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Abstract. The variable chlorophyll (Chl) a fluorescence yield is
related to the photochemical activity of photosystem II (PS II) of the
oxygen evolving organisms. The kinetics of the fluorescence rise from the
minimal yield Fo to the maximal yield Fm is a monitor of the accumulation
of net reduced Qa with time in both active (Qb-containing) and inactive
(non-Qb) PS II centers. The measurements of true Fo and that of the
complete fluorescence transient from true Fo to Fm are useful in obtaining
a kinetic picture of PS II activity. Using a shutter-less system (Plant
Efficiency Analyzer, Hansatech, UK) that is capable of providing the first
measured point at about 20 microseconds and that allows data accumulation
over several orders of magnitude of time, we have measured the complete
fluorescence transient in low and moderate (up to 700 W m °) light

"intensities in several photosynthetic systems (higher plant leaves and
chloroplasts; and the cell suspensions of green alga Chlamydomonas
reinhardtii and several of its herbicide-resistant mutants, altered in
single amino acids in its D1 protein). In all cases, the fluorescence
transient follows a regular pattern of O-J-I-P--T, where two intermediate
inflections J (at about 2 ms) and I (at about 20 ms) appear between Fo and
Fm levels. Furthermore, the ratio of Fm to Fo is about $§ in all cases and
the lowered published ratio in several cases is suggested to be due to the
J level being mistaken for Fo. We also present data on the effects of
varying the dark times between preillumination and measurements of the
transient, on the intensity dependence, and on the effect of the addition
of diuron. The relationship of the 0-J rise to the fast fluorescence rise
observed by other investigators will also be discussed.

Chlorophyll (Chl) a fluorescence transients provide information on
the photochemical legﬁggiency of “photosystem II (PS II) of the oxygen
evolving organisms '’7'. Fo (or the O level) level is the "instanta-
neous” low fluorescence when photochemical efficiency is maximal; here,
the concentration of the electron acceptor Qa is maximal. Measurement of
true Fo level is not a trivial problem in instruments that use camera
shutters. Most mechanical shutters have a full opening time of one or more
ms. On the other hand, light emitting diode has the advantage that no
shutter is needed and the time resolution can be as short as 500 ns.

With a new commercial instrument (Plant Efficiency Analyzer,
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Hansatech, UK) Chl a fluorescence transient was recorded in a time span
ranging from 20 microseconds to 20 minutes. The data was then plotted on a
logarithmic scale covering 6 orders of magnitude. All photosynthetic
samples tested showed a typical transient from the "0" to the "P" level
with two intermediate inflections that we call J and I, respectively Thus
the regular transient is OJIP, not simply OIP.

Under moderate light intensities (200-700 W m-z), the first rise from
O to J is highly sigmoidal and levels off at about 2 ms, the time at which
most camera shutters open. However, the 1 phase levels at about 20 ms, and
the peak P at about 200 ms (the times being dependent upon 1light
intensities). Fig. 1A shows our data for pea leaves on a log scale, and
fig. 1B,C shows data on two linear time scales. A preillumination of 1 s
followed by 5 s darkness before the onset of the continuous exciting light
shows an increased Fo and a much faster fluorescence rise to the J level
followed by a distinct decline and then an increase to the P level. After
several minutes in light, the fluorescence reaches the terminal level T.
Interrupting the light for 2 s after T reveals the absence of variable
fluorescence in this state.

In the green alga Chlamydomonas reinhardtii, that had been measured
by instruments with camera shuttters to have hight Fo (indicated as F at 4
ms) 'yields (see e.g.” ), our experiments show that both the wild type and
the herbicide-resistant D1 mutant DCMU-4 (S264A) had high variable
fluorescence; the ratio of Fm to true Fo was 5 as in leaves and
chloroplasts (fig. 2). In S264A mutant, there is a rapid Fo to J rise. It
appears that instruments using camera shutters often mistake J level to be
true Fo level unless "0" level is marked by calculation from measurements
at low light intensities.
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Fig. 1. OJIP--T Chlorophyll a fluorescence transient of an attached pea
leaf, excited with red (650nm) LED’s giving an intensity of 650 Wm , are
shown on a logarithmic (A) or on a linear (B,C) time scale. Fig. 1A middle
curve and Fig. 1B and 1C were plotted from the same data points of a dark
adapted sample. Fig 1A upper curve shows a dark adapted sample which was
preilluminated for 1s followed by 5s dark before the onset of continuous
light. Fig. 1A lower curve shows the fluorescence trace when the light in

the steady state T was turned off for 2s.
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Fig. 2. OJIP Chlorophyll a fluorescence transient of Chlamydomonas
reinhardtii (wild-type wt) and the herbicide-resistant D1 mutant DCMU-4
(S264A).

To gain an insight into the dynamics of the O0-J-1-P transient in pea
leaves, three sets of experiments were performed: (1) a preillumination
(the same as measuring light) of 1 s was given to dark-adapted pea leaves
followed by a variable dark time before the transients were measured; (2)
after the pea leaves were adapted to continuocus light (several minutes)
and the fluorescence had reached the terminal level T, a variable dark
time was given before a succeeding set of transients were measured; and
(3) fluorescence transients were measured in dark-adapted leaves upon
excitation with different light intensities. Our results showed that the
first O to J phase is very sensitive to preillumination and to the dark
time between preillumination and measurements, whereas the slower I to P
phase was not. On the other hand, in the light-adapted state, the fast 0J
rise is regenerated in one or two minutes dark, whereas the P level
required about 20 minutes. Furthermore, the J level requires much higher
light intensities than the P level to saturate. As expected, the addition
of diuron, that blocks electron flow beyond Qa, provoked a fast
fluorescence rise from the O to the J level. Studies on the heterQéFnelty
of photosynthetic units have been reported earlier by one of us on
fluorescence transient curves in the presence of diuron. They can be
deconvoluted in two exponential and one hyperbolic functions. According to
the grouping (cooperativity) concept =, these fluorescence kinetics were
attributed to big (with LHCII's), small (without LHCII's) and grouped
{with cooperativity) PSU’'s.

The O to J rise measured here at moderate light intensities is
obviously related to the fast fluorescence rise measured at high 1light
intensities by the use of specialized methods to get a shutter opening
time in us range '’  or using, like we do, a shutterless system and fast
date acquisition®™. By the use of modulated fluorescence methods the
appearence of a new peak in the fluorescence transient has been
reported ’ and called I1. However, no true kinetics of the O0OIi phase
has been measured and this I1 appeared as a peak only at extremely high
light intensities (up to about 15.000 W m °), whereas in our experiments a
short preillumination of moderate light (e.g. 1s and 300-600 W m ") was
enough to create the OJ phase as a peak as high as the peak fluorescence
P. Further research is needed to correlate the 0I1 phase of high light
conditions to the regular OJIP-transient seen in all analyzed plants.

In conclusion, the method used in the current study, that allows the

measurement of the complete transient from the O level to the T level over
several orders of time scale from microseconds to minutes, provides the
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measurement of the true Fo level and the kinetics of all the transient
changes (0JIP) in moderate light intensities. We can see the entire
0JIDP--T-transient at one look when plotted on a logarithmic time scale.
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the Chlamydomonas cells. '

References

1. C. Papageorgiou, Chlorophyll fluorescence: an intrinsic probe of
photosynthesis, in: "Bioenergetics of Photosynthesis", Govind jee,
ed., Academic Press, New York, 320 (1975).

2. J. Lavorel and A.-L. Etienne, In vivo chlorophyll fluorescence,
Topics in Photosynthesis 2:203 (1977).
3. Govind jee and K. Satoh, Fluorescence properties of chlorophyll b and

chlorophyll ¢ containing algae, in: "Light Emission by Plants
and Bacteria", Govindjee, J. Amesz and D.C. Fork, ed., Academic
Press, New York, 497 (1986).

4. G.H. Krause, and E. Weis, Chlorophyll fluorescence and photo-
synthesis: the basics, Ann. Rev. Plant Physiol. Plant Mol. Biol.
42:313 (1991).

S. Govindjee, B. Schwarz, J.-D. Rochaix, and R.J. Strasser, The
herbicide-resistant D1 mutant L275F of Chlamydomonas reinhardtii
fails to show the bicarbonate-reversible formate effect on
chlorophyll a fluorescence transients, Photosynth. Res. 27:199
(1991).

6. P. Morin, Etude des cinétiques de fluorescence de la chlorophylle in
vivo dans les premiers instants qui suivent le début de 1’illumi-
nation, J. Chim. Phys. 671:674 (1964).

7. A. Joliot and P. Joliot, Etude cinétique de la réaction photochimique
libérant 1’oxygéne au cours de la photosynthése, C.R. Acad. Sc.
Paris 258:4622 (1964).

8. R. Delosme, Etude de 1’induction de fluorescence des algues vertes et
des chloroplastes au début d’une illumination intense, Biochim
Biophys. Acta 143:108 (1967).

9. B. Genty, J. Harbinson, J.-M. Briantais and N.R. Baker, The
relationship between non-photochemical quenching of chlorophyll
fluorescence and the rate of photosystem 2 photochemistry in
leaves, Photosynth. Res. 25:249 (1990).

10. C. Neubauer, and U. Schreiber, The polyphasic rise of chlorophyll
fluorescence upon onset of strong continuous illumination: I.
Saturation characteristics and partial control by the photosystem
11 acceptor side, Z. Naturforsch. 42c:1246 (1987).

11. U. Schreiber and C. Neubauer, The polyphasic rise of chlorophyll
fluorescence wupon onset of strong continuous illumination: 1I.
Partial control by the photosystem Il donor side and possible ways
of interpretation, Z. Naturforsch. 42c:1255 (1987).

12. R.J. Strasser and H. Greppin, Primary reactions of photochemistry in
higher plants, in: "Photosynthesis III. Structure and Molecular
Organisation of the Photosynthetic Apparatus", G. Akoyunoglou,
ed., Balaban Internat. Science Serv., Philadelphia, 717 (1981).

13. R.J. Strasser, The grouping model of plant photosynthesis: hetero-
geneity of photosynthetic units in thylakoids, in: "Photosyn-
thesis IIl. Structure and Molecular Organisation of the Photosyn-
thetic Apparatus", G. Akoyunoglou, ed., Balaban Internat. Science
Serv., Philadelphia, 727 (1981).

14. R.J. Strasser, The grouping model of plant photosynthesis, in:

Chloroplast Development, G. Akoyunoglou et al., ed., Biomedical

Press, Elsevier/North Holland, 513 (1978).

426



