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Summary. All preceding investigations on the quantum efficiency of photo-
synthesis, starting with the early experiments of Warburg and Negelein
(19223, b) and Emerson and Lewis (1939, 1941) are performed under low
irradiances, even under light compensation point, assuming that the photo-
synthetic “light curves’ are linear and the quantum efficiency of photosyn-
thesis is maximum under these conditions.

However, asit was shown in our investigations (Zeinalov, 1977a, b; Zeinalov
and Maslenkova, 1980, 1996) “light curves’ of photosynthesis are non-lin-
ear or “ S’-shaped. In thiswork a special polarographic oxygen el ectrode sys-
tem is described allowing irradiation with background light, and some prin-
cipal problems existing in the experiments dealing with the maximum value
of photosynthetic quantum efficiency are considered.
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Introduction
The quantum efficiency of a given photochemical process is determined as aratio
between the number of reacted molecules or the molecules of the reaction product

and the number of the absorbed photons. In the case of photosynthesis quantum effi-
ciency could be calculated astheratio of the number (moles) of CO, molecules reduc-
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ed or O, molecules evolved and the number of the photons absorbed by the photo-
synthesising system. For the estimation of the quantum efficiency of photosynthesis
we need: i) to determine the number of the photons absorbed by the photosynthesising
system (plant leaves, algae or chloroplast suspension) and ii) to determine the number
of CO, molecules reduced or O, evolved.

Obviously, the guantum efficiency of a given photochemical process could be
defined as the tangent of the angle between the irradiance curve dependence of the
process and the abscissa axisif the ordinate and abscissa axes are expressed as mol-
ecules (moles) evolved oxygen or reduced carbondioxide and number (moles) of ab-
sorbed photons per unit time, respectively. If the irradiance dependence of photosyn-
thesisisalinear function the estimation of quantum efficiency could be done at any
irradianceintensity. As about photosynthesis, in many experimentsit was shown that
even under very low light intensity conditions the photosynthetic “light curves’ start
with straight line part (Fig. 1-a). With theincrease of irradiation the slope of the curves
decreases until saturation plateau is reached. In asignificant part of the experiments
it was a so shown that the shape of the light curves has alogarithmic part (Fig. 1-b)
with amaximum slop (maximum quantum efficiency) at the beginning of the curves,
i. e. when theirradiance is going to zero. The “S’-shaped curves, like to this shown
on Fig. 1-c are obtained in limited number of investigations showing that the quan-
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Fig. 1. Different kinds of photosynthetic “light curves’. a—
linear; b — logarithmic and ¢ — “S’-shaped irradiance de-
pendence of photosynthesis.
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tum efficiency under low light intensitiesistending to zero (For areview of the early
investigations see E. Rabinowitch, 1951). Thiskind of curves obtained in green plants
was interpreted by the authors in favour of an assumption about the existence of a
“photic threshold” of photosynthesis. However, this view has not been accepted, and
the results obtained by most authors were in support of the linear character of the
light curves of photosynthesis. Lately, after the postulation of the concept of the pho-
tosynthetic unit, in 1948 Kok discovered that the initial slope of thelight curves, be-
low the light compensation point, is significantly higher and that near this point an
abrupt changein the value of the quantum efficiency of photosynthesis could be ob-
served (Kok, 1948). This observation was called “Kok’s effect” and was explained
with achangein the rate of dark respiration after applying irradiation.

On the other hand, in our preceding investigations (Zeinalov, 1977a, b; Zeinalov
and Maslenkova, 1980, 1996) it was shown that the irradiance dependence of photo-
synthesis under very low irradiance conditions should be a non-linear (“ S’ -shaped)
function. This kind of dependence is a consequence of the photosynthetic oxygen
evolving mechanisms, connected with the non-cooperative (independent) action of
the oxygen evolving centres, according to the model of Kok et al. (1970). It could be
shown that if the centres work independently from each other, for the production of
one O, molecule 4 electrons should be transferred, and if the obtained photoproducts
are unstable in the dark, then under low irradiance conditions (when the capturing
of the light quanta by the centresisrealised after several seconds or even minutes),
the deactivation reactions of the S states will lead to a decrease of the slope of the
irradiance curves, i. e. to the decrease of quantum efficiency (Fig. 1-c).

All preceding investigations on quantum efficiency of photosynthesis, starting
with early experiments of Warburg and Negelein (19223, b) and Emerson and Lewis
(1939, 1941) are performed under low irradiances, even under the light compensa-
tion point, assuming that the photosynthetic “light curves’ are linear and the quan-
tum efficiency of photosynthesisis maximum under these conditions.

However, if the “light curves’ of photosynthesis are non-linear or they are“S’-
shaped, the exact estimation of quantum efficiency requires compensation of theini-
tial non-linear part of the light curves with background light and the calibrated mono-
chromatic light beam, with known photon flux, should be applied after reaching the
region of the middle straight part of the curves. Most likely the increase in quantum
efficiency in the experiments of Vennesland (1966) by second (blue) light beam and
the “enhancement effect” of Emerson (Emerson, 1957) are due to the non-linearity
of the “light curves” under low irradiance conditions.

The aim of this work is to describe a special polarographic oxygen electrode
system, allowing irradiation with background light, and to consider some principal
problems existing in the experiments dealing with the maximum value of photosyn-
thetic quantum efficiency.
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Experimental setup

The block diagram of the used equipment is presented on Fig. 2. Two light beams
obtained from two halogen lamps (100W/15V) (1, 19, two collimators (2, 2¢ and two
interference filters (3, 3¢ are directed to the polarographic cuvette (4). The role of
the collimators is to produce paralel light beams, with homogeneously distributed
light intensity. Two kinds of interferencefilters are used — 650 and 675 nm. The sus-
pension of unicellular algacellsis stirred using amagnetic stirrer (5). Thelight beam
listhe actinic (calibrated) light, photon flux density of which is used for the quan-
tum efficiency determination. It is directed vertically to the top window of the cuvette.
The light beam 1¢(background light source) is directed horizontally to the side win-
dow of the cuvette. This second light beam is used for the compensation of the ini-
tial non-linear part of the photosynthetic “light curves’.

X1

Q[+ j

Fig. 2. Experimental set-up for quantum efficiency investigations. 1 and 1¢— halogen
lamps (100 W/12V); 2 and 2¢— collimators; 3 and 3¢ interferencefilters (650 nm); 4 —
polarographic cuvette with oxygen el ectrode; 5 —magnetic stirrer; 6 — polarograph (OH-
105, Radelkis, Hungary); 7 — IBM compatible computer.

The number of oxygen molecules evolved by the photosynthetic processis estim-
ated using a polarographic oxygen electrode. The construction of the polarographic
cuvetteis presented on Fig. 3. The volume (approximately 20 cmq) of the cuvetteisa
rectangular prism with 3" 3cm bases, fixed by two glass windows, and 2.2 cm altit-
ude. The oxygen electrode is mounted on one of the side walls of the cuvette. The
scheme and the description of the electrodeis presented on Fig. 4. The oxygen elec-
trodeis easily mounted to the side wall of the cuvette after the filling of the cuvette.
A small hole on the top side of the cuvette allows the excess of the suspension to lick
out. The output of the polarograph (OH-101, Radelkis, Hungary) is connected to an
IBM compatible computer using an AD convertor.

After applying 650mV voltage, so that the platinum electrode is made negative
with respect to the silver electrode, the sensitivity of the oxygen electrode is determin-
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Fig. 3. Detailed diagram of the polarographic cuvette.
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Fig. 4. Polarographic oxygen electrode.

ed using distillated water in equilibrium with the air, and equal 0.276 pmol O, in 1 ml
at standard conditions (760 mm Hg and 25°C). Oxygen electrode sensitivity is cal-
culated as:

k=0.276 pmol O,/DI.ml,

where DI is the difference between the polarographic currents (1,—1,), (Fig. 5) ob-
tained after using equilibrated with air water (1), and the same water after addition
of asevera crystals of dithionite (N,S,0,), which consumes all of the oxygen from
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Fig. 5. The calibration record of the polaro-
graphic oxygen electrode. 1, — polarographic
current for distillated water saturated with at-
mospheric oxygen (0.276 pmol O,/ml) and I,
current after addition of the several crystals of
dithionite. Polarograph sensitivity — 107 A/Div.
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water (zero oxygen concentration) — (1).

Calculation of the oxygen evolution rate

could be made using the relation:
P=Kk.DICVH,

where DI ¢isthe change in the amperomet-
ric current after illumination of the sus-
pension for atimet (s), and V (ml) isthe
volume of the cuvette (suspension).
Asanillustration of the equipement is
presented on Fig. 6 (solid curve) changes
in oxygen concentration in suspension of
Scenedesmus acutus cellsin darkness (line
L1), after switching onthetwo light sources
(the background irradiation and the cali-
brated light beam (1,,) — L2, after switch-
ing off the calibrated (I,,) light beam —L3,
and background (lg) irradiation—L4. Line
L5 represents the increase of the oxygen
concentration produced by the calibrated
(Iw) light beam, L6 — after addition of the
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Fig. 6. Changes in the O, concentration in suspension of
Scenedesmus acutus cells after irradiation with the two light beams.
LinesL1, L4 and L7 — reflect the oxygen consumption connected
with dark respiration of the algae cells. Lines L2 and L6 — show the
increase of the O, concentration after irradiation with the two light
beams simultaneously. L3 and L8 the effect of switching the back-
ground (Ig) beam. L5 —the effect of the measuring (1) light beam.
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background (Ig) irradiation, L7 —after switching off thetwo (15 + ;) light beams and
finally L8 — after switching on the background (Ig) light beam.

The straight lines on Fig. 6 are drawn using a specia programme, which allows
the selection of two points (at the beginning and at end of the straigth parts on the curve)
and using the procedure of linear regression are cal cul ated the tangents of the selected
straight lines. A protocol of the obtained results from the data presented on Fig. 6 is
shown below:

Experiment name: Test
Date: 08/07/99
Parameters of measurements:
Number of points averaged = 10

Electrode sensitivity:
Oxygen concentration in water = 0.276 pmol O,/ml
Polarograph sensitivity at calibration = 1.10~" A/Div
Deviation for equilibrated with air and zero oxygen concentration = 63 mm
Polarograph sensitivity at measurement = 1.108 A/Div
K = 1.095.103pumol O,/Div.ml

Tangents of the lines Oxygen evolution rates (umol O,/h)
Linel= -0.492 Line2-Linel= 15.66

Line2= 0.291 Line3-Line2= -9.28

Line3= -0.173 Line4-Line3= -6.50

Line4= -0.498 Line5-Line4= 11.84

Line5= 0.094 Line6-Line5= 5.70

Line6= 0.379 Line7-Line6= -17.46

Line7= -0.494 Line8-Line7= 6.66

Line8= -0.161

Wherethetangentsof lines 1, 4 and 7, respectively -0.492, -0.498 and -0.494 reflect
the rate of cells dark respiration. And:

A. Line2-Linel=15.66pumoal O,/h, isthe O, evolution rate produced by the two
light beams;

B. Line3-Line2=-9.28umol O,/h, isthe O, evolution decrease after switching
off the calibrated light beam;

C. Line4-Line3=-6.50umol O,/h, isthe O, evolution decrease after switching
off the background light beam;

D. Line5-Line4=11.84pumol O,/h, isthe O, evolution rate produced by the cali-
brated light beam (as B);

E. Line6-Line5=5.70umol O,/h, isthe O, evolution rate produced by the back-
ground light beam (as C);
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F. Line7-Line6=-17.46 umol O,/h, isthe O, evolution decrease after switching
off both light beams (as A);

G. Line8-Line7=6.66pmol O,/h, isthe O, evolution rate produced by the back-
ground light beam (as C and E);

Considering the obtained resultsit could be said that the value of dark respirations
remains almost constant while the variation in the values of photosynthetic oxygen
evolution rate exists and an explanation of these deviations will be given in the last
part of the paper where the induction and transient effects are considered.

The determination of the absorbed photon number

The energy distribution of the el ectromagnetic spectrum of the halogen lamp between
400 and 750 nm, using the Spectroradiometer “MACAM” model SR3000A ispresen-
ted on Fig. 7. The number of photons at the monochromatic light beam, obtained by
the 650 nm (Fig. 8) interference filter, is estimated after determination of the energy
of the photon flux. The photon flux density is calculated according to the expression:

Ny (Mol) = Eq (W.cnr?)/ E,,, (J.mol )

where E, istheintegrated energy distribution after the interferencefilter in J.cm2.s?
and E, is the energy of 1mol photons at the same wavelength (18.4.10*J.mol for
the 650 nm light beam).

The construction of the polarographic cuvette allows the determination of the
transmitted (E;) aswell asthereflected part (E,) of theirradiance energy. Thereflected
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Fig. 7. Spectral distribution of the irradiance energy at halogen lamp — 100W/12V.
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Fig. 8. Spectral distribution of the energy after the
650 nm interference filter (solid line) and a Gauss
function approximation (dashed line).

from the top surface of suspension (top window) total irradiance energy (E,) is deter-
mined using the spectrophotometer SF4 (USSR) equipped with an Ulbricht sphere and
this of the transmitted part (E) is determined by the help of calibrated selenium photo-
sensor. Then the number of the absorbed quanta for a second could be obtained us-
ing the relation:

Nfiy (Mol) = Ny, (mol).(Eg - E; - E)/Eq
The second way to estimate the number of absorbed photons is the determina-
tion of the energy of the transmitted light beam with the cuvette filled with nutrition
solution E;, and the energy of the same light beam (Ef with cuvette filled with algae
or chloroplast suspension. Then the number of absorbed light quanta could be calcul at-
ed using the relation:

g, (mol) = (E§- EQ/E,.

Interference of induction and transient phenomena

The investigations of the living systems are connected with some specific problems
asthey are continuously changing systems and simultaneously they are in possession
of highly developed memory, which allows them to keep in mind for along time all
preceding living history. So, theinvestigations of quantum efficiency using unicellular
algae should be done having in mind that the suspension optical density, i. e. their-
radiance absorption property is a variable parameter as the number of the cells and
their dimensions during the experiment time are not constants. Thisimposes the op-
tical parameters (E;, E,, E§and Ef) of the suspensions and the polarographic cuvette
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to be measured before, during and after the experimental procedure connected with
estimation of the functional parameters.

A specia problem represents the so-called induction and transient effects. The
establishment of anew steady state level after an abrupt change of conditions (illumin-
ation, temperature, etc.) in the complex photosynthetic photophysical and photochemi-
cal eventsis connected to some specific transitory phenomena.

Oxygen and fluorescence transitory phenomena became familiar asearly as 1931,
when Kautsky and Hirsh reported about specific and highly reproducible fluorescence
emission intensity changes after light excitation. In 1939 Emerson and L ewis observed
changesin the photosynthetic O, and CO, exchange following the light-dark and dark-
light transients. A considerable number of papersrelated to the subject followed. Nev-
ertheless, many questions about the nature of the induction phenomenaare still open.
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Fig. 9. Oxygen induction curvesin different species and strains of Scenedesmus and
Chlorella. Light period 30s. Dark incubation time 4min. A — Chl. vulgaris, 3.107
A/mm; B — Chl vulgaris, 6.108 Almm; C — Chl. vulgaris; 6.108A/mm; D — Chl.
vulgaris, 8.108 A/mm; E — Chl. vulgaris, 4.108A/mm; F — Sc. acutus, strain llkov
71/10, 1.1077 A/mm; G — Sc. obliquus, strain Lhotsky 1966/7, 2.10~" A/mm; H — Sc.
obliquus strain Lhotsky 1966/7, 8.108 A/mm; | —Sc. obliquus strain Lhotsky 1966/7,
1.107 A/Imm; J — Sc. acutus, strain Tomasealli 8, 2.10~ A/Imm; K — Sc. abondans,
strain Ilkov 15/73, 6.10° A/mm; L — Sc. obliquus, strain 13 (Leningrad), 8.10~°
A/mm; M — Sc. sp., strain Ilkov 10-2/72, 6.108 A/mm; N — Sc. obliquus, strain
Lhotsky 1966/7, 6.10 8 A/mm; O — Sc. acutus, strain llkov 17/72, 3.10~7 A/mm.
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The significant variety of oxygen induction curves observed in different species
and strains of green unicellular algae are shown on Fig. 9. They have been registered
using a polarographic oxygen rate el ectrode, analogous to the el ectrode of Joliot and
Joliot (1968). Aninitial oxygen burst ispresent in all samples. In aconsiderable num-
ber of curvesit isfollowed by a distinct minimum and gradual transition to steady
state level with an obvious slowing down in the increase of oxygen evolution rate
that is expressed as a second minimum. Presumably, the differences observed among
the curves were due not only to certain features characteristic for every species, but
are determined considerably by the different physiological state of algae studied. No
doubt, one and the same environmental conditions (temperature, light, CO, concentra-
tion, etc.) could be optimal or closeto optimal for some of the species and far of op-
timal for the others. Thus, the standardisation of algae growth conditions and oxy-
gen evolution does not mean equal conditions (in the sense of equal optimisation)
for all algae speciesand strains. It must be noted that oxygen induction curves, shown
in Fig. 9, were selected from a great number of experimental curves with the aim to
show the differencesin their character. The data obtained show that induced oxygen
evolution was accompanied by complex kinetic transitions.
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Fig. 10. Emerson transient effect in Chlorella pyrenoidosa. Two light beams are used: a
—30 000 W/m? and b — 100000 W/m?. The consecutive switching on and off of the light
beam b produced the appearance of the transient effect with well expressed oscillations
in the oxygen evolution rate.
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Another type of transient effects are the so-called “Emerson transients” arising
every timewhen theirradiation is submitted to an abrupt change. The results presen-
ted on Fig. 10illustrate thiskind of transients, obtained with a suspension of Chlorella
pyrenoidosa irradiated with two different light beams. It is evident that after the
switching off and on of the second light beam “b” the establishment of a new steady
state level isreached after several seconds (minutes).

The presented results show that the investigations of the action spectra or quan-
tum efficiency spectraand the maximum value of the quantum efficiency of photosyn-
thesisis significantly complicated by the non-linearity of the irradiance curves and
by the existing transient effects. The oxygen induction phenomena presented on the
last two figures explain the variation in the oxygen evol ution rate presented on Fig. 6.
It could be seen that at the beginning of the experiments (Line2—Line1l) the effect of
thetwo light beams (Ig+1,,) on thisfigureis 15.66 pmol O,/h, whileintheend (Line7
— Line 6) thisvalueis 17.46 pmol O,/h. Analogous variations could be seen for the
effect of the separated light beams.
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