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Abstract

Photosynthesis, as one of the most important chemical reactions, has powered our planet for over four billion years on a
massive scale. This review summarizes and highlights the major contributions of Govindjee from fundamentals to applica-
tions in photosynthesis. His research included primary photochemistry measurements, in the picosecond time scale, in both
Photosystem I and II and electron transport leading to NADP reduction, using two light reactions. He was the first to sug-
gest the existence of Pgg, the reaction center of PSII, and to prove that it was not an artefact of Chlorophyll a fluorescence.
For most photobiologists, Govindjee is best known for successfully exploiting Chlorophyll a fluorescence to understand
the various steps in photosynthesis as well as to predict plant productivity. His contribution in resolving the controversy on
minimum number of quanta in favor of 8—12 vs 3—4, needed for the evolution of one molecule of oxygen, is a milestone in
the area of photosynthesis research. Furthermore, together with Don DeVault, he is the first to provide the correct theory
of thermoluminescence in photosynthetic systems. His research productivity is very high: ~600 published articles and total
citations above 27,000 with an h-index of 82. He is a recipient of numerous awards and honors including a 2022: Lifetime
Achievement Award of the International Society of Photosynthesis Research. We hope that the retrospective of Govindjee
described in this work will inspire and stimulate the readers to continue probing the photosynthetic apparatuses with new
discoveries and breakthroughs.

Keywords Bicarbonate - Chlorophyll a fluorescence - Emerson enhancement effect - Quantum requirement - Red drop -
Water splitting complex

Introduction

Photosynthesis is a process by which plants, algae, cyano-
bacteria, and anoxygenic photosynthetic bacteria cap-
ture and store solar energy on a massive scale (Shevela
et al. 2018; Blankenship 2021). The great advances in
the molecular mechanisms of this amazing natural pro-
Plant Physiology and Biochemistry Division, Department cess have made it possible for artificial means to improve
of Botany, University of Calicut, C. U. Campus, photosynthesis itself and to produce energy, biofuel, and
P.O. Malappuram, Kerala 673635, India K Rk

food to address emerging global issues (Hou et al. 2014,

< Harvey J. M. Hou
jtputhur@yahoo.com

< Jos T. Puthur
hhou@alasu.edu

?ipi‘;;ng,t (;\fd ljlztanyr’afr’fﬁgr;glg;%éoé India 2023; Ort et al. 2022). Govindjee was fascinated by the
ru 1, u . y 1 .
\ g PP ' phenomenon of photosynthesis when he was a graduate
Eeﬁfﬂmem <l>f Boctalﬁya Ma}f gthﬁniims Collfge» student at the University of Allahabad. One of his teach-
othamangalam College, r.U., Kothamangalam, . .
Kerala 686g666, India g & ers Prof. Shri Ranjan, who was a student of F.F. Black-

. . , man, always motivated the students to go to the library and
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Charlton Lewis (Emerson and Lewis 1943), in which he
became mesmerized by the phenomenon of the ‘red drop’
in photosynthesis, i.e., inefficient photosynthesis when
chlorophyll (Chl a) is the only absorbing pigment. Taking
the lead from this, he wrote to Emerson that he would like
to join him to do research on this topic in photosynthesis
and the rest became history. The sudden unexpected tragic
death of Emerson in a plane accident, on February 4, 1959
shattered his dreams. Govindjee and his spouse Rajni
Govindjee decided to return to India, but Prof. Eugene
Rabinowitch, a physical chemist, offered them research
positions under his supervision to continue their research
without changing their topics (for Rabinowitch, see Ref.
Govindjee et al. 2019). They accepted the offer, finished
their Ph. D.s in 1960 and 1961, respectively (Govindjee
1960, 1961), and later became successful in what they
dreamt to be. For Rajni’s contributions, (see Ebrey 2015
and Balashov et al. 2023).

Govindjee was born in Allahabad, Uttar Pradesh, on
October 24, 1932. In 1952, he completed his Bachelor of
Science (B.Sc.; Botany, Zoology, and Chemistry), and in
1954 his Masters in Botany (Plant Physiology), both in
first class. His father was a progressive person, who had
decided to drop the family name (Asthana) which indicates
the caste of a person. This he did because he wanted to
eradicate the caste system and inequality between peo-
ple which was quite prominent in India at that time. Thus
Govindjee has only one name- Govindjee and had much
trouble due to this. In view of this, he has recently changed
his legal name to be: Govindjee Govindjee (also see the
reference Seibert et al. 2022; Jajoo et al. 2023). But his
discoveries in the field of photosynthesis have made his
name famous and recognized worldwide as Govindjee. The
area of photosynthesis that he has enriched, along with
many international collaborators, includes the experimen-
tal evidence for the presence and operation of two distinct
spectral forms of Chl a, each associated with a separate
photosystem differing in their photochemical activity. His
research during the 1970s and 1980s includes steps in the
Z-scheme with the appropriate time sequence of the charge
separations and the kinetic model of oxygen evolution
(Allakhverdiev et al. 2013).

This current review is an attempt to focus on Govindjee’s
research contributions to ‘photosynthesis’. In this tribute
paper, we summarize his personal life as well as his research
on Photosystem II (PSII), oxygen evolution, Chl a fluores-
cence, thermoluminescence, artificial photosynthesis, and
his so-called ‘Photosynthesis Museum’. After his retirement,
in 1999, he is continuing, in his splendid way, participating
in research and enriching the knowledge of the magnificent
phenomenon of photosynthesis. We also list here the numer-
ous awards and honors received by him for his contributions
to photosynthesis research.
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Family and education

Savitri Devi, his mother, was a very kind and gentle
woman who adhered to strict religious and ritual prac-
tices, and Vishveshwar Prasad, his father belonged to
‘Arya Samaj’, a socio-religious movement (See https://
www.britannica.com/topic/Arya-Samaj for further infor-
mation). Being the youngest of four siblings, Govindjee’s
entire family had a significant role in shaping him.

In 1953, Govindjee met Rajni Varma when they were stu-
dents at Allahabad University and she was his junior by one
year. On October 24, 1957, while both were Robert Emer-
son’s Ph.D. students, they were married in Urbana, Illinois.
From there onwards, Rajni Govindjee played a major role
in his life and early research. They have two children: a son
Sanjay Govindjee (a professor in engineering) and a daugh-
ter Anita Govindjee (a computer scientist).

From 1943 to 1948, he was a student at Colonelganj
High School, Allahabad, right from the 4th class (grade) to
the 10th grade (also see the reference Block 2022). After
graduating, in first class, from high school, he studied,
from 1948 to 1950, at Kayastha Pathshala Intermediate
College for his 11th and 12th grade education. He received
first class in his 1950 Intermediate Board Exam (to know
more about him see Block 2022).

He received his Bachelor of Science (BSc) degree in
Botany, Chemistry and Zoology in 1952 and secured first
class at the University of Allahabad (see https://www.life.
illinois.edu/govindjee/g/CurriculumVitae.html). He was
good at taking plant sections rather than animal dissection
which also was a factor in choosing botany as his major in
his Masters with specialisation in Plant Physiology in 1954.

Govindjee worked as a lecturer in Botany from 1954
to 1956 at the University of Allahabad. In the year 1956,
he immigrated to the US with a Fulbright Scholarship to
the University of Illinois (see reference Block 2022). He
then collaborated with Eugene Rabinowitch earning his
Ph.D. in Biophysics in September 1960. After obtaining
his doctoral degree, Govindjee worked as a postdoctoral
fellow for the United States Public Health (USPH) Service
from 1960 to 1961, at the University of Illinois at Urbana-
Champaign (Fig. 1).

Photosynthesis research

Existence of two photosystems, photosystem Il
and oxygen evolution

1960s: The discovery of the Red Drop in the quantum
yield of photosynthesis beyond 680 nm in 1943 (Emerson
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Fig.1 A A photo of the gate

of the Botany Department of
the University of Allahabad.
Courtesy;HarbansKehri Kaur.
B A 2006 photo of Rajni

and Govindjee, relaxing at
Bandelier national monu-

ment near Santa Fe in New
Mexico, USA; see < https://
www.life.illinois.edu/govin
djee/g/Photos.html > Source:
Govindjee’s Family Archives.

C A 2020 photograph of the
Natural History building (NHB)
of the University of Illinois at
Urbana-Champaign, as seen
from Mathews Avenue. Source:
Personal collection of Govind-
jee D Govindjee standing beside
the plaque that honors his pro-
fessors of photosynthesis Robert
Emerson and Eugene Rabinow-
itch. Source https://www.life.
illinois.edu/govindjee/

UNDERSTANDING
PHOTOSYNTHESIS

and Lewis 1943) and the enhancement effect by the addi-
tion of supplementary light of different wavelengths in
1957 (Emerson et al. 1957) led Emerson to the concept
of two photosystems in photosynthesis. He speculated
that one of the photosystems was driven by Chl a while
the other by Chl b (in green algae) and by other acces-
sory pigments (in other systems). The existence of two
photosystems and two light reactions was a new concept
and was Emerson’s major contribution. However, there
was no support for Chl b doing a reaction by itself. The
fundamental idea behind photosynthesis was based on the
idea that the only source of the photochemical processes
in photosynthesis is the excitation energy in Chl a. Louis
N.M. Duysens had already shown, in 1952, that acces-
sory pigments, including Chl b, transferred their excitation
energy to Chl a. Thus the hypothesis of accessory pig-
ments (including Chl b) driving photosynthesis was not
acceptable and was ambiguous (also see Govindjee 2023)
for Govindjee’s story in his own words). This ambiguity
was cleared by Govindjee in his Ph.D. thesis. Here, he pro-
vided the experimental proof for the existence, and func-
tion, of two different spectral forms of Chl a in the two
photosystems; he used the unicellular Navicula (a diatom),
Chlorella (a green alga), Anacystis (a cyanobacterium),
and Porphyridium (a red alga) for performing these experi-
ments (Govindjee and Rabinowitch 1960a, b) (Fig. 2A, B).

The use of manometry, as used by both Emerson and
Govindjee, as an experimental set-up for discovering the

enhancement effect led to some questions regarding the
findings, since manometry cannot differentiate between the
positive changes in the rate of photosynthesis from the nega-
tive changes in the rate of respiration. This dilemma was
solved by Rajni Govindjee; she made measurements on the
Hill reaction in which parabenzoquinone (pBQ) was used,
as a respiratory inhibitor, as well as an electron acceptor
in Chlorella cells. By using pBQ, not only respiration but
also carbon dioxide fixation is inhibited. Rajni observed two
peaks, one at 650 nm (for Chl b) and the other at 670 nm (for
Chl a) in the action spectrum of the “Emerson Enhancement
Effect” (Govindjee 1961). Thus, this effect led to support for
the discovery and the existence of two types of Chl a in the
photosystems I and II, as we know today (Govindjee and
Rabinowitch 1960a, b).

The uncertainty and the dispute over the existence of
the reaction center of PSII, labelled as “Pgg,” (for the very
first suggestion, see: Krey and Govindjee 1964; Rabinow-
itch and Govindjee 1965). Some said it was an artefact or
Illinois fantasy, and one among them was Warren Butler,
who thought that its discovery by Horst Witt’s group in
Germany may have been a Chl a fluorescence artifact. This
was clearly resolved by Govindjee and Rajni going to Ber-
lin and proving that Pyg, was not a fluorescence artefact
(Govindjee et al. 1970). The perseverance, patience and
passion of Govindjee towards photosynthesis gave him
the courage to fight against these (and other) battles and
win. Rajni Govindjee, using isolated spinach chloroplasts
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Fig.2 A Plot of the maximum quantum yield of oxygen evolution in
the green alga Chlorella as a function of wavelength of light with and
without shorter wavelength of supplementary light. It is from unpub-
lished 1963 data of Govindjee, confirming Emerson et al. (1957)
enhancement effect on the “Red drop” of photosynthesis beyond ~ 685
nm, and plotted after correction of light-induced changes in respira-
tion. Source: from presentation by Govindjee (2022) at International
Conference at University of Calicut B Action spectra of the Emerson
enhancement effect in the diatom Navicula minima and the green alga
Chlorella pyrenoidosa. It shows the discovery of Chl a 670 in both
the organisms along with other pigments (Chl ¢ and fucoxanthol in
Navicula and Chl b on Chlorella) in what is now called Photosys-
tem II (PSII). Source: from the presentation by Govindjee (2022)

clearly showed, in collaboration with George Hoch, the
existence of the Emerson enhancement effect in NADP
reduction, thus giving proof to the existence of two pig-
ment systems and two light reactions in chloroplasts
(Govindjee et al. 1962, 1964). In addition, using mass
spectroscopy Govindjee and co-workers (Govindjee et al.
1963) proved that the Emerson Enhancement Effect was
only in photosynthesis, not in respiration.

@ Springer

C Bicarbonate stimulation of photosynthetic electron transport in
spinach thylakoid suspensions, using methyl viologenas an electron
acceptor under aerobic conditions (initial rate, in pequiv. /mg chlo-
rophyll per h, was 145, and after the addition of 10 mM bicarbonate,
it was1074); reproduced from Eaton-Rye and Govindjee (1984), and
presented by Govindjee (2022). D A model of PSII reaction center
showing all cofactors in the PS II reaction center. See the predicted
location of one of the bicarbonate ions near the Fe complex between
the first plastoquinone electron acceptor QA and the second plasto-
quinone electron acceptor QB—essential for electron transfer in pho-
tosynthesis. Reproduced by Govindjee (2022) from Fig. 2A in Xiong
et al. (1998)

1970s and 1980s: Govindjee became interested in the
primary photochemistry of both PSI and PSII, their charge
separation, identification of the very first intermediate and
the rate of charge separation. He was also in search of the
minute details and performance of the oxygen-evolving or
water-splitting complex (Eaton-Rye 2013). His collabora-
tion with James (Jim) Fenton (who was then his graduate
student, and had devised a picosecond transient absorption
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spectrometer in Ken Kaufman’s Laboratory in the Chemistry
Department at UIUC) led to the first-ever measurement of
PSI photochemistry. With Michael (Mike) R. Wasielewski
(Argonne National Laboratory), and Michael (Mike) Seibert
(National Renewable Energy Laboratory, NREL), he made
the dreams come true for PSII (Eaton-Rye 2007; Seibert
et al. 2022). The rate of primary charge separation in the
PSII reaction center (RC) was measured in isolated PSII
RC from spinach. The earlier PSII RC preparations made
by Govindjee and Wasielewski were photo labile, and thus
they were not able to monitor the primary charge separa-
tion event there; they were then using the method of Nanba
and Satoh (Nanba and Satoh 1987). Later Govindjee initi-
ated collaboration with Seibert, who was also working in
the same direction. Seibert was able to stabilize the isolated
PSII RC preparations, thus they were able to measure the
rate of primary charge separation between P, (the primary
electron of PSII) and pheophytin, one of the earliest electron
acceptors of PSII (Wasielewski et al. 1989a, b).

There are a lot of models that explain the oxygen evolu-
tion from water by PSII. Mar and Govindjee proposed a new
kinetic model for oxygen evolution during photosynthesis
and reviewed all the available models (Mar and Govindjee
1971). Later, Govindjee et al. 1978 reviewed the significance
of Mn and Cl ions in photosynthetic oxygen evolution. To
monitor the S states of the Mn- containing oxygen clock
(Kok’s oxygen clock), Govindjee explored the technique of
nuclear magnetic resonance (NMR) relaxation measurement
in isolated chloroplasts, prepared from pea leaves (Wydrzyn-
ski et al. 1978). This was the initial solid experimental proof,
albeit a bit indirect, showing changes in oxidation states of
Mn during photosynthesis; they had observed a clear period
4 oscillations in proton relaxation rates. Further, the replace-
ment of chloride with fluoride (°F) gave clear experimental
proof for the role of chloride in O, evolution. Thus, this
pioneering work by Govindjee and his co-workers helped
a lot in shaping our understanding of the oxygen evolution
process as known then.

The perplexing topic of how many quanta are necessary
for the evolution of one molecule of oxygen in photosynthe-
sis first surfaced in the twentieth century. Many researchers
tried their best with scientific explanations and experimenta-
tion to tackle this problem. German physiologists Otto War-
burg and Erwin Negelein (1923) reported that a minimum
of 4 to 5 quanta of light are needed to make one molecule of
photosynthetic oxygen. This Warburg-Negelein estimate of
4 to 5 quanta was not questioned until the end of the 1930s.
This value obviously matched the theoretical computation
since for the evolution of one oxygen molecule, four elec-
trons need to be removed from 2 molecules of H,O, and
Albert Einstein’s law of photochemical equivalency meant
one photon will do one photoact, i.e., move one electron.
In contrast to 3—4 quanta, Robert Emerson measured the

minimum number of quanta needed for one oxygen mol-
ecule formed in photosynthesis to be 8—12; this study was
conducted by Emerson in 1943 while he was doing research,
with the help of Charlton Lewis, at Stanford’s Carnegie
Institute of Washington (Emerson and Lewis 1943).
Warburg and Emerson attempted to resolve their disa-
greement, but they were never able to agree on the minimal
number of quanta per oxygen evolved during photosynthe-
sis. Beginning in the middle of the 1930s, some researchers
did experiments using various techniques and reported the
higher (8-10) values for the minimum quantum require-
ment of photosynthesis (Hill and Govindjee 2014). The list
includes Manning et al. (1938), who reported a minimum
requirement of 16-20 quanta, and Magee et al. (1939) who
observed 12 quanta. According to Arnold (1949), the mini-
mal amount of light quanta needed to produce one oxygen
molecule was not less than nine. A thorough analysis of the
early to mid-twentieth century attempts to measure the mini-
mum quantum requirement has been presented by Nickelsen
and Govindjee (2011) -almost all supporting 8-10 quanta
(Emerson), not 3—4 quanta (Warburg) per O, released.

Chlorophyll a fluorescence

The most exciting aspect of Govindjee's job, in his words,
was "fo play with the red light that the plants throw out"
when they are exposed to shorter wavelengths of light; this
is Chl a fluorescence. After retiring in 1999, he has con-
tinued working in this area of study, publishing numerous
papers, involving different Chl a fluorescence techniques and
analytical methodologies; in addition, he has been writing
reviews and book chapters on this topic. The well-known
book “Chlorophyll a Fluorescence: A Signature of Photo-
synthesis” (edited by him and his Ph.D. student, the late
George Papageorgiou) begins with the chapter “Chlorophyll
a Fluorescence: A Little Background and History” and then
moves on to chapters written by leading experts on a vari-
ety of applications of Chl a fluorescence techniques and
analytical methods in the study of various photosynthetic
processes, including excitation energy migration, primary
reactions in photosynthesis, charge separation, thermolu-
minescence, water oxidation, and delayed fluorescence (see
Kalaji et al. 2012; Stirbet and Govindjee 2011, 2016, for
further information). In fact, Govindjee has worked with
uncommon but important fluorescence techniques in his
research on photosynthesis. As an example, he has empha-
sized NPQ (i.e., non-photochemical quenching of the excited
state), that has proven to be crucial for understanding the
regulatory mechanisms in photosynthesis. This research
area of NPQ has identified and characterized the produc-
tion of a quenching complex in PSII antenna with a rela-
tively lower fluorescence lifetime, which was connected to
the xanthophyll cycle-dependent quenching of PSII in plants
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(Matsubara et al. 2011; Schansker et al. 2003). Later, Govin-
djee and the late Robert M. Clegg (Department of Physics, at
the UIUC) began to exploit fluorescence lifetime measure-
ments, and they published a novel fluorescence method for
studying photosynthesis, i.e., Fluorescence Lifetime Imaging
Microscopy (FLIM) (Holub et al. 2007).

The initial (minimum) fluorescence F and an early
inflection point of the transient curve at 2 ms illumina-
tion, which they designated ‘J’, were measured with great
precision using a shutterless fluorometer device (Govind-
jee 1995). In this transient, ‘O’ represents the origin (Fg),
‘J” (Fp and ‘I’ (F)) represent the fluorescence inflections
at 2 and 30 ms, respectively, whereas, ‘P’ represents the
peak (Fp, which is maximum fluorescence, Fm, in saturat-
ing light), ‘S’ represents a semi-steady-state level, ‘M’ rep-
resents a later maximum, and ‘T’ represents the terminal
steady state. Historically, Govindjee has been associated
with the O-J-I-P-S-M-T transient’s current designation from
the very beginning. Schansker et al. (2003) measured the
O-J-I-P transient curves on many different plants, including
Beta vulgaris, Camellia japonica, and Pisum sativum, and,
this, simultaneously with the 820-nm transmission signal,
the latter reflecting changes in P700, the reaction center of
PSI. This allowed Govindjee and his collaborators to obtain,
in parallel, additional data on P700, the primary electron
donor of PSI, and plastocyanin (PC), which reduces P700™.
These findings demonstrated that PC decreases after dark-
ness and that its species-dependent contributions to the 820-
nm signal range from 40% in sugar beet to 50% in pea and
camellia plants.

Additionally, Yusuf et al. (2010) discovered, by analysing
Chl a fluorescence, that transgenic Brassica juncea plants
overexpressing a tocopherol methyl transferase (TMT)
gene from Arabidopsis thaliana exhibit increased tolerance
to various types of induced stress (i.e., salt, heavy metal,
and osmotic). This effect was assumed to be brought on by
higher levels of total tocopherol. Further, Chen et al. (2012)
investigated the effects of a new photosynthetic inhibitor
(tenuazonic acid, TeA) on Crofton weed and evaluated
changes in the O-J-I-P transients on this plant using pho-
toaffinity labelling with a radioactive method. The outcome
of these tests showed that TeA does, in fact, bind to the
Qg binding site and prevents electron transport through Q 4.
Despite their ability to serve as herbicides, experiments with
['4C]-atrazine showed that TeA binds to a different location
on PSII than atrazine does. All these complex results still
need to be further examined.

On the other hand, Shabnam et al. (2015) investigated
differences in photoinhibition between long-leaf pond-
weed (Potamogeton nodosus) leaves that were floating and
those that were immersed. Floating leaf chloroplasts had a
higher rate of photosynthetic electron transport, a higher
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maximum efficiency of PSII photochemistry, and a higher
level of PSI activity, as determined by the ratio between
the variable fluorescence (Fv) and the maximum fluores-
cence (Fm). Additionally, under bright light, these leaves
showed less photoinhibitory damage. Further, the cells
of the floating leaves possessed a higher mitochondria/
chloroplast ratio and an alternative oxidase in comparison
to the cells of the submerged leaves. These experimental
findings led Shabnam et al. (2015) to conclude that the
floating leaves had a superior defense against photoinhibi-
tion for the photosynthetic apparatus because of a favoura-
ble connection between the mitochondria and chloroplasts.
The JIP-test (for Chl a fluorescence transient) was, and
is, a novel approach that Strasser and Strasser (1995) had
earlier proposed for the investigation of the O-J-1-P tran-
sient. It was further refined by Merope Tsimilli-Michael
and Reto Strasser in Switzerland. In order to calculate
the parameters that largely characterise PSII activity, this
method uses a number of chosen fluorescence parameters.
Further, Shabnam et al. (2015) examined a number of
potential uses for the energetic connection of PSII; addi-
tionally, these authors computed the JIP parameters using
well- thought out assumptions and approximations. Chl
a fluorescence induction was utilized to explore several
kinds of abiotic stressors based on the results of these
investigations- a rather promising approach (Demmig-
Adams et al. 2014).

Following retirement in 1999, Govindjee co-authored
several articles on Chl a fluorescence with Alexendria
(Sandra) Stirbet that have offered newer perspectives on
its significance and use. Stirbet et al. (2014, 2019) dis-
cussed Chl a fluorescence induction modelling and its
relationship to photosynthesis and the “ins” and “outs” of
the different current models of Chl a fluorescence. Stirbet
and Govindjee (2012) discussed the disagreement over the
cause of the variable PSII fluorescence and the J-I-P phase
of the fluorescence transient. The Chla fluorescence of
all oxygenic photosynthetic organisms increases quickly
at the beginning, and Govindjee's reviews elegantly and
simply describe the reasons behind it all. The claim here is
that a decrease in [Q,] is both necessary and sufficient to
reach Fm in all of the active PSII centers. This model was
demonstrated to be highly successful and is often used in
labs throughout the world since it was supported by data
on diverse species under a wide range of environmental
and experimental situations. However, some experimental
results could be challenging or even impossible to explain
in terms of this widely accepted idea. Govindjee keeps an
open eye on these developments, and with his extensive
knowledge and impressive expertise, he will definitely be
able to shed some new light on this matter and provide a
better grasp of the underlying physical mechanics.
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Bicarbonate in photosynthesis

Govindjee had a fervent desire to solve the vagueness with
regard to the importance of bicarbonate in oxygen evolution.
During the 1960s, Warburg and Krippahl discovered that
during Hill reaction, when ferricyanide was used as an elec-
tron acceptor, the rate of oxygen evolution in isolated chlo-
roplast was dependent on the presence of CO, (Warburg and
Krippahl 1960). Even though several scientists continued to
work on this phenomenon, a clear picture was not developed.
But in every experiment conducted the importance of CO,
was confirmed, but its significance was not deciphered. Lit-
tle was known about the active species (CO, or HCO;™) and
the site of action in the electron transport chain. Govindjee
gave a lecture about this, in a graduate level course on ‘Pho-
tosynthesis’, at the University of Illinois at Urbana- Cham-
paign, and one of his graduate students Alan Stemler became
interested and took this problem for his Ph.D. thesis entitled
“The bicarbonate ion and photosynthetic oxygen evolution”
(Stemler 1965). He used chloroplasts from maize and oats to
study the phenomenon; Stemler attempted to figure out the
site of action of bicarbonate, by heating chloroplasts to stop
oxygen evolution. He confirmed the role of bicarbonate in
oxygen evolution and this was a shred of direct experimental
evidence and a foundation for further work in this direction
(Stemler and Govindjee 1973). But the use of diphenyl car-
bazide (DPC), and dichlorophenol indophenol (DCPIP) to
study the importance of bicarbonate on the acceptor side of
PSII did not provide any further clue. However, experiments
of Wydrzynski and Govindjee (1975) on Chl a florescence
transients, and of Govindjee et al. (1976) on fluorescence
changes after a different number of flashes gave the clear
conclusion that bicarbonate was needed for the formation of
plastoquinol on the Qg site, which is on the electron accep-
tor site of PSII. In addition, the extensive work of another
Ph.D. student Julian Eaton-Rye clinched the idea that one
of the major functions of bicarbonate was indeed, as hinted
above, on the electron acceptor side of PSII (Eaton-Rye
1987; Eaton-Rye and Govindjee 1988a, b) (Fig. 2C).
Another student of Govindjee, Rita Khanna, probed again
the site of action of bicarbonate in chloroplasts. Through
biochemical experiments, she confirmed the site of action
of bicarbonate, to be between Q, and the formation of PQH,
in the electron transport chain (Khanna et al. 1977). Fur-
ther, her experiments also gave clear supporting data for the
hypothesis on the interaction of bicarbonate with essential
proteins mediating electron flow between Q, and the for-
mation of PQH, (Khanna 1980; Khanna et al. 1980). Later,
another student of Govindjee, Jiancheng Cao demonstrated
the same effect of bicarbonate in cyanobacteria, Synecho-
cystis sp. PCC 6803 (Cao 1992). Govindjee and others have,
by now, extended the concept of the influence of the bicar-
bonate on PSII in all oxygenic photosynthetic organisms.

Jin Xiong, the last Ph.D. student of Govindjee, focussed
on the bicarbonate effect in the green alga Chlamydomonas
reinhardtii. He examined the role of arginine 257 and 269 of
the D1 protein for this effect; he concluded that these amino
acids are located near the proposed bicarbonate binding site.
The mutants, where arginine 269, near the non-heme iron
binding site, was changed to glycine, were unable to grow
photo-autotrophically; here, both the acceptor and the donor
side of the PSII were altered. Thus it was proposed that this
site has some role in bicarbonate binding, and it is evident
from the experiment that bicarbonate is required for the
activity of PSII. However, the mutants where arginine-257
was changed to glutamate and methionine were able to live
photo-autotrophically but showed a slower growth rate, with
the acceptor side of the PSII affected. Further, bicarbonate
binding was very low in these mutants, which indicates the
essentiality of this region for bicarbonate binding (Xiong
1996). To elucidate the mechanism of bicarbonate binding
in PSII, a computational model for the reaction centre of C.
reinhardtii and of Synechocystis sp. PCC 6803, was made
by Govindjee and Jin Xiong in collaboration with Shankar
Subramaniam (Xiong et al. 1998). This led to a model of
putative bicarbonate mediated catalytic protonation, also a
bicarbonate transport channel, for the movement of bicar-
bonate and water molecules to PSII (Fig. 2D). Thus through
collaboration and extensive research work, Govindjee was
able to establish the importance of bicarbonate in PSII, par-
ticularly on the electron acceptor side of PSII and on oxygen
evolution (Shevela et al. 2012). We are told that currently,
Govindjee is quite interested in knowing in what way (or
ways) bicarbonate functions on the electron donor side of
PSII as he, himself, has observed effects on that site. This is
now an important topic of research.

Thermoluminescence

Thermoluminescence is a light emitting property displayed
by some crystalline substances when they are previously
exposed to radiations of high energy. Electron displace-
ments, taking place inside the crystal lattice upon irradia-
tion to high-energy radiation result, in the release of light
energy (Govindjee et al. 1997). Several biological systems
are known to produce thermoluminescence. The ability of
dried chloroplasts to produce thermoluminescence was ini-
tially discovered by William Arnold, and Helen Sherwood
(1957). It was later found that all photosynthetic organisms
share this characteristic. When pre-illuminated photosyn-
thetic sample is warmed, thermoluminescence takes place
at a temperature that corresponds to the energy level of the
charge separated state (Vass and Govindjee 1996). Here, we
give a brief overview of Govindjee’s innovative achieve-
ments in the application of thermoluminescence in photo-
synthetic research.
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In pre-illuminated spinach chloroplasts and cells of Chlo-
rella pyrenoidosa, Mar and Govindjee (1971) observed
that temperature- jump caused the back reaction of PSII of
photosynthesis, which was, a significant new observation.
However, in collaboration with Don DeVault, Govindjee
provided the first correct theory of how thermolumines-
cence is produced in photosynthetic systems (DeVault et al.
1983), which was possible because of earlier experimental
observations with the research group of P.V. Sane (Tatake
et al. 1981). According to Govindjee et al. (1985), the Q and
B bands of thermoluminescence curve appear at tempera-
tures of 35 °C and 50-55 °C, respectively in thermophilic
cyanobacteria. Consequently, the charge pair that causes the
peak's emission cannot be determined from its Ty, alone.
DeVault and Govindjee (1990) established a foundation for
connecting changes in the redox potentials of the participat-
ing charge pairs to changes in total free energy resulting
from shifts in the TM (Absolute Temperature at maximum
intensity of a thermoluminescence band) of the glow peaks.
Additionally, despite without knowing the actual redox
potentials of the redox carriers, one can deduce changes
in their mid-point potentials according to this relationship.
Data on thermoluminescence have immense importance
in understanding the photosynthetic activity of organisms
and Govindjee is greatly acknowledged for his incredible
research contributions in this area. Hopefully, others, will
exploit thermoluminescence in their future studies.

Artificial photosynthesis

Artificial photosynthesis is any chemical process that rep-
licates natural photosynthesis by absorbing and conserving
the energy from sunlight in the chemical bonds of e.g., a
photovoltaic source. Photocatalytic water splitting is one of
the processes that contributes to artificial photosynthesis.
One of the fundamental processes that contributes to artifi-
cial photosynthesis is photocatalytic water splitting. Govin-
djee's golden eyes have already recognized the potential of
the water-splitting mechanism (PSII), upon which he has
written numerous papers since 1999. The same interest has
led him to shed light on a young researcher’s mind, prompt-
ing the researcher to investigate the significance of irreplace-
able manganese in PSII. The results of this investigation
were so astounding that Mahdi Najafpour, proposed oxide
forms of manganese mono-sheets as a feasible solution for
simulating the function of PSII’s Mn,CaOjs (tetra-manganese
calcium penta-oxygenic) cluster (Najafpour and Govindjee
2011; Najafpour et al. 2012b). In this field of study, Govin-
djee has co-authored a number of interesting papers, such as
literature reviews that highlight the significance of hydrogen
production by water splitting complexes, which subsequently
aid in artificial photosynthesis (Najafpour et al. 2012b), and
research papers on artificial photosynthesis that discusses
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the function of water splitting complexes (Najafpour and
Govindjee 2011; Najafpour et al. 2012a; Hou et al. 2014,
Hou and Allakhverdiev 2023). In addition, Govindjee once
again contributed to the field of artificial photosynthesis in
2019 by actively participating in and promoting the interna-
tional conference on “From the Biophysics of Natural and
Artificial Photosynthesis to Bioenergy Conversion” that
was held in the USA (Kaur et al. 2020). In addition to the
aforementioned research, Govindjee has also edited a book
(Shevela et al. 2018) and a special issue in the journal Fron-
tiers in Plant Science (Vass and Govindjee 1996) devoted
to this topic.

Photosynthesis museum

Govindjee is an archivist of important discoveries in the field
of photosynthesis. Govindjee's laboratory has always been a
place of great companionship where he offered his students
the freedom to pursue their scientific interests. His office
suite has a massive collection of documents, reports, arti-
facts, and photos related to photosynthesis research (Jajoo
et al. 2009; Eaton-Rye 2013). He keeps gathering papers,
posters, letters, books, photographs, and artifacts, and he
frequently writes about interesting developments in photo-
synthesis research. He has documented the development of
photosynthesis research through interviews, tributes, obitu-
aries, personal thoughts, and news from experts from all
around the world. A large portion of this documentation was
made available via Photosynthesis Research's "Historical
Corner" section (Eaton-Rye 2019).

At the University of Illinois at Urbana- Champaign,
Govindjee's room is rich with history. A tour of Govindjee's
office is comparable to an excursion to a museum. A cabinet
of curiosities is waiting for the visitors to share with them
the saga of photosynthesis research. Even though Govindjee
has used the most modern equipment, he has kept wonder-
ful old instruments from a time when instrument-making
was still considered an art. There is a rare collection of
microscopes used by Govindjee and his colleagues from the
1950s, the times of Robert Emerson and Eugene Rabinow-
itch to observe algal cells. There is a dodecahedron with 12
photocells which was used for demonstrating the presence of
various spectral forms of Chl a. This instrument was made
by Carl Cederstrand, Govindjee’s former graduate student.
Govindjee’s collections include a flask containing the copper
sulphate solution used for filtering out heat from white light,
a hand-held spectroscope for testing the spectral distribution
of light, a syringe for transferring algal cells, an electrom-
eter for measuring low light intensities, feathers for dusting
glass vessels, a manometer, capillary tube, glass filters, a
distillation column and a telescope that were used in early
photosynthesis research. Govindjee still has the blackboard
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used for the weekly evening seminars held in his living room
at 1101 McHenry Street, Urbana (Eaton-Rye 2007).

An excerpt from Diana Yates' article (https://news.illin
ois.edu/view/6367/801235): “Govindjee retains a clear
catalogue of almost every genius who had contributed
towards unveiling the puzzle of photosynthesis machinery
in plants and algae” (Yates 2019, 2022). Photos of these
scientists with scribbled notes mentioning their names,
contributions, and life history are displayed on the walls
like: “Andy Benson, co-discoverer of Carbon Fixation
Cycle. September 24, 1917-Feb. 6, 2015. A dear friend”.
The “museum” is loaded with the devices and instruments
that were used decades back, but still remain as ageless

Fig.3 A A collection of reports, images, papers, and artefacts related
to the study of photosynthesis found in Govindjee's office suite-Photo
by Fred Zwicky. B Dodecahedron constructed by Carl Cederstrand
(Govindjee’s former graduate student), which was used to demon-
strate the physical existence of different spectral forms of chlorophyll
a. C Coloured filters used by researchers for measuring photosynthe-

“innovative lusters”. Govindjee’s treasures also include
Robert Emerson’s 1927 Ph.D. dissertation on “Cyanide-
insensitive respiration in Chlorella”, who was his mentor
at UIUC during his early stages of research. There is a yel-
low logbook with a list of the names of people who visited
Govindjee’s lab over the years (some of the above items
are now in the archives of the UIUC). Hanging on the
door just outside the office, there is a large hand-painted
diagram of photosynthesis which was made in the early
1960s. From a conference in the early 1970s, a researcher
wrote on Govindjee’s poster that the photosynthesis path-
way, particularly the existence of “Pcg,”, reaction center
of PSII, proposed by Govindjee is nothing but an “Illinois

sis under different wavelengths of light. D A device to provide far-red
light, used to discover two light reactions and two pigment systems
involved in photosynthesis. E A portable hand spectroscope for meas-
uring the spectral distribution of light during photosynthesis studies-
Photos by Fred Zwicky (see https://las.illinois.edu/news/2019-09-27/
govindjees-photosynthesis-museum; Yates D 2022)-with permission
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Fantasy”. This chart still hangs in a prominent space in
the suite (Fig. 3).

Publications

Govindjee’s research career includes nearly 600 research
articles and has a total citation of above 30,000 with an
h-index of 86 (we note upfront that this is so when in a large
number of papers, his name is automatically deleted because
of the use of one name only). Together with the Late M.M.
Laloraya, he co-authored his first research paper in the jour-
nal "Nature" titled "Effect of Tobacco Leaf-curl and Tobacco
Mosaic Virus on the Amino Acid Content of Nicotiana
sp."(Laloraya and Govindjee 1955). His most cited (1658)
work is his 1969 “Photosynthesis” book in which Eugene
Rabinowitch is a co-author, who was Govindjee’s profes-
sor for his Ph.D. (Rabinowitch and Govindjee 1969). With
him, Govindjee has published many articles and one of them
is “Two forms of chlorophyll a in vivo with distinct Pho-
tochemical Function” (Govindjee and Rabinowitch 1960c)
published in Science. Along with Rabinowitch and with Jan
B. Thomas, who temporarily was his official Ph.D. advisor,
Govindjee published “Inhibition of photosynthesis in some
algae by extreme-red light” which was also published in Sci-
ence (Rabinowitch et al. 1960). And his most cited (1526)
research article is “Polyphasic chlorophyll a fluorescence
transient in plants and cyanobacteria” (1995) with Alaka
Srivastava and Reto J. Strasser in ‘Photochemistry and Pho-
tobiology’ (Srivastava et al. 1995).

What is important, from the point of view of education,
is that Govindjee has published three articles in Scientific
American (Rabinowitch and Govindjee 1965; Govindjee and
Govindjee 1974; Govindjee and Coleman 1990). In addi-
tion, the books titled ‘Chlorophyll a Fluorescence: A Sig-
nature of Photosynthesis’; ‘Discoveries in Photosynthesis’;
and ‘Photosynthesis in silico: Understanding Complexity
from Molecules to Ecosystems’ are all part of Govindjee
and his colleagues very successful ‘Advances in Photosyn-
thesis and Respiration’ book series, which were published
in 2004, 2005 and 20009, respectively (Papageorgiou and
Govindjee 2004; Govindjee et al. 2005; Laisk et al. 2009).
Govindjee, with his collaborators, has produced one of the
best Z-scheme graphical depiction of the origin of the two
photosystems and two light reactions that has progressively
developed over many years in Photosynthesis Research in
2017 as a part of his educational paper series (Govindjee
et al. 2017).

The list of Govindjee’s co-authors has scientists from
almost all part of the earth which indicates the world wide
acceptance of his work. This list includes researchers from
USA, India, China, Russia, Germany, France, The Czech
Republic, The Netherlands, Japan, Canada, Hungary, Mex-
ico, UK, Australia, Finland, Azerbaijan, Israel, Sweden,
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Switzerland, Greece, Iran, Poland, Slovak Republic, Bel-
gium, Estonia, Egypt, Bulgaria, Korea, Norway, and New
Zealand. This list shows his willingness to help young
researchers and scientists to get in-depth insight in the field
of photosynthesis.

Honors and awards

Govindjee has received numerous awards and honors. In
1976, he became a Fellow of the American Association for
the Advancement of Science (AAAS). He received the Dis-
tinguished Lecturer Award from the University of Illinois
at Urbana-School Champaign's of Life Sciences in 1978. In
1979, he was elected to the National Academy of Sciences
of India as a Fellow and Life Member. For this publication,
we emphasize his election as President of the American
Society for Photobiology in 1981. On December 2, 2002,
the Indian Society of Plant Physiology, the Indian Society
of Photobiology, and the Society for Plant Physiology and
Biochemistry honored him for his “Lifetime Contributions
in the Field of Photosynthesis” with a Symposium on “Light
and Life” at the School of Life Sciences (SLS), Jawahar-
lal Nehru University (JNU), New Delhi, India. Govindjee
was the first recipient of the Rebeiz Foundation for Basic
Research’s Lifetime Achievement Award, the International
Society of Photosynthesis Research's Communication Award
in 2007, and the University of Illinois at Urbana- Cham-
paign’s Alumni Achievement Award in 2008.

In honor of Govindjee's 80th birthday, “Photosynthesis
Research” released a tribute to his life's efforts in photosyn-
thesis in 2013. In 2016, the Indian Society for Plant Research
presented him with the Dr. B.M. Johri Memorial Award. The
National Academy of Agricultural Sciences of India then
elected Govindjee as a Pravasi (Foreign) Fellow in 2018, and
a special issue of Photosynthetica was released to celebrate
his 85th birthday. An article on his photosynthesis research
and the "Photosynthesis Museum" was published by the Uni-
versity of Illinois at Urbana-Champaign in 2019.

In 2022, Govindjee received the highly prestigious life-
time achievement award from the International Society of
Photosynthesis Research (ISPR); he is the second American
to get this. Award, the first one was the Late Kenneth Sauer
of UC Berkeley (see Nonomura and Kumar 2022). In addi-
tion, and to our delight, a special issue of ‘Plant Physiology
Reports’ was published celebrating his 90" birthday; see the
Editorial by Ort et al. (2022), and the papers therein on the
topic of ‘Photosynthesis: diving deep into the process in the
era of climate change’, which is very dear to Govindjee’s
current interest.

Finally, Govindjee was honored at the international con-
ference on “Physiological and Molecular Mechanisms for
Abiotic Stress Tolerance in Plants” jointly organized by the
Department of Botany, University of Calicut, Kerala and
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Fig.4 A 2022 Photograph taken during International Conference
cum Workshop on ‘Physiological and molecular mechanisms of
abiotic stress tolerance in plants’ conducted at University of Cali-
cut, Kerala, India, from October 26 to November 4, 2022. Coincid-
ing with this event, Govindjee’s 90th birthday was celebrated. Left

Indian Society for Plant Physiology (ISPP, South Zone) held
in Kerala, India on the occasion of his 90th birthday (Fig. 4).

Conclusion

Govindjee’s passion and perseverance to understand and
elucidate the mechanism of photosynthesis has shaped our
current understanding of this phenomenon. Now on his 90th
birthday, and even now, he is continuing his legacy by inspir-
ing and giving insights into the minute details of photosyn-
thetic research. He even invites young minds to continue
research in this direction and even tells them to challenge
his ideology, so that greater findings and achievements can
be obtained in this direction. One of his greatest dreams is to
realise artificial photosynthesis as an eco-friendly, renewable
source of energy. We are indebted to him for his countless
contributions to the world of knowledge on the basics of
photosynthesis and, more importantly, on its future use for
the benefit of us all.
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