Fig. 9). The minor varia-
tions in the lifetime data between the different samples were due
to slight differences between the individual leaf discs, rather than
light-induced changes in fluorescence lifetime in single leaf discs.
The nearly complete absence of the P-to-S decay for each individ-
ual sample confirms the efficacy of the DCMU treatment. This is in
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Fig. 7. Species fractions of the 1.5-ns (A and B) and 0.5-ns (C and D) lifetime pools during FLIM measurements; A and C are control-samples, and B and D are light-samples.
Shown are the averages of three replicates from three different leaves for control- (C) and light-samples (L) at five different sampling times: 8:30 AM, after 10, 60, 180 or
360 min of dark adaptation following a 20-min exposure to ~5 (control) or 400-500 umol photons m—2s~! (light).
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Fig. 9. (A) Polar plot analysis of FLIM data from leaf discs treated with water or
1.2mM DCMU. Sample discs were floated on the DCMU solution for 360 min
following a 20-min exposure to ~5 (DCMU-control, green open circles) or 400-
500 pumol photons m~2s~! (DCMU-light, green filled circles). Data from leaf discs
with the same treatment, but floating on water instead of DCMU, are also plotted
(water-control and water-light, brown symbols). (B) Simulated fluorescence intensity
corresponding to the polar plot analysis of DCMU-treated samples in (A) assuming
two lifetime pools - see text for details. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

stark contrast to the fluorescence quenching observed during the
early part of the P-S-M phase of the Chl a fluorescence transient
in all samples without DCMU (Fig. 4), which was interpreted as
interconversion between the 1.5-ns and 0.5-ns lifetime pools based
on the polar plot analysis (Fig. 6, see also data of water-treated
samples in Fig. 9A). The polar plot points from all five samples in
Fig. 9A (as mentioned above, the polar plot locations for each sam-
ple remained constant, but there were small differences between
each sample) were fitted by linear regression giving a straight line
that intercepted the semicircle at 2.23 and 0.67 ns (Fig. 9A), rather
than 1.5 and 0.5 ns (Fig. 6 and water-treated samples in Fig. 9A).
This result signifies a substantial increase in the fluorescence life-
time of the long lifetime pool from 1.5 to 2.2 ns. The small differ-
ence in the fast lifetime intercept (0.7 rather than 0.5 ns) is
probably not significant due to error in the long straight-line
extrapolation for data of the DCMU experiment. However, as
shown by the location of the polar plot points, the short lifetime
pool (0.7 ns) was already present in both DCMU-control- and
DCMU-light-samples at the 1st FLIM measurements. This behavior
of the species fraction of the rapid 0.7-ns lifetime pool in the
DCMU-treated samples contrasts with the highly variable light-in-
duced species fraction found for the short 0.5-ns lifetime pool in
the samples without DCMU (Figs. 5 and 6).

Unlike uncouplers, which abolish ApH [18,42], DCMU inhibits
linear electron transport and associated ApH, but does not block
ApH build-up arising through cyclic electron transport around
PSI [43,44]. Yet, lack of extensive light-induced fluorescence
quenching in the DCMU-treated samples (Fig. 9) indicates that
ApH-dependent quenching induced by cyclic electron transport
(which DCMU cannot block) was negligible in the avocado leaves
in our experiments. The low light could be the reason for the neg-
ligible cyclic electron flow. In fact, low cyclic electron transport
activities have been measured in leaves of low-light grown plants
and/or under low light intensities [45,46]. Limitation of PSI cyclic
electron transport, together with inhibition of linear electron
transport and resulting ApH formation, could explain the lack of
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Fig. 10. Correlation between the de-epoxidation state (DPS) of the two xanthophyll cycles and the species fraction of the 0.7-ns lifetime pool in the DCMU-control- (filled
symbols) and DCMU-light-samples (empty symbols) after a 360-min DCMU treatment. (A-C) De-epoxidation state of the V cycle, DPS-VAZ; (D-F) de-epoxidation state of the
Lx cycle, DPS-LXL; (G-I) combined de-epoxidation state of the two cycles, DPS-all. The species fractions at the 1st (between 0 and 15 s; A, D and G), 2nd (between 15 and 30's;
B, E and H) and 3rd (between 30 and 45 s; C, F and I) measurements of the 21 FLIM measurements are shown. Each symbol represents an individual leaf disc. Zeaxanthin was

detected in none of these samples.

light-induced fluorescence quenching in the DCMU-treated leaves
of low-light acclimated avocado plants observed by using low-
intensity blue excitation laser. While we cannot rule out the possi-
bility that cyclic electron transport was activated transiently in
dark-adapted, DCMU-treated avocado leaves in the first few sec-
onds of illumination, as has been previously reported in leaves of
spinach [43] and barley [44], such transient effects would hardly
affect our results taken during the 5-min continuous FLIM
measurements.

Similar responses found in DCMU-control- and DCMU-light-
samples suggest that DPS may not influence fluorescence lifetimes
of Chl a in the presence of DCMU. Indeed, in marked contrast to
Fig. 8, in which the species fraction of the 0.5-ns lifetime pool
was strongly correlated with DPS of the two xanthophyll cycles,
there was no obvious, consistent correlation in the DCMU-treated
samples between the species fraction of the 0.7-ns lifetime pool
and any of the three DPS parameters (Fig. 10). The correlation be-
tween DPS-VAZ and the 0.7-ns pool was even slightly negative, if
any. The DPS values varied greatly among the DCMU-treated sam-
ples, with DPS-VAZ ranging between 0 and 0.5 and DPS-LXL be-
tween 0.9 and 1.0. Yet, regardless of the extent of de-epoxidation
in the two xanthophyll cycles, the 0.7-ns lifetime pool accounted
for about 50-60% of the whole population of the fluorescing mole-
cules in the DCMU-treated samples, implying that neither DPS-VAZ
nor DPS-LXL was involved in this quenching.

4. Discussion

We have measured the lifetime-resolved fluorescence emission
from intact, fully functional avocado leaves during the fluorescence
transient at different times following initial light exposure. Analy-
sis of the lifetime-resolved data is consistent with an interconver-
sion between two lifetime pools (1.5 ns and 0.5 ns), representing
different extents of Chl a quenching. This quenching dynamics is
interpreted as a protective response of the plant to light exposure,
linked with the V and Lx cycles. By carrying out lifetime-resolved

measurements we could quantify changes in concentrations of
the two quenched species of Chl a during the fluorescence tran-
sient. The relative molecular fractions determined from these
fluorescence measurements have been correlated with DPS of the
two cycles determined by HPLC measurements.

4.1. Slow phase of the Chl a fluorescence transient in avocado leaves

Our FLIM measurements tracked changes in Chl a fluorescence
lifetimes during the P-S-M phase of the fluorescence transient in
avocado leaves (Fig. 4). The decreasing fluorescence intensity in
the first minutes clearly shows the P-to-S phase. This part of the
fluorescence transient reflects the build-up of ApH [47], consistent
with its absence following treatment with DCMU (Fig. 9A). In high-
er plants, the S-to-M rise, which follows the P-to-S decline, is ob-
served under relatively low light intensities applied after at least
a few minutes of darkness [48] and has been associated with pho-
tosynthetic induction [49]. In agreement with this, longer dark
treatment delayed the onset of the S-to-M rise in both control-
and light-samples (Fig. 4), suggesting a need of longer photosyn-
thetic induction following prolonged darkness. This pronounced
effect of darkness on the photosynthetic induction during the S-
to-M phase contrasts with no apparent effect on the reactions in
the P-to-S phase (see control-samples in Fig. 4).

Our FLIM measurements show that changes in the fluorescence
intensity during the P-S-M transient can be well-accounted for by
the interconversion of Chl a between longer (1.5 ns) and shorter
(0.5 ns) fluorescence lifetime pools (Fig. 6B and C). This is in agree-
ment with the earlier observation of parallel decline in the fluores-
cence yield and the average fluorescence lifetime in barley leaves
during the qE-type quenching [37]. By using FLIM, we were able
to identify and follow in real time the exchange of Chl molecules
between two lifetime pools, in addition to detecting average life-
times. Together with the disappearance of the P-to-S decrease in
the intensity measurements (Fig. 9B) with the DCMU-treated sam-
ples, changes in the fluorescence lifetimes also vanished (Fig. 9A);
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the points on the polar plot clustered essentially randomly for the
control and for the light samples. This suggests that these changes
(without DCMU) in the lifetime pools are related to linear electron
transport and resulting qE. Although fluorescence quenching by
state transitions (qT) can take place on a time scale of the slow
fluorescence transient, qT affects the fluorescence intensity by
changing the number of Chl a molecules in PSII; fluorescence life-
times do not depend on the concentrations of fluorophores, barring
dimerization or aggregation. Since our simulation of the intensity
solely from the polar plot analysis of lifetime data (assuming the
number of fluorescing molecules remains constant and only the
lifetimes change) fits the intensity data very well (Fig. 6C, and
Appendix B, Fig. B.1), we conclude that the number of Chl a mole-
cules attached to PSII did not change significantly during our FLIM
measurements, and thus, we can disregard qT. A small PSII antenna
size, as inferred from the relatively high ratios of Chl a/Chl b and
carotene/xanthophyll (Table 1), may have restricted the extent of
qT in our avocado leaves.

4.2. Fluorescence lifetime pools revealed by the polar plot

The polar plot analysis illustrates strikingly uniform light-
induced transition patterns of the fluorescence lifetime parame-
ters, M and ¢, in both control- and light-samples (Fig. 6). A single
straight-line fit of the data on the polar plot intersects the semicir-
cle at locations corresponding to 0.5 and 1.5 ns. The FLIM measure-
ments in avocado leaves in the wavelength region between 690
and 700 nm and between 715 and 725 nm yielded almost the same
results as the measurements between 670 and 725 nm [28], con-
firming, as expected, that PSI makes only a very small contribution
to the fluorescence at room temperature [29].

Our polar plot analysis of the FLIM data indicates a progressive
change with illumination along a straight line between the two
lifetime pools (1.5 and 0.5 ns, Fig. 6). For complex 3-D samples
such as leaves, having spatial heterogeneity of fluorescence inten-
sity (Fig. 2A) [25,41], we note that the data are mean values of het-
erogeneous areas (cf. Fig. 2B). Variations between the samples can
lead to an average lifetime for each lifetime pool, which may con-
sist of a distribution of similar lifetime components constituting a
pool. We note that such pools of distributed lifetimes behave on
the polar plot in the same way as expected for pools with singular
lifetimes [31]; the intercept on the semicircle represents the aver-
age lifetime of the distribution.

4.3. Comparisons with other plant and algal systems

It is informative to compare our FLIM studies with avocado with
earlier lifetime studies on algae and different plants. The PSII fluo-
rescence lifetimes obtained in this study for avocado leaves are
similar to the values reported for other higher-plant species.

Fluorescence lifetimes have been measured in leaves of cherry
laurel during the Chl a fluorescence transient by using a phase
and modulation fluorometer [50,51]. By assuming a three-
exponential model, including a PSI component with a fixed lifetime
of 0.08 ns, Moise and Moya [51] found two PSII lifetime compo-
nents. The lifetimes of both PSII components decreased from P to
S, namely from 2.4 to 1.19 ns for the longer one and from 0.96 to
0.4 ns for the shorter one.

By using a phase and modulation fluorometer and assuming a
Lorentzian lifetime distribution model, Gilmore et al. [42,52,53]
found two lifetime components, a longer one 1.6-2.1 ns and a
shorter one 0.3-0.5 ns, in isolated thylakoids of spinach, lettuce
and barley at the maximal fluorescence intensity in the presence
of ApH (Fm'). In the absence of ApH (Fm), the same thylakoid sam-
ples showed a single major lifetime component at 2.0-2.4 ns. The
two lifetime components at Fm’ and the main component at Fm

obtained in these studies are comparable with the 1.5- and
0.5-ns pools that appeared in the polar plot of our control- and
light-samples (Fig. 6A) and the 2.2-ns pool found in our DCMU
experiment (Fig. 9A), respectively.

Wagner et al. [54] and Richter et al. [55] have identified three
PSII fluorescence decay components in isolated pea thylakoids, in
addition to two very fast decay components arising from PSIL. They
used a single photon counting method, combined with a global
lifetime analysis and a target analysis. In “closed” PSII in a dark-
adapted state (Fm), the PSII fluorescence lifetime consisted of a
slow (longer than 2.5 ns), a medium (between 1.5 and 1.8 ns)
and a fast decay component (between 0.3 and 0.7 ns). All three
components showed much faster decay in “open” PSII (Fo): 1.5,
0.6 and 0.3 ns for the slow, medium and fast component, respec-
tively [54]. The slow component found in pea thylakoids at Fm is
comparable with the 2.2-ns pool in our DCMU-treated samples
(Fig. 9A). Likewise, in their case, the medium and fast decay com-
ponents at Fm, or the slow and medium components at Fo, have
lifetimes similar to our 1.5- and 0.5-ns pools of control- and light-
samples (Fig. 6A). Without DCMU, our FLIM data, which were ac-
quired under a light intensity of ~50 pmol photons m2 s~ !, could
include fluorescence signals from both open and closed PSlls.
Nonetheless, it is noteworthy that in our case the initial species
fraction of the 0.5-ns lifetime pool was closely correlated with
the DPS of the two xanthophyll cycles in avocado leaves (Fig. 8);
such correlations with DPS are expected for quenching processes
related to NPQ, but not for photochemical quenching and shifts
in population of open and closed PSII centers.

Also, the lifetime of the 0.5-ns pool is very close to an NPQ-
related 0.4-ns decay component revealed in leaves of Arabidopsis
[56]. This decay component has a far-red enhanced spectrum,
resembling the spectral feature of aggregated LHCII [57,58], and
its formation requires PsbS and Z components [59].

Taken together, these previous studies, conducted on different
plant species by using a variety of methods, all point to the pres-
ence of a major PSII fluorescence lifetime component between
1.5 and 2.5 ns at Fm, which diminishes upon illumination concom-
itant with the appearance or increase of two shorter lifetime com-
ponents, with the shortest one being faster than 0.5 ns. Essentially
the same picture emerged in our polar plot analysis of FLIM data
measured in avocado leaves during the P-S-M phase of the Chl a
fluorescence transient. Thus, we propose that these fluorescence
lifetime features reflect the key components and processes of qE
which are common to a wide variety of higher plants.

In contrast to this common behavior of higher plant species, a dif-
ferent picture has been observed in the green alga Chlamydomonas
reinhardtii during the P-S-M phase [19]. Data of Chlamydomonas
measured under low or high light intensities (300 or
2750 umol photons m~2 s~!) did not fall on a straight line in the
polar plot. The distinctively different patterns found in the polar
plots of avocado leaves (this study) and Chlamydomonas cells [19]
most likely reflect different physiology of these two organisms,
including mechanisms of non-photochemical quenching, NPQ. For
example, Chlamydomonas displays pronounced qT [38,60] and
accumulates qE-associated pigment-binding proteins LHCSRs [61],
but does not express PsbS protein [62], which senses lumen acidifi-
cation [63] and triggers qE rapidly in higher plants [64]. Clearly,
the polar plot visualizes different patterns of fluorescence quench-
ing and lifetime transitions in different photosynthetic cells and
tissues.

4.4. Two xanthophyll cycles and quenching of PSII fluorescence lifetime
Earlier studies showed that ApH reduces the lifetime and/or

fractional contribution of the longer (>2 ns) lifetime component
of PSII [42,53,54]. In our study, this effect of ApH manifested itself
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in the fluorescence intensity mainly as the difference between the
long lifetime pools found with DCMU (2.2 ns) and without DCMU
(1.5 ns) and also as the virtual disappearance of light-induced tran-
sition of the long lifetime pool to the short lifetime pool (compare
Figs. 5 and 6 with Fig. 9). The points on the polar plot in Fig. 9 clus-
ter below the 1.5 ns location on the semicircle, indicating that the
slow lifetime pool has significantly lengthened (estimated 2.2 ns
from 1.5 ns); the extrapolation to the faster lifetime pool is approx-
imately the same as in the absence of DCMU. These estimates have
been attained by including the control and light sample data to-
gether in the linear regression. According to Gilmore et al. [42],
accumulation of Z further decreases the fluorescence lifetime to
give rise to a short lifetime component at 0.3-0.5 ns, analogous
with the 0.5-ns lifetime pool in our control- and light-samples
(Fig. 6A). Indeed, the species fraction of the 0.5-ns pool shortly
after the dark-to-light transfer was correlated with DPS, especially
the combined DPS of the two cycles (Fig. 8).

Unlike in the previous studies, however, the overall DPS of our
dark-adapted avocado leaf discs was determined by A and “photo-
converted” L (the majority of L was not involved in the Lx cycle), in-
stead of Z. We note that it is difficult to define with certainty the
fraction of the L pool engaged in the Lx cycle. The majority of L is
regarded as constitutive, and hence not involved in the cycle,
because the levels of L are usually higher than those of Lx. In all
Lx-cycle species thus far examined, L is present at the highest level
among all carotenoid pigments in photosynthetic tissues. The low-
est ratio of L to Lx (L:Lx) has been found in deeply shaded mature
leaves of tropical rainforest evergreen trees, Inga sapindoides
(110:80) [65] and Virola elongata (90:60) [35]. These leaves had
been in light intensities lower than 10-20 umol photons m=2s~!
for months. The situation is quite different for the V cycle, which
can exist in a zero-DPS state (e.g. Fig. 3); in this case all A and Z mol-
ecules formed under illumination are considered to be “engaged in
the cycle”. Lutein, on the other hand, is always present in large
amounts. The levels of L and Lx undergo short-term (minutes to
hours) and long-term (days to weeks and months) variations in
leaves, depending on light environments [6,12]. The fraction of L
(or Lx) involved in the cycle very likely changes during long-term
acclimation. Moreover, pronounced differences in Lx content be-
tween young and mature leaves have been reported for avocado
plants [15], suggesting additional effects during leaf development.

Because de-epoxidation of A to Z shortly after light exposure is
supposedly minimal, the strong correlation found already in the
first 15 s of illumination (Fig. 8A) suggests that A can significantly
enhance the formation of the 0.5-ns lifetime pool [53]. The weaker
correlation between DPS-LXL and the 0.5-ns pool (Fig. 8D-F) sug-
gests a smaller effect due to photo-converted L compared to A.
Nonetheless, the improved correlation of the 0.5-ns species fraction
with DPS-all (Fig. 8G-I) indicates involvement of photo-converted L
as well as A in the ApH-dependent interconversion between the
1.5- and 0.5-ns lifetime pools in avocado leaves. This is reminiscent
of the rapid NPQ induction found in leaves of Lx-cycle plants after
photo-conversion of Lx to L and in the absence of Z [12,13]. Accel-
eration of light-induced NPQ induction has also been reported in
leaves of different mutants and transgenic plants of Arabidopsis
with increased levels of Z or L. For instance, this has been reported
for: npg2 mutants accumulating Z due to the lack of Z epoxidase [5];
transgenic [utOE plants having an extra pool of L at the expense of V
[8]; and szl1npq1 double mutants in which a large part of the V pool
is replaced by L and light-induced de-epoxidation in the V cycle is
inhibited by mutation to V de-epoxidase [9].

We observed that the interconversion between the 1.5- and 0.5-
ns pools was partly reversible during the S-to-M phase in both con-
trol- and light-samples (Figs. 5 and 6), which have different levels
of DPS (Fig. 3). For efficient photosynthesis and flexible regulation
of energy dissipation under low or fluctuating light conditions, it is

necessary that fluorescence quenching be reversible: (1) concomi-
tant with decreasing ApH, and (2) without a simultaneous de-
crease in DPS. The sensitivity to ApH for (1) is presumably
ensured by PsbS [63,64], while the DPS-independent qE decline
for (2) requires that de-epoxidized xanthophylls do not stabilize
the quenched state (that is, the 0.5-ns lifetime pool). The partial
reversion of fluorescence quenching during the light induction
(Figs. 4-6) and the disappearance of DPS effects in the DCMU-
treated samples (Figs. 8 and 9) suggest that retention of A and
photo-converted L per se does not stabilize quenching. This behav-
ior is similar to previous reports in sun and shade leaves of Lx-cycle
species, showing comparably high maximal PSII efficiency despite
large variations in DPS-LXL [12,13]. The minor intensity contribu-
tion of the 0.7-ns lifetime pool persisting in the DCMU-treated
samples (Fig. 9B) independently of the variations in DPS (Fig. 10)
may be attributed to quenching by oxidized plastoquinones [37]
and/or photoinactivated PSII [55,66,67].

Stabilizing quenching by Z has been proposed from observations
that the slow phase of NPQ relaxation (relaxing within 5-15 min in
the dark, often treated as part of ql) is correlated with Z epoxidation
(or retention) in leaves of different Arabidopsis mutants [5,7]. Like-
wise, the Z-dependent chronic quenching of PSII is a symptom ob-
served in npq2 mutants of Arabidopsis [18,20,21] as well as
Chlamydomonas [19]. Although quenching stabilization can be ben-
eficial under constant and/or prolonged stress, such as in overwin-
tering evergreen leaves [16,17], it would cause wasteful energy
dissipation when photosynthesis operates under mostly low but dy-
namic light environments characterized by occasional increase in
irradiance [20].

5. Conclusions

Our real-time, continuously observed FLIM measurements on
intact avocado leaves during light induction, in conjunction with
our polar plot analysis, revealed the following: (1) the presence
of two PSII fluorescence lifetime pools (1.5 ns and 0.5 ns in the ab-
sence of inhibitors, and 2.2ns and 0.7 ns in the presence of
DCMU); (2) the fluorescence intensity decrease, during fluores-
cence transient, from the P to S level correlates well with the con-
version of the 1.5-ns pool to the 0.5-ns pool, and the opposite
during the S to M fluorescence rise; (3) a correlation exists be-
tween retention of photo-converted L in the Lx cycle and A in
the V cycle with the species fraction of the 0.5-ns lifetime pool
upon illumination; and (4) there is requirement of ApH for the
quenching effects of L and A. Based on our results we clearly dem-
onstrate in this paper that both lutein and zeaxanthin cycles are
involved in photoprotection in avocado leaves. However, because
ApH cannot be controlled easily in vivo, and we do not know
the precise pH dependence of each cycle in vivo, it is difficult to
separate the contributions of the two cycles. While the difference
between the correlations of DPS-LXL, DPS-VAZ and DPS-all (espe-
cially between the latter two) in Fig. 8 are small, the striking
change from Fig. 8 (without DCMU) to Fig. 10 (with DCMU) indi-
cates that L (and A) may not cause ql. Therefore, we propose that
L and A do not quantitatively affect the fluorescence lifetimes in
the presence of DCMU. Finally, the improved correlation of the
0.5-ns species fraction with DPS-all (see Fig. 8) indicates involve-
ment of photo-converted L as well as A in the ApH-dependent
interconversion between the 1.5- and 0.5-ns lifetime pools in avo-
cado leaves.
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Appendix A
A.1. The two-lifetime model

In the two-lifetime model the fractions of molecular species
undergoing interconversion between two states with different life-
times are calculated from the lifetime parameters. The measured
fluorescence response Fy(t) of a two-lifetime system to a very short
excitation pulse (a so called s-function excitation pulse) is:

t t
F5(t) = a - exp (* Tj) + @y - exp (* E)

-ovvar feom(-£) encom(-5)]

7, and 1 are the two lifetimes. a; and a, are the corresponding pre-
exponential factors, which are proportional to both the number of
fluorescent molecules of each fluorescent component in the sample
and the corresponding intrinsic radiative kinetic rate constant of
each fluorescent component. In our calculation, the two lifetime
components are derived from the same molecular species, but they
have different lifetimes because they are in different environments
(states or lifetime pools). Therefore, the intrinsic natural radiative
rate constants are the same, and the pre-exponential factors are
proportional to the number of molecules in each state. A; and A,

(A1)

are the fractional pre-exponential factors (A; = a]’ﬁUZ and
Ay = HI‘ITZGZ), which are equal to the fractional concentrations of the

fluorescent molecules in each environment (state).

In the frequency domain FLIM measurement, the excitation
light E(t) is repetitively modulated at a frequency o and phase
¢F. E(t) can be represented (in complex exponential notation) by:

Et = Eo + E,el(®t+¢"). (A2)

Here we have assumed that the excitation light is modulated by a
single repetitive sinusoidal wave form (if the excitation is not a pure
sinusoidal form, this procedure can be extended to be any Fourier
component of the repetitive wave form). The emitted fluorescence
signal following excitation by sinusoidally modulated excitation
light is the convolution in time of Eqs. (A.1) and (A.2). After carrying
out the convolution, the modulated fluorescence signal, Fs * E(t),
becomes:

Fs(£)*E(t)=C- (a1 +ay)

E ej(wt+(p£) E ej(wt+(p5)
AT [Eg+2 VY 4+AT)- | Eg+=2—
[ 1 ( "t ot >+ 22 ( T oo

= C// . (A] T1 +A2T2)

[fi- (1M cos(@, + @) +fo - (1+Mzcos(@, + ¢F))],
(A3)

where C accounts for the instrument factors of the FLIM instrument,
and " is equal to C-Eg(a; +ay). In Eq. (A.3), the modulations

(M4, M2) and phase (¢1, ¢2) values are the same as defined earlier
in the paper. f; and f, represent the fractional fluorescence intensi-
ties contributed by lifetime components 7; and 7, respectively.
They are related to the fractional pre-exponential factors by the fol-
lowing equations:

ATy
=_ 17 A4
fl A]'E] +A2T2 ’ ( )
Azfz
== A5
f AT + AT, (A5)

For the two-lifetime model, least-square fitting of the polar plot
data to a straight line is carried out to determine the fractional
intensities f; and f, and the two lifetimes 7; and 7, (the lifetimes
are related to the intercepts of the straight line with the semicir-
cle). The fractional pre-exponential factors A; and A, are derived
from f; and f, using Egs. (A.4) and (A.5). Using these values, the
steady state fluorescence intensity, C" - (A17; + A»7»), can be simu-
lated and compared to the measured fluorescence intensities. This
is a good test for the applicability of the two component model. C”
is just a constant that is varied to give the best fit to the measured
fluorescence intensity.

Appendix B. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jphotobiol.2011.01.003.
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