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Abstract—Cytoplasmic streaming is vital for plant cells; however, its relation to cell functions remains largely
undisclosed. Microfluorometry of chloroplasts in vivo and measurements of cell surface pH under localized
illumination of cell regions located upstream the cytoplasmic flow, at a distance of few millimeters from the
analyzed area, is a new means to reveal the role of liquid flow for signal transmission in large cells, such as
internodes of characean algae. Properties of photoinduced signals transmitted along the cell can be clarified
by comparing the effects of pointed illumination under conditions of continuous and briefly arrested cyto-
plasmic flow. Chlorophyll fluorescence measurements with the use of saturation pulse method showed that
excitation-induced cessation of cytoplasmic streaming, concomitant with the period of localized illumina-
tion, caused a significant delay and deceleration of the lateral transmission of the photoinduced signal and,
in addition, diminished the peak of maximal fluorescence F in the cell response to propagated signals. The
relative extent of the peak suppression was small in cell regions producing light-dependent external alkaline
zones and increased substantially for cell regions with slightly acidic external pH. These and other results
indicate the possible role of cytoplasmic pH in controlling chlorophyll fluorescence and photosynthetic
activity in vivo. When the period of streaming cessation coincided with localized illumination, the velocity of
cytoplasmic flow recovered slower than after arrest of the flow without additional illumination. The results
are promising for further analysis of regulatory and protective functions of cytoplasmic streaming in photo-
synthesizing plant cells.
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INTRODUCTION

Intracellular motility and excitability are basic
properties of living organisms. Continuous cytoplas-
mic streaming integrates the metabolism of various
cell parts [1], which is of crucial importance for giant
cells, such as internodes of characean algae, whose
Iength can exceed 10 cm [2, 3]. Physiological manifes-
tations of the cyclosis-mediated lateral transport and
the nature of transmitted signals are scarcely known.
Recent studies revealed the hydrodynamic transmis-
sion of signals induced by the localized illumination of
Chara internodes [4—6]. Continuous outflow of com-
ponents exchanging between immobile chloroplasts
and the flowing cytoplasm at various instants of illumi-
nation results in the spatial separation of these metab-
olites in the liquid flow.

The localized illumination was found to induce

successive increase and decrease of F,, fluorescence in
chloroplasts residing downstream from the site of pho-
tostimulus application [7, 8]. These data indicate the
existence of two functionally active laterally trans-
ported intermediates. One of them is characterized by

a fast exchange between illuminated chloroplasts and
the cytosol; it accounts for the stage of fluorescence
increase. The second agent, featuring slow exchange
across the chloroplast envelope, gives rise to the
delayed non-photochemical quenching of chlorophyll
fluorescence. Illumination induces rapid exchange of
H* and Ca?* between the chloroplasts and the cyto-
plasm [9—11] and results in the flow of hydrogen per-
oxide with the streaming cytoplasm after the release of
H,0, from photosynthesizing plastids [6, 12]. Protons
and Ca’*, as well as H,0,, can perform signaling func-
tions in plants and might participate in the transmis-
sion of photoinduced signals along the cell. In experi-
ments with intracellular perfusion of Chara intern-
odes, chlorophyll fluorescence increased notably with
the increase in cytoplasmic pH (pH,) [7, 8]. There-
fore, the upturn of fluorescence after illumination of a
distant cell region might be also due to a temporary pH
increase in the cytoplasm arriving from the illumi-
nated zone.

The liquid flow transforms dynamic changes of
metabolites in the vicinity of immobile chloroplasts to
spatially separated fractions. In the flow system, labile
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intermediate substances can be preserved by virtue of
their continuous removal from the reaction zone. For
example, a short-term (~15 s) increase in pH around
the illuminated chloroplasts is followed by the pH
decrease [11, 13], but the flowing liquid will contain
separate fractions with elevated and lowered pH val-
ues. The lability (dynamic changes) of the intermedi-
ates transported with the streaming fluid can be
assessed by comparing fluorescence changes arising in
response to localized illumination under conditions of
continuous and arrested streaming. It is known that
rotational streaming of cytoplasm in excitable plant
cells ceases temporally after triggering the action
potential (AP) by chemical, mechanical, and electri-
cal stimuli [14]. However, it is not yet known how
cyclosis cessation during cell excitation affects the lat-
eral transfer of signaling molecules.

Lateral transport in excitable cells can be conve-
niently studied with internodes of green characean
algae that are close relatives of higher terrestrial plants.
The rapid velocity of cytoplasmic streaming in these
cells (up to 100 um/s) is paralleled by electric excit-
ability of the plasma membranes. Unlike muscle fibers
contracting on elevation of cytosolic Ca?* concentra-
tion, the cytoplasmic streaming in plant cells is tem-
porally arrested upon the increase in intracellular Ca®*
level. Parallel measurements of the membrane poten-
tial and aequorin fluorescence in Chara cells revealed
a sharp increase in [Ca?*], on the moment of AP gen-
eration, which was followed by a gradual decrease and
restoration of the initial level within about 30 s [15].
During this period the cytoplasm remains immobile;
full recovery of the cytoplasmic streaming takes up to
10 min. Although the inhibitory impact of Ca?* on
cytoplasmic motility and myosin activity is beyond
any doubt [16, 17], the molecular mechanism of this
influence is not yet elucidated. It is supposed that the
cessation of streaming after AP generation is caused by
Ca?*-dependent phosphorylation of myosin [18, 19].

Following bright pointed illumination of cell
regions located at a distance of 1—5 mm upstream the
cytoplasmic flow from the observation area, the pho-
toinduced signal emerges in the cytoplasm and propa-
gates with the streaming fluid. This is evident from flu-
orescence changes of chloroplasts and from the shifts
of cell surface pH [4, 5, 7].

The aim of this study was to clarify how fluores-
cence changes reflecting lateral transport of photosyn-
thetically active metabolite are affected by the arrest of
cytoplasmic streaming during localized illumination.
The attention was focused on the stage of fluorescence
increase prevailing at comparatively dim irradiance of
background illumination. Under these conditions, the
generation of an AP has no its own strong impact on
chlorophyll emission. In order to check the supposed
role of protons in the transmission of photoinduced
signals, we conducted measurements in cell areas of
H* extrusion and H* inflow. The results imply the
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lability of the factor responsible for the increase in F),
fluorescence during lateral propagation of the photo-
induced signal. During application of a localized pho-
tostimulus, the level of physiologically active metabo-
lite in the irradiated zone undergoes a transient
increase, which is in line with the notion that regulation
of chloroplast fluorescence and photosynthetic activity
involves photoinduced changes in cytoplasmic pH.

MATERIALS AND METHODS

Chara corallina algae were grown in an aquarium at
room temperature at scattered daylight. Isolated inter-
nodal cells measuring 6—8 c¢cm in length and about
0.9 mm in diameter were placed into artificial pond
water containing 0.1 mM KCI, 1.0 mM NaCl, and
0.1 mM CacCl,. The medium was supplemented with
NaHCO; to adjust the pH at 7.0. Prior to experiments
the cell was mounted in a transparent organic glass
chamber and placed on a stage of an inverted fluores-
cence microscope Axiovert 25-CFL (Zeiss, Germany).

Parameters of chlorophyll fluorescence in vivo
were measured on microscopic cell regions (diameter
~100 pm) with the saturation pulse method using a
Microscopy-PAM fluorometer (Walz, Germany)
equipped with a x32/0.4 objective lens. Data represent
changes in maximal fluorescence F,, induced by satu-
rating light pulses and changes in actual fluorescence
F, emitted under background illumination of the
whole cell.

The counter-directed cytoplasmic flows in Chara
internodes occur on diametrically opposite cell sides
that are separated by distances up to 900—1000 pm.
The cytoplasmic layer, about 10 um thick, comprises
the immobile ectoplasm with tightly packed rows of
chloroplasts and the streaming endoplasm. At a suffi-
ciently high numerical aperture of the objective lens,
the depth of field does not exceed few micrometers.
Therefore, one can selectively measure fluorescence
of chloroplasts residing on the lower cell side where
the direction of streaming is well defined.

The signal from a photomultiplier was fed into the
PAM Control Unit of pulse-amplitude modulation sys-
tem, digitized by means of an AD converter PCI-6024E
(National Instruments, USA), and displayed on a
computer monitor using WinWCP program (Strath-
clyde Electrophysiology Software).

The background illumination of the whole cell was
provided from the microscope upper light source
through a blue glass filter SZS-22 (A < 580 nm, the
maximal photon flux density 100 pmol/(m? s). The
intensity of background illumination was attenuated
by neutral density glass filters. The localized photo-
stimulation of a cell region at a distance d = 1.5 mm
from the point of measurements was performed with a
quartz light guide (optic fiber diameter 400 pm) that
was connected to a source of white light (a light-emit-
ting diode Luxeon LXK2-PWN2-S00, Lumileds,
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Fig. 1. Changes in Fy, fluorescence on microscopic regions
of C. corallina internodal cell (regions with pH, ~ 7.0)

caused by transmission of the photoinduced signal under
continuous and interrupted cytoplasmic streaming.
(1) Under continuous streaming; (2) after synchronous
arrest of cytoplasmic streaming and turning on the local-
ized light at time # = 0 (arrow in this and other figures
marks the moment of an AP elicitation by a pulse of elec-
tric current). The cell was exposed to localized illumina-

tion for 30 s (white light, 500 uM photons/ (m2 s), optic
fiber diameter 400 pm, the beginning of light pulse at = 0)
at a distance of d = 1.5 mm upstream from the point of flu-
orescence measurements. The intensity of whole-cell

background illumination was 35 umol/(m2 s). Data are
mean values and standard errors (n = 3). Trace 2 was plot-
ted from individual subtracted curves, as obtained by tak-

ing off the AP-induced Fy, changes from the Fy, fluores-
cence signals induced by simultaneous application of the
AP and localized lighting. Vertical dashed lines here and in
Figs. 2, 3 mark the period of localized lighting.

USA). The photon flux density at the output of the
light guide was 500 pumol/(m?s) [4]. In order to reduce
the number of intermediates traded between the chlo-
roplasts and cytoplasm in the intense light, we used
comparatively short pulses of localized illumination
(30 s). In this case the cytoplasmic composition is
modulated by rapidly exchanging components. For
the purpose of comparison we used also longer light
pulses (60 s). The free end of the light guide was fixed
in the holder of a KM-1 micromanipulator under the
angle of 30°—45° to a horizontal plane. After adjusting
the light guide position in the view field, the optic fiber
was displaced to a 1.5-mm distance upstream the cyto-
plasmic flow with respect to the analyzed region.

The local pH on the outer cell surface (pH,) was
measured with glass-insulated antimony pH-micro-
electrodes having tip diameters of 5—15 pm. The slope
of the electrode function was about 54 mV/pH unit.
Measurements of pH, allowed us to identify the cell
regions with active H* extrusion (pH, 6.2—6.7), neu-
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tral regions (pH, ~ 7.0), and the areas of passive H*
inflow (pH, 8§—10).

The action potential (AP) generation and the arrest
of cytoplasmic streaming were triggered by passing a
short pulse of transcellular electric current (10 pA,
150 ms). The electrodes used for this purpose were iso-
lated from the pH-measuring circuit; they were placed
in electrically insulated compartments of the experi-
mental chamber. The streaming in Chara cells reap-
pears in about 30 s after the AP generation and attains
its maximal velocity within about 10 min [20]. The
velocity of cyclosis was determined in the transmitted
light before the onset of fluorescence measurements.

The chloroplast fluorescence is sensitive to the AP
generation, with the response amplitude depending on
irradiance and the direction of H* transport in ana-
lyzed areas [21, 22]. Considering this circumstance,
low intensities of background illumination were used
to minimize the AP-induced fluorescence shifts. In
order to exclude these shifts entirely and to extract the
response attributed to the arrest of cytoplasmic
streaming, we subtracted the fluorescence signals
caused by the AP generation in the absence of local-
ized lighting from the signals induced by simultaneous
application of localized lighting and the AP genera-
tion.

Data in figures show results obtained at least in
triplicate with different cells. Experimental curves
with error bars are averaged data and standard errors of
the means.

RESULTS

Lateral transmission of photoinduced signals under
continuous and interrupted cytoplasmic flows. Figure 1
shows changes of chloroplast fluorescence in an intact
C. corallina cell in response to localized 30-s illumina-
tion of a distant cell region positioned 1.5 mm
upstream from the analyzed cell area. Measurements
were performed on cell regions where pH in the adja-
cent outer medium (pH,) was near to pH 7.0 of the bulk
solution. Under continuous cytoplasmic streaming
(resting state) at photon flux density of 35 pmol/(m?s),

the F,, changes induced by illumination of a distant
region were evident as a sharp peak at a time around
t= 50 s from the onset of the light pulse (curve 7).
These changes were approximated by Gaussian curves
[4, 7] corresponding to the movement of one or two
active components with the liquid flow.

Curve 2 in Fig. 1 displays fluorescence change in
response to a similar light pulse for the case when cyto-
plasmic streaming was arrested immediately on the
onset of localized illumination. The cessation of
cyclosis was elicited by the AP generation triggered
with a suprathreshold pulse of electric current. Nearly
equal durations of localized illumination (30 s) and
full stoppage of streaming imply that the cytoplasm
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stayed unmoving throughout the period of localized
illumination.

The detection of fluorescence shifts following the
recovery of streaming after illumination of unmoving
cytoplasm is complicated by the fact that the AP gen-
eration exerts its own influence on fluorescence and
photosynthetic activity [21, 22]. It is known that chlo-
rophyll fluorescence transients after cell excitation are
comparatively small in cell regions with neutral and
slightly acidic pH,. The fluorescence responses to
electric excitation are almost fully eliminated by sub-

tracting the AP-induced F, changes from the F,
changes caused by simultaneous application of local-
ized illumination and the AP. Curve 2 in Fig. 1 shows
the subtracted F,, kinetics illustrating the propagation
of a photosynthetically active intermediate from the
illuminated spot during recovery of cytoplasmic
streaming after the temporal arrest of flow for a period
of photostimulus application.

It is seen that the localized illumination combined

with cell excitation induced the increase in F,,, with a
delay period lasting longer than in the case of contin-
uous flow. The shape of the curve was fitted with a sum

oftwo Gaussian curves. The peak of F,, after the period
of arrested movement was shifted approximately by
100 s (maxima on Gaussian curves at = 56.5+ 0.4 and
158.7 £ 2.3 from the onset of localized lighting under
resting state and after AP generation, respectively).
Assuming that the AP generation arrested the flow for

30 s and that the development of F,, changes after
arrival of regulatory signal takes 20 s [4], we calculated
that the intermediate crossed the distance of 1500 um
within 108 s; i.e., it moved at an average velocity of
14 um/s, which is in line with reported velocities of
cytoplasmic streaming in Chara at various periods
after AP generation [14].

When the light guide was positioned at an equal
distance on the opposite side from the point of fluores-
cence measurement, the localized lighting produced
no appreciable fluorescence changes, both under con-
tinuous and the AP-interrupted streaming. The results
provide clear evidence for the transfer of photosynthet-
ically active intermediate with the cytoplasmic flow.

The width of the F,, signal observed after temporal
cessation of cyclosis was 80.1 £4.4 s on the average,
exceeding almost 2.5-fold the width of the Gaussian
band under continuous streaming (32.8 £ 0.9 s). Such
broadening of the band indicates that the “irradiated”
cytoplasm passed the site of fluorescence measure-
ment at a slower velocity after the AP generation than

in the resting state. Remarkably, the amplitude of F,
signal was almost 2.5 times lower after irradiation of
chloroplasts under stopped flow compared to control
conditions. Apparently, the content of the effector
substance decreased after illumination in the stopped
flow, which indicates the lability (dynamic changes) of
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Fig. 2. Changes in F}, reflecting the passage of photosyn-
thetically active metabolite across the site of fluorescence
measurements in cell regions underlying external acidic
zones (pH,, 6.2—6.5). Conditions of localized illumination

and distance d between the light guide and the center of
analyzed area are indicated in the caption to Fig. 1; inten-
sity of background illumination was 18—20 pumol pho-

tons/(m2 s). (1) Under continuous cytoplasmic streaming;
(2) after simultaneous arrest of streaming and the onset of
localized 30-s illumination (arrow marks the moment of
the AP generation). Data are mean values and standard
errors (n = 15 and 8 for curves 1 and 2, respectively). Trace

2 was obtained by averaging the Fj, transients measured
directly, without calculating the subtracted curves; the
trace comprises weak waves caused by the AP generation
(at t ~ 40 s) and by restoration of cytoplasmic streaming (at
t~1505).

the metabolite responsible for the increase in F,,. It

appears that the factor elevating F,,, and releasing non-
photochemical quenching is partly lost during illumi-
nation of chloroplasts in unmoving cytoplasm.
Different losses of the transported component dur-
ing cessation of cytoplasmic flow in the regions of H*
extrusion and H* inflow. At low intensity of back-
ground illumination, the AP generation does not

induce substantial F,, changes in chloroplasts, irre-
spective of their location under the acid or alkaline
zones [22]. In this case the influence of cyclosis cessa-
tion on the lateral transport of active intermediate is
clearly seen even without plotting the subtracted

curves. Figure 2 shows cyclosis-mediated F,, changes
in cell regions with active extrusion of cytoplasmic
protons to the medium (pH, 6.2—6.5) for the resting
cells (curve ) and after the arrest of the flow by trig-
gering an AP at the beginning of localized photostim-
ulation (curve 2). It is seen that temporal cessation of
cyclosis caused a stronger suppression of F, peak in
zones with low pH, than in cell regions with neutral pH,,.

In zones of external alkalinization under dim back-
ground light, localized photostimulation of a distant
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Fig. 3. Changes in F;, and cell surface pH (pH,)) associated with the passage of photosynthetically and membrane-active metab-
olite across the area of fluorescence measurement in cell regions underlying the alkaline zones (pH, 9.0—9.5). Conditions of
localized illumination and distance d between the light guide tip and the center of analyzed area are indicated in the caption to
Fig. 1; intensity of background illumination was 20 pmol photons/ (m2 s). (a) Parallel increase in fy,, and pH,, following localized

illumination under continuous cytoplasmic streaming (n = 4); (b) Transients of £ and pH, induced by synchronous elicitation

of AP and the onset of localized illumination. The trace Fy, in (b) is an unprocessed record; it comprises a small wave caused by
the AP generation (at # ~ 40 s) and the increase upon restoration of cytoplasmic flow (at # ~ 140 s).

region in resting cells led to the increase in pH, at the
measurement site (Fig. 3a). The alkaline shift of pH,

did not attain its maximal level because of compara-
tively short duration (30 s) of localized lighting. The

flow-assisted increase in F,, occurred synchronously
with the pH, increase, which indicates the common
nature of processes underlying these events. In the
case of localized lighting of chloroplasts under
arrested cytoplasmic flow (Fig. 3b), the F, peak was
delayed but its amplitude remained rather high. The
AP generation was accompanied by a transient pH,
lowering, as previously described [23, 24].

Thus, the amplitudes of F,, peaks after illumination
of chloroplasts in the unmoving cytoplasm differed
substantially for H*-extruding and H*-absorbing cell
regions. In Fig. 4 the normalized F, shifts induced by
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localized lighting under arrest of cytoplasmic stream-
ing are plotted as a function of pH, in various cell
regions. It is seen that the ratios of F,, shifts induced by
localized lighting under arrested and undisturbed
cytoplasmic streaming were substantially lower in cell
areas with slightly acidic pH,, than in cell regions with
high external pH.

The above results illustrate the influence of local-
ized lighting of chloroplasts in streaming and unmov-

ing cytoplasm on the ascending wave of F, changes.
Analysis of oppositely directed F, changes at high-
intensity background light encounters complications
due to enlargement of the AP-induced F,, responses. A
strong long-lasting decrease in F,, following the AP

generation at elevated light intensities indicates that
non-photochemical quenching turns saturated. The
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Fig. 4. Correlation between local pH on the cell surface
(pH,) and the extent of Fy, increase in response to the pas-

sage of photosynthetically active metabolite after the AP-
induced cessation of streaming. The ordinate axis shows

Fy, changes observed after simultaneous application of AP
and localized light (AFy,;Ap)) normalized to Fy, changes
following localized illumination under continuous stream-
ing in the absence of AP (AFy(—ap))-

photoinduced and the AP-induced F,, signals are not
additive at saturation, which makes their decomposi-
tion a complicated problem. Properties of the media-

tor agent, responsible for the F, quenching, could be
a task for a separate study.

Cytoplasmic streaming recovers slower after the AP
generation combined with bright localized lighting than
after AP without photostimulation. Temporal stoppage
of cytoplasmic streaming had an effect on the position

and width of F, changes induced by localized illumi-

nation (Fig. 1), indicating that the kinetic curves of F,
changes are a sensitive indicator for the average veloc-
ity and recovery of the liquid flow after its interruption.
This circumstance can be used for detecting possible
disturbance of the liquid flow under excess light. It was
supposed earlier that high-intensity light is more inju-
rious to cells in the absence of streaming than under
continuous removal of reaction products from the
zone of excessive illumination [4, 25]. Slight distur-
bances might be detected by comparing peak positions

and bandwidths of cyclosis-mediated F,, changes after
cell excitation under background illumination alone
or in combination with localized lighting.

Therefore, we measured cyclosis-mediated F,,
changes in 300 s after eliciting an AP separately or in
combination with localized lighting (Fig. 5). The pre-
liminary treatment “AP + localized lighting” was
found to delay the appearance and widen the band of
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Fig. 5. Effect of preliminary conditions on parameters of
Fy, changes induced by a 30-s localized lighting of a cell region
upstream from the area of measurements (d = 1.5 mm). Mea-

surements of £, were performed under continuous cyto-
plasmic streaming (“Rest”), in 300 s after temporal arrest
of streaming (“AP”), and 300 s after the arrest of streaming
synchronized with localized illumination (“AP + Light”).

(a) Profiles of F, distribution during the passage of photo-
synthetically active metabolite across the measurement
area in the resting cell (/) and in 300 s after elicitation of
the AP synchronized with the onset of 30-s localized illu-
mination (2). Marking lines illustrate the peak position of
the Gaussian curve (X.) and the band width at the half

height level (W). (b) Dependencies of X, and W character-

izing the Fy, profiles on the preliminary conditions speci-
fied above and designated as “Rest” (n =9), “AP” (n =4),
and “AP + Light” (n =4).

cyclosis-mediated F,, changes (the increase in X, and W,
Fig. 5a), and such changes were more prominent than
after an AP generation in the absence of localized
lighting. Changes in parameters X, and W were fully
reversible: when the resting period after AP elicitation
was prolonged to 600 s, both parameters returned to
the initial values (“Rest” in Fig. 5b). Considering that

the position and width of the F,, peak under standard
experimental conditions are determined by velocity of
cytoplasmic streaming, we suppose that the streaming
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Fig. 6. Transients of F; fluorescence on microscopic
regions of C. corallina internode (zone with pH, ~ 6.3)
resembling the transmission of photoinduced signal under
continuous cytoplasmic flow (curves ) and after temporal
arrest of streaming by the AP elicitation on the moment of
applying the photostimulus at 7 = 0 (curves 2).

(a) Localized lighting of 30 s duration. A thin solid line
shows the approximation of experimental data with the
curve of normal distribution; X, and W designate the posi-
tion of F; peak from the beginning of photostimulus and
the band width at a half height, respectively. (b) Localized
lighting of 60 s duration. For comparison, the F; changes in
response to 30-s illumination are shown with a dotted line.
Intensity of background illumination 12.5 pmol pho-
tons/(m~* s), the distance between the centers of locally
illuminated and analyzed regions d = 1.5 mm. Curves with
error bars are averaged records and standard errors of the
means (n = 3).

velocity recovers slower after the AP generation com-
bined with localized lighting than after AP elicitation
in the absence of localized photostimulus.

Lateral transmission of the photoinduced signal as
measured by changes of actual fluorescence F, in back-
ground light. Saturating light pulses ensuring full
reduction of the primary quinone acceptor of photo-
system II Q, exclude photochemical quenching (qP)

during F,, measurements, which allows the estimation
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of non-photochemical quenching (NPQ). However,

the F, measurements are characterized by compara-
tively low temporal resolution. The resolution is lim-
ited by the minimal period of firing saturation pulses,
which is 10 s in the Microscopy-PAM system. Mea-
surements of modulated fluorescence F; under back-
ground illumination of the whole cell without saturat-
ing light pulses improve the temporal resolution con-
siderably, but it should be noted that the F; level
depends on both NPQ and gP. It was found in previous
studies that the passage of “irradiated” cytoplasm
across the area of measurement is accompanied by the

increase in F; concurrent with the peak of F,,; further-
more, the increase in F; was observed at low and rather
high intensities of the background illumination [8].
Since the release of thermal losses in the antenna

(lowering of NPQ, the increase in F,,) is accompanied
by the increase in F;, the lateral transmission of photo-
induced signals can be traced as F;, with an improved
temporal resolution.

Figure 6 shows the profiles of F, changes arising in
response to localized illumination at a distance d =
1.5 mm from the area of measurements under photo-
stimulus durations of 30 and 60 s. In the case of 30-s
illumination (Fig. 6a) the profile of the F, response
(curve 1) fits well to the normal distribution curve
(R? =0.99). Owing to the large number of points in the
records, the position of the peak and the width of the
Gaussian curve are determined with an accuracy of
0.1s (labels X, and W in Fig. 6a). When the onset of
localized illumination at # = 0 coincided with the
arrest of cytoplasmic streaming (curve 2), the F; rise
appeared with a delay, peaking at about 110 s, and the

F, peak was diminished; the F, and F,, profiles were
reshaped in a comparable manner under similar
experimental conditions. The earlier development of
F, peak in Fig. 6, compared to fluorescence peaks in
Figs. 1—3, was due to a comparatively fast recovery of
cytoplasmic streaming. The profile 2in Fig. 6a, unlike
the respective profile in Fig. 1, was not widened after
localized illumination of unmoving cytoplasm, which
was presumably caused by rapid restoration of stream-
ing velocity after the AP generation.

The F, changes induced in the resting cell by a 60-s
light pulse (Fig. 6b, curve /) had a trapezoid shape,
with the length at half height comparable to the dura-
tion of photostimulus. When the onset of localized
photostimulation coincided with an AP elicitation and
arrest of cyclosis, the profile of the F; response shifted
its peak to later times and acquired a clearly asymmet-
ric shape (curve 2). The slope of the rare front was sim-
ilar to that in the resting cell both for 60- and 30-s light
pulses, whereas the steepness of the leading slope
increased gradually and was on the whole much lower
than in an unexcited cell. The gradual increase in
steepness of the rising front reflects the restoration and
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acceleration of cytoplasmic streaming. Similar slopes
of F,decline after 60- and 30-s pulses indicate that the
cytoplasmic streaming velocities approached the ini-
tial values by this period. Comparison of curves / and 2in
Fig. 6b did not show widening of the F, profile, in
accordance with Fig. 6a.

DISCUSSION

Our study shows that cyclosis cessation for the
period of localized photostimulation delays the occur-

rence of F, wave (Fig. 1). This provides further evi-
dence for the lateral transmission of photoinduced sig-
nals affecting chlorophyll fluorescence in vivo.

Alternatively, diffusion of the active intermediate
could play the role in its lateral propagation during the
arrest of streaming. The diffusion-mediated origin for
the AP-induced delay of fluorescence peak cannot be
excluded a priory, if protons featuring high coefficient
of diffusion in aqueous media (~10~* cm?/s) are
involved as signal carriers. In this case the delayed peak
of fluorescence should be evident irrespective of the
direction of streaming between the locally irradiated
region and the area of measurements. However, when
the light guide position was displaced symmetrically
with respect to unchangeable area of fluorescence
assay (positioning of the optic fiber at a 1.5 mm dis-
tance downstream from the point of fluorescence
detection), the AP generation at the onset of localized
lighting had no discernible effect on fluorescence in
the time range up to 250 s (data not shown). Estimates
of the mean square displacement for free protons,
based on the equation of one-dimensional diffusion,
show that the period of streaming cessation (30 s) con-
stitutes about one-fourth of the time required for dif-
fusion to a 1.5-mm distance. Thus, the primary role of
diffusion in long-distance signal transmission can be
definitely excluded.

At the same time, there is no doubt that diffusion
modulates the shape of the transmitted signals. This is
because the length of a longitudinal cytoplasmic seg-
ment containing the signaling intermediate extends by
virtue of diffusion in the period of arrested streaming
beyond the limits of illuminated zone. The illuminated
zone was 0.4 mm wide; according to estimates, the
length of the cell segment containing the signaling
agent increases by the moment of streaming recovery
to 1.9 mm. This distance is notably lower than the
length of cytoplasmic signal expansion achieved under
continuous passage of cytoplasm across the zone of
localized illumination. At a streaming velocity of
80 um/s and 30-s illumination period, the length of
the cytoplasmic segment contacting with illuminated
anchored chloroplasts would be 2.4 + 0.4 = 2.8 mm.

Thus, the delayed formation and the band widen-
ing of the analyzed F,, changes are clear manifesta-

tions of the retarded cytoplasmic streaming. The band
width (W) is determined by the length of cytoplasmic
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segment containing the active metabolite and by the
average velocity for the passage of this segment across
the analyzed area. For comparison, the time X, of

achieving the F, peak depends on the average velocity
of cytoplasmic movement over the whole period from
the onset of localized illumination (from the moment

of streaming arrest) to the peak of F, . Therefore, the
parameters X, and W are not strictly linked even
though their changes in Fig. 5 are largely similar. Mea-

surements of the F, and F; profiles add to the con-
stantly extending list of methods employed in the stud-
ies of cyclosis dynamics [26].

Studying the profiles of F, and F; fluorescence
allowed us to distinguish the following regimes of
cytoplasmic streaming with regard to localized illumi-
nation: (1) stationary flow (curves / in Figs. 1, 6);
(2) non-stationary flow after localized illumination
coinciding in time with the period of streaming cessa-
tion (curves 2 in Figs. 1, 6); and (3) non-stationary
flow when the period of localized illumination was
longer than the period of streaming cessation (curve 2
in Fig. 6b). The difference between (1) and (2) is that
the length of cytoplasmic segment L exposed in case
(1) to direct metabolic exchange with illuminated
chloroplasts equals L = D + V'x t;, where D is an optic
fiber diameter (diameter of the light spot), V= const is
the velocity of cytoplasmic streaming, and ¢ is dura-
tion of localized photostimulation, whereas in case (2)
at V' = 0 the quantity L is reduced to the diameter D.
Non-stationary regime (3) differs from other regimes
in that the extent of cytoplasmic segment passed
across the illuminated region includes the product of
variable velocity ¥ and duration of light stimulus # . In

general, the width of F,, and F; changes depends not
only on the velocity of streaming in the time span of
fluorescence changes but also on the length L, of cyto-
plasmic segment containing the products of metabolic
exchange with illuminated chloroplasts. In the case of
streaming arrest over the whole illumination period,
the parameter L, differs from L,= D by the extent of
diffusion-mediated expansion of the active intermedi-
ate beyond the limits of illuminated region.

The results show that the content of photosynthet-
ically active mediator in the flowing cytoplasm does
not reach its maximal level if the localized illumina-
tion is applied under arrested streaming (Figs. 1, 6).
These observations point to the transient kinetics of
the mediator level during the illumination period. It is
known, for example, that the light-induced pH shifts
near the surface of isolated intact chloroplasts attain a
sharp peak in 10—20 s of illumination [11]. When the
chloroplast are illuminated for 30 s under arrested flow
of the surrounding fluid, the pH level in the fraction of
flowing cytoplasm after restoration of streaming would
be lower than the transient peak value. Given the cyto-
plasmic alkalinization relieves non-photochemical
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fluorescence quenching, the lowering of pH_, may

account for the observed decline in F,, peak after the
arrest of streaming. A sharp pH peak near the surface
of intact chloroplasts occurring in the light and the
suppression of F,, peak upon illumination of chloro-
plasts under arrested cytoplasmic flow seem to be dif-
ferent manifestations of pH_, dynamics as a fluores-
cence-controlling factor.

Additional evidence in favor of NPQ regulation by
means of pH_ changes comes from observations of dif-
ferent lability of the acting factor in cell regions with
counter-directed H™ transport across the plasma
membrane (Figs. 2—4). Correlation between the sur-

face pH and the extent of F, peak suppression after
irradiation of unmoving cytoplasm can be explained in
view that the AP elicitation produces opposite shifts of
cytoplasmic pH in areas of active H* extrusion and pas-
sive H*inflow [27]. The AP generation is known to
inactivate the plasma-membrane H*-conductance in
the external alkaline areas [28], which blocks the H*
influx and should elevate pH_, whereas the AP-induced
stoppage of active H* extrusion in the acid areas dis-
turbs the H* flux balance toward the decrease in pH..
We assume that the acidic shift of pH, in the post-exci-
tation period under external acid zones neutralizes the
light-induced increase in cytoplasmic pH, whereas the
alkaline shift of pH, after the AP under external alka-
line zones has no such an effect. Speaking differently,
the pH dependence shown in Fig. 4 might be based on
divergent kinetics of pH_ resulting from superposition
of light-induced cytoplasmic alkalinization and exci-
tation-induced pH changes of opposite signs in cell
regions underlying the acid and alkaline zones.

Metabolic exchange between illuminated chloro-
plasts and their environment involves not only labile
intermediates whose level undergoes transient changes
but also comparatively stable products of photosyn-
thetic metabolism. Accumulation of such products in
immobile cytoplasm may disturb interactions of myo-
sin with actin filaments, thereby affecting the dynam-
ics of cyclosis recovery after the AP generation. There
are many factors having influence on the rate of
streaming. These include changes in cytoplasmic Ca%*
concentration, as well as the content of ATP, ADP,
phosphate, and some other metabolites. Furthermore,
intense illumination is accompanied by generation of
reactive oxygen species (ROS), whose local concen-
tration is lowered by virtue of their continuous removal
from the reaction site by cytoplasmic flow [6]. Under
stoppage of cytoplasmic flow the local concentrations
of ROS or other metabolites may increase appreciably,
thus causing negative influence on the mobility of
cytoplasm. Data presented in Fig. 5 suggest that even
rather short (30 s) localized illumination of the cell
with unmoving cytoplasm decelerates the recovery of
cytoplasmic streaming. Many authors emphasized
close relationships between cyclosis and cell viability
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[1, 2]. These and our data suggest that incidence of
high-intensity light on cells with arrested cytoplasmic
streaming exerts stronger injuring action than in the
cells with active longitudinal flow.

The lateral propagation of photoinduced signals
with the cytoplasmic streaming is a useful tool for
studying the H* (OH™) plasma-membrane channels
whose opening results in light-induced formation of
alkaline zones on the cell surface (Fig. 3a). Synchro-
nous increases in pH, and F;,, during the passage of the
photoinduced signals indicate the kinetic link between
the pH, and F,, changes in cell regions underlying the
external alkaline zones. In internally perfused Chara
internodes, the shift of cytoplasmic pH from neutral to
alkaline range relieved the F,, quenching, whereas the
acidic shift enhanced fluorescence quenching [8].
Under dim background illumination, localized light-
ing induced parallel increases in pH, and F,, in cell
regions capable of alkaline zone formation. In our
view, the opening of H*(OH™) plasmalemma channels
and the increase in F,, fluorescence following local-
ized illumination of a distant cell region were caused
by the arrival of alkaline cytoplasm from a brightly
lightened cell region. At high intensities of back-
ground illumination, the increase in F,, is hidden by
large fluorescence changes of opposite polarity; under

these conditions the kinetic resemblance of F, and
pH, changes cannot be unveiled.

The results of this study open new possibilities for
elucidating the regulatory and protective roles of cyto-
plasmic streaming in photosynthesizing plant cell.
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