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Flow cytometry data of spinach thyla-
koid membrane preparations indicate
the presence of a homogeneous thylakoid
population. Fluorescence data from a
flow cytometer and comparison with
data from two other fluorometers show
that chlorophyll a fluorescence detected
with a flow cytometer has the character
of maximum fluorescence (F ), not of
the constant component (F,). This conclu-
sion is important since F, measures fluo-
rescence that is affected mostly by
changes in excitation energy transfer
and F,.-F, (the variable fluorescence)
by changes in photochemistry. This was
demonstrated by: 1) The light intensity as
well as diffusion rate dependence of the
quenching effect of various quinones
(p-benzoquinone, phenyl-benzoquinone,
and 2,5-dibromo-3-methyl-6-isopropyl-p-
benzoquinone, DBMIB) on fluorescence
yield; quenching for the same concentra-
tion of these quinones was lower at the

higher than at the lower light intensities.
2) Temperature dependence of the fluo-
rescence yield; increasing the tempera-
ture from 20 to 70°C did not show an in-
crease in fluorescence yield using a flow
cytometer in comntrast to measurements
with weak excitation light, but similar to
those obtained for F_ .. 3) Addition of an
inhibitor diuron up to 100 uM did not
change the fluorescence intensity. A com-
parison of quenching of fluorescence by
various quinones obtained by flow cy-
tometry with those by other fluorometers
suggests that the high intensity used in
the cytometry produces unique results:
the rate of reduction of quinones ip much 3 /
larger than the rate of equilibration with
the bulk quinones.

Key terms: Constant fluorescence F,,
maximum fluorescence F_.., photosyn-
thesis, quenching of fluorescence, qui-
nones, diuron, ferricyanide (spinach)

Laser-activated flow cytometry has become an im-
portant experimental tool in various areas of animal
cell physiology and microbiology. Important advan-
tages of this technique are the capacity for rapid iden-
tification, quantification, and resolution of discrete
subpopulations in heterogeneous cell samples on the
basis of expression of cell surface marker or internal
metabolic capabilities (9,23,26,31). Although chloro-
phyll (Chl) a fluorescence and light-scattering signals
from higher plant and algal cells can be easily detected
by this sophisticated technique, reports on the applica-
tion of flow cytometry to marine biology and plant bi-
ology, particularly photosynthesis, are scarce (3).

In order for the readers to appreciate the significance
of Chl a fluorescence in photosynthesis research, a
brief background is provided (see the diagram). Photo-

synthesis is driven by two photosystems, I and 11, lead-
ing to the oxidation of H,O to molecular O,, to the
reduction of a pyridine nucleotide, and to the preduc-
tion of ATP (7). Chlorophyll a fluorescence is particu-
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Diagram 1. A diagram showing the primary photochemical reac-
tions and electron flow pathway in photosynthesis. Dashed lines en-
circle the components of the two multiprotein reaction center com-
plexes, located in the thylakoid membrane. Electron flow is initiated
when photons (hv) excite the reaction center chlorophyll @ P680 (in
photosystem II, PS IT) and P700 (in PS I) and/or when excitons from
the antenna pigments reach these centers. P680* and P700* indicate
the first singlet excited states of P680 and P700. The first reaction of
P680* is the conversion of excitonic energy into chemical energy
{charge separation). This involves the formation of the cation P680™
and the anion pheophytin~ (Pheo™) within 3 ps. The P680* recovers
its lost electron from Z (tyrosine-160 of the D, polypeptide of PS ID).
The positive charge on Z is then transferred to an Mn-complex located
on the lumenal portions of the D, and D, polypeptides of PS II. The
Pheo~ delivers the extra electron to a bound plastoquinone electron

larly sensitive to the functioning of photosystem II
(PSID). In PS II, the water-plastoquinone oxido-reduc-
tase, light absorption leads to charge separation at the
reaction center within 3 ps: the reaction center Chl a
P680 is oxidized and the reaction center pheophytin
(Pheo) is reduced (12). This is followed by electron flow
from the reduced pheo to a tightly bound plastoquinone
Q4 within 200 ps, and then from reduced Q4 to a
loosely bound plastoquinone Qg within 200 ps. The ox-
idized P680 is reduced by a manganese complex viz Z (a
tyrosine residue). After two turnovers of the reaction
center, Qg is double reduced and forms a plastoquinol
molecule, and after four turnovers of the reaction cen-
ter, HyO is oxidized to molecular O, (12). The PS II is
located on the thylakoid membrane and is composed of
a reaction center protein complex (D1/D2/cytochrome
b559 complex), several pigment-protein complexes that
serve as antenna complexes (LHC-II, CP-29, CP-43,
and CP-47), and non-pigmented protein complexes that
are involved in electron flow. Most of the chlorophyll a

acceptor Q4. The reduced Q, transfers its electron to another plas-
toquinone electron acceptor Qg, strongly bound only in its semiqui-
none form Qg . After two turnovers of the reaction center P680, QgH,
exchanges with the plastoquinone (PQ) pool. After four turnovers of
the reaction center P680, the Mn complex accumulates four positive
charges and oxidizes H,0 to molecular O, and releases 4 H"s. Plas-
toquinol formed in PS II reduces oxidized P700 (P700 *), formed in PS
I RC (reaction center), via several intermediates. The names and de-
tails of only PS II (not PS I) intermediates are included here since
most of chlorophyll a (Chl a) fluorescence at room temperature orig-
inates in PS II. Furthermore, under normal conditions, only Chl a
fluorescence of PS II varies with changes in photochemistry. CP-47,
CP-43, LHC-11, and CP-29 stand for pigment-protein antenna com-
plexes of PS II. The role of cytochrome 6559 (Cyt 5559) is unknown.

fluorescence at room temperature originates in the an-
tenna complexes of PS II, primarily in CP-43 and CP-
47 (11,25). Chlorophyll a fluorescence is high when Q4
in the reaction center is in the reduced state and low
when Q4 is in the oxidized state (8). When present,
P680* and Pheo™ may act as quenchers of Chl a fluo-
rescence. This Chl a fluorescence emission is in com-
petition with many other processes in chloroplasts
(7,8,11). It is expected that many analytical and sepa-
ration techniques (e.g., selection of herbicide-resistant
strains) may be useful in photosynthesis research
based upon the analysis of Chl a fluorescence by flow
cytometry.

Ashcroft et al. (3) reported the first flow cytometric
measurements in intact chloroplasts and thylakoid
membrane preparations from spinach and maize. In-
tact chloroplast preparations could be subdivided into
at least two subgroups based on their light scatter and
fluorescence characteristics. Ashcroft et al. (3) con-
cluded that single-laser-based flow cytometry mea-
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sures the constant component of Chl a fluocrescence. F,,.
This is, obviously, possible in a flowing system if the
time of exposure is short (20). But, there was no evi-
dence for this conclusion; furthermore, the observed
dependence of Chl a fluorescence on the concentration
of ferricyanide, an electron acceptor, questions the con-
clusion about the F_ nature of fluorescence. A thorough
study and a clear explanation for flow cytometry Chl a
fluorescence data are necessary before this technique
can be applied for measurements on photosynthetic
samples on a wider scale. F, is a measure of the mini-
mum Chl a fluorescence level when photochemical re-
action rate is maximum and reaction centers of PS II
are assumed to be open (see, e.g., ref. 11).

The relative quantum yield of Chl a fluorescence
(b4, in the absence of a barrier to exciton migration, is

best expressed (29) by the following equation:
?ff = R/ thy + ky + ki + KQD L

where kg, k,, and k, are the rate constants for fluores-
cence, excitation energy transfer, and heat loss, and
k[Q] is the term representing the quenching process by
intrinsic or extrinsic quencher. When only intrinsic
quencher exists, this term is written as k(Q,]. In the
absence of electron flow inhibitors and in weak light,
all Q4 exists in the oxidized form. Thus k[(Q,] becomes
maximum and a minimum fluorescence quantum yield
level, F,, is reached. This fluorescence level is affected
mostly by changes in excitation energy transfer.

At high light intensities, when all Q4 molecules are
Q. , k[Q,] approaches zero and &, approaches a max-
imum value (F,,,,). Furthermore, addition of electron
transport inhibitors, which inhibit beyond Q,, moves
the equilibrium to favor the formation of Q,~. Then
k[QA] decreases and the quantum yield of Chl a fluo-
rescence (F) increases. In the presence of a saturating
concentration of an inhibitor diuron, the maximum flu-
orescence quantum yield, F .., is reached; here also,
k[Q] in equation (1) approaches zero. The variable flu-
orescence, i.e., the difference between F (or F.,) and
F., is affected mostly by changes in photochemistry.

Since fluorescence intensity is one of the major pa-
rameters measured by a flow cytometer, it is necessary
to reexamine the question of whether the instrument
measures F, in photosynthetic samples. We show in
this paper that the Chl a fluorescence being monitored
by the single-laser-based flow cytometer is the maxi-
mum fluorescence when the PS II reaction centers are
locked in the Q,~ state. In addition, comparison of
measurements on the quenching of Chl ¢ fluorescence
by various quinones (p-benzoquinone, phenyl-benz-
oquinone, and 2,5-dibromo-3-methyl-6-isopropyl-benz-
oquinone, DBMIB) with those obtained by Karukstis et
al. (15-17), using conventional methods, suggests that
flow cytometry gives different and unique results due
to the high intensity used; it is suggested here that this
is due to higher rate of reduction of quinones than
equilibration with the bulk quinones.

MATERIALS AND METHODS

Spinach Spinacia oleracea) thylakoids were pre-
pared as previously described by Eaton-Rye and Govin-
djee t10). Thylakoids were stored in liquid nitrogen and
thawed immediately prior to experiments. Chlorophyll
a concentrations were determined according to ref. 2.
The chlorophyll concentration for fluorescence mea-
surements was about 20 uM in flow cytometry, 10 uM
in the double flash fluorescence instrument twhich
measures the decay of Q,~ to Q4), and 40 uM in the
fluorescence transient experiments (which measure F,
and F_,.).

A Coulter EPICS™ 751 single-laser-based flow cy-
tometer was used in this work. This system is composed
of the EPICS™ V Multiparameter Sensor and the
MDADS (Multiparameter Data Acquisition and Dis-
play System). The sensor unit consists of hardware as-
sociated with sample flow, laser excitation, and '~
rescence detection of the single-subpopu.
suspensions. The single-laser excitation was achi:
with a 5 W argon ion laser (Coherent, Palo Alto, CA:
tuned to 488 nm with power output at 100 mW. Right-
angle fluorescence, passed through a red cutoff Corn-
ing glass CS 2-58, was collected by an RCA 4526 pho-
tomultiplier tube. Forward and 90° light-scattering
signals were collected by a photodiode and a Hama-
matsu 72271-01 photomultiplier, respectively. Fluores-

‘cence pulse signals from each particle were integrated

and processed through either a linear amplifier (IRFL)
or a logarithmic amplifier (LIRFL) and then passed to
the computer for digitization, display and storage. The
relevant 256 channel frequency distribution histogram
spans a three decade log scale when the log amplifier is
used. Alignment and calibration were achieved by us-
ing fluorescent microspheres. The light intensity of the
laser beam was calculated to be 4x 10" W m ™2 with a
Coherent radiometer. The number of absorbed photons
in the sample was about 10° and the light was polar-
ized. The flow rate for the sample was 10 mv/s.

The Chli a fluorescence of the sample was also mea-
sured, after a weak xenon flash, by a conventional dou-
ble-flash fluorometer (10). Chi a fluorescence tran-
sients, i.e., changes in Chl a fluorescence from F to the
Fhax in continuous light, were measured by using a
laboratory-built spectrofluorometer (5). The exciting
light was provided by a Kodak 4200 projector with the
light filtered by two Corning blue filters (CS 4-71 and
CS 5-56). Fluorescence emission was detected by a S5-20
photomultiplier (EMI 9558B) through a Bausch and
Lomb monochromator and a Corning red filter CS 2-61.
The light intensity of the exciting light, measured with
a YSI-Kettering Model 65 Radiometer (Yellow Springs,
Ohio), was 2x10° W m™2,

RESULTS
Scattering and Fluorescence Measurements

Figure 1 displays the typical flow cytometry data
obtained from measurements of spinach thylakoids.
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FIG. 1. Two-dimensional contour frequency distributions (histo-
grams) for spinach thylakoids. Panel A: Logarithmic integrated Chi
a fluorescence as a function of forward oblique scatter (related to the
size of the object). Panel B: Forward oblique scatter as a function of
logarithmic orthogonal scatter (related to internal structure of the

Data were plotted as two-dimensional frequency distri-
butions (histograms). Panel A shows logarithmic inte-
grated fluorescence as a function of forward oblique
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object). Panels C and D: Subpopulation frequency as a function of
logarithmic integrated fluorescence and integrated fluorescence, re-
spectively, Histograms show only one major population for spinach
thylakoid membrane preparations.

scatter. Forward scatter measurements are somewhat
related to the size and the refractive index of the or-
ganelle. Panel B shows the forward oblique scatter as a
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function of logarithmic orthogonal scatter. Orthogonal
scatter is related to the internal structure of the or-
ganelle. Panels C and D display the population fre-
quency data as functions of logarithmic integrated flu-
orescence and integrated fluorescence, respectively.
Only one major population was shown on these histo-
grams for spinach thylakoid membrane preparations.
These data are consistent with those of Ashcroft et al.
(3.

Fluorescence is linearly related to the concentration
of the chromophore in fluorescence measurements (22).
In the flow cytometer, the same level of fluorescence
yield was maintained when the thylakoid concentra-
tion, in terms of Chl a concentration (5 to 500 pg/ml),
was changed. This was as expected since by design the
flow cytometry measurements indicate the fluores-
cence signal emitted by each particle, and the final
fluorescence histogram represents a distribution plot
from all the particles analyzed. Thus, this value is in-
dependent of thylakoid concentration withimits, as
observed. r

Source of fluorescence. The argon ion laser, used
in flow cytometry experiments as the exciting source,
was tuned to 488 nm. To ensure that there was no
interference of scattered laser light, a 475 nm-long
wavelength pass filter and a 530 nm short wavelength
pass filter were placed in the front of the photomulti-
plier. If there was any excitation light scattered off the
thylakoid suspension into the photomultiplier, a signal
was expected. Since no signal was detected, this im-
plied that scattering of the laser beam from the sample
would not contribute to our measurements. Experi-
ments were performed to determine whether the source
of measured fluorescence was indeed Chl a. First, a
partially bleached chloroplast suspension was prepared
for comparison. In thylakoids in which 75-80% of the
chlorophyll was extracted by 80% acetone, the fluores-
cence signal was one fourth of that of the control, show-
ing a qualitative relationship between the chlorophyll
content and the fluorescence signal. This indicates that
the measured fluorescence signal in flow cytometry is
chlorophyll fluorescence. Second, a red filter (Corning
CS 2-58) was placed in front of the photomultiplier to
cut off all the spectral signals shorter than 640 nm.
Chlorophyll a fluorescence in vivo peaks at 685 nm
(see, e.g., ref. 11,25). The observed signal with and
without CS 2-58 was of the same amplitude, showing
consistency with it being Chl a fluorescence. In all fur-
ther experiments, the CS 2-58 filter was used.

Effects of heat treatment. Heat treatment influ-
ences the initial fluorescence F; and the maximum flu-
orescence F .. of Chl a differently (28). Lavorel (20)
had earlier discovered the heat-induced rise in initial
Chl a fluorescence with a fluorometer. This heat-in-
duced fluorescence increase was explained to reflect
changes at the pigment level. Schreiber and Armond
(28), who had also used a conventional fluorometer,
showed that increasing the incubating temperature
from 25 to 55°C (time, 5 min) produced a threefold in-
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FIG. 2. Temperature dependence of Chl a fluorescence of spinach
thylakoids. Curve a: Measured at low light intensity (sampling 1% of
the centers) for initial Chl a fluorescence (F,) by a double-flash fluo-
rometer. Curve b: Measured by Coulter EPICS™ 751 single-laser-
based flow cytometer. Curve c¢: Measured by Schreiber and Armond
(28) for F,,,,, excited at 480 nm. All fluorescence data have been
normalized to 100 at 20°C. Flow cytometer data are similar to those of
Foax: Dot F.

crease in the initial Chl a fluorescence yield (F,). Above
60°C, fluorescence decreased below the level seen at
room temperature. The increase in fluorescence was
explained (28) by a block of excitation energy migra-
tion in the pathway from the antenna pigments to the
PS Il reaction centers, i.e., a decrease in k, in equation
(1). This block was suggested to be related to a heat-
induced structural change of pigments and thylakc

organization. On the other hand, a decrease in fluores-
cence was explained by Sane et al. (27) to be due to a
change from the fluorescent state I to a weakly fluo-
rescent state II. Recently, J. Cao and Govindjee (6) have
suggested that most of the heat-induced fluorescence
rise is not at the true F, level but at a fluorescence
level above F,, perhaps at the so-called “I” level, the
intermediate level of Chl a fluorescence (F;) (11). The
increase of fluorescence found at 55°C was suggested to
be due to an increase in the concentration of “inactive”
PS II centers where reoxidation of Q,~ is slowed. In
contrast to results on F;, heat treatment caused only a
decrease in fluorescence intensity on F, ., (28) (see
trace ¢ in Fig. 2). When we measured Chl a fluores-
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FIG. 3. Chl a fluorescence intensity of spinach thylakoids, mea- 5
sured by flow cytometry, as a function of DCMU concentration. Cy- >
@

tometry Chl a fluorescence data show that it is independent of DCMU
concentration up to 100 uM.

cence yield in heat-incubated chloroplasts by using sin-
gle-laser-based flow cytometry, the fluorescence re-
mained unchanged until 60°C and then decreased
(trace b in Fig. 2). However, when the initial Chl a
fluorescence (F,) of heat-treated chloroplasts was mea-
sured by weak light in the double-flash instrument,
the rise was found in the 40 to 55°C range (trace a in
Fig. 2). The temperature dependence of the flow cytom-
etry result (trace b) is totally different from that for the
initial fluorescence (trace a), but similar to that for
F.ax (trace ¢). Thus, the flow-cytometer-induced Chl a
fluorescence is consistent with it being F, ... The quan-
titative difference between our observed results (trace
b) and that of Schreiber and Armond (trace ¢) may be
due to differences in samples used as well as to differ-
ences in light intensity, the latter being much higher
for trace b.

Effect of diuron concentration. DCMU (3-(3,4)-
dichlorophenyl-1,1, dimethyl urea), or diuron, inhibits
photosynthetic electron transport by occupying the
binding site of Qg. Since Qg is the secondary quinone
electron acceptor of PS II, the reoxidation of Q, is
prevented (33). If the measuring light is very weak, the
addition of herbicide should not influence the fluores-
cence yield at true F,. Similarly, in bright actinic light,
when fluorescence reaches F_ ., due to the blockage in
reoxidation of Q, 7, the addition of herbicide should not
influence the fluorescence yield either (see equation 1;
cf. ref. 8). However, at weak to moderate light intensi-
ties an increase of [DCMU] from 1 to 10 uM should lead
to a severalfold increase in Chl a fluorescence inten-
sity. Since in our flow cytometric Chl a fluorescence
experiment, the light intensity is not weak and since
the addition of 1 to 100 uM DCMU induced no change
in Chl a fluorescence (Fig. 3), the single-laser-based
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FIG. 4. DBMIB titration graphs of Chl a fluorescence intensity
under different conditions for spinach thylakoids. The curve in panel
A was measured with flow cytometer (light intensity 4 x 107 W m ™).
Curves 1 in panel B (initial Chl a fluorescence, close to F,) and in
panel C (Chl a fluorescence measured at 17 sec, close to F__ ) were

max

measured with 2 x 102 W m 2 light intensity; and curves 2 were mea-
sured with 12 W m™2. Note the difference in the abscissa scale be-
tween panel A and the other two.

flow cytometer must measure F_ .., not a fluorescence
level elicited by weak-to-moderate light.

Quenching by Extrinsic Quenchers

Fluorescence quenching is a general property of ox-
idized quinones (1). In the present study, three differ-
ent fluorescence quenchers, 2,5-dibromo-3-methyl-6-
isopropyl-p-benzoquinone (DBMIB), p-benzoquinone,
and phenyl-benzoquinone, were selected to further
characterize the properties of Chl a fluorescence mea-
sured by flow cytometry. DBMIB is an inhibitor that
usually acts at the cytochrome bg/f complex in a pho-
tosynthetic electron pathway (32). The oxidized form of
DBMIB is more effective in fluorescence quenching
than that of the other two quinones. A DBMIB titration
graph obtained from flow cytometry Chi a fluorescence
measurements is shown in Figure 4A; this can be com-
pared with Kitajima and Butler’s data (14) on F, and
Fax Obtained by conventional fluorometry. Although
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DBMIB displayed quenching in our flow cytometry
measurements, the quenching effect of the same con-
centration of DBMIB was weaker than or absent rela-
tive to that observed by Kitajima and Butler for F, and
F hax- DBMIB concentrations for 509% quenching of Chl
a fluorescence are 2x 10™* M for flow cytometry (this
paper), 2x107% for F,, and 1.1 x107° M for F ., (14).
The DBMIB concentration at 50% quenching differs
between the two types of experiments by more than one
order of magnitude. We repeated these experiment
with a double-flash fluorometer (10); our results (data
not shown) were similar to that obtained in ref. 14. One
possible explanation for the apparently contradictory
data is the extremely high incident intensity (4 x 107 W
m ™ ?) of the laser beam, which is five orders of magni-
tude stronger than that of the lamp used in the con-
ventional fluorometer (2 x 10> W m~?). In strong light,
the photoreduction rate of DBMIB must be much larger
than the rate of equilibration between the few reduced
molecules of DBMIB and the large number of oxidized
DBMIB molecules in the medium. Thus the effective
amount of oxidized DBMIB in the vicinity of Chl a
molecules becomes less in the laser beam of the cytom-
etry instrument than in the conventional fluorometers.
The decrease in the amount of DBMIB, however, must
be a local effect within the thylakoid since plenty of
DBMIB is present in the suspension medium. The de-
crease in the effective amount of localized oxidized
form of quinone analogues in bright light induces the
shift of its titration graph. Experiments on Chl a flu-
orescence transient were done to test the light-inten-
sity dependence idea. By measuring Chl a fluorescence
transient, the initial fluorescence, (F;, Fig. 4B), and the
Chl a fluorescence at 17 s after the commencement of
illumination, F,;,, close to F,,.. (Fig. 4C), were ob-
tained. DBMIB titration graphs were plotted at two
different light intensities (traces 1 at 2x 102 W m™2
and 2 at 12 W m™?, respectively). By decreasing the
intensity of illuminating light, a shift of the DBMIB
titration graph towards the low concentration side was
found for F,,, (Fig. 4C). In contrast, the titration graph
for F; did not show any light-intensity-dependent shift
(Fig. 4B). This indicates that the light-intensity depen-
dence of the quinone quenching is related to the prop-
erty of F.,, not F,. This supports our conclusion that
the fluorescence we measure with cytometry is likely
to have F,,, character, but not that of initial fluores-
cence. Although the explanation of the difference in the
fluorescence intensity between the samples excited by
high and low intensity (curves 1 and 2 in Fig. 4B) re-
quires further study, it may be due to a greater reduc-
tion rate of Q4 to Q,~ in curve 1.

Figure 5 displays the p-benzoquinone titration
graphs of the Chl a fluorescence measured by flow cy-
tometry (panel A), by another fluorometer for fluores-
cence close to F, (panel B), and for F,,, (panel C) re-
spectively. Similar titration graphs are displayed in
Figure 6 for phenyl-benzoquinone. When the intensity
of the illuminating light was reduced from 4x 10’

Relative Chio Fluorescence Yield

100

ﬂ
%

i
0.2 04 0.6 0.8 |
Concentration of p-benzoquinone (mM)

FIG. 5. Para-benzoquinone titration graphs of Chi a fluorescence
intensity under different conditions for spinach thylakoids. Curves 1
and 2 in panel A (flow cytometry) were measured with incident light
intensity of 4 X 107 or 4 x 10° W m 2, respectively. Curves 1 in panels
B (initial Chl a fluorescence, close to F,) and ¢ (Chl a fluorescence

2

measured at 17 s, close to F,,,) were measured with 2x 10> W m ?
light intensity, but curves 2 were measured with 12 W m~2 Note the
difference in the abscissa scale between panel A and the other two.

(trace 1) to 4 x 10° W m ™2 (trace 2) in panels A and from
2% 102 (trace 1) to 12 W m™2 (trace 2) in panels B and
C, the quenching by the same concentration of quinone
on the Chl a fluorescence increased (see panels A and
C). These changes brought about shifts in the quencher
titration graphs. In agreement with data in Figure 4B,
no shift was found for the titration graphs for the ini-
tial fluorescence (F,) in panel B (Fig. 6). The above
results also support the conclusion that the fluores-
cence measured with the flow cytometer is likely to
have F_ ., character. The opposite result on the inten-
sity dependence on F, in Figure 5B remains unex-
plained. Trace 3 in Figure 6A is plotted from Ashcroft
et al.’s data for phenylbenzoquinone. The light inten-
sity used in that experiment was 10 m mol m~2s7!, at
476 nm.

To confirm the existence of the diffusion equilibrium
(29) between the oxidized and the reduced forms of qui-
none molecules in our experimental system, an exper-
iment changing the viscosity of the suspension medium
was designed. Figure 7 displays the p-benzoquinone
titration graphs of Chl a fluorescence measured with
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FIG. 6. Phenyl-benzoquinone titration graphs of Chl a fluorescence
intensity under different conditions for spinach thylakoids. Experi-
mental details are as in Figure 5. Note the difference in the abscissa
scale between panel A and the other two. For convenience of com-
parison with Figure 5, insets in B and C have the same concentration
scale as the scales in Figure 5B and 5C.

conventional fluorometry when the viscosity was
changed. Panel A is for F; and panel B is for F,,,. In-
creasing the viscosity of the suspension medium (re-
placing 50% of the suspension medium by glycerol,
traces 2) did not affect the trace for F; but decreased the
quenching activity of the same concentration of the
quinone on F,,,. This implies that F,_ ., may be influ-
enced by the diffusion rate of quinones across the thy-
lakoid membranes.

DISCUSSION

In conventional fluorescence measurements (21) de-
creasing the illumination time (t) instead of decreasing

[ T
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75T ;\;
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Relative Chia Fluorescence
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Concentration of p-benzoquinone

FIG. 7. Effect of changing viscosity on p-benzoquinone titration
graphs for Chl a fluorescence from spinach thylakoids, measured with
conventional fluorometry. Traces 1: control; traces 2: viscosity was
increased by the addition of 50% glycerol. Panet A is for fluorescence
close to F, and panel B is for F,,,. The fluorescence yield has been
normalized to 100 when the quinone concentration is zero.

light intensity in the flowing suspension system re-
duces the photochemical activation in the reaction cen-
ter. Thus, when the flow is fast and the illumination
time short, one measures F, in the flow system. Stop-
ping the flow, that is, increasing the time t, allows one
to measure F_ .. Since the flow cytometer is a flowing
system, it is reasonable to expect that the Chl a fluor-
escence measured by flow cytometer may be F,. Mau-
zerall (24) reported that, in a dark-adapated sample,
the fluorescence rise time is 25 ns. This rise was ex-
plained later to be due to the reduction of the oxidized
form of the reaction center Chl a of PS II, Pggo ¥, an-
other Chl a fluorescence quencher of PS II (see, e.g.,
ref. 30). This rise time is, however, increased to approx-
imately 0.3 ps after a second illumination (30). The
current picture is that this fast fluorescence rise mea-
sures electron flow from the electron donor Z to Pggp ™.
In our flow cytometer, the time for a 1um particle to
cross a length of the laser spot (16 um) is 1.7 ps, which
is much longer than 20 ns to 0.3 ws for the reduction of
Psso " and for the reduction of Q4 to Q- (510 ps)
(12,13). Thus, it is reasonable to expect that in a flow
cytometer, we will be measuring F,,,, not F,, espe-
cially because the laser light intensity is strong. Esti-
mates based on several assumptions and consider-
ations of energy losses lead us to conclude that about
10° photons were absorbed per 10'-10% chlorophyll
molecules present, i.e., about one photon per 10-100
chlorophyll molecuies present. Thus, all reaction cen-
ters must undergo at least one turnover and the system
must reach the F,,,, state.
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At very high intensities, however, multiple hits in a
single photosystem unit are commonly observed (see,
e.g.. ref. 18), leading to exciton-exciton annihilation.
Therefore, increasing the intensity of the light source
will decrease the relative quantum efficiency for sam-
ple fluorescence. Although high light intensity was ap-
plied in flow cytometry experiments, our data on light-
intensity dependence {Figs. 5A, 6A) display an increase
in Chl a fluorescence quantum yield when the laser
light intensity is increased from 4 x10° to 4 x 107 W
m 2, implying the absence of exciton-exciton annihila-
tion process in spinach thylakoids flowing in the cy-
tometer under our experimental conditions. Further-
more, the same experiment implies the absence of
photoinhibitory phenomenon since photoinhibition 1)
leads to reduction of variable Chl a fluorescence with
increasing light intensity and 2) involves long-term
(not 2.5 ps exposure) chemical and physical changes
(see, e.g., a review by Kyle and Ohad (19)).

The conclusion of Ashcroft et al. (3) that the flow
cytometry Chl a fluorescence is F, was not supported.
In hypotonically shocked chloroplasts, ferricyanide de-
creased (3) Chl a fluorescence significantly (by 50 to
75%); at F,, all Q4 should have been in the oxidized
form and ferricyanide could not have further increased
the concentration of Q4 and, thus, decreased the quan-
tum yield of Chl a fluorescence. The absence of the
effect of varying [DCMU] on fluorescence intensity
cannot prove its F, character either (Fig. 3) (3). An
independence of the effect of [DCMU] on fluorescence
is also expected for F,,,. Only when Chl a fluorescence
is between F, and F,,,, should increasing [DCMU]
cause an increase in its yield. High light intensity used
in this flow cytometer is not expected to keep the flu-
orescence at the F, level. Thus, the independence of
fluorescence yield on [DCMU] is considered consistent
with the F .. character of fluorescence. Chl a fluores-
cence in weak light increases with temperature up to
55°C and then decreases (Fig. 2). This character was
not observed in the Chl a fluorescence with a flow cy-
tometer. Furthermore, a comparison of flow cytometry
data with those obtained on F,_,, showed a similarity
between the latter two, suggesting that the flow cy-
tometer measures F,,, and not some level close to F,
(Fig. 2).

All other experimental results can also be explained
by the hypothesis that flow cytometry measures F,,.
In our experimental system, there were two sources to
quench Chl a fluorescence: 1) the oxidized form of Q,
and 2) the oxidized form of externally added quinone,
which may come close to Chl a molecules. Due to the
high light intensity used in flow cytometry, the rate
constants of Q, reduction and even that of the reduc-
tion of extrinsic quinones increase. High concentra-
tions of Q, ~ and even reduced quinone analogues must
have been created in samples illuminated with such a
high-intensity beam. The equilibrium between Q, and
Q. is determined by the [Qgl and the equilibrium
between the local oxidized form of quinone and the

T

‘ Table 1
Quinone Concentrations Causing 50% Quenching of Chl a
Fluorescence, in Spinach Thylakoids*

Cytometry Fi- Fi-.

fluorescence Iy a8
p-benzoquinone >>5mM 0.37mM 60uM
Phenyl-benzoquinone >5mM 72uM 31lpM
DBMIB 0.24mM 8uM SpuM

"Data were obtained by flow cytometry (light intensity
4x 10" W m™*) and by a home-built fluorometer (5): F,-_ at
2x10°Wm %) and F ,, at 12 W m ™2 (I,).

bulk quinone. The viscosity experiment in Figure 7
confirmed that the diffusion rate of the quinone mole-
cules has a significant effect on the fluorescence yield
Compared to the reduction rate of Q, and quinone .
strong light, the exchange rate of the reduced quinones
with bulk quinone is expected to be rather slow. There-
fore, in the flow cytometer used, almost all the Q4 and
the “local” externally added quinone can be considered
to exist in the reduced form. Thus, Chli a fluorescence
yield reaches maximum even at high concentrations of
externally added quinone quenchers when measured
with a flow cytometer. However, when conventional
fluorometers with lower light intensity were used, the
equilibration of reduced quinones with bulk quinones
allows more oxidized quinones to exist in the vicinity of
Chl a and to quench fluorescence. Qur results, in which
decreasing light intensity increases the quenching ef-
fect of the same concentration of quinones in f
cytometry (Figs. 5A, 6A) and in conventional fl:
eters (Figs. 4C, 5C, and 6C), confirm the above fivyio .-
esis. This change only occurs in the fluorescence close
to Fo.. Therefore, in our cytometry experiment the
fluorescence measures F,,.,, but not F_, character.
There are two modes of action proposed to describe
the quinone-induced fluorescence quenching. One
{1,4,15) suggests that the added quinones function to
dissipate excitation energy by interaction with either
PS IT light-harvesting chlorophyll-protein complexes or
the PS II reaction center chlorophyll. An alternative
mechanism (see, e.g., ref. 17) suggests that the added
quinones compete with the intrinsic plastoquinone
electron acceptor, Qg, for the same or overlapping bind-
ing sites in a common binding domain on the D-1 pro-
tein, since many substituted quinones act as Qg ana-
logs. Data in Table 1 show the quenching capabilities
of three quinones. In three different experiments,
DBMIB quenched more Chl a fluorescence than the
other two quinones at the same concentration (data not
shown). The concentration of DBMIB, at which 50%
quenching of Chl a fluorescence occurs, is much lower
than that of the other two in all three cases (Table 1),
implying that DBMIB is more accessible to Chl ¢ or Qg
than the other two. Although qualitatively similar,
quantitatively different results were obtained by
Karukstis et al. (15). These differences are due to the
unique conditions of flow cytometer data discussed ear-
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lier: a larger rate of reduction of quinones as compared
to the rate of exchange of these quinones with the bulk
quinones.

The flow cytometry experiments are useful for pho-
tosynthesis research. Progress in this area potentially
depends on the correct analysis of intrinsic Chl a flu-
orescence. Therefore, information in this paper is valu-
able for further flow cytometry studies on photosyn-
thetic samples related to plant biclogy or marine
biology research. Dual-laser-based flow cytometry may
also be useful (see ref. 3 for preliminary observation)
since one can change the time interval between two
flashes (actinic and measuring) and then measure
changes in the fluorescence yield with time, thereby
providing information on the time-dependent changes
in the photochemical events of photosystem II.
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