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Abstract

Chlorophyll (Chl) a fluorescence measurements are widely used in the study of photosynthesis, and Reto Strasser is
a well-known pioneer in this domain. In 2019, the current authors, together with Vineet Soni, and Neera Bhalla Sarin,
celebrated his 75" birthday. Here, we pay tribute to him on his 82™ birthday through a brief description of the key
results we had obtained with him, over the years, on the understanding and exploitation of the OJIP Chl a fluorescence
transient. The topics of these studies have been quite diverse, from the oxygen clock, the bicarbonate effect in
Photosystem 11, the adaptability of plants to various stress factors, to mathematical modeling of the OJIP phase,
but all based on the application of Chl a fluorescence for the understanding of oxygenic photosynthesis. Additionally,
we have included here a list of the authors who have honored Reto Strasser in Photosynthetica in 2020, along with

references of their papers.
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Prelude

Five years ago, Kalaji and Goltsev (2020) grandly honored
Reto Jorg Strasser in a special issue of Photosynthetica,
featuring ~ 50 papers by ~ 200 authors from ~ 30 countries
(see Appendices | and 2). This was just after 2019, when
Reto was honored in Indore (India) at his 75" birthday;
see Govindjee et al. (2019), where the authors discussed
Reto’s research and presented many of his photographs
with those who had gathered at that conference. Here, we
are honoring Reto Strasser, at his upcoming 82" birthday,
with a brief overview of what we have published with
him, in three different sections, first with Govindjee, then
with Sandra Stirbet, and lastly with Alaka Srivastava, and
each chronologically, all dealing with the basics and the
applications of chlorophyll a fluorescence in understanding
different aspects of oxygenic photosynthesis. In addition,
Reto Strasser has published with a large number of

Highlights

collaborators — not included here (see e.g., https://www.
researchgate.net/profile/Reto-Strasser;  https:/scispace.
com/authors/reto-j-strasser-30pnc43kgl). We have also
included a few photographs — all provided by Ronald
Maldonado Rodriguez, who has also been associated with
Reto for a long time.

Chlorophyll a fluorescence transient: the OJIP
curve and what it means

When dark-adapted cells of cyanobacteria and algae
or leaves of plants are exposed to high-intensity light,
chlorophyll (Chl) a fluorescence begins at the “O” level at
time “zero”, and increases rapidly (within 1 s) to a “peak”
(P), via two intermediate levels J and I (see e.g., Govindjee
1995); then, this fluorescence declines to a terminal level
T with two intermediate levels S and M; further, all
these events are related to the activities of PSII and PSI
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Fig. 1. Left to right: A 1998 photograph of Paulette Kummer,
Reto Strasser, Alexandrina (Sandra) Stirbet, Marie-France
Blanche, and Alaka Srivastava. Source: Ronald M. Rodriguez.

(see e.g., Papageorgiou et al. 2007, Stirbet and Govindjee
2011, Bernat et al. 2018), and ultimately to photosynthesis
performance — an area of research in which Reto Strasser
is the World authority. Here, we honor him, personally,
by summarizing below the work that we did with him
during the early 1990s up to 2015 — mainly on the relation
of the OJIP Chl a fluorescence transient curve to oxygenic
photosynthesis.

Fig. 1 shows a photograph of Reto Strasser with a few
others in his research group, including two of us (Stirbet
and Srivastava) outside the Bioenergetics laboratory of
the University of Geneva, in Jussy-Lullier, Switzerland.

A. Reto Strasser’s research — with Govindjee

During 1991-1992

Govindjee’s research interest had been in understanding
where the “bicarbonate” ion functions in the “light
reactions” of photosynthesis. His data had suggested
that it functions on the electron acceptor side of PSII
(see e.g., a recent perspective: Vinyard and Govindjee
2024), most likely by binding to the D1 protein. Reto
Strasser has been an authority for measuring Chl a
fluorescence transient (the OJIP phase), and Jean David
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Rochaix (in Geneva) was (and is) an authority on the D1
mutants. Thus, Reto and Govindjee collaborated with Jean
David Rochaix using many different D1 mutants available
in Rochaix’s laboratory. Based on their first observations
(Govindjee et al. 1991), herbicide-resistant mutants of
the eukaryotic green alga Chlamydomonas reinhardtii
(altered in specific amino acids in the D1 protein) showed
a differential bicarbonate-reversible formate effect (with
formate displacing bicarbonate), and thus, showing a clear
involvement of the D1 protein in the “bicarbonate” effect.
Further, data on the BR-202 (L275F) mutant suggested
that a significant change in bicarbonate binding must have
occurred in helix V of the D1 protein near histidine, which
is involved in Fe binding — thus, providing a clear idea
that one of the major sites of bicarbonate binding is on
DI in PSII. Lastly, the absence of the formate effect on
a PSlIl-lacking mutant (FuD-7) confirmed the sole
involvement of PSII in the “bicarbonate effect”. Then,
Govindjee et al. (1992) analyzed the Chl a fluorescence
decay to study the electron transfer between the two
plastoquinones of PSII, Qa and Qs, using several herbicide-
resistant mutants of Chlamydomonas reinhardtii.
The electron transfer from Q,~ to Qg in some of the DI
mutants was very little affected compared to the control,
but in other mutants, the forward electron transfer was
altered, showing that the Qg-pocket was significantly
modified by the mutation. The conclusion was that
the amino acid S264 has an important role in the binding
and the function of both plastoquinone and bicarbonate in
PSII. Additionally, after formate treatment, the lifetime of
the forward electron transfer in the QAQg region increased
in the wild type and five of the mutants used, but the
apparent equilibrium of the reaction Qs Qs S QaQs”
decreased, while the addition of bicarbonate reversed all
these effects.

Govindjee’s next two publications with Reto Strasser
were presented at two different international conferences.
Strasser and Govindjee (1991) showed their new data
on the Chl a fluorescence transient, the OJIPT curves,
from both algae and higher plants at a NATO workshop,
held 28 July-3 August 1991, in Crete, Greece. Here,
Chl a fluorescence transients, under different excitation
light intensities, were presented with the “O” level at
20 microseconds, the “J” level at 2 milliseconds, the “T”
level at 30 milliseconds, and the “P” level at 200 to
500 milliseconds under saturating red light from 500 to
600 W m2; we note that the ratio of the “P” to the ”O”
levels was ~ 5, reflecting a very high quantum yield of
photosynthesis. Then, Strasser and Govindjee (1992)
obtained new data on the OJIPT curves from the D1
mutants of the green alga Chlamydomonas reinhardtii and
compared them with those from the thylakoids from the
leaves of Pisum sativum, and these results were presented
at the IX™ International Congress on Photosynthesis,
in Nagoya, Japan, held during 30 August—4 September
1992. Here, intact cells of several herbicide-resistant
mutants of Chlamydomonas reinhardtii, altered in single
amino acids in the D1 protein, were used. The D1 mutants
Ar-207 (F255Y), Br-202 (L275F), and Dr-18 (V2191)
had normal, unchanged OJIP transient, and they all



had an unchanged (0.8-0.9) ratio of the fast to the slow
PSII centers, compared to that from the wild type. Thus,
the Qa/Qg binding pocket(s) were minimally modified.
However, analysis of Chl a fluorescence data on
the Ar-204 (G256D) and DCMU-4 (S264A) mutants led
Strasser and Govindjee to conclude that these mutants
had altered forward electron transfer rates, as well as
an abnormally high ratio (0.6-0.8) of the slow to the fast
PSII centers. Furthermore, removal of bicarbonate, by
the addition of formate, led to an increase in the lifetime
of the forward (Qa to Qg) electron transfer in the wild
type, as well as in the five mutants (used in their study),
with the largest change in the S264A, and the smallest
in the L275F mutant. Importantly, all these effects were
reversed by 20 mM bicarbonate. Further, Strasser and
Govindjee (1992) suggested that the amino acid S264,
but not L275, F255, and V219, plays an important role
in the binding and the function of plastoquinone and
bicarbonate in PSII. These results have had a clear impact
on our understanding of the function of bicarbonate in PSII
(see e.g., Shevela et al. 2012).

In 1995

Since Govindjee had a great time working with Reto
Strasser, he returned to his Laboratory in late 1994. During
this time, he was fortunate to collaborate with Alaka
Srivastava (also see section C), who had come from India
to work in Strasser’s Lab. They had a very productive
time deciphering and understanding the polyphasic Chl a
fluorescence transient, the so-called OJIPSMT curve.
Strasser et al. (1995) measured and presented, for the first
time, on a logarithmic time scale, the complete polyphasic
Chl a fluorescence rise from the leaves of a variety of
oxygenic plants (including Pisum sativum and Camellia
japonica) and cell suspensions of cyanobacteria (e.g.,
Anabaena P9, Planktothrix rubescens, and Limnothrix
redekei) at different light intensities. In this research,
Strasser et al. (1995) established that the O-J phase,
of Chl a fluorescence transient, is the photochemical
phase, involving the reduction of Qa to Qa-, whereas
the intermediate level I is related to a heterogeneity in
the filling up of the plastoquinone (PQ) pool, while the P
level is reached when all the PQ molecules are reduced
to PQH,. Further, it was established here that the addition
of the herbicide 3-(3,4-dichlorophenyl)-1,l-dimethylurea
(DCMU) leads to a transformation of the O—J-I-P rise into
O-J rise, J being the P level. Almost in parallel, Srivastava
et al. (1995a) focused on similar research on the green alga
Chlamydomonas reinhardtii, and Srivastava et al. (1995b)
on the thylakoids from spinach (Spinacea oleracea).

Fig. 2 shows a photograph of Alaka Srivastava in
Reto Strasser’s Bioenergetics laboratory in Switzerland.
(For further research by Alaka in Strasser’s Lab., see
section C.)

In the paper by Srivastava et al. (1995a), the complete
Chl a fluorescence transient curves are presented from
Chlamydomonas and its many herbicide-resistant DI
mutants (V2191, A251V, F255Y, S264A, G256D, and
L275F), as well as from a cell-wall-less mutant, CW-15.

TRIBUTE TO RETO JORG STRASSER

Fig. 2. A 2000 photo of Alaka Srivastava (sitting) in Reto
Strasser’s laboratory in Switzerland; the person standing is
Sophie Susplugas, who was then a student of Reto Strasser.
Source: Ronald M. Rodriguez.

Clear differences were observed among the mutants in
the kinetics of the filling up of the electron acceptor pool
of PSII, but not in the ratio of the “P” level to the “O”
level, which was about 4.4. However, at 600 W m=2 of
650 nm excitation light, there was a distinct hierarchy in
the fraction of variable Chl a fluorescence at the J level
in the different mutants: S264A > A251V ~ G256D >
L275F ~ V2191 > F255Y ~ CW-15 ~ WT. Further, at 60
and 300 W m™ of 650 nm excitation, a somewhat similar
hierarchy among the mutants was observed for both the J
and the I levels. From Govindjee’s interest, the addition
of bicarbonate-reversible inhibitor formate did not change
the O-J phase, but slowed the I-P rise, and in many cases,
slowed the-fluorescence decay from the P level to the T
level. These observations were interpreted to imply that
bicarbonate certainly works on the electron acceptor side
of PSII; however, this effect was different in different
mutants, with L275F being the most insensitive mutant!
Further, in spinach thylakoids, Srivastava et al. (1995b)
made the following new observations concerning changes
in the ratio of active to inactive PSII reaction centers.
By systematically re-investigating this phenomenon —
using different concentrations of dimethyl-quinone
(DMQ) and dichloro-benzoquinone (DCBQ) — in spinach
thylakoids under different light intensities, it was shown
that the DCBQ causes a larger decrease in the variable
Chl a fluorescence than the DMQ, confirming the results
of Lavergne and Leci (1993), and thus sustaining the
conclusion that the effects of DMQ and DCBQ on Chl a
fluorescence cannot be used to distinguish between
the active and the inactive PSII centers. Further, the data
obtained by Srivastava et al. (1995b) confirmed that the
rate of O, evolution is higher in the DCBQ-supported Hill
reaction than in the DMQ-supported one. These results
were explained by a more efficient ability of DCBQ to
oxidize the plastoquinone pool, rather than activating
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the inactive PSII centers. However, all of the above did not
imply that “inactive PSIIs” do not exist.

During 1998-1999

Alaka Srivastava continued working with Reto and
Govindjee during 1998-1999. Govindjee et al. (1998)
presented their findings on the “oxygen clock” as it
“forms” or “evolves” during the greening of pea leaves —
starting from the “etiolated” condition. This was followed
by a detailed paper by Srivastava et al. (1999a), also on
greening peas, where parallel measurements were made
on 77K emission spectra, OJIP fluorescence transients
(see Fig. 3), and period 4 oscillations of the “O” level,
of delayed light emission (DLE), and of changes in PSI
(through P700* measurements).

Quantitative analysis of Chl a fluorescence data
led Srivastava ef al. (1999a) to the following conclusions:
(/) the intermittent irradiation (IMI) grown plants, but
not those grown in flashing light (FL), have almost fully
developed reaction centers, as well as fully functional
oxygen clock; (2) greening of IMI plants, under continuous
illumination (CI), involves two phases: (a) during 3—4 h
of CI, both the number of PSII units and the connectivity
between them increase, and only then (b) the amount of
light-harvesting antenna increase; (3) under FL, 10 min
CI activates fully the “oxygen clock” functioning on
the electron donor side of PSII.

During the late 1990s, Alexandrina (Sandra) Stirbet
joined Reto and Govindjee and began asking questions
about the molecular models involved in the photosynthetic
processes and their regulation (Stirbet er al. 1998a).
[This research by Stirbet continued even in 2024 (see
e.g., Stirbet et al. 2024)]. In Stirbet er al. (1998a),
the experimental Chl a fluorescence transients, measured
on dark-adapted plants illuminated with saturating light,
were simulated through numerical integration using

Fig. 3. Chlorophyll a fluorescence intensity of green pea leaves
at specific time intervals of the OJIP-rise, as a function of
the number of saturating pre-flashes. The leaves were dark-
adapted for 10 min before the onset of the actinic irradiation.
Modified from the original figure in Srivastava et al. (1999a).
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a theoretical model; here, the authors considered, for the
first time, the redox reactions at both the electron acceptor
and the electron donor sides of PSII, as well as the
nonphotochemical quenching (NPQ) of Chl a fluorescence
by the oxidized plastoquinone molecules — present in
the lipid matrix of the thylakoid membrane. During this
research, it was indeed possible to simulate the entire OJIP
phase, including the “dip” (D) between “I” and “P”, that
had been discovered long ago by Munday and Govindjee
(1969).

During 2001-2003

It was in Strasser et al. (2001) that the major goal of
simultaneously measuring PSI (via P700) and of PSII
(via Chl a fluorescence) in sub-ms to second time range
was attempted and presented. This was fully quantified
and analyzed soon thereafter by Schansker et al. (2003)
(see Fig. 4), and it was shown that 820 nm absorption
changes, in Pisum sativum and Camelia sp., measure both
P700 and plastocyanin, in about 1:1 ratio. Thus, additional
measurements and analysis are needed to separate the two
(see e.g., Schreiber and Klughammer 2016).

During 2010-2012

During this period, collaborative research of Strasser and
Govindjee was extended to include work not only in India

Fig. 4. Effect of DCMU [3-(3,4-dichlorophenyl)-1,1'-dimethyl
urea] on the induction curves of chlorophyll @ fluorescence (4)
and the transmission at 820 nm (B) measured simultaneously.
The leaves were dark-adapted for 60 min before the measurements.
Pea leaves were treated by submerging them for 0 (a), 15 (b),
30 (c), or 60 (d) min in a solution of 100 uM DCMU. The level I,
is the transmission level just before the measurement. Modified
from the original figure in Schansker ez al. (2003).



(Yusuf et al. 2010), but in China (Chen ef al. 2012, 2013),
as well as in Eastern Europe (Kalaji ef al. 2012).

Yusuf et al. (2010), working in the laboratory of Neera
Bhalla Sarin at Jawaharlal Nehru University (JNU) in
New Delhi, India, discovered that the overexpression of
gamma-tocopherol methyl transferase gene in transgenic
Brassica juncea plants causes alleviation of various
types of abiotic stress, a remarkable achievement.
(We note that tocopherols, e.g., vitamin E, are indeed
lipid-soluble antioxidants synthesized by plants and
some cyanobacteria.) Further, Yusuf et a/. (2010) found
that in Brassica juncea, not only salt, but heavy metals and
osmotic stress induce an increase in the total tocopherol
contents. Measurements of seed germination, shoot
growth, and leaf disc senescence showed that transgenic
Brassica juncea plants overexpressing a specific gene
have enhanced tolerance to the induced stresses. Further,
in the same research, it was clearly and dramatically
shown that a-tocopherol really plays an important role in
the alleviation of stress induced not only by salt, but by
heavy metals in Brassica juncea.

During a visit of Reto Strasser to China, together
with one of us (Govindjee), it was shown (cf. Chen et al.
2012) that reactive oxygen from chloroplasts contributes
to 3-acetyl-5-isopropyltetramic acid (see Fig. 5) induced
leaf necrosis in Arabidopsis thaliana. All the researchers
had great fun doing the experiments that led to the above
conclusion. Further, Chen er al. (2013) showed that
tenuazonic acid inhibits electron flow by binding to the Qg
site of PSII — just as diuron (DCMU) does!

In addition to all of the above, and collaboration with
Hazem Kalaji (of Poland), Vasilij Goltsev (of Bulgaria),
and Suleyman Allakhverdiev (of Russia), Reto Strasser,
and Govindjee (see Kalaji et al. 2012) contributed to
a major review on all the experimental in vivo light
emission measurements that provided key information
on their usefulness in understanding the function and
the regulation of the overall photosynthetic process.
We note that this review was dedicated to David
Alan Walker (1928-2014), one of the top scientists of
the century (for Walker, see Edwards and Heber 2012).

During 2014-2015

It was for quite a few years that Reto Strasser and Govindjee
did not publish any joint research paper, although they had
continued to be in contact with each other, first through
e-mail and then by telephone. However, they were
coauthors in Kalaji et al. (2014a), which essentially dealt
with the same topic as Kalaji ef al. (2012), mentioned
above. Govindjee’s last research paper with Reto Strasser,
done in Paradha-Saradhi’s research group at the University
of Delhi in New Delhi, India, is by Shabnam et al. (2015);
for Govindjee, this paper was and is great fun, since it dealt
with an area that was new to him — mitochondrial electron
transport! Here, investigations were carried out to unravel
the mechanism(s) for the higher tolerance of floating over
submerged leaves of long-leaf pondweed (Potamogeton
nodosus Poir) against photoinhibition. Chloroplasts from
the floating leaves showed 5- and 6.4-fold higher PSI and
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Fig. 5. Changes, with time, of two parameters of the photo-
synthetic machinery in epidermis-less leaf segments of
Arabidopsis thaliana during treatment with water (CONTROL)
or with 500 mM 3-acetyl-5-isopropyltetramic acid (3-AIPTA).
(4) The maximum yield of primary photochemistry in PSII (¢p,);
(B) relative concentration of the non-Q. reducing centers.
Modified from the original figure in Chen et al. (2012).

PSII activities over those from the submerged leaves.
We note that the floating leaves, as compared to the
submerged leaves, showed higher F,/F, (variable to
maximum chlorophyll fluorescence, a reflection of PSII
efficiency), as well as a higher potential to withstand
photoinhibitory damage by high light. Cells of floating
leaves had not only a higher mitochondria to chloroplast
ratio but also showed many mitochondria in close vicinity of
chloroplasts. These data revealed the presence of alternative
oxidase in mitochondria of floating, but not of submerged,
leaves. Lastly, these experimental results established that
floating leaves possess better photosynthetic efficiency
and capacity to withstand photoinhibition compared to
the submerged leaves; and that mitochondria play a pivotal
role in protecting photosynthetic machinery of floating
leaves against photoinhibition.

B. Reto Strasser’s research — with Alexandrina
(Sandra) Stirbet

During 1995-1996

In 1994, one of us (Sandra Stirbet) joined Reto Strasser’s
Lab in Switzerland from Romania and met him for
the first time on a so-called “open day” of the University of
Geneva. Dr. Strasser was very friendly, and since Sandra
had her PhD in Biophysics, related to photosynthesis,
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he invited her to work in his laboratory as a visiting
scientist. Strasser proposed that she collaborate with him
on “the mathematical modeling of the OJIP fluorescence
transient”, which Sandra Stirbet gladly accepted. Reto
Strasser already had a publication on this topic with Ellen
Baake, which was already presented at the 8™ International
Congress on Photosynthesis in Stockholm, Sweden
(see Baake and Strasser 1990), and was very interested
in continuing this line of work. Stirbet and Strasser
(1995a) published their first modeling results in Archives
de Science Genéve. An improved version of this work was
soon presented at the First International Symposium on
Mathematical Modelling and Simulation in Agriculture
and Bio-Industries (see Stirbet and Strasser 1995b), which
was published, soon thereafter, in a refereed journal
(Stirbet and Strasser 1996). In these studies, they considered
the PSII charge stabilization and the steps involved in
the two-electron-gate process on the (electron) acceptor
side of PSII, at the “core” of two different models —
presented in parallel. In the first model (called the
“individual model”), the two plastoquinones of PSII, Qa
and Qg, were considered as individual entities, while in the
second model (called the “complex model”), Stirbet and
Strasser took into consideration that Q4 and Qg are in a 1:1
stoichiometry in most of the PSII reaction center complexes.
The theoretical value of the variable Chl a fluorescence
intensity at any time was considered to be dependent on
the concentration of Q4-, since the oxidized QA was shown
to be a quencher of the PSII fluorescence (see Duysens
and Sweers 1963; and a review by Stirbet and Govindjee
2012). The dynamic data for both models were obtained
with the simulation software Gepasi (Mendes 1993).
As input parameters, Stirbet and Strasser (1996) used
the initial concentrations of reactants and the rate constants
of the redox reactions, as reported in the literature.
However, to delay the reduction of the PQ pool, they
introduced an additional reaction, in which PSII centers
with Qg™ are also reoxidized by another possible
mechanism. The OJIP transients of Chl a fluorescence were
simulated assuming different numbers of plastoquinone
(PQ) molecules in the PQ pool, as well as by considering
several experimental conditions: (/) variation of light
intensity; (2) DCMU treatment; and (3) re-exposure of
samples illuminated for 1 s after defined short periods
of darkness. The theoretical curves obtained with these
two models showed remarkable similarities with the
experimental data. The variable Chl a fluorescence was
shown to be mostly due to the gradual accumulation of Q4™
In later work (see below), Stirbet and Strasser used only
models in which Q and Qg interacted stoichiometrically
(i.e., the “complex model”) for the simulation of the OJIP
transient, but without the hypothetical Qg™ reoxidation
reaction. However, we note that later, Zhu et a/. (2005) and
Guo and Tan (2011) have used the “individual model” for
the simulation of the OJIP fluorescence curve. Moreover,
the Qg™ reoxidation has also been suggested to be involved
by others (see e.g., Ananyev et al. 2016, and Zournas
et al. 2023), who have suggested partitioning between
the linear and the cyclic electron flow around PSII,
as a way to control the quantum yield of oxygen evolution.
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Further, in 1995, Stirbet with Strasser presented
a still newer model of the fast Chl @ fluorescence
induction at the X" International Photosynthesis Congress
in Montpellier, France, 20-25 August 1995 (Stirbet
et al. 1995). Compared to Stirbet and Strasser (1995a,b),
here, they had additionally assumed that: (i) the rate
of Qa reduction is higher in the S, and S; than in S,
and S; states of the oxygen-evolving complex of PSII;
(i1) the connectivity between the PSII units influences
the OJIP Chl a fluorescence rise; and (iii) the oxidized
PQ molecules in the PQ pool are quenchers of Chl a
fluorescence. These simulations showed, e.g., that the dip
D after the I step in the fluorescence transient (see Munday
and Govindjee 1969) becomes deeper as the rate constant
of PQ pool oxidation increases (i.e., the PSI activity is
enhanced). Since this model was updated by Stirbet et al.
(1998a), we present further results of these simulations
below.

During 1997-2001

The next modeling study, by Stirbet and Strasser, was
first presented at the 2" International Symposium on
“Mathematical Modelling and Simulation in Agriculture
and Bio-Industries” (M2SABI'97) in Budapest, Hungary,
in 1997, and subsequently published in refereed journals
(see Strasser and Stirbet 1997, 1998). Here, these authors
compared the simulated OJIP curves calculated assuming
homogeneous and heterogeneous PSII populations. Since
the PSII population in vivo is heterogeneous concerning
antenna size, the connectivity parameter, electron transport
activity, and component localization (see e.g., Govindjee
1990), the comparison is relevant. For the heterogeneous
PSII population, Stirbet and Strasser considered a mixed
population of 60% PSIla and 40% PSIIB, and the presence
of 5-20% of non-Qg active centers. For the non-Qg active
centers, these authors envisaged that the centers are
either unconnected PSIIP type or connected PSIla type.
In this work, they used for the integration not only
Gepasi 3 (see Mendes 1997), but also SIMetrix 1.1
(see https://www.simetrix.co.uk/), which is a mixed-mode
circuit simulator. The results of these simulations showed
that systems with heterogeneous antenna size and
connectivity can be acceptably simulated by assuming
a homogeneous population of PSII centers with average
values for antenna size and the connectivity constant C.
However, it was also shown that this is not possible if
non-Qg active centers are also present in the system.

As mentioned earlier in section A (above), Stirbet ef al.
(1998a) have presented results obtained with a model in
which they had considered, for the first time, the redox
reactions on both the acceptor and the donor sides of PSII,
and the nonphotochemical quenching (NPQ) of the excited
state of Chl a by the oxidized plastoquinone molecules from
the PQ pool in the lipid matrix of the thylakoid membrane.
It was shown that different patterns of Chl a fluorescence
rise kinetics can be simulated by varying the initial Qg:Qg"
ratio, the ratio between the initial states of the oxygen-
evolving complex (i.e., Si:Sp) (see Fig. 6), the number
of plastoquinone molecules in the PQ pool, the NPQ of
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Fig. 6. Simulated relative Chl a fluorescence induction curves (V/Vma) — for photosynthetic systems in dark-adapted conditions.
Curves A-D are for different values of initial S;:Sy and Qg:Qg™ ratios, where: S, and S, are the first two redox states of the oxygen-
evolving complex of PSII; and Qg is the second bound plastoquinone of PSII. Modified from the original figure in Stirbet ez al. (1998a).

Chl fluorescence by the oxidized PQ pool molecules, and
the connectivity constant between the PSII units. These
results showed, e.g., that: (i) different number(s) of
PQ molecules in the PQ pool modify especially the I-P
phase of the Chl fluorescence transient; (ii) the NPQ of
Chl fluorescence by the PQ pool affects, in particular,
the I step of the normalized OJIP transient, decreasing its
value; (iii) PSII connectivity influences photosynthesis
both quantitatively (by enhancing the electron transport)
and qualitatively (by increasing its stability). Regarding
the dip (D) after the I step in the fluorescence transient,
which was mentioned earlier, these new simulations
showed that it is more pronounced not only when
the relative activity of PSI is increased, but also, when
the connectivity parameter C is higher, the initial Qs/Qg"
ratio is close to 0.5:0.5 (see Fig. 6D), the number of PQ
molecules in the PQ pool is higher, or when the initial
number of oxidized PQ molecules in the PQ pool is on
the high side.

Then, Stirbet and Strasser (1998) wrote a review on all
their earlier modeling results. This was followed by three
new studies in collaboration with two mathematicians
from the Interdisciplinary Center for Scientific Computing
in Heidelberg, Germany (Rosenau et al. 1998, Stirbet et al.
1999, 2001). In these publications, the software package
PARFIT (see Bock 1981) was used to fit the experimental
OJIP fluorescence curves with the model presented in
Stirbet ef al. (1998a), and to compare the fitted parameters
with those cited in the literature. The results showed
that the fittings of the OJIP curves were very good,
but the estimated parameters matched only partially
the values found in the literature. Moreover, there is also
a similar issue in the paper by Strasser and Stirbet (2001),
where the data were simulated and fitted with PARFIT —
an experimental OJIP rise curve with a simple TEG-based
model, but considering three different PSII redox states
that contribute to the Chl a fluorescence signal. We note
that the experimental OJIP curve was fitted quite well
by all the models, but the kinetics parameters of the PSII
redox states were different in each case. Further, Strasser
and Stirbet (2001) concluded that overparametrized
models cannot be validated by fitting one experimental

curve, and other approaches must be used to reach
firm conclusions. It should also be noted that later,
the simulation of the OJIP transient was much improved
by considering not only the PSII reactions in the model,
but the entire linear electron transport (see e.g., Lazar
2009). However, many of the results obtained with models
based on PSII reactions remain qualitatively valuable.

Lastly, during the period of collaboration of one
of us (Sandra Stirbet) with Reto Strasser, he was
also working with his research group on how to use
the OJIP fluorescence data to obtain an original set of
fluorescence parameters that can be used to characterize
the PSII activity, which he called the “JIP-test” (Strasser
and Strasser 1995). Stirbet er al. (1998b) presented
a new method to estimate the energetic connectivity
of PSII centers in plants, by establishing an original
formula, based on fluorescence data from the OJIP curve
(see Fig. 7), which was then added to the JIP-test
(see also Strasser and Stirbet 1999, 2000, 2001).
As an example, they calculated the connectivity constant
(p) among the PSII units for normal as well as for
DCMU-treated pea leaves, and obtained for both
cases very close values: peonror = 0.25 and ppemu = 0.26.
For earlier work of Reto Strasser on PSII connectivity,
see e.g., Strasser (1978, 1981), and for a review on this
topic discussing his contributions, see Stirbet (2013).
Later, this method was revisited by Strasser et al. (2000,
2004) (see section C below — for Strasser’s work with
Alaka Srivastava). Furthermore, the JIP-test has been
extended to include also properties of PSI electron
transport (Tsimilli-Michael and Strasser 2008), and
today it is a very popular tool for the exploitation
and understanding of Chl a fluorescence measurements
(see e.g., Tsimilli-Michael 2020).

C. Reto Strasser’s research — with Alaka
Srivastava

One of us (Alaka Srivastava) came to Switzerland in 1992
and met, for the first time, Reto Strasser at the University
of Geneva. He showed a lot of interest in Alaka’s earlier
work done at the University of California in Los Angeles
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Fig. 7. Chlorophyll a fluorescence rise normalized to the initial
fluorescence (F/Fo), of a pea leaf (solid curve, #1), and
a DCMU-treated pea leaf (dashed curve, #2). Inset: curve
W = (F;— Fo)/(F;— Fo): the normalized O-J part of the F; curve in
the control pea leaf, presented until 0.4 ms only, on a linear time
scale; curve We: theoretical exponential curve, corresponding to
an unconnected system; We™: the intersection point of the curves
W and W (common point); curve #10(Wg — W): the difference
(Wg — W) multiplied 10 times, which shows that the O-J part
of curve [ is sigmoidal, and thus, the PSII units in the pea leaf
are energetically connected. Modified from the original figure in
Stirbet et al. (1998b).

(UCLA), where she had been investigating the influence
of chlorophyll on the stomatal movement, and offered
her a position in his laboratory. During the eight years
of work with Reto Strasser, Alaka’s research had been
related to the adaptability of plants to light, heat, and water
stress, and all was by using Chl a fluorescence as a major
investigating tool. She, indeed, had a very productive
career in Strasser’s laboratory, as she published ~ 20
refereed journal papers, 6 book chapters, and more than
a dozen papers in the proceedings of several national and
international conferences.

During 1995-1996

In Reto’s laboratory, Alaka Srivastava (Alaka S) also had
the pleasure to meet and work with Govindjee (one of
the coauthors of this tribute to Reto Strasser), also a well-
recognized senior leader on Chl fluorescence research,
according to her. In Strasser et al. (1995), in which
Govindjee was a coauthor, Alaka S used a new shutter-
less system (Plant Efficiency Analyzer, Hansatech, UK),
which allows fluorescence data accumulation over several
orders of magnitude of time (40 ps to 120 s). In this work,
the authors studied the complete polyphasic fluorescence
rise for a variety of oxygenic plants and cyanobacteria at
different light intensities. They concluded that “watching
these fluorescence signals of photosynthetic organisms in
physiological conditions is like listening to the stethoscope
by medical doctors”. For further discussion of this paper,
and two others (Srivastava et al. 1995a,b), see above
(section A).
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In the paper by Guissé er al. (1995), the effect of
high temperature (above 44°C) on the OJIP fluorescence
transient was examined in the leaves of both potatoes and
peas; it was observed that the variable Chl a fluorescence
was not only dramatically quenched under this treatment,
but a new rapid step, that was called the “K-step”, had
appeared between ~ 200 to 300 ps of illumination. After
prolonged heat treatment, this K-step became a dominant
peak in the Chl a fluorescence transient, followed by
a big dip, and then by an increase in the Chl a fluorescence
intensity. After studying the effects of DCMU (an inhibitor
of electron flow) and NH,OH (a PSII electron donor),
the authors concluded that the K-step is due to a severe
inhibition of the water-splitting system (i.e., the electron
donor side of PSII).

In addition to the above, in Reto Strasser’s Lab,
Alaka S made investigations on the response of
photosynthetic organisms to environmental abiotic stress,
by using Chl a fluorescence induction measurements.
For example, Srivastava et al. (1995c) measured both
direct and modulated Chl a fluorescence in leaves
of higher plants adapted to different light intensities,
as well as, in parallel, changes in P700 (PSI reaction
center). It was found that all the leaf samples exhibited
an optimum curve for the steady-state Chl a fluorescence
yield (F;) vs. the light intensity, and the optimum level of F
was always at a moderate light intensity, which, however,
differed from species to species, or even from one sample
to another. Further, the fraction of open RCs decreased
with increasing light intensity, while the fraction of closed
RCs increased. Moreover, both the maximum quantum
efficiency (®r,) and the actual quantum efficiency (®p) of
photosynthesis decreased with increasing light intensity.
Since the optimum level of F; was observed when
the fraction of the closed RCs of each sample was about
0.2, the authors (Strasser, Alaka S, and others) concluded
that there is a common quenching mechanism which
determines the Chl @ fluorescence properties under
steady-state condition; this also explains why the Chl a
fluorescence yield, under steady-state conditions, can
increase or decrease upon increase of the actinic light.

Furthermore, Srivastava and Strasser (1995, 1996)
studied pea plants subjected not only to light, but to heat
and water stress. It was found that high temperatures
(> 40°C) exacerbate the damage in PSII under high-light
conditions. However, it was observed that low light acts as
an efficient “protector” against PSII inactivation by heat.
Indeed, leaves kept at a moderately elevated temperature
(30°C) and illuminated with low light (30 W m?) before
exposure to higher temperatures, had their thermotolerance
increased by more than 5 to 10°C. Moreover, the stability
of PSII against high heat was found to increase strongly
in water-stressed leaf discs. A comparable behavior
has not yet been found in unicellular organisms. These
results, obtained under the leadership of Reto Strasser,
demonstrate an antagonism between different abiotic
stresses (heat, light, water deficit) and show that there is
an adaptive mechanism of land plants to protect themselves
against strong light and high temperature during usual
changes in the diurnal cycle. We note that, in a recent study



on the effects of high light stress on lettuce plants exposed
to a moderately low temperature (13°C) or the growth
temperature (23°C), the same type of behavior has been
observed (see Lempidinen ef al. 2025).

In addition to the above, one of us (Alaka Srivastava)
has also coauthored a review on light stress in plants
(Strasser et al. 1996) and five other presentations in
the Proceedings of the X" International Photosynthesis
Congress in Montpellier, France, held in 1995.

During 1997-1998

Srivastava and Strasser (1997) reviewed different
constructive and destructive aspects of light stress in land
and aquatic plants, while Srivastava ef al. (1997) updated
an earlier study on heat stress of plants (see Guissé et al.
1995; and Fig. 8). From these new data, these authors
proposed that the appearance of the K-step is due to
two reasons: (i) inhibition of the water-splitting system,
which leads to a much slower turnover of Qa reduction;
and, (ii) changes in the architecture of the PSII antenna
that affect the energy migration properties within
the photosynthetic unit. Thus, the K-step can be seen as
an indicator of the heterogeneity of PSII units.

In 1998, Alaka Srivastava coauthored with Reto
Strasser five presentations published in the Proceedings
of the XI" International Congress on Photosynthesis in
Budapest, Hungary, as well as a paper (Srivastava et al.
1998) on the action of the allelochemical, fischerellin A
(FS) on PSII, where they used the fast Chl a fluorescence
transient to study the effects of FS on diverse photosynthetic
samples (i.e., cyanobacterium Anabaena P9, cells of green
alga Chlamydomonas reinhardtii, pea leaves, and spinach
thylakoid membranes). It was found that FS acts on several
sites of PSII, with increasing half-time of interaction,
in the sequence (i) the rate constant of Q4 reoxidation;
(i1) the primary PSII photochemistry; (iii) inactivation of
PSII reaction center; and (iv) segregation of individual
units from grouped units.

During 1999-2000

During this period, Srivastava et al. (1999a) studied
the process of greening in pea plants, as mentioned in
section A (see above). In addition, two more papers were
published — in collaboration with Alberto Darszon from
Mexico (Srivastava et al. 1999b,c). Srivastava et al.
(1999b) analyzed the influence of water on the stability
and the activity of photosynthetic complexes, membranes,
and cells in apolar systems. Further, Srivastava et al.
(1999¢) described the role of water on the photochemical
activities of membrane protein complexes obtained from
the purple bacterium Rhodospirillum rubrum, as measured
by using bacteriochlorophyll (BChl) fluorescence changes.
These results clearly demonstrate that the amount
and the physical state of water determine the primary
photosynthetic activity in these photosynthetic systems.
Besides the papers cited above, Strasser ef al.
(1999) published a review on screening the vitality and
photosynthetic activity of plants by Chl a fluorescence

TRIBUTE TO RETO JORG STRASSER

Fig. 8. Temperature dependence of the appearance of the K-step
in chlorophyll @ fluorescence induction curves of pea leaf
discs. The samples were heated at the indicated temperatures
for 5 min and readapted for room temperature for 10 s before
the measurements. Modified from the original figure in Srivastava
etal. (1997).

transient, and Srivastava and Strasser (1999) reviewed
the survival strategies that plants adopt to cope with
the stress of daily atmospheric changes. Further, Strasser
et al. (1999) presented in detail the JIP-test, with additional
theoretical explanations, and with several supplementary
parameters, such as the performance index Plags, which
is a combination of three independent JIP parameters:
(i) RC/ABS, the number of active PSII reaction centers
per light absorption; (ii) @r., the maximum quantum yield
of PSII photochemistry; and (iii) ye,, the probability that
an exciton trapped by PSII can move an electron beyond
Qa. We note that Strasser et al. (2000) also published
a comprehensive review on the so-called JIP-test.

In addition to the above, together with others in
Strasser’s Lab, one of us (Alaka S) studied changes
in the photosynthetic activities during several stages of
the vegetative growth of Spirodela polyrhiza, under
chromate (Cr,O,72) stress (see Susplugas et al. 2000).
We note that although the fresh green fronds have a normal
Chl a fluorescence transient, i.e., the OJIP phase, but
the mother fronds, that carry turions, show an additional K
step (see an earlier paper by Guissé et al. 1995), suggesting
a limitation in the function of the water-splitting system.
Furthermore, the photosynthetic performance index
of turions was more than 46% lower under chromate
treatment than that of fresh green plants, showing that
the overall photosynthetic efficiency of PSII and PSI of
green fronds decreases after this treatment.

During 2001-2004
Even after one of us (Alaka S) left Geneva in 2000, her

collaboration with Reto Strasser continued for a few
more years, on topics that were interesting to her. For
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Fig. 9. NaCl effect on the chlorophyll a fluorescence induction
kinetics of Brassica seedlings. Six-day-old seedlings were treated
with NaCl solutions of different concentrations, and fluorescence
measurements were made after three days. Modified from
the original figure in Misra et al. (2001).

example, the two published a review on biomolecules in
reverse micelles (Srivastava and Strasser 2001). Further,
in Appenroth et al. (2001), they continued their study on
the chromate stress effects on the growth of Spirodela
polyrhiza. After the chromate treatment of the plants, they
observed a partial loss of photosynthetic pigments and
a decrease in O, evolution, in a dose-dependent manner.
However, these authors also noticed that the chromate
sensitivity varies within plant populations. Moreover,
the analysis with the JIP-test of the fast Chl a fluorescence
transients indicated that the chromate treatment damages
the oxygen-evolving complex and decreases the number
of active PSII reaction centers, which leads to a decrease
in the quantum yield of PSII photochemistry and a lower
performance index. Further, Misra ef al. (2001) published
on the salt/ion sensitivity of mung bean and brassica
seedlings. For this, plant seedlings were treated with NaCl
and KCl alone (see Fig. 9), or in combination with CaCl,,
Na,SO,, or K>SO, Compared with the control, the salt/
ion treatments showed large effects on the OJIP kinetics.
An analysis with the JIP-test of these experimental
curves suggests that the most prominent difference in
the sensitivity of a system or genotype to different salts or
ions is due to changes in the number of active PSII reaction
centers per leaf cross-section (RCo/CSy). Then, in another
paper, in collaboration with Prasanna Mohanty’s group
(in India), Strasser’s research team studied the senescence-
induced alterations of the PSII functions in Cucumis
sativus (see Prakash et al. 2003). Here, too, the analysis of
OJIP transients with Strasser’s JIP-test has been a valuable
tool in terms of measuring photosynthetic activities and
different types of PSII heterogeneity.

In addition to all of the above, Alaka S was also
a coauthor in Schansker et al. (2003), which is, in our
opinion, an important paper on the characterization of
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Fig. 10. A 2024 photograph of Reto Strasser (on the leff) and
Ronald Rodriguez. Source: Ronald M. Rodriguez.

the 820-nm transmission signal paralleling the OJIP
fluorescence rise in pea leaves (discussed above in
section A). And finally, Alaka’s last publication with Reto
Strasser was a detailed review on the JIP test (see Strasser
et al. 2004); this continues to be extensively used as
a sensitive tool to investigate the “health” of photosynthetic
samples in vivo, especially under stress conditions
(see e.g., Stirbet and Govindjee 2011, Kalaji et al.
2014a,b; 2017; Goltsev et al. 2016, Stirbet et al. 2018,
Tsimilli-Michael 2020).

Concluding remarks

With the current paper, we honor respected Reto J. Strasser
on his upcoming birthday. We wish him the best. We note
that Reto Strasser was also honored, just a few years ago,
by Da Silva Pontes et al. (2019), for 40 years of his theory
on energy fluxes in photosynthesis (see e.g., Strasser
1978, Tsimilli-Michael and Strasser 2013). Fig. 10 shows
a2024 photograph of Reto Strasser with Ronald Rodriguez,
coauthor of Da Silva Pontes et al. (2019).
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Appendix 1. List of names of scientists who honored Reto
Jorg Strasser in “Photosynthetica” in 2020 (prepared by
G. Govindjee, and checked by Ivana Stétinova and Vasilij
Goltsev). This list contains almost 230 scientists from 33
countries; the special issue (in honor of R.J. Strasser) was
organized and edited by Hazem M. Kalaji (from Poland)
and by Vasilij Goltsev (from Bulgaria); it included 43
papers (see Appendix 2).
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