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Preface

Chlorophyll is a green pigment present in almost all plants, algae, and cyanobacte-
ria. It is a very significant biomolecule essential to photosynthesis, the process by
which plants convert light into energy. Blue and red portions of the electromagnetic
spectrum are where chlorophylls absorb light most effectively. In the green and
near-green regions of the spectrum, chlorophylls exhibit low absorption because cell
walls and other structures diffusively reflect green light, resulting in tissues appearing
green. This book summarizes the state of knowledge in the more established areas

of the physics, chemistry, and biology of chlorophylls. The authors present current
research on the medicinal uses of chlorophyll, the electronic structure of chlorophyll
monomers and oligomers, and chlorophyll and its role in the freshwater ecosystem.
Other subjects discussed include the impact of molecular structure on UV radiations,
effects on chlorophyll stability and biomedical applications, and chlorophyll estimate
from fluorescence vertical profiles in the ocean. Chapters include charts, graphs,

and examples to illustrate the role of chlorophyll in different applications. This book
allows readers to stay current with new techniques and approaches and offers inter-
ested researchers a contemporary, theoretically organized explanation of the topic.

We would like to thank the authors for their efforts and contributions, as well as
the rightsholders and reviewers for their feedback. We would not have been able
to publish this book without their help. We would also like to thank IntechOpen
for their support and encouragement during the publication process.
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Chapter 1

Electronic Structure of Chlorophyll
Monomers and Oligomers

Juha Matti Linnanto

Abstract

This chapter deals with the electronic structure of chlorophyll molecules and their
complexes. Different theoretical and quantum chemical calculation methods are used
to study the molecular and electronic structure of chlorophylls. Studied spectral region
covers ultraviolet and infrared spectral regions, containing blue side of the Soret band,
as also traditional Qy band region. Thus, there are not only focusing on the traditional
Qy, Qy, and Soret transitions of chlorophylls but also high-energy transitions (in this
region also proteins and nuclei acids absorb light). The aim is to show the effect of
molecular conformation on the electronic states and thus on the absorption and
emission spectra of monomers and oligomers. In chlorophyll-protein complexes, such
conformation effect finetuning the spectral transitions and increases overlap between
donor and acceptor states of energy transfer processes. Also, the role of vibronic
transition in the shape of absorption and emission spectra of the studied systems will
be considered.

Keywords: absorption spectrum, bacteriochlorophyll, B3SLYP, CAM-B3LYP,
chlorophyll, conformer, exciton theory, fluorescence spectrum, hydrogen bond,
light-harvesting antenna, vibronic transition, WSCP, quantum chemistry

1. Introduction

Pigment molecules of light-harvesting (LH) antennae and reaction centers, in most
cases noncovalently bound to proteins, are the heart of the photosynthetic apparatus
of all photosynthetic prokaryotes and eukaryotes. Pigments differ from one phylum to
another, and the relative amounts may vary not only from phylum to phylum and
species to species, but even from specimen to specimen. Pigment compositions are
different in shade-adapted and sun-adapted leaves of the same tree, in young and old
cells, in specimens grown in green light and those grown in red light [1-4]. The
chemical structure of a pigment molecule may also change in response to growth
conditions [5-10]. An understanding of the structure and photosynthetic properties of
pigment molecules is a necessary first step to any understanding of antenna and
reaction centers. The primary function of pigment molecules is to absorb a photon of
light quantum, and the color of the pigment indicates the wavelengths of light
reflected. After absorption processes, pigment molecules of light-harvesting antenna
complexes become electronically excited. The excitation is then transferred to a
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Chlorophylls

reaction center, where the excitation energy is transformed into a stable charge sepa-
ration. And finally, a series of electron and proton transfer and biochemical reactions
convert the energy of the Sun’s photons into chemical energy in the form of sugars,
lipids, and other compounds that sustain cell life [11].

The primary pigments of photosynthesis are chlorophylls (Chls) and bacteriochlo-
rophylls (BChls), they both are cyclic tetrapyrroles. Other photosynthetic pigments,
phycobilins (linear tetrapyrroles) and carotenoids (acyclic conjugated hydrocarbons)
are often referred to as accessory pigments. There are several types of Chl and BChl
molecules (Figure 1 and Tables 1 and 2), but terrestrial plants possess only Chl 2 and
Chl b molecules. Whereas photosynthetic bacteria possess several types of BChls. For
example, BChls ¢, d, and ¢ are the main pigments of green sulfur bacteria, and BChls a
and b are the main pigments of purple bacteria. In cyanobacteria and in red and

Figure 1.
General presentation of the chemical structure and IUPAC numbering scheme of chlorophylls (a) and
bacteriochlovophylls (b) (see Tables 1 and 2).

Molecule R, R; R, Rg Ryy

Mg-C type®

Chla —CH;, —CH=CH, —CH; —CH,~CHs —CH,~CH,-CO-O-R*
Chlb _CH, —CH=CH, —CHO —CH,—CH, —CH,~CH,~CO-O-R*
Chld —CH3; -CHO —CH3; —CH,-CH3 -CH,-CH,-CO-O-R’*
Chlf -CHO -CH=CH, —CH; —-CH,-CH3; -CH,-CH,-CO-O-R’*
Mg-P typeb

Chl¢q —CH3; -CH=CH, —CH3; —CH,-CH3; -CH=CH-CO-OH
Chlc, —CH3; -CH=CH, —CH3; -CH=CH, -CH=CH-CO-OH
Chl ¢3 —CH; -CH=CH, -CO-0-CHj3; -CH=CH, -CH=CH-CO-OH

“In the Mg-chlorin type of pigment the C17-C18 bond. is a single bond
bIn the Mg-porphyrin type of pigments the C17-C18 bond is a double bond
‘R’ is phytyl

Table 1.
Substituents of natural chlovophylls. For basic structuve see Figure 1a.
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Molecule R; R; Rg Ri Ry3 Ryy Ryo
Mg-BC type®
BChla -CO-CHj3 -CH; -C,H;s -CH; -CO-O-CH; -C,H,~CO-O-R° -H
BChl b -CO-CHj3 -CH; =CH-CH; -CH; -CO-O-CH; -C,H,~CO-O-R* -H
BChlg -CH=CH, -CH; =CH-CH; -CH; -CO-O-CH; -C,H,~CO-O-R® -H
Mg-C type”
BChl ¢ -CHOH-CH; -CH; -C,H; —-CH; -H -C,H,~CO-0-R® -CHj3
-C3H; —C,Hs
~C4Ho
~CsHy
BChl d -CHOH-CH; -CH; -C,H; —-CH; -H -C,H,~CO-0-R® -H
-CsH; ~C,H;
—C4Ho
—CsHy
BChle -CHOH-CH; -CHO -C,Hs -CHs -H -C,H,~CO-O-R?  _CHj3
-C3H;
—C4Ho
—-CsHy
BChlf -CHOH-CH; -CHO -C,Hs -CHs -H -C,H~CO-O-R?  -H

“In the Mg-bacteriochlorin type of pigments the C7-C8 bond is a single bond
bIn the Mg-chlovin type of pigments the C7-C8 bond is a double bond

R’ is phytyl

R’ is farnesyl.

Table 2.
Substituents of the natural bacteriochlorophylls. For basic structure see Figure 1b.

cryptophyte algae, the main pigments are Chl 4 and phycobilins. Carotenoids have a
role in all photosynthetic organisms.

The Chls and BChls are a group of tetrapyrrolic pigments with common structural
elements and functions. In chemical terms, they are cyclic tetrapyrroles of the por-
phyrin, chlorin, or bacteriochlorin oxidation states, which are characterized by a fifth,
cyclopentanone ring ortho-perifused (ring E in Figure 1) to the pyrrole ring of the
porphyrin, chlorin, or bacteriochlorin nucleus with an attached carbonyl ester group
and a central Mg atom. Coming from different peripheral substituents, these mole-
cules contain several chiral centers. For natural pigments, the most common are 13
and 3! epimers [10, 12-14]. For example, the 132-epimers of Chl a constitute the
primary electron donor of Photosystem I of plants and cyanobacteria, and 3'-epimers
of BChlc, d, and ¢ are present in chlorosome antenna elements [10, 13-17]. Conju-
gated tetrapyrrole ring, a chromophore, allows Chl and BChl molecules to absorb
visible light.

The characteristic feature of the ground-state absorption spectrum of monomeric
Chls and BChls in organic solvents are the two bands in the long wavelength region
540-850 nm, which have been assigned as transitions to the two lowest singlet excited
electronic states. The strong absorption bands in the region 300 to 475 nm are
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transitions to higher singlet electronic excited states of Chls and BChls (See Figure 2).
These absorption bands, as also the corresponding transitions and excited states, are
generally referred to as Qy, Qx, and B (or By, By or By, B, or Soret), in keeping with the
nomenclature used for porphyrin in earlier studies [18]. Subscripts x and y indicate
transition polarization orientations. In addition, with these characteristic absorption
bands, in the ultraviolet spectral region exist two other strong bands at about 260 nm
and below 200 nm. There is a correlation between the position of the Q, band and
chemical structure of the conjugated chromophore. Pigments with Mg-bacteriochlorin
(Mg-BC) nucleus (BChla, b, and g) absorb the longest wavelength, and pigments with
Mg-porphyrin (Mg-P) nucleus (Chl ¢y, ¢,, and c3) absorb the shortest wavelength in
the Qy spectral region (Figure 2) [19, 20]. Following the Q, state energy order found
from spectroscopic studies of porphyrin, chlorin, and bacteriochlorin molecules

[21, 22]. Also absorption band intensity depends on the chemical structure of the
chromophore. The ratio of the absorption maximum of the Soret band to the maxi-
mum of the Q, band is largest for the pigments belong to the Mg-P group [19, 20]. It is
typically larger than six for the Mg-P-type pigments, whereas it is less than four for
the Mg-chlorin (Mg-C)-type of pigments [19, 20]. For the Mg-BC-type of pigments it
is less than one and a half [19, 20]. Additionally, in pigments belong to the Mg-C
group (Chla, b, d, and fand BChl ¢, d, and e) the weak absorbing Q, state overlaps
with the vibronic transition of the lowest singlet excited Q, state, making an accurate
determination of its position in the absorption spectrum of Mg-C-type of (B)Chls
difficult [19, 20]. Whereas in BChl 4, b, and g molecules, having Mg-BC nucleus, the
Q4 band is clearly visible in the spectrum (See Figure 2) [19, 20].

Coming from different peripheral substituents, pigments belong to the same chro-
mophore group have different transition energies and shapes of spectra. For example,
by considering pigments belong to the Mg-C group. The only difference in the struc-
ture of Chl a and Chl b is substitution at the R; position (See Figure 1), where Chl a
has a methyl group and Chl b an acetyl group. This small structural difference causes a
blue shift of the Q, absorption from 671 nm in Chl a to 655 nm in Chl b in pyridine at

1.2 4 1.2 -
Solar spectrum

0.8+

Absorbance

Spectral irradiance [W m“nm™

0.0

T e T T T T T
400 500 600 700 800
Wavelength [nm]

Figure 2.
Ground-state absorption spectra of Chl a, Chl b, Chl c,, BChl a, and BChl d at room temperature. The main Soret
band is scaled to unity. The solar spectrum was obtained from Jari Kemppi, The Finnish Defense Forces.
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room temperature (RT) [19]. Also, Chl a has a stronger intensity of the Q, band than
that of Chl b as compared to the Soret band. Indicating that peripheral substituents,
especially substituents those increase/decrease (perturb) conjugated length of the
molecule, affect the electronic structure of chromophore nuclei. Similarly, the only
difference in the structures of Chl @ and Chld or Chlf is substitution at the R; or R,
position, respectively. When a vinyl group (Chl ) at position R; is replaced with an
acetyl group (Chld) or a methyl group (Chla) at position R; is replaced with an acetyl
group (Chlf). It causes a redshift of the Q, absorption from 671 nm (Chl a) to 697 nm
(Chld) or 706 nm (Chlf) in pyridine at RT [19, 23], keeping the intensity ratio
between the Soret and Q, bands almost unchanged. When a vinyl group (Chl a) at
position Rj is replaced with a hydroxyethyl group (BChl 4), a blue shift of the Q,
absorption from 671 nm to 657 nm in pyridine solution at RT is observed [19]. For
different homologous structures of BChl ¢, d, and e molecules having different degrees
of methylation at conjugated Cy carbons of the chlorin nucleus at the positions Rg and
Ry, (see Table 2 and Figure 1b) such significant differences for the spectral shapes
and band positions have not been observed. Typically, absorption band positions may
vary only a few nm between the homologs [9, 24, 25]. This means that the length of
saturated hydrocarbon side chains, at least at the positions Rg and Ry, does not have
much effect on electronic structures of the lowest states of the chromophore nuclei.
The same is true also for the length of the long hydrocarbon sidechain at the position
Ri7, (B)Chl, and its (bacterio)chlorophyllide derivatives produce almost similar
absorption spectrum [26, 27]. These observations might indicate that certain periph-
eral substituent perturb electron density of the chromophore nuclei and thus causes
modification on its spectroscopic properties.

Due to the peripheral substituents and the central Mg atom of (B)Chls, the
spectroscopic properties of these molecules are sensitive to the nearest environment
around the pigment. Especially the Q, state has been shown to be very sensitive to
the solvent coordination and type of the coordinated ligand [26, 28-30]. Its position
may change tens of nm between five and six-coordinated Mg complex structures
[26, 30, 31]. Also orientation of peripheral substituents, especially orientations of vinyl
and acetyl groups, may have an effect on the transition energies of pigment molecules
[32-35]. In a protein environment, coming from different local environments, interac-
tions with nearest amino acids can favor certain orientations of peripheral substituents
of (B)Chls. Because of that, the Q, absorption band of pigment embedded in protein is
typically much narrower than that of pigment in organic solution. Thus, the local
protein environment can fine-tuning spectroscopic and energy transfer properties of
pigment embedded in protein by favoring certain conformers. Also, in protein com-
plexes due to the short inter-pigment distances, exciton couplings between pigment
molecules may affect transition energies and transition intensities as compared with the
transition energies and transition intensities of isolated pigment molecules [34].

In this work, we create step-by-step the theoretical model for spectral transitions
of Chl monomers and Chl oligomers to explain the role of environment, conformers,
vibrations, and inter-pigment exciton interactions on the electronic structure of the
pigment and pigment complexes. The very first starting model system is an isolated
Chl-ligand complex with electronic transitions only. Finally, a more realistic model,
Chl oligomer with vibronic transitions is considered. Coming from the fact that the
peripheral substituents affect the electronic structure of chromophore, transition
energies and transition intensities of different conformers are investigated by using
quantum chemical density functional calculation methods. We found out that with
the conformer information found from experimental crystal structures and calculated
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transition energies and calculated transition dipoles are able to reproduce experimen-
tal absorption and emission spectra of several studied systems quite nicely. We were
able to explain the unexpectedly high molar extinction coefficient of Chl b found in
the water-soluble chlorophyll protein as also to explain the large spectral shift found
from some LH antenna complexes. Our results suggest that so-called “sergeants and
soldier” principle describes H-bond donor and H-bond acceptor interactions in several
Chl protein complexes.

2. Electronic structure of pigment molecules

Figure 3a and b are shown schematic energy level diagrams (Jablonski diagram) of
monomeric and dimeric (B)Chl molecules, respectively. These diagrams illustrate the
electronic states of a molecule and the transitions between states. These diagrams are
able to explain qualitatively experimentally recorded spectra of the molecule. In
Figure 3a and b, the vibrational ground state of an electronic state is indicated with a
thick black line and the higher vibrational states with thinner black lines. There are
also shown some phonon states with grey dot lines. For clarity, these phonon states are
shown only for a few electronic states [36]. These phonons are vibrations of the
environment (protein, solvent, etc.) that are coupled with the electronic states of
molecules in condensed matter. Figure 3b are also shown some inter-molecular charge
transfer (CT) states with dash lines. In monomeric systems, these inter-molecular CT
states are forming between monomeric pigment and nearest solvent, etc. molecules,
like well-known ligand-metal CT state. Energies of these inter-pigment CT states
shown in Figure 3b are qualitatively in line with quantum chemical calculation results
for strongly coupled BChl a oligomers, lowest inter-molecular BChl-BChl CT states
appear between the Q, and Q, exciton manifolds (the S; and S; states in Figure 3b)
[37]. Also, experimental two-photon excitation spectroscopy studies for BChl a oligo-
mers have shown states in this spectral region that are not observable in a normal
ground state absorption spectroscopy method, because usually, CT states are optically
“dark”, i.e., one photon-excitation forbidden transitions [38]. Internal conversion
(IC) and intersystem crossing (ISC) processes are indicated with grey and light-grey
arrows, respectively. IC process occurs when a vibrational state of an electronically
excited state is coupled to a vibrational state of a lower electronic state with the same
spin multiplicity. Whereas ISC occurs between states with a different spin

(@)

Figure 3.

Sc%:’lme of energy levels of monomeric (a) and dimeric (b) (B)Chl complexes. S, = electronic ground state, S, , =
singlet excited states, T, = triplet excited state, CT = charge transfer state, Abs = absorption, Flu = fluorescence,
Phos = phosphorescence, IC = internal conversion, ISC = intersystem crossing. Dark yellow arrows indicate
vibration relaxation processes. Red dot lines in the B indicate the effect of environmental shifts and exciton
couplings on excited state enevgies. See the text for details.
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multiplicity. These non-radiative relaxation processes are dominant processes in the
photophysics of (B)Chls, where the triplet state quantum yield is about 0.20-0.88 and
a phosphorescence quantum yield of only about 2*10 or even smaller [23, 39-43].
Dark-yellow arrow indicates vibration relaxation processes. This process involves the
dissipation of energy from the molecule to its surrounding. As can be seen in

Figure 3b, one nondegenerate excited state of a free monomer in dimer corresponds
not to one but to two exciton states. This splitting is usually called Davydov splitting
[44]. The energy gap between the two states of dimer depends on the exciton coupling
strength between the states as also as the energy difference between the coupled
electronic excited states of the individual molecules. Transition energy difference, if
any, between free identical pigments originates from conformation differences as also
from different environmental shifts [45, 46]. In Figure 3b was assumed that environ-
mental shift decreases energies of Ty, Sy, and S; states. For larger oligomers the
excitation energy of the oligomer will split up into as many levels of excited states as is
a number of molecules in the oligomer. For crystals, if the unit cell contains N
identical molecules, then the excitation energy of the crystal will split up into N levels
of excited states [44].

2.1 Electronic transitions

The origin of the S; (Qy) and S, (Q,) states shown in Figure 3 is qualitatively
explained by the famous Gouterman four orbital model, in which the two highest
occupied molecular orbitals (HOMO-1 and HOMO) and the two lowest unoccupied
molecular orbitals (LUMO and LUMO+1) form the active molecular orbital space
[47, 48]. And spectral transitions (excited states) are described transitions
between these active molecular orbitals. The transition from HOMO to LUMO
(HOMO—LUMO) and the transition from the second HOMO (HOMO-1) to the
second LUMO (LUMO+1) have a transition dipole moment vector parallel with the
y-axis, whereas HOMO-1—LUMO and HOMO—LUMO+1 transitions have transition
dipole moment vector parallel with the x-axis coming from the symmetry of
wavefunctions of (B)Chls. Because of that, the Q, state (transition) can be expressed
by a linear combination of the HOMO—LUMO and HOMO-1—LUMO+1 transitions.
Whereas the Q state (transition) is expressed by a linear combination of the HOMO-
1-LUMO and HOMO—LUMO+1 transitions. This means that spectral transitions
(excited states) are not described with a single configuration but with several (two in
the four-orbital model) configurations. If only single configuration model is used,
then the calculated Q, transition energy, i.e. energy difference between HOMO and
LUMO, is typically much higher than experimental Qy transition energy. For example,
B3LYP/6-31G* SCREF calculations for five coordinated Chl a — 2-propanol and BChl a -
2-propanol complexes give the molecular orbital energy difference of 2.38 eV and 1.9
eV (see Figure 4), respectively. Whereas experimental Q, transition energy in 2-
propanol solution is 1.87 eV and 1.60 eV for Chl @ and BChl 4, respectively. Although
the single configuration model overestimates an energy gap between HOMO and
LUMO it gives the correct energy order of the Qy state of Chl 2 and BChl a. In
addition, it has been observed a linear correlation between the Q, band position and
the energy gap between HOMO and LUMO [34, 49]. But, the single configuration
model is not able to describe higher electronic excited states correctly.

It appears that the four-orbital model is too reduced to explain high energy excited
states and thus to analyze observed spectra in the Soret region. Also, by using larger
active molecular orbital space dimensions is able to produce better the Q, and Q,
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Figure 4.

BChl ain 2-propanol. (a) Molecular ovbital energy level diagram of BChl a in 2-propanol with the shapes of six
highest HOMO’s and six lowest LUMO’s. Molecular orbital energies from HOMO-16 (H-16) to LUMO+16 (L+16)
are shown. Main configurations of Q, (black arrow), Q. (ved arrows), B, (blue arrows), and B, (dark yellow
arrows) states/transitions are shown (the thicker arrow is the dominant configuration). In the left-hand side ave
shown shapes of LUMO+4, LUMO+2, LUMO, HOMO-1, and HOMO-3 (from top to bottom). In the right-hand
side ave shown shapes of LUMO+5, LUMO+3, LUMO+1, HOMO, HOMO-2, and HOMO-4 (from top to bottom,).
(b) Linear regression for the Q,, Q., and Soret energies of BChl a in 2-propanol. Calculated transition energies are
based on TD-B3LYP/6-31G* SCRF method. (c) Experimental and calculated ground-state absorption spectra of
BChl ain 2-propanol at RT. In the calculated stick spectrum, estimated transition energies are used.

transition energies [34, 50]. To get a more realistic picture, more than four molecular
orbitals are needed to describe the spectral transitions. As an example, in the

Figure 4c is shown the experimental ground-state absorption spectrum of BChl a in
2-propanol at RT with calculated stick spectrum. In the stick spectrum was used
estimated transition energies. These energies were got from plots of time-dependent
(TD) B3LYP/6-31G* SCRF calculated transition energies of five-coordinated BChl a -
2-propanol complex versus experimental solution transition energies (Figure 4b)

[33, 34, 50-52]. Such linear regression for the Qy, Q, and Soret energies of chromo-
phores has been suggested by Petke et al. [53, 54]. In the model structure, 2-propanol
was coordinated to the central Mg atom of BChl 4 forming five-coordinated pigment-
solvent 1:1 complex structure. This is in line with experimental spectroscopic data, the
coordination number of the central Mg atom of (B)Chl a4 in 2-propanol is five [30]. In
Figure 4a is shown molecular orbitals are needed to explain the shape of the spec-
trum. These orbitals are localizing mainly on the Mg-BC nuclei. With the arrays are
shown main configurations of the four lowest singlet excited electronic states (Qy, Q,
B, and B,). The origin of the Q; and Q states (transitions) are in line with the four-
orbital model, whereas some main configurations of the B; and B, states (transitions)
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are out of the four-orbital model. As can be seen in Figure 4a, it is easy to understand
why single configuration model is successful in describing the Q, energies. The Q,
state has only one main configuration (HOMO—LUMO). Based on the TD-B3LYP
result, the B, transition has very weak oscillation strength as compared to the Q, and
Q transitions of BChl 2. Whereas the B, transition has a large oscillation strength
value. As can be seen in Figure 4c, there are several spectral transitions that produce
the main Soret band. Also, absorption bands in the ultraviolet spectral region at about
260 and 200 nm are composed of several spectral transitions. For the Soret band the
main configurations are transitions:

HOMO-8—LUMO, HOMO-3—LUMO, HOMO-2 — LUMO+3, HOMO-1—LUMO+1,
HOMO-1—-LUMO+2, HOMO—LUMO+1, HOMO—LUMO+3

The band at about 260 nm is due to the main configurations:

HOMO-16—LUMO, HOMO-15—LUMO, HOMO-14—LUMO, HOMO-5—LUMO+1,
HOMO-3—LUMO+1, HOMO-3—LUMO+2, HOMO-2—LUMO+1,
HOMO-2—LUMO+2, HOMO-1—-LUMO+5, HOMO—LUMO+7, HOMO—LUMO+8

And the band at about 200 nm is due to the main configurations:

HOMO-9—LUMO+2, HOMO-9—LUMO+1, HOMO-6—LUMO+3,
HOMO-4—LUMO+4, HOMO-4—LUMO+6, HOMO-4—LUMO+7,
HOMO-4—LUMO+8,

HOMO-4—LUMO+10, HOMO-3—LUMO+3, HOMO-1—-LUMO+10,
HOMO—LUMO+11

Calculated electronic transition energies as also transition intensities depend on the
calculation method and quality of model structure used [34]. Very often quantum
chemical methods overestimate the Qy, Qy, and Soret energies. But by using linear
regression for transition energies is able to produce spectral shape more-or-less cor-
rectly and thus to use calculation/theoretical methods to explain experimentally
observed spectroscopic properties of the studied molecule system. In Figure 5 is
shown experimental ground-state absorption spectra of Chl @ and BChl & in 2-
propanol at RT with calculated spectra. In calculated spectra, calculated oscillation
strengths were spread over Gaussian line shapes (full width at half maximum (fwhm):

1.2+ —EXP 1.24 —EXP
TD-BILYP-SCRF = TD-B3LYP-SCRF
. TD-CAM-B3ILYP-SCRF e TD-CAM-B3YP-SCRF
. TINDO/'S CIS
s FINDO!S CIS
0.9
g g
a0 208
= -
g 2
-] o2
= =

0.3+

400 €00 00
Wavelenath Inml Wavelength [nm]
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Figure 5
Ground-state absorption spectrum of Chl a (a) and BChl a (b). The main Q, band is scaled to unity. Deeper
information about the spectral bands is shown with the stick spectra base on the TD-B3LYP/6-31G* SCRF results.
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Chla 1700 cm ™ in 150-500 nm and 400 cm ™" in 500-800 nm; BChl 2 2500 cm ™ in
150-500 nm and 750 cm ! in 500-900 nm). Here are used two different time-
dependent density functional calculation methods, TD-B3LYP/6-31G* and TD-CAM-
B3LYP/6-31G*, with SCRF solvent model and ZINDO/S CIS semiempirical method to
estimate transition energies. In ZINDO/S calculations 75 occupied and 75 unoccupied
molecular orbitals were used to form an active space. Calculated model structures
were five-coordinated Chl a - 2-propanol and BChl a - 2-propanol complexes. For the
TD-B3LYP and TD-CAM-B3LYP calculations, the model structures were optimized by
using B3LYP/6-31G* SCRF and CAM-B3LYP/6-31G* SCRF methods, respectively. But
for the ZINDO/S CIS calculations, B3LYP/6-31G* optimized model structures were
used, because former calculation studies have been shown that ZINDO/S CIS with
B3LYP/6-31G* optimized BChl structures predict transition energies very well [33].
As can be seen, all used methods are able to produce the shape of the spectrum
qualitatively. However, they underestimate total absorbance in the high-energy region
(200-450 nm). If we will focusing only to the main Soret band (300-500 nm) and the
Q (500-850 nm) regions then ZINDO/S CIS overestimates the ratio between inte-
grating intensity (in cm ™" units) in the Soret and in the Q regions whereas density
functional methods give about one and half times too low value as compared with the
experimental ratio. Here must be pointed out, that scattering can affect the measured
absorbance, it will appear as a continuous increase in extinction as are going towards
shorter wavelengths. Thus, people cannot neglect its role in the high-energy spectral
region. As can be observed in Figure 5a and b, the shape of Soret band is different
between Chl 2 and BChl 2 molecules. In the BChl 4 there is a well observable low-
energy tail in the experimental spectrum [19, 20], indicating the presence of addi-
tional electronic state(s) between the Soret and the Q states or presence of impurities.
Whereas in Chl a such absorbing state seems not to be in present [19, 20]. The
calculation methods for the BChl a gave excited electronic state with almost zero
oscillation strength in this region. Former femtosecond infrared study of monomeric
BChl 4 in acetone solution has given evidence for the existence of an electronic state
(s) corresponding to one-photon transition(s) around 470 nm in region where the
low-energy tail is observed [55]. Also former quantum chemical calculations for dif-
ferent BChl 4 solvent complexes have given dark electronic states between the Soret
and the Q, states [34]. Present TD-CAM-B3LYP/6-31G* calculation for BChl a —
pyridine complex gave five dark states between the Q, and Soret states, indicating
that amount of the dark states might depend on the chemical structures of the BChla -
solvent complexes. A similar tail has been observed also for the other Mg-BC type of
BChls, whereas it is lacking in the Mg-P and Mg-C type of (B)Chls [20].

2.2 Effect of conformers on transition energies and transition dipoles

As is known, electronic transition energies may depend on the conformation of
pigment. Especially orientation of acetyl group at position R; in BChl 2 has been
shown to have an effect on the transition energies [34, 35]. Just by analyzing molecu-
lar orbitals shown in Figure 4a, it can be found out that configurations needed to
create the Q, spectral transition possess atomic orbitals in the acetyl group as also
atomic orbitals of conjugated carbons of the ring A (see Figure 1). Giving explanation
why the acetyl group orientation change modifies spectroscopic properties of the BChl
a. The peripheral group is bound to the conjugated skeleton of the nuclei. However,
less is known about the role of conformation on transition dipoles or transition inten-
sities. In Figure 6 is shown an effect of vinyl group (bound to the conjugated carbon
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C; of the ring A, see Figure 1) orientation on the Q, energy and the Q, transition
dipole moment of four-coordinated Chl @ and b molecules by using TD-CAM-B3LYP/
6-31G* method. As can be seen, the orientation of the peripheral group has a strong
effect both on the transition energy and on the transition dipole moment. This means
that the electronic structure of molecule is much more complex than the schematic
energy level diagrams shown in Figure 3. In real picture, the horizontal energy levels
in Figure 3 are multidimensional Born-Oppenheimer energy surfaces. With Figure 6
is easy to understand that if the conformation of pigment embedded in protein is
totally different than conformers dominate in solution, then not only spectral band
positions but also band intensities may differ a lot between these two different sys-
tems. Also, coming from this different conformation distribution between pigments in
protein and in solvent environments, the width of the Q, absorption band of the (B)
Chl embedded in protein is typically narrower than the band of pigment in the
solution.

There are discussions about the origin of unexpectedly high molar extinction
coefficient of Chl b embedded in the water-soluble chlorophyll protein (WSCP) when
compared with the corresponding Chl a-reconstituted complexes [56, 57]. Molar
extinction coefficient of Chl b molecule in the Q, region is about 20-30% larger in the
WSCP system than that of Chl b in ethanol solution. For Chl 4 molecule embedded in
the WSCP the value is 11% less or equal to the value in Chl a - ethanol solution.
Because of the well-known quadratic relation between the transition dipole moment
and the molar extinction coefficient, the change of the molar extinction coefficient of
Chl b could be explained by analyzing orientations of peripheral functional groups of
Chl b conformers found from the X-ray structure of Chl »-WSCP protein, at least in
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Figure 6.

(a) Dependence of the electronic ground-state (GS) and Q, excited-state energy on the 3-vinyl group dihedral
angle in four-coordinated Chl a and Chl b monomers. Energies are compared to the minimum energy of the
electronic ground state and to the first singlet excited electronic state (minimum energy is set to o cm ). (b)
Dependence of the magnitude of the Q, transition dipole moment on the 3-vinyl group dihedral angle in the four-
coordinated Chl a and Chl b monomers as compared to the value of the minimum energy structure of the electronic
ground state. TD-CAM-B3LYP/6-31G" method is used in calculations.
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the lowest level of approximation. For the Chl b molecules of the WSCP protein
(WSCP has four Chl b molecules) are found dihedral angle values of the vinyl group at
about 15, 194, 198, and 204 degrees [56]. These give change of the Q, transition dipole
moments of about -4.7%, 2.3%, 2.5%, and 0.8%, respectively, as compared with the
values of the minimum energy structure (see Figure 6b). To taking account also
orientation differences of acetyl (R;) and ethyl (Rg) groups, the change of the Q,
transition dipole moments are then -2.3%, 2.0%, 3.6%, and 4.5%. For five-coordinated
structures with dihedral angle values found from the X-ray structures, corresponding
values are: -2.7%, 9.5%, 5.9%, and 9.5%, respectively. This result can explain qualita-
tively the high molar extinction coefficient value observed for the Q transition of the
Chl b-WSCP protein. Also, ground-state energies of these conformers are so high, that
based on Boltzmann distribution they are not dominant conformers at RT. Thus, their
impact on the molar extinction coefficient value for the Chl b in solution at RT is
small. To find out the role of conformers on transition intensities of the Chl >-WSCP
protein, exciton calculation with conformer corrected transition dipole couplings are
needed [58, 59]. Coming from large inter-Chl distances in the WSCP protein (the
shortest Mg-Mg distance is about 9.6 A), a dipole-dipole approximation can be used to
calculate exciton couplings in this system. Present exciton calculation with the
conformer-corrected Q, transition dipole moment values (-2.7%, 9.5%, 5.9%, and
9.5%), the corresponding Q transition energies, and the X-ray structure information
produces about 12 % larger oscillation strength value in the Q, spectral region as
compared with the calculation having only identical conformers (optimized ground
state geometry structure). This value is roughly 50% of the experimentally observed
increase of the Qy intensity. Thus, this reduced structure model and TD-CAM-B3LYP
method are able to suggest that conformation difference could be the main origin of
the huge increase of the molar extinction coefficient found from the Q, spectral region
of the Chl b-WSCP proteins.

Conformation difference could also explain a huge spectral shift (50 nm) found
from the LH2 and LH3 antenna complexes of purple bacterium Rhodopseudomonas
acidophila [60, 61]. Based on the X-ray structures of these complexes, there are two
different sets of pigments with the dihedral angle of the acetyl group of about -24 and
16 degrees (B850 pigments of the LH2 complex) and of about -30 and -36 degrees
(B820 pigments of the LH3 complex). In our previous study has been shown the
dependence of the Q, transition energy on the acetyl group orientation of BChl a
molecule (see Figure 6b in Ref. [35]). With this result is able to estimate that the two
different B850 pigment sets have about 170 and 75 cm™ ' larger Q, transition energies
than that of the optimized BChl 2 molecule. For the B820 pigments, the corresponding
values are even larger, about 430 and 320 cm™". TD-CAM-B3LYP/6-31G* calculated
change of Qy transition dipole moment values are about -3% and -1% for the B850
pigments and about -6% and -4.5% for the B820 pigments as compared to the transi-
tion dipole moment of the optimized structure. Exciton calculations with these Q,
transition dipole moment values, Q, transition energies, and experimental X-ray
structures produce half of the experimentally observed band shift and show that in the
LH3 antenna the energy difference between the highest and lowest Q, exciton state
(Davidov splitting) is about 12 % smaller than the energy difference in the LH2
complex. Based on experimental fluorescence anisotropy studies, it has been shown
that the LH3 complex has about 11% smaller width of the B820 exciton manifold than
that of the LH2 complex [62]. Indicating that such reduce model is able to give
qualitative results. The too weak calculated shift is coming from the too reduced
exciton model used. Dipole-dipole approximation is not good enough to describe
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exciton couplings between pigments with van der Walls contact (there are mixing of
wavefunctions of adjacent pigments), more better is to use so-called supermolecule
approximation [58].

In similar way, different conformers can be used to explain qualitatively the
unusual Qy absorption band red-shift found from different LH1 antenna complexes of
the thermophilic bacterium Thermochromatium tepidum [63]. In the Ca-bound LH1
complex the Qy absorption band appears much lower in energy than that in the Ba- or
Sr-bound LH1 complexes (915 nm vs. 888 nm at RT, difference 330 cm 1). Based on
the experimental X-ray structures, the dihedral angles of the acetyl group of BChl
molecules vary in range of |0-5|, |0-37|, and [2-54| degrees in Ca-, Ba-, and Sr- bound
LH1 complexes, respectively [63, 64]. Coming from the TD-CAM-B3LYP/6-31G*
results [35], BChls with the dihedral angle of acetyl group in range |0-5| degrees have
much smaller Q, transition energies than the pigments with larger dihedral angle
value. For example, the Q transition energies of pigments with the angle of |0-5|
degrees are approximately about 200 or 400 cm™ ' smaller than that for the pigment
with the angle of 20 or 30 degrees, respectively. TD-CAM-B3LYP/6-31G* calculations
indicate also that the Qy transition dipole moment is larger for the pigments with the
angle of |0-5| degrees than for the two other sets of the pigments, suggesting that the
exciton couplings are the strongest in the Ca-bound LH1 complex. Thus, conformer
analyze predicts that the Q; absorption band of the Ca-bound LH1 complex appears in
lower energy than that of the Ba- and Sr-bound LH1 complexes. Very often this kind
of the Q, band shifting processes are explained with the H-bond or with the breaking
of H-bond systems [65]. TD-CAM-B3LYP/6-31G* calculations for the identical BChl 2
conformers (the B850 BChl a from LH2 antenna of Rhodopseudomonas acidophila) [61]
with and without explicit H-bond donor ligand (tryptophan) indicate that the “addi-
tional” H-bond effect could decrease the Q, transition energy of about 200 cm ™. This
energy value depends on the type of the H-bond donor as also from the distance
between H-bond donor and acceptor residues, of course. This additional H-bond or
surrounding effect is actually in line with experimental observations, those show that
Chls in gas phase have larger Q, transition energy than Chls in solution [66, 67]. In
addition, calculations for the BChl a complexes where the position of the H-bond
donor was changed indicate that the orientation of the acetyl group (H-bond accep-
tor) follows the position of the donor. There were H-bond complexes with a large
variation of the dihedral angle of the acetyl group from 0 to a few tens of degrees.
Thus, the H-bond itself (i.e. non-zero electron density between H-bond donor and
acceptor ligands) is not the reason for the observed huge band shifts, but the acetyl
group orientation has the main role in the band-shifting processes. This is in line with
absorption spectra of (B)Chl monomers in different nonpolar and polar solvent envi-
ronments, although there are H-bonds complexes a huge Q, band shift is not observed
[30]. Thus, the role of the H-bond donor is like the “sergeants and soldiers” principle,
orientation of the acetyl group (H-bond acceptor) arises from a “sergeants and sol-
dier” effect i.e. from the position of the H-bond donor around the acceptor.

To get the more exact picture about the role of conformer on exciton energies and
transition intensities of pigment-protein complexes, higher resolution X-ray struc-
tures are needed. In addition, as is known, mixing between different exciton states
might borrow intensity [68]. Thus, the exciton model with couplings between the Q,,
and other excited states of pigment might give additional information about studied
systems. Also, here was used quite reduced model structure, containing only pigment
with one ligand, lacking the main part of the nearest protein environment. Thus,
chromophore ring distortions observed in the crystal structures of pigment-protein
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complexes were not involved in the calculations, because of geometry optimization.
Such distortions have been shown to have effect on transition energies [69].

2.3 Vibronic transitions

As is seen in Figure 5 the shape of the calculated Q, absorption band differs from
the experimental band shape. The reason is lacking vibration levels, i.e. calculations
were done without vibronic transitions. As can be found in Figures 3 and 7, vibronic
transitions are able to produce transition intensities in the high-energy side of the Q,
absorption band as also in the low-energy side of the emission band [70-72]. This is
well observed in Figure 7a, there are number of vibration levels in the high energy
side of the Q, band that can be the final states of the absorption process. Similarly, in
the emission process, there are lot of vibration states above the vibration ground state
of the electronic ground states those can be the final states of emission transitions as is
well observed from Figure 7c. In Figure 7c is shown experimental fluorescence and
difference fluorescence line narrowing (AFLN) [73] spectra of Chl a4 in 1-propanol at
4.5 K. Shortly speaking, in the AFLN method is used a narrow-band laser excitation to
select spectrally identical group of pigments (conformers) to eliminate inhomoge-
neous broadening of the spectral band [74]. The AFLN spectrum shows a strong
purely electronic line at 0 cm " (so-called zero-phonon line. It originates from the
transition between vibration ground states of the Q, state and the electronic ground
state. This 0-0 transition is shown in the left-hand side of Figure 7a). It appears
along with a broad and asymmetric phonon wing or phonon sideband peaking at
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Figure 7.

(a) Energy level diagram of Chl a with and without vibrational states. In the left-hand side is shown only pure
electronic states and in the vight-hand side is shown also calculated vibrational states. Here is also shown
experimental ground-state absorption and fluorescence spectra of Chl a in 1-propanol at RT. Absorption and
fluovescence are indicated with blue and red arrows, vespectively. Black circles indicate vibration manifolds (For
clarity, only fundamental modes are shown). (b) Distribution in the energy of the vibvational modes in the ground
electronic state of Chl a molecule. In the left-hand side is shown all fundamental modes and fundamentals with
their 20 overtone modes that have energy below 3000 cm™" are shown in the right-hand side. Vibration states are
calculated by using semiempirical PM6 method. (c) Experimental low-temperature fluorescence and difference
fluovescence line narrowing spectra of Chl a in 1-propanol. Inset of panel C shows the shape of phonon band. For
clarity, only part of the spectrum is shown. See text for further explanations.
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about 20 cm ™! (see inset of Figure 7c) as well as several distinct vibrational bands.
The general shape of the AFLN spectrum overlaps nicely with the shape of the
inhomogeneously broadened fluorescence spectrum of Chl 4 in 1-propanol at 4.5 K.
Vibration modes shown in Figure 7 are calculated with the semiempirical PM6
method. The fundamental mode energies are well in range of energies found from
infra-red absorption spectra of Chl 4 [75]. Infra-red spectra show bands around 2800
cm ! and below 1800 cm 1. When also overtones of modes are considered, contin-
uum of the states are observed (Figure 7b). This indicates that overtones of modes as
also combination of modes have role in the IC and ISC processes shown in Figure 3,
because the energy gap between the electronic states could be much larger than the
energy of the highest fundamental mode of vibration. It has been also suggested that
overtones of modes could increase energy transfer efficiency, coming from the fact
that with these transitions overlap between absorbing and fluorescing states will
increase [71]. Based on experimental fluorescence studies, extra-long fluorescence
tails of Chl 2 and BChl 2 molecules have been observed as far as 4000 cm ™' from the
main Q, band [71]. At high temperatures, when vibration excited states of the elec-
tronic ground state are populated, vibronic transitions from the thermally populated
hot vibration states of the ground electronic state can produce absorbance also far in
low-energy side of the absorption band. For example, a weak absorption tail has been
observed as far as 2400 cm ™' from the absorption peak in the low-energy side of the
Qy band for Chl 2 and BChl 2 molecules at RT [35, 76]. The shape of these tails was
able to explain by using vibronic transitions, mainly with the overtones of modes.
Also, vibronic transitions or better strong vibronic coupling between Q, and Q, states,
have been shown to have role in the position of the Q, absorption band of Chl 4
molecule in different solvents [77]. With this information, the Q, state shown in
Figure 7a is coupled with some high energy vibrations of the Q, state and thus the Q,
transition give intensity also in a region where to appear the Q, state vibrations.

To calculate normal modes of vibrations optimized geometries are needed. This
limits the size of the model system used. Very often model system contains only a
single pigment or pigment with one ligand molecule coordinated to the central Mg
atom [35, 70-72, 76-79]. Such models are far away from realistic model structure for a
pigment in real solvent or protein environment. These calculations forget a real con-
former of the pigment and the nearest environment around it. In some case is able to
use experimental AFLN spectrum to estimate Franck-Condon (FC) coefficients of
vibrations needed in vibronic calculations. This kind of estimated set of FC coeffi-
cients describes a system only at low temperature, there are lacking transitions (FC
coefficients) from thermally populated hot vibration states those are essentials at
higher physiological temperatures. In Figure 8 are shown experimental and calculated
absorption and non-line narrowed fluorescence spectra of Chl a-WSCP protein at 4.5
K [80]. To obtain realistic shapes of the spectra, the stick exciton spectra were dressed
with Gaussian homogeneous band shapes (fwhm) of 120 cm ™" (fluorescence) and 150
cm ! (absorption). In the calculations were used vibronic exciton model [79]. The FC
coefficients, i.e. overlap integrals between the vibration wavefunctions of the elec-
tronic ground state and the Qy state, were estimated from the AFLN spectrum of Chla
in 1-propanol at 4.5 K shown in Figure 7c [70]. Here was made such kind of approx-
imations that absorption and fluorescence transitions have identical FC coefficients
and that all vibration peaks of the AFLN spectrum are coming from the fundamental
modes of vibrations. Now each peak position gives the energy of the corresponding
fundamental mode (i.e. energy level of vibrations, see Figure 3) and a height of peak
gives the value of the FC coefficient. In the exciton calculation, the FC coefficients
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Calculated and experimental 4.5 K absorption (a) and nonline-narrowed fluorescence (b) spectra of Chl
a-WSCP complex. The solid blue line shows calculated spectra with vibronic transitions and dash-dot blue line
shows calculated spectra without vibration levels. The main Q, band is scaled to unity. See the text for details.

modulate the magnitude of the electronic transition dipole moment vectors, and thus
exciton coupling strengths between the Chl @ molecules of the WSCP protein. Exciton
calculation contains zero phonon line, phonon sideband function, 50 strongest vibra-
tion peaks found from the experimental AFLN spectrum, conformer corrected Q,
transition energies (0-0 transition), conformer corrected Q, transition dipoles (+4.5%
and +2.3%), and experimental X-ray structure information of Chl 2-WSCP protein
(dihedral angle of the vinyl group: 199.5 and 190.8 degrees. The WSCP has two
symmetrical Chl 2 dimers) [81]. With the calculated vibronic exciton spectra are
shown also calculated spectra without vibrations (pure electronic exciton model, blue
dash-dot line). To compare these two different calculated spectra can be easily found
out the role of vibrations in the shape of spectra. Also, as can be seen, because the FC
coefficients modulate exciton coupling strengths, absorption band positions and
energy gap between the bands (Davidov splitting) are different in these spectra
(exciton calculation without vibration levels gives two well separated absorption
bands and the gap between these bands are larger than that of the spectrum calculated
with the vibronic transitions). At higher temperatures with thermally populated hot
vibration states (different sets of FC coefficients), these differences could be even
larger. This indicates that exciton couplings estimated from experimental spectra
(contains vibrations) could be smaller than that of calculated by using quantum
chemical methods (pure electronic states). If the shape of the main absorption band is
considered, especially the low-energy side of the band, then we can find out that
conformer corrected exciton parameters produce quite nicely the exciton energies of
the WSCP protein. The lowest Qy, exciton state gives a weak shoulder in the red side of
the band and the other exciton state produces the main band, producing the correct
shape of the main Q, band. To compare with the experimental and the calculated
vibronic spectra we can find out that the general shape of the spectrum is well
produced. However, some vibronic transitions in the absorption spectrum have too
strong intensity (in the experimental spectrum there might appear also Q, band(s) in
this spectral region). And, in the fluorescence spectrum, the 0-0 transition has too
dominant role. This result indicates that the used set of the FC coefficients, got from
the fluorescence process of Chl & in 1-propanol complex, are not good enough to
describe the absorption spectrum of Chl a-WSCP protein complex perfectly, but still
good enough to describe qualitatively shape of both spectra of the complex. Thus, as
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the main result of this whole work, it seems that this kind of calculation allows to
produce more-or-less correctly the shape of absorption and fluorescence spectra of the
pigment-protein complex.

3. Conclusions

Modern quantum chemical methods are able to explain the spectroscopic proper-
ties of chlorophylls and their complexes. Very often these methods overestimate
transition energies, but the linear regression method is able to estimate transition
energies and to produce more or less correct shapes of spectra. This allows to use
calculated spectra together with experimental data to get more detailed
picture/information about the studied system.

Spectroscopic properties of monomeric and oligomeric chlorophyll complexes
depend strongly on the nearest environment around the molecule. The environment
can modulate spectral transition energies and transition intensities and can favor
certain conformers. Especially orientation of the H-bond acceptor group of pigment
molecule arises from the position of the H-bond donor around it. Because different
conformers might have totally different physicochemical properties, environment
perturbation as fine-tuning spectroscopic and energy transfer properties of pigment
oligomers. This work suggests that the orientation of certain functional groups of
(bacterio)chlorophylls might have dominant role in pigment-protein complexes.

To produce calculated spectral band shape correctly vibronic transition are needed.
With these vibronic transitions are able to study temperature dependence processes
and to create more realistic light-harvesting and energy transfer model systems.

This work demonstrates that it is a possible to create a theoretical calculation
model/tool, conformer corrected vibronic exciton method, where calculated transition
energy and transition dipole moment data are used as parameters to generate input
parameters needed in exciton calculations.
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Appendices and nomenclature

Chl chlorophyll

CT charge transfer

BChl bacteriochlorophyll

FC Franck-Condon

Fwhm full width at half maximum

HOMO highest occupied molecular orbital
H-bond hydrogen bond

IC internal conversion
ISC intersystem crossing
LH light-harvesting
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LUMO lowest unoccupied molecular orbital
Mg-BC Mg-bacteriochlorin

Mg-C Mg-chlorin

Mg-P Mg-porphyrin

RT room temperature

TD time-dependent

WSCP water-soluble chlorophyll protein
AFLN difference fluorescence line narrowing
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Chapter 2

Murburn Model of Photosynthesis:
Effect of Additives like Chloride

and Bicarbonate

Kelath Murali Manoj, Nikolai Bazhin, Yanyou Wu
and Afsal Manekkathodi

Abstract

Oxygenic photosynthesis essentially involves photo-lysis (splitting of water to
release oxygen), photo-reduction (formation of NADPH), and photo-phosphorylation
(synthesis of ATP) reactions. These reactions use photoactive pigments such as
chlorophylls and carotenoids. Z-scheme and Kok-Joliot cycle, the acclaimed and
deterministic model of photosynthesis, are founded on the classical enzyme
reaction mechanisms that depend solely on affinity-based interactions of enzymes
with the substrates at defined active sites, for explaining electron/moiety transfers.
In contrast, the new murburn model is built on stochastic collisions between
diffusible reactive species (DRS) and other milieu components (including enzymes,
substrates and ions). This novel perspective explains fast kinetics and action
spectrum, and affords a spontaneously probable/evolvable biochemical system. The
murburn perspective proposes that the photo-excitation of pigments in the
chloroplast leads to effective charge separation and DRS-formation. DRS are
stabilized/utilized by a pool of redox-active components via disordered/parallel
bimolecular interactions at the thylakoid membrane interface. Herein, we provide
details of how murburn model is a thermodynamically, kinetically, and
mechanistically viable mechanism for the formation of ATP, NADPH and oxygen.
The murburn model also provides more viable explanations for several classical
experimental observations in photosynthesis (Emerson enhancement effect,
Jagendorf/Racker experiments, etc.) and the non-specific effects of diverse additives
(such as chloride and bicarbonate).

Keywords: murburn concept, photosynthesis, photolysis, photophosphorylation

1. Introduction

Oxygenic photosynthesis is a biological process that uses sunlight to convert
simple chemical precursors into usable biomolecules/energy currency, maintains the
level of oxygen, and ultimately sustains life on earth. Although, the term “photo-
synthesis” was proposed by Charles Barnes in 1893, the scientific community was

27 IntechOpen



Chlorophylls

aware almost five decades earlier that green plants used sunlight and water to
convert carbon dioxide into carbohydrates. Since then, researchers have made con-
tinued efforts to understand the intricate mechanism of photosynthesis, which has
been a tantalizing and daunting endeavor [1, 2]. Earlier, scientists believed that
light-induced processes result in elaborate rearrangements of atoms and groups in
organic compounds. By 1930s, Cornelius van Niel had proposed a generic stoichi-
ometry for photosynthesis as: CO, + 2H,A + hv — CH,0 + 2A + H,0, wherein ‘A’
denotes an oxygen or sulfur atom [3]. It was perceived in the earlier times that O,
formed originated from CO,, but the use of radioactive isotopes led to the conclusion
that oxygen was produced from water [4]. After 1950s, photosynthesis was divided
into two separate components: the first part of light reaction included NADPH/ATP
synthesis and oxygen evolution and the second part of dark reaction leads to CO,
fixation. By the mid-twentieth century, leading photosynthesis researchers like
Eugene Rabinowitch, Robin Hill, Bessel Kok, Lou Duysens, Jan Amesz, and Horst
Witt came to a consensus that deterministic electron transfer/transport chain (ETC)
was functional in chloroplasts. That is: it was perceived that electrons move in an
uphill manner first (upon photo-activation by Photosystem II) and then downbhill
through a series of redox centers and then again go uphill (upon photo-activation by
Photsystem I). This overall zig-zag movement of electrons from water, through a
series of redox centers of varying potentials, all the way to reduce NADP*, was called
Z-scheme. This can be compared with how a battery of electric and magnetic fields
are positioned to drive species like protons in real time and space, within a sophisti-
cated linear or cyclic particle accelerator facility. This model was primarily/suppos-
edly the collective outcome of: (i) the interpretation of experimental findings made
by the researchers mentioned above, (ii) the perception on mitochondrial physiol-
ogy afforded by the likes of David Kaelin, and (iii) key discoveries of Robert Emer-
son and Daniel Arnon in chloroplasts. Emerson had demonstrated that only a few
among the thousands of chlorophylls donate electrons upon photo-impact and two
distinct photosystems (PS) working at two different wavelengths synergistically
function to enhance the physiological photosynthetic yields [5-7]. Arnon elucidated
the cyclic/non-cyclic photo-phosphorylation processes of light reaction [8-10]. The
discoveries of such pioneers were interpreted in conjunction with the outer sphere
electron transfer theory of Rudolph Marcus [11] and the proton-motive-force (pmf)
based ATP-synthesis hypothesis proposed by Peter Mitchell [12]. This was because
Marcus theory could afford deterministic electron transfer ‘wiring routes’ within/
between proteins and Mitchell’s chemiosmosis proposal could purportedly enable a
‘coupling rationale’ between the e-transfer to ATP-synthesis via a supposed proton-
pumping mechanism. In the early 1970s, Bessel Kok interpreted Pierre Joliot’s
observations to propose the‘oxygenesis cycle’in situ [13], which was subsequently
deemed localized at MnComplex of PS II. Although modified subsequently, Mitchell
had also originally floated the Q(uinone)-cycle [14]. But pmf alone had failed to
tangibly connect the physiological phosphorylative coupling with the trans-
membrane movement of protons using the protein of F,F,;-ATPase. Paul Boyer’s
conformation-change-based rotary ATP-synthesis proposal [15] forged a connection
with Mitchell’s chemiosmosis and the mechanism of the phosphorylation process,
filling the evident void. Although, structural details of the relevant proteins were
unavailable during the conceptualization of these explanations, the subsequent
discovery of the ordered arrangement of photo-active/redox-active centers in bac-
terial “light-trapping/harvesting complexes” [16] re-enforced the earlier assump-
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tions. Today, perceptions and publications across the globe employ the Z-scheme
ETC and chemiosmotic rotary ATP synthesis (CRAS) paradigm to explain the vari-
ous theoretical/experimental aspects of photosynthesis.

Over the last few decades, greater structural details of the proteins’structures and
mechanistic insights on redox physiology have led to significant upheavals in biology.
This necessitates a systemic appraisal regarding the status of photosynthesis research
and new viewpoints in the field. In this regard, this write-up shall focus on some
concerns regarding the classical perceptions and detail how a new mechanism
(murburn concept) can better explain the overall phenomena of oxygenic photosyn-
thesis, including the effects of diverse additives.

2. Concerns regarding the classical perceptions

As evidenced with the advancement of any sphere of human endeavors, photo-
synthesis research also faced several obstacles, confusions and perception changes.
Even in the light of the classical perception, one of the most challenging and unclear
aspect acknowledged was/is to explain how the diverse colored pigments found
scattered in photosystems and light-harvesting complexes (LHC) trap the incident
energy of the broad visible spectrum of sunlight to relay it to reaction center chloro-
phylls [17]. Herein, only the simpler aspects of classical biochemistry (non-quantum
biology) are addressed in significant detail. Further, since the exhaustive critical
review of various aspects of the classical textbook perception (Z-scheme ETC for
NADPH synthesis, Kok-Joliot cycle for oxygen evolution, Q-cycle for quinones-roles,
and CRAS for phosphorylation chemistry) is already available elsewhere [18-35], only
the salient problems plaguing the traditional school of thought shall be presented.
Also, the myriads of experimental observations that cannot be reasoned within the
classical perspective are addressed and briefly resolved in a later part of this write-up
(Sections 4 and 5).

2.1 Unavailability of ‘free protons for pumping’

Several species of cyanobacteria present the examples of one of the smallest living
beings utilizing chlorophylls and deriving their energy from the photosynthetic
process. Its sub-micron dimension ensconces a maximal aqueous volume of ~10~'¢
liter. Since the organisms thrive at pH 8, calculation using Avogadro number gives
us: (107 L) x (108 molecules/L) x (6 x 10?%) ~ <1. That is—such cells are
practically aprotic! Quite simply, these cells possessing thousands of membrane
proteins cannot be present to support proton pumping activity. This simple
calculation/consideration brings down the whole edifice of the classical purview
because without proton-pumping, the ETC is apparently purposeless in its
mechanistic scheme [18, 19, 32].

2.2 Non-viability of elaborate/serial ETCs in chloroplasts
Daniel Arnon, whose observations were one of defining pillars of the Z-scheme,
changed his views by the early 1980s. His works and several other researchers also had

reported the violation of the classical pathway in situ via multiple modalities and also
shown that NADPH could be made at PS II level itself ([35-37]; and several works
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mentioned in [37]). The formulators/advocates of Z-scheme had overlooked a key fact
that the highly mobile and molecular oxygen (1le/2e active) also served as an acceptor
of electrons in the Hill reaction [38]. Also disregarded was the fact that diverse species
of organic/inorganic ions/molecules could serve as donors/acceptors of electrons in
chloroplasts [39-46]. This aspect does not fit with the deterministic roles of donors
and acceptors in each of the four major steps of the classical perspective, as shown in
Figure 1. It can be seen that the purported mobile electron transporters of quinols
(PQ) and/or plastocyanin (PC) must jump thylakoid membranes for effective func-
tioning as donors and acceptors in the erstwhile proposal. Further, it was recently
demonstrated that the rationale for explaining the Emerson enhancement effect with
the serial arrangement of components (Water-PS II-PQ-Cyt. bgf-PC-PS I-Fd-FNR-
NADP) was erroneous at a very fundamental level [32]. This is because serial connec-
tivity could have explained only lowered yields with combined excitation at the two
wavelengths. (This concept is easily evident from comparing two resistances
connected in series or parallel. A higher current flow occurs with parallel

Deep in grana Stroma I Proton pumping
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NADP+
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Figure 1.

A graphical representation of the spatio-temporal processes of Z-scheme. Within the classical purview, only
certain molecules are supposed to serve as donors and acceptors of electrons at the various protein complexes. Not
only is the electron route deterministic (within a given protein comprising of diverse types of vedox/photo-active
centers), unintelligent molecules are supposed to transport electrons as dedicated couriers, hopping across
membranes and phases. Also, several redox/photo-active centers ave present outside the purview of the purported
ETC route (not shown). The blackened shapes within the proteins are the representations of a few of the different
salient types of redox centers like MnComplex, tyrosine, RC chlorophyll, pheophytin, Fe-S, heme, flavin, etc. In the
classical purview, the thylakoid membranes are supposed to be impervious to protons and yet, the quinones are
somehow expected to acquire the protons when they get veduced at PS II. Cytochrome bt is supposed to carry out
sophisticated bifurcation of electrons received from quinols, to recycle into quinone, but the reaction must also give
electrons back to quinone itself. There is hardly any logic for PC ferrying electron to or binding with PS I. At steady
state, a positive polarity is supposed to be established within the lumen, and yet, electrons ave supposed to be drawn
out of the lumenal phase by Fd. These aspects do not make any sound electrochemical or thermodynamic rationale,
and when considering that cyanobacterial systems do not have protons in the inter-thylakoid spaces, the whole
proposal is untenable.
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connectivity.) Also, it did not make any evolutionary sense that an electron mobilized
from a photosystem should go through several dozens of transfer steps, before the
release of a molecule of oxygen or reduction of NADP*. For example: a single 4e Q-
cycle at Cyt. bgf {(QH,-FeS-Heme-PC = 3) x 2} + {(QH,-Heme-Heme-Q = 3) x 2}
alone would entail a dozen steps! Most importantly, mutation/knock-out studies had
shown obligatory components of Z-scheme like PC and modules of Cyt. bef are totally
dispensable in physiology [47-49]. Therefore, Z-scheme has little physiological rele-
vance and has no means for ensuring any deterministic connectivity in chloroplasts.

2.3 Absence of a tangible chemical logic for phosphorylation

The RAS paradigm postulates that (quoting verbatim from Lehninger’s acclaimed
textbook of biochemistry) “K., for ATP synthesis on the enzyme surface is near zero
whereas the K., for the reaction in free solution is 107°. F,F; binds ATP with very high
affinity (K; <10~ M) and ADP with much lower affinity (K, ~ 10> M). The difference
in K corresponds to a difference of about 40 kJ/mol in binding energy, and this binding
energy drives the equilibrium toward formation of the product ATP [50]”. This reasoning
is incorrect because a higher affinity for ATP does not provide any real mechanism or
rationale for the formation of ATP, but only accounts for ATP breakdown! How F,F;
can fashion a phospho-anhydride bond between two negatively charged phosphate
moieties is still left unaddressed because: (i) the enzyme is a known and demonstrable
ATPase, with preference for ATP-binding (over ADP-binding), (ii) physiological
steady-state ambiance in chloroplast has higher ATP concentration (as compared to
ADP), and (iii) the thermodynamic dictate is highly tilted toward hydrolysis. Even if
the realities are overlooked to imagine that protons were freely available in/around the
thylakoids, the directionality of rotation in F,F;-ATPase would still be problematic.
That is- assuming proton availability, they would be present within both lumenal and
stromal phases across the c-ring. Since there is little pH gradient in physiology, there
exists no reason why the c-ring should rotate only in the direction resulting in ATP-
synthesis. (That is-once a proton comes across a c-ring, why cannot it go back across
the c-ring of F,? In Boyer’s model, the proton is not consumed in the reaction at the
active site of F4!) Thus, the CRAS proposal was also a mere mirage, quite like
chemiosmosis [21, 22].

2.4 Violation of the principles of thermodynamics and electrochemistry

When Mitchell proposed that pumping out protons enabled the conservation of
energy in the ‘crowding of protons’ and this could be used for doing useful work by
moving it back across the same membrane (and subsequently added a higher electrical
energy term to make up for the deficiency in his equation), there was little thermo-
dynamic accounting in the original proposal or its up-gradation thereafter [18-34].
For, this unrealistic exercise is similar to the following banking scenario: once a sum of
money was withdrawn from a customer’s checking account, the system somehow credits the
saving account of the same person with 4 folds the equivalent sum of money! The classical
mechanism fails because there is no known reproducible way that an ion pumped
across a membrane can be used to commission work while returning to the same phase
across the same membrane. There is little accountability when charged species are
expected to move and counter the preset potential gradients [19, 32]. Further, seen
from a holistic perspective, the classical purview proposes a deterministic stoichiom-
etry for the overall equation as: 2NADP* + 3ADPOH + 3POH — O, + 2NADPH + 2H" +
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3ADPOP + H,0; A,G°,q ~ 1464 kJ/mol. As per Z-scheme, 4 einsteins each of 680 nm
and 700 nm can only give a total of ~1387 kj/mol and this is inadequate to achieve
the reaction mandate [17, 32]. Therefore, the classical perspective can only work

by transgressing the established guiding principles of thermodynamics and
electrochemistry.

2.5 Assembly/architecture/distribution/structure- function issues

The non-systematized and randomized assembly of the components of leaf/chlo-
roplasts, thylakoid stacks therein and distribution of various proteins and small mole-
cules in and around the highly convoluted lipid membranes hardly support the
classical proposals. For example- while PS II dimers are found buried deeper in
thylakoid stacks, PS I complexes are found in the peripheries of grana. It is unknown
how plastoquinol traverses membranes to serve an electron-relay role in the deter-
ministic ETC. Plastocyanin is found at very low concentrations, and it is present in
both phases. The longer chain plastoquinol is more in abundance, which is not
expected if quinols are mobile transporters of electrons in the membrane phase.
Various pigments of chlorophyll & and b, carotenoids, etc. are found scattered in the
membrane phase, with little scope for any intelligent or quantized modality for the
collection and relay of energy by these molecules to the RC chlorophylls. The large
extra-membrane extensions of various membrane-embedded proteins (photosystems,
cytochrome complexes or NDH complexes, etc.) and the arrangement of redox cen-
ters in the redox proteins is not conducive to a leak-proof relay of electrons [25, 30,
32, 33]. Even the accessibility of the redox center of smaller proteins like plastocyanin
does not make a good structure-function correlation to the ETC-CRAS paradigm [26].
In short, neither the architecture nor the components of chloroplasts (or their distri-
butions) reflect the mandate set by the ETC-CRAS proposal. For more elaborate
discussions in this regard, refer [32, 33].

3. The murburn model of photosynthesis

The quantitative and qualitative arguments listed in the section above conclusively
discredit the Z-scheme (ETC)-CRAS explanation, which was proposed when adequate
information of the chloroplast system was unavailable. Over the last two decades,
murburn concept/model-based pursuits provide an alternative explanation to the
photosynthetic process research [17, 25, 26, 28, 31-34]. In turn, this development
was enabled and consolidated by insights derived from two decades of experimental
findings and theoretical explorations in diverse redox enzymes and metabolic/
physiological systems [18-24, 27, 29-31, 51-81].

3.1 Murburn concept

The term murburn is abstracted from ‘mured burning’ (confined oxidation) and
invokes mild unrestricted reaction equilibrium dynamics OR electron/moiety transfer
interactions among molecules, unbound ions and radicals. It is akin to combustion,
but occurs in a more controlled manner because reactive species are generated in a
‘sustained release’manner. Herein (as shown in Figure 2), although the scheme may
not involve high affinity-binding based interactions, the reactions may show
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Figure 2.

Extension of classical enzyme-mediated catalysis paradigm with murburn concept. The left panel shows a
classical understanding of enzyme-catalyzed reactions and electron transfers based on binary complex formation,
owing to the affinity between them. The murburn mechanism does not disclaim the classical perception but is a
larger paradigm that also permits useful roles for DR(O)S. therefore, the engyme and substrate OR donor and
acceptor may have a little mutual affinity (and need not bind). Such a reaction mechanism enables the
explanation for the existence of a diverse array of substrates and inhibitors. Also, substrate inhibitions and
activations by diverse additives need not invoke allosteric influence.

selectivity and specificity, and at times, a lower order of dependence on the substrate
concentrations may be observed [32, 72, 78].

3.2 Details of the murburn scheme in chloroplasts

Murburn scheme sees chloroplasts as simple chemical engines (SCE) employing
the principle of effective charge separation/stabilization (ECS), which is afforded by
the membrane-embedded protein complexes [34]. Unlike the ordered/serial and
highly inter-dependent reaction components within the deterministic classical pur-
view, the murburn model deems each of the protein photosystems as independent
elements that work in parallel within a reaction milieu (that has several non-specific
interactive equilibriums). While the traditional view deems DR(O)S as toxic waste
products, they are essential reaction components in the new model and they form a
crucial/dynamic component of the reservoir of redox equivalents in the murburn
model. Within the ETC-CRAS view, the events of photo-induced charge transfer-
photolysis/oxygenesis-NADPH production-ATP synthesis are supposed to occur at
distinct loci centered at PS II RC-MnComplex-FNR-F,F;ATPase respectively. In the
murburn mechanism, these activities are delocalized and occur aided by DRS at
diverse loci within the murzone (in or around the phospholipid membranes of thyla-
koids). To aid this function, it would be expected that the membrane proteins would
have solvent/DR(O)S access channels to redox centers and also present low-affinity
binding sites for ADP adjacently. This prediction is duly validated, as shown in
Figure 3.

Figure 4 presents a salient snapshot of the events that transpire during the light
reaction, centered at/around the various protagonists. All photo-active pigments
(including LHC) are deemed as DRS producers and only the photosystems enable
ECS, without which the lost charges are reversibly regained by the chlorophylls/
carotenoids. The presence of various species like quinones in membrane and PC/Fd in
milieu enables ECS, besides the integrally specific arrangement of a select few redox-
active centers in the two Photosystems. While Cyt. b¢f recycles the electrons lost to
the membrane (in QH,), other intermediates are in direct equilibrium with diverse
DRS and proteins (PC/Fd) or other molecules/ions of milieu. The membrane-anchor
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(c)

Figure 3.

ADP (blue) sites on chlovoplast membrane-embedded protein complexes [32]. In PS II (a), 3 ADP-sites (of
a total of 6 per monomer) are shown in the pale monomer whereas a unique site is depicted with a pentagon in the
dark monomer. Access to RC chlovophylls (red-orange) is shown in the square in the pale monomer whereas
pheophytin (magenta) channel is civcled in the dark monomer. Of the total 10 sites, 8 ave depicted in blue whereas
a hidden site is shown as a pentagon in PS I (b), with chlorophylls and carotenoids in color within the trans-
membrane vegion. In NDH (c), 10 of the 12 ADP sites are visible (2 hidden sites ave marked in the pentagon) and
the solvent-accessible cysteine ligand (yellow) of the first Fe-S center is circled. A trans-membrane carotenoid is
shown in ved. Cyt. bf (d) has 6 ADP sites per monomer, of which 4 ave visible on the black monomer and a hidden
site is shown in the pentagon on the pale monomer. Easily accessible quinone (purple), carotene (yellow) and
chlorophyll (green) are highlighted within the trans-membrane region (marked in horigontal lines). Arrows
indicate channels enabling DR(O)S dynamics.

of NDH aids in ATP synthesis and serves as a complexing hub for other protein
like Cyt. bef.

Murburn reactions could be seen as continuously-fed single-pot, heterogeneous-
phased equilibriums/systems that are auto-activated due to the presence of electron
sources and sinks. This aspect is shown in Figure 5, followed by the examples of
pertinent mass-charge balanced bimolecular equations and their overall free energy
yields, as sourced from [31-33, 81].

Replenishment of photo-discharged pigments and DR(O)S generation

H,0 — *OH + H" + e~ (525 kJ/mol)
OH™ — *OH + e~ (446 kJ/mol)
H,O0;, — *0; +2H" + e~ (426 k] /mol)
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The murburn model for overall events of light reaction. The left side has the photo-active photosystems whereas
the right side presents the two main auxiliary redox protein complexes. LHCs arve not shown. All veactions are
discretized, with stochastic routes for oxygen, NADPH and ATP formation in a delocalized fashion. Quinols are
seen as stationary electron buffers within the membrane whereas PC/Fd serve the same roles in different vegions of
the redox spectrum, in the aqueous milieu around the membranes. Although, the peroxidative evolution of oxygen
is higher at PS II, PS I can also produce some O,. Similarly, NADP reduction can occur at both photosystems
whereas ATP synthesis can occur at all the membrane-embedded complexes that subtend extensions into the
aqueous phase. This can be contrasted or compared with the mitochondrial protein system wherein cytochrome
oxidase (complex IV) is the major peroxidase and complex I (NADH dehydrogenase) is the major oxidase.
Therefore, both chloroperoxidase and mitochondria work via oxidase-peroxidase cycles.

Chl/Car + hv === Chl*/Car* Overview of murburn model

' Photochemistry
Membrane/PS/Q/Fd/Mg**

chi*/cart == (Chl/Carve) ————_  frcs.pps
_ o —=
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oy
(H20)/(H'/OH) (NADP*)/(ADP+Pi)

Components of the milieu (stage,
solvent, reactants, catalysts,
intermediates, and products) play

: g e
multiple roles at various points! SCE - 0,/NADPH/ATP

Figure 5.

The concepts of ECS, SCE and interactive networks in the murburn scheme for chlovoplasts. Once the
photons activate the system, the achievement of ECS enables the generation of DR(O)S, which are dynamically
turned over by the presence of suitable substrates. Complications of singlet/triplet states and inter-system cvoss-over
are not shown. In the reaction scheme, oxygen is both a product and a catalyst. NADPH is a product in one sense
but also a substrate for the ATP generation reaction that goes on simultaneously. Without the ECS afforded by
photosystems, LHCs would go through futile cycles, as shown in the left. Chl/Car stands for chlorophyll/carotenoid.
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Other DR(O)S dynamics

H" +e  — *H (-39 kJ/mol)

Mg?" + e~ — Mg" (—69 kJ/mol)

Q+e — *Q (—247 kJ/mol)

O, +e” — *0Op (—250 kJ/mol)

*H+ 0, — H' + *0O,” (—211kJ/mol)
Mg" + 0, — Mg*" + *0, (—181 kJ/mol)
*Q  +0;, - Q+ *Op (—2.9KkJ/mol)

0O, evolution

2H,0; — 2H,0 + O, (—400 kJ/mol)

2*0,” (+2H") — Hy0, + O, (—158.8 kJ /mol)

“OH + *0,” (+H") — H;0 + O, (~277.4 kJ /mol)

*0,” + Hy0, (+H") — *OH + H,0 + 0, (~91.8 kJ /mol)

NADPH formation

NADP* + H* + 2~ — NADPH (—93 IJ /mol)
NADP' + *H + e~ — NADPH (—54 kJ /mol)

ATP synthesis

ADPOH + POH + *O,H + *OH — ADPOP + 2H,0, (—27 kj /mol)
ADPOH + POH + 2* OH — ADPOP + H,0 + H,0, (—150 kJ/mol)

ATP synthesis cum O, evolution

ADPOH + POH + 2* O,H — ADPOP + H,0 + H,0, + 0, (92 kJ/mol)
ADPOH + POH + *O,H + *OH — ADPOP + 2H,0 + O, (—217 kJ /mol)

Simplest overall equation for a 4e reaction

20H™ +2NADP* + ADPOH + POH — O, + 2NADPH + ADPOP + H,0
(1233 kJ /mol)

All reactions (other than the photo-activations and some ATP-synthesis steps) are
exergonic. Since they result from bimolecular collisions of small mobile species and
radicals (which are known to have low activation energy barriers), they are practically
diffusion-limited and very highly kinetically viable [20, 81-83]. The actual stoichiome-
try would vary with each system/setup, because this model is stochastic, depending on a
diverse set of variables. The various components of the reaction systems can work
independently and also work synergistically in tandem. Most importantly, the equilibri-
ums permit the scope for a spontaneous evolution of the system over ages. There is no
need for intelligent governance, as the presence of substrates switches the system to
an activated state (owing to thermodynamic pull, enabled by electron-sinking and
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porting/partitioning of products) [31, 32]. There are multiple routes and loci for any
product formation, making the process highly viable. The phosphorylation reactions are
actually the combination of two bimolecular reactions, with ADPOP, ADPOH, and POH
standing for ATP, ADP, and Pj, respectively. Since oxygen is practically omnipresent, its
intermediacy cannot be avoided in the steady-state, although it is not needed in the
initial state. Therefore, a higher rate of oxygen evolution at MnComplex is primarily
owing to a peroxidase type of activity, analogous to the role of cytochrome oxidase in
mitochondria.

4. Murburn model explains various aspects of photosynthesis

The success of a model lies in its ability to explain and predict various aspects of
the system. In this regard, the murburn concept is a ubiquitous principle of life
(essentially—an interactive equilibrium of various molecules and ions that constitute
the cell), which abides by the physics-biology continuum and is favored by Occam’s
razor (principle of parsimony) [72, 78]. In stark contrast, ideas such as elaborate
deterministic ETCs of diverse components, proton motive force, chemiosmosis, rotary
enzymatic synthesis, etc. are unheard of in any area of science, other than bioener-
getics [27-30]. Such ideas were recognized because the research community had long
searched for explanations, and these ideas provided an “out of the box” kind of
explanation to the frustrated scientists. The findings were recognized before signifi-
cant evidence was available and critical queries were adequately addressed. Earlier
researchers had overlooked the importance of DRS in physiology because of an
indoctrinated adherence to only Michaelis-Menten type mechanisms for catalysis.
Also, the esthetic/deterministic orientation- ‘DRS are too chaotic and cannot serve
physiology with any constructive roles’ prevailed then [73]. Over the last two decades,
ample evidence and arguments were presented for murburn concept [17-34, 51-81]. If
labile DRS molecules like NO can serve as molecular messengers [84, 85], why cannot
other such DRS serve in catalytic roles? There is no need to continue to deny the roles
of DRS when researchers have repeatedly opined that DRS are also good for animal
and plant physiology [86, 87]. Of course, the last statement does not negate the
demonstrated harmful effects of large amounts of DRS in cells! What is implied is that
all entities (stable or transient) have spatio-temporal and concentration-based con-
texts, which determine their utility or toxicity. With some salient examples below, the
efficacy of the murburn model for explaining the light reaction is highlighted.

4.1 Chloroplast composition and structure-function relations of components

Unlike the time of 1960s-1970s (the times when Z-scheme ETC-CRAS proposals
were forged) when the details of chloroplasts and its component proteins/pigments
were lesser-known, currently, the system is much better explored [88, 89]. The facts
that: (i) chloroplasts have highly convoluted thylakoid stacks of various tiers
ensconcing sub-micro- to nano- dimensioned pools, (ii) the membranes are loaded
with various protein complexes in a rather random manner, (iii) the protein com-
plexes could aggregate in several supercomplex configurations, (iv) the distribution of
low concentrations of plastocyanin and high concentration of ferredoxin across both
lumenal and stromal phases, (v) preponderance of longer tail chain lengths of mem-
brane quinols, (vi) multitudes of chlorophylls and carotenoids are found scattered
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across the membrane phase and also adsorbed on to proteins, without any covalent
tethering, (vii) the large membrane-protein complexes subtend extensions into the
aqueous milieu presenting multiple low-affinity ADP sites, (viii) there is no special
provision seen to localize water-binding or oxygen formation and limit these omni-
present molecules, (ix) the structural features membrane-disc stacking seen in chlo-
roplasts are also seen in rods/cones cells in retina, (x) existence of grooves/channels to
redox centers in membrane and soluble proteins facilitate DROS-dynamics, etc. sup-
port the simple origin and ubiquitous functioning of the stochastic murburn model
(and disclaim the sophisticated affinity-binding based electron-circuitry and proton-
pumping facets demanded by ETC-CRAS model) [32, 33]. The clear strategy in nature
is to minimize the availability of free protons (so that O—H bond formations are
delayed), enabling photo-reduction and photo-phosphorylation chemistry at the
membrane-interface.

4.2 Emerson enhancement effect: synergism between photosystems I and II

By the mid-1950s, Emerson had discovered that two distinct photosystems existed
in chloroplasts and that oxygenesis/photophosphorylation (considered as the index of
photosynthetic efficiency) were higher with the combined excitation of both photo-
systems (in comparison to the added outcomes of what was observed when each of
the photosystems was excited independently) [5-7, 90]. This result can be easily
visualized from online sources [91, 92]. In the backdrop of David Keilin’s ETC con-
cepts prevailing in the bioenergetic organelle of mitochondria, the researchers in the
field reasoned it as an augmentation, from the serial arrangement of the two photo-
systems, and the Z-scheme was thus rooted. This was a fundamental theoretical error
in deduction, as a serial arrangement of components cannot explain the synergism
(enhancement of electron transfer and any other kind of mass transfer or reaction
rate) [32, 33]. Murburn model’s theorization of stabilization and utilization of DRS
pool from common reservoirs (involving multiple reaction equilibriums) via parallel
routes explains Emerson’s original observation. Further, the fact that far-red illumi-
nation (excitation of PS I with 700 nm) also gave oxygenesis [90] is accommodated in
the discretized murburn model whereas inadmissible in the Kok-Joliot and Z-scheme
model.

4.3 Jagendorf experiment: chloroplasts presented with pH gradient

Yet another historically crucial detour in photosynthesis research was taken with
the report and interpretation of this experiment [93]. The demonstration (driven by
Mitchell’s proposals) made was that even in dark, chloroplasts equilibrated at pH 4
gave ATP synthesis (noted with the provision of radiolabeled phosphate incorporated
into ADP) when the external buffer pH was raised to pH 8. All this experiment
demonstrates is that a pH gradient (low pH inside versus high pH outside) can give
some ATP synthesis within confined aqueous pools, even without photochemistry.
Clearly, this has little contextual physiological relevance because plant systems work
at pH 8 (in/out) and the mechanism of photo-phosphorylation is to be understood! As
per the currently prevailing consensus, both photosystems (I & II) are not proton
pumps [32, 94]. Then, the role of trans-membrane proton pumping falls solely upon
the remotely located Cyt. b¢f and F,F;-ATPase! Clearly, these components cannot
connect the incompatibly distributed Photosystem II (in deep grana) and
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Photosystem I (in peripheral thylakoids), and therefore, both ETC and proton-
pumping connectivity breaks down (as advocated in the classical scheme, shown in
Figure 1). Fundamental physiological reactions for NADPH synthesis and oxygenesis
use protons in the left-hand side (as shown in Section 3.2) and in vitro proton-aided
equilibrium driven phosphorylation also uses protons [32]. The pitfall of not including
protons in the bioenergetic calculations in recent work is now clarified. Further,
proton equilibriums or proton gradient-driven synthesis of ATP is quite different
from physiological ATP synthesis [31, 32]. It must be seen that cyanobacteria have
little free protons, thereby nullifying the proton-centric explanation in physiological
contexts). Since Boyer’s conformation change proposal for ATPase does not use pro-
tons at the F; active site, proton- involvement in the phosphoanhydride bond forma-
tion cannot be mechanistically/energetically correlated in sound theoretical terms.
Currently, it is known that diverse anions and cations exist in intricate equilibriums
within closed water pools [78]. Further, manipulation of potassium and hydroxide ion
concentration was enough to give rise to superoxide (DRS) even in the bulk phase
under ambient conditions [95]. Therefore, Jagendorf’s observation is physiologically
irrelevant and it is seen that the murburn concept is in a better position to explain such
in vitro findings using chloroplasts [19].

4.4 Racker experiment: reconstituted liposomes with rhodopsin/ATPase

Racker had isolated and reconstituted a preparation of F,F;ATPase and photo-
active rhodopsin in a vesicular system [96]. Based on the observation that photophos-
phorylation occurred within this in vitro reaction milieu, it was inferred that a proton-
gradient was responsible for ATP synthesis and this was the way chloroplasts worked
in physiology. It was pointed out that considering the high pK, of the Schiff’s base
intermediate [17, 97], rhodopsin is unlikely to work as a proton-pump but is more of
an interfacial DROS generator [98], owing to the photo-active nature of retinal [99].
Once a negatively charged species is produced in the inside due to photo-activation,
protons are bound to enter and this could give equilibrium-assisted ATP synthesis
within a closed water pool. Once again, the non-viability of proton-based rationale in
rhodopsin system and theoretical aspects pointed out against equilibrium-driven ATP
formation in the earlier point preclude the CRAS-type model in physiology. Also, it is
a low probability event that the preps of proteins (the hydrophobic F, and soluble F;
fractions, and the membrane fraction of Halobium serving as a crude source for
rhodopsin) could have assembled in a perfectly deterministic/asymmetric fashion
necessary for the classical interpretation. The murburn explanation does not need
the precise orientations or immaculate assembly and thus is a simpler rationale for the
observed outcomes. This is confirmed by Table 1 of Racker’s original paper itself [96],
which shows that 19% of the activity of the test sample was retained in the negative
control lacking F,F;ATPase, which points out that the protein is not the primary
factor, it just enhances the reaction’s efficiency! Also, while 29% activity of the test
reaction was seen in a negative control incorporating F, binding inhibitor
oligomycin (alias rutamycin), premises dealing directly with DRS-dynamics like the
incorporation of an electrophile (bis-hexafluoroacetonyl acetone) or absence of light
or absence of the rhodopsin fraction gave 0% activity! If classical enzyme activity was
operative, ADP + Pi and F,F;ATPase should have given some ATP-synthesis in the last
negative control! Thus, the murburn concept is a better explanation for this key
experiment [19] that was seen as a minimalist representation of physiological
photosynthesis.
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4.5 Justifying the action spectrum of light reaction

While the classical explanation confines only the Photosystem’s reaction center
chlorophyll as the source of photo-activated electrons, the murburn perspective
allows all pigments to serve as the source of electrons. This permits an effective
photo-activity ranging from 400 to 700 nm, with a relatively consistent quantum
yield of 0.05 to 0.1 across this range. Else, it is difficult to see how photon or exciton
transfers occur from several pigments to the reaction center chlorophyll of the
photosystems. The murburn model obviates the unlikely premises where plants
would need to resort to some mode of quantum computing [17] for such purposes
[100]. Also, while the classical perception permits oxygen evolution only with 680 nm
excitation of PS II, the murburn perspective allows for oxygenesis with even 700 nm
excitation of PS I.

5. Murburn rationale for observations with diverse additives

Traditionally, the mechanism of biochemical reactions is deemed as‘black
boxes’and the events transpiring within the ‘boxes’ are usually probed with the incor-
poration of additives. How an additive affects the system often gives profound
insights regarding various aspects that govern the outcomes.

5.1 Inhibition by species like cyanide, uncouplers, etc

Cyanide presents very potent and debilitating effects on various physiologies of
life. Through systematic investigation of a wide variety of factors, it was recently
unraveled that the rationale for toxicity resulted from catalytic DRS-modulating
action of the respiratory toxic principle of cyanide in mitochondria; and not due to a
stoichiometric binding to the heme-center of cytochrome oxidase or any other heme
centers of vital proteins, as conventionally perceived [21-24, 31, 65, 67, 68]. It is
known for several decades now that even photosynthetic components and processes
are inhibited by cyanide [101-107]. It is quite forthright to infer that the same
murburn principles operational in oxidative phosphorylation would be relevant to
photosynthesis too; and therefore, the modalities of inhibition by cyanide would also
be common. This is because DRS is common to both respiratory and photosynthetic
mechanisms whereas heme is not that crucial to the latter system. Further, redox-
active interfacial DRS-modulators like disubstituted phenolics were seen as proton-
shuttlers or active site inhibitors in mitochondrial and endoplasmic reticulum systems,
respectively. In the liver microsomal (endoplasmic reticulum) systems with
membrane-embedded cytochrome-P450 (CYP) and its reductase, the mandate is to
metabolize xenobiotics. Therefore, there is a little evolutionary rationale for active site
affinity binding-based interpretations for the vast array of ET-substrates and ‘uncou-
plers’ known. In the CYP system, there is also no scope for proton-pumping-based
logic for inhibition, but the same uncoupling is seen in those systems too [58, 59,

64, 67, 70]. As a result, the classical perspective is inapplicable for explaining the
effect of “uncoupling” [33]. Further, the shuttling explanation in mitochondrial/
chloroplast systems that prevailed in the bioenergetics community was a mere mirage.
For, if protons (a small species with a unique positive charge) are not permitted to
traverse the lipid membrane, it is unlikely that uncouplers (molecules with multiple
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positive and negative charges) make repeated and deterministic trans-membrane
flip-flop movements [31, 33].

5.2 Electron donation/acceptance by various molecules and ions

Reports in literature e.g., [41] show that amino acid like cysteine, sugar like 2-
ketogluconate, vitamin like ascorbate, organics like arylamines, organic/inorganic
anions like tetraphenylborate or ferrocyanide, small molecules like hydroxylamine/
hydrazine, DROS like hydrogen peroxide, etc. all served as electron donors to PS Il
and some of them (like tetraphenylborate, ascorbate, hydroxylamine/hydrazine, etc.)
could also serve as electron donor to PS I. While ferrioxalate, tetrazolium blue, DCPIP
(dichlorophenol indophenol or Hill’s reagent), massive ions like silicotungstate, etc.
accept electrons from PS I, species like ferricyanide and HgCl, could accept electrons
from both PS I & II. Quite interestingly, benzidines, flavins, quinones, etc. serve as
electron donors and acceptors (both functions!) with both photosystems I & II. It is
impossible to explain these findings in the context of classical photosynthetic chemis-
try of Z-scheme (Figure 1), which has a deterministic electron flow governed by
affinity-binding driven logic, between definitive donors and acceptors. Affinity is
based on molecular descriptors like dimensions, geometry, surface topography, elec-
trostatics, hydrogen bonding, rotatable bonds, log P, etc. Since murburn model does
not require the diverse species to directly access the redox centers, and the redox relay
could be achieved via small soluble intermediates, the promiscuity and diversity of
electron donors/acceptors are explicable. In molecular docking studies with several
well-known herbicides/weedicides, there was neither conclusive nor marginal support
derived for binding-based inhibitions of various chloroplast proteins [33]. In contrast,
several mechanistic aspects supported murburn interpretations; e.g., the fact that
iodinated inhibitors were more effective than chlorinated inhibitors (quite like the
case in cytochrome P450 system [64]) suggested the conclusive involvement of DRS-
based radical chemistry [33].

5.3 Maverick concentration-based effects proffered by diverse species

Researchers had reported unusual concentration-based modulation of chloroplast’s
photosynthetic activity upon the introduction of extraneous molecules [108, 109].
The unusual aspect of such an activity would be that a lower concentration of a
molecule could show greater activity/impact than a higher concentration. Else, there
could be more than one concentration regime of high impact. Since classical explana-
tions for enzyme-substrate and receptor-ligand interactions can only afford simple
mono- or biphasic reaction profiles (e.g., linear or hyperbolic asymptote) for non-
inhibitory molecules, such observations cannot be explained by classical Michaelis-
Menten supposition of the enzyme-substrate complex. Allosteric (binding-based)
effects cannot reason this either because a lower concentration cannot give an alloste-
ric effect that a higher concentration cannot. Species like azide gave activation effect
at low concentrations owing to the formation of DRS, which may be stabilized at
lower concentrations [60]. Since the outcome is catalyzed by such DRS, distinct/
discrete concentration ranges of components may help stabilize a pertinent DRS in
milieu (owing to multiple competing reaction equilibriums), which could lead to
higher activity (i.e., detection of a molecule or product of interest). This finding
helped clarify upon hormetic effects and unusual dose responses observed in diverse
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ambiances by many researchers [61, 68, 71]. Clearly, the same inference applies in
photosynthetic physiology also.

5.4 Effect of chloride ions

Otto Warburg, one of the greatest biochemists of the twentieth century, discov-
ered that chloride ions were needed for reconstituting the oxygenesis function in plant
tissues; and he proposed that chloride was an essential cofactor in photosynthesis
[110]. This was against the general awareness of plant physiology during that time,
which did not consider chloride ion as a dispensable ion in plant growth. Daniel Arnon
followed through Warburg’s work with adequate controls, and found that chloride
was not essential for growth and the plants could photosynthesize quite effectively
when grown on chloride-negative soil. However, he found that Warburg’s observation
was highly reproducible and also corroborated that bromide, surely a non-essential
element, could also produce the same effect as chloride. Therefore, Arnon asked a key
question [111]: If the view that chloride or bromide is a coenzyme of photosynthesis in vivo
is to be abandoned, how is the effect of these anions explained in vitro? To solve this
puzzle, Arnon formulated an interesting hypothesis that chloride protects a photo-
labile substance in cells (which is essential for oxygenesis) from deactivation and
supported it with experimental observation. Some researchers ardently tried to trace
and solve the effect of chloride subsequently [39, 42]. Eventually, the experimental
observations confirmed that chloride does enhance the light reaction in vitro. How-
ever, any Cl™~ ions’ physiological roles in photosynthesis or growth aspects resulting
thereof were deemed questionable [112].

In the wake of the twenty-first century, the effects of chloride (and some other
cations also) remained an enigma, in the photosynthesis chemistry [113]. Chloride ion
has been considered both as a nutrient and toxicant [114]. In positive roles, it is seen as
a micronutrient [115] and also a beneficial macronutrient [116]; considered relevant in
photosynthetic [117], osmoregulatory [118] and growth [119] physiology. It was pro-
posed that chloride participates together with charged amino acid side chains in a proton-
relay network, which facilitates proton transfer from the manganese cluster to the medium
[120]. Chloride ion was deemed important to maintain the coordination structure of the
Mn,4Ca cluster as well as the proposed proton channel, thereby keeping the oxygen-evolving
complex fully active [121].

While studying the activity of peroxidases, it was found that certain ions/molecules
could enhance activities of electron abstraction from other electron donating ions/
molecules e.g., [55, 60, 61, 63, 68]. This finding was the origin of pursuits that led to the
murburn concept. This interactive electron/moiety transfer equilibriums originating
due to the generation of a diffusible reactive intermediate from the active site of a
protein could also give specific outcomes due to low-affinity interactions and/or spac-
ing of kinetic windows in interactive equilibriums. It was seen that this mechanistic
insight could explain the enhancement of peroxidative electron abstractions by chloride
[55, 68]. Given the high distribution of one-electron active redox centers in thylakoid/
stromal proteins and the report of high amounts of systems DRS in chloroplasts, it is
natural to correlate that the observations in heme-peroxidase systems have contextual
relevance in chloroplasts too. In the murburn model, the MnComplex has an electron
sequestering peroxidase activity, which also reduces collateral damage. Therefore, the
mechanistic enhancement of e-transfer by chloride ions is a direct testimony to the
relevance of murburn concept in chloroplast physiology, regardless of its physiological
significance. The point to note is that murburn model can explain both the positive and
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negative effect of an ion like chloride, owing to the ion-radical equilibriums (whereas
the classical model cannot, by virtue of being an overall deterministic 2e scheme).

5.5 The bicarbonate conundrum

Otto Warburg had originally discovered that bicarbonate enhanced the light reac-
tion of photosynthesis [122]. Over the next half a century, researchers could not arrive
at a consensus on this aspect (the veracity of this finding) and could not afford a
convincing explanation for the same. While some supported bicarbonate as a source of
electrons/oxygen [123-127], other opined against it and some even called such obser-
vations irrelevant or artifact [128-131]. It is in this context that murburn equilibriums
aid in explaining the observed outcomes.

Four species coexist in a complex interactive equilibrium when gaseous CO, mixes
with water: CO,,q, H,CO3, HCO5;™ and CO3>". Among these, bicarbonate is predomi-
nant in the physiological ranges. Carbonic anhydrase (CA), the enzyme is known to
mediate this equilibrium is a Zn-containing protein. Although Photosystem II is quite
distinctly different, it is also supposed to have some carbonic anhydrase-type activity
[132, 133]. Also, literature shows that CA substituted with Mn works as a peroxidase,
involving DRS [134]. Since CA is a d-block metal enzyme and PS II is a known DRS
producer (owing to photo-redox chemistry and MnComplex), both qualify for
murburn chemistry. From the equations below, it can be seen that the outcome involv-
ing charged species is pH-dependent whereas the neutral species is close to equilibrium:

i. CO, + OH™ — HCO3™; —44.1 kJ/mol
ii. H* + HCO;~ — CO; + H,0; —35.9 kJ/mol
iii. H,CO3 — CO, + H,0; —0.1 kJ/mol
Now, if PS II abstracted an electron from bicarbonate,
PS* + HCO3~ — PS+ CO; + *OH or {A¢G°(PS) — A¢G°(PS") =~ —612 kJ/mol }

the energy term falls between that of hydroxide ion {—596 kJ/mol} and water
{—676 kJ/mol}. Two hydroxyl radicals formed can spontaneously coalesce to form a
molecule of hydrogen peroxide. The reaction of these DRS with spontaneously formed
superoxide from LHCs and other redox centers can easily generate oxygen, as shown
in Section 3.2. This reaction could be catalyzed by MnComplex, and this peroxidase-
type activity is more probable than the untenable Kok-Joliot cycle. Therefore, in the
murburn scheme, besides water, bicarbonate could also potentially serve as a source of
electrons and/or oxygen, thereby explaining the experimental findings/discussions of
several researchers that worked on this intriguing problem [128, 129, 135-137], as
discussed briefly below.

Provision of **0-labeled bicarbonate to chloroplasts (depleted of CA and bicar-
bonate) gave instantaneous evolution of 180-labeled CO, and unlabeled oxygen; and
delayed evolution of small amounts of 80-labeled oxygen (Figure 1 of [136]). If
bicarbonate is not involved in photosynthesis, there was no way for '*0-labeled
oxygen evolution. The low amount and delay in '®*0-label in oxygen can be explained
by: (i) understanding the fast equilibriums of water (>55 M) and labeled bicarbonate
(~mM, initially), which would lead to immediate loss of label in bicarbonate to water
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and the loss to water cannot be driven back up into bicarbonate; (ii) noting that
oxygen yield goes up significantly in the first cycle reactions (2nd flash also) when
bicarbonate is presented (with respect to controls) [137]; (iii) seeing that kinetics for
oxygen evolution from labeled water is almost an order slower than unlabeled water
[137], which signifies that radical rebound reactions will be much slower for heavy
labeled bicarbonate also; (iv) considering that after electron abstraction from labeled
HCO; ™, the formation of products (*fOH + CO, + e") results (which is the reason for
immediate release of heavy-labeled CO, in the murburn model), the labeled oxygen
atom in *OH (represented by bold O) may go through several reactions that may not
lead to the formation of labeled O, (e.g., *OH + *O,” + H* — H,0 + O, or 2HCO;™ +
2*OH + 2H* — 2CO, + 2H,0 + H,0,); (v) bicarbonate is a known activator of
peroxide [138, 139] and carbonate/bicarbonate can aid 1e/2e catalysis in redox reac-
tions mediated by porphyrins [140, 141].

The observations/considerations above, in conjunction with the clear finding in
several researchers’ experimental data that oxygen is evolved even in 2nd flash (post
dark acclimatization) strongly support the murburn model [32, 137, 142]. Further, the
murburn model’s projection that bicarbonate could as well be a potential source of
electrons or oxygen in the photosynthetic process is supported by the re-
interpretation of other researchers’ data/arguments [122-127, 143-147]. The elucida-
tion of multiple access channels in the lumenal part of the PS II (of small dimensions
of 1-2 A) leading to MnComplex [148] further lends credibility to the roles of DRS
advocated in the murburn scheme, as such a redox complex cannot be protected from
making/using DRS. However, these channels cannot give direct access to the large
molecules/ions purportedly donating electrons to PS II, as solicited in the classical
purview. For detailed discussions, refer to other works [142].

6. Projections for photosynthesis research

As the ubiquity of murburn concept is evidenced in miscellaneous processes of
nature and physiology (halogen ecology [55], aerobic respiration [31], xenobiotic
metabolism [75], thermogenesis, and homeostasis & electrophysiology [31, 78], etc.),
it is forthright to deduce that murburn precepts of photosynthesis [32, 33] would also
prove to be enlightening and harness-able. Given the untenable nature of the classical
explanation, attempting to use that as a basic pivot [149, 150] may end up limiting,
rather than enhancing space-time yields. The new insights available now should
enable more robust and cheaper experimental means for simulating oxygenic photo-
synthesis in synthetic systems.

7. Summation

From the historical progression of the current awareness in bioenergetics, it can be
seen that the classical explanation was brought together as an amalgamation of ideas
mooted by researchers of various backgrounds. It is also evident that some leading
pioneers took the initiative to form a consensus, which did not account for several
factual, theoretical and experimental aspects. Steadfast pursuit of evidence-based
ideas over decades has birthed the murburn model of oxygenic photosynthesis.
Herein, the various aspects of murburn scheme of light reaction were elaborated and
applied for explaining several key aspects of the field. Importance was given to the
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crucial criteria of reaction chemistry, thermodynamics, kinetics, structure-function
correlations of proteins and architecture of organelles, evolvability of system, etc.
Murburn concept endorses the utility of DR(O)S and affords a parallel connectivity
among the various components like photosystems, light-harvesting complexes, cyto-
chromes, oxidases, quinones, etc. It also affords a comprehensive global perspective,
and maintains the continuum of chemico-physics to explain the theoretical/experi-
mental aspects of biological observations.
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Chapter 3

Chlorophyll Estimation from
Fluorescence Vertical Profiles in
Ocean

Romaissa Harid, Hervé Demarcq and Fouzia Houma-Bachari

Abstract

The present study deals with the correction of chlorophyll-a (Chl-a) estimated
from fluorescence data, the proposed method test for the first time a ratio between
Chl-a from high-performance liquid chromatography (HPLC) measurements and
its corresponding fluorescence. Considering the variability of this ratio with depth,
the adjustment of fluorescence data was greatly improved. This ratio increase in the
oceanic surface layer probably because of the quenching effect, however, it decreases
and becomes stable with depth. This approach can be used to correct fluorescence
values for future large datasets of biological variables. Finally, this method is designed
for a global scale and/or regional applications.

Keywords: chlorophyll, linear regression, euphotic layer, Algerian Basin, OLS, HPLC

1. Introduction

The study of chlorophyll-a (Chl-a) vertical structure in oceanic water bodies has
been an important effort in marine biological and ecological research. Quantitative
relationships between Chl-a concentration from high-performance liquid chromatog-
raphy (HPLC) measurements and corresponding fluorescence (Fluo) profile have not
thus far been considering the ratio between these two parameters. Other methods have
been also proposed by [1-4] which did not consider this ratio to correct the Fluo data.
Chlorophyll pigment studies using HPLC provide information about oceanic phyto-
plankton pigments [5-7], but is limited by the number of vertical punctual measures
(generally sampled each 20 m of depth). However, the Fluo profiles are continuous
measures (generally measured every 1 m of depth) and can be used to determine the
vertical structure of Chl-a in the euphotic layer (the Fluo can be used as a proxy of
Chl-a).

In our work, we propose for the first time a new method correct the Chl-a concen-
tration estimated from Fluo measurements. The approach is based on the study of the
variability of the ratio between Chl-a concentrations estimated from HPLC analysis
and the Fluo measured at the same time as the Chl-a sample for HPLC.
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2. Methods

2.1 Chl-a from fluorescence profiles

The Chl-a pigment data are obtained from the SOMBA-GE-2014 cruise [8]
in the AB (Figure 1) (more details about the cruise are available at: https://doi.
org/10.17600/14007500). The data set included 263 Chl-a offshore waters sampled
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Figure 1.
Geographical localization of Algevian Basin.
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Figure 2.
The vertical distribution of Chl-a concentration from Fluo (in blue) and HPLC (in orange) measurements.
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stations and ranged from 0.0007 to 2.3937 mg m™>. The Chl-a pigment determina-
tions were made using HPLC 1200 instrument. The Chelsea Acquatracka fluorometer
was systematically operated in conjunction with a conductivity-temperature-depth
(CTD) sensor. In our work, the vertical profiles of algal fluorescence (Fluo) were con-
verted into equivalent Chl-a profiles using the HPLC measurements. The Chl-a values
were computed by regressing the vertical continuous Fluo (Fluo®™) and punctual
Chl-a""*¢ profiles from the surface to 100 m.

2.2 Datasets normality test

The application of the normal law on a datasets is a classic step to model the rela-
tionship between two variables. In our work, we explore the normality test between
Chl-2"™"¢ and Fluo®™ data, to determine the best linear regression model that fits our
datasets. The difference between Chl-a""“ and Fluo®"" data is illustrated in Figure 2,
it shows the difference between these two measures. For this, we applied two normal-

ity tests: Shapiro-Wilk and Khi-2 Pearson.
2.3 Quenching effect

Several methods have been proposed to correct the non-photochemical quenching
(NPQ) effect [1, 9, 10]. In our work, we used a new method that consist to divide
the water column (from surface to 100 m) according to the variability of the ratio
(Chl-a"™"“/Fluo®™) calculated at each depth of the vertical profile where a HPLC
measurements are available.

3. Results and discussion
3.1Linear regression between Fluo®™ and Chl-4""*¢

The results of p-values (Table 1) reflect that the Chl-a""€ and Fluo®™ data do not

follow the normal law.

In our situation, we cannot apply any simple linear regression (the data do not
follow the normal law). However, simple linear regressions exist that can be applied
when the data do not follow the normal law [11-13]. In contrast, the simple model-
II linear regression uses the following methods: major axis (MA), standard major
axis (SMA), ranged major axis (RMA), and ordinary least squares (OLS). The first
three methods require the bivariate normal data [13], which is not our case. Only the
OLS can be applied if the distribution of data is not normal [12]. The least absolute
deviations (LAD) method also does not require the bivariate normal data. Indeed,
we also tested the LAD [14] method between the Chl-a"**¢ and Fluo®™ in-situ data.

Chl-4""'C Fluo®™ Logio (Chl-a"?L€) Logio (Fluo®™)
Shapiro-Wilk 2.2°107% 227107 0.01618 0.0000001068
Khi-2 Pearson 2.2*107% 2.2*107% 0.0009629 0.00117

Table 1.
Results of normality tests.
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The LAD method minimizes the sum of the absolute deviation and not the sum of
square deviation, contrary to OLS.

To better estimate the Chl-a continuous profiles from fluorescence profiles, we
applied both previous regression models (OLS and LAD) separately on all water
columns. The result shows that the OLS method was slightly better them the LAD
method. This last one underestimates the Chl-a values in the surface layer. In our
study, the OLS method is most adequate to estimate the Chl-a from Fluo. The OLS
regression is one of the major techniques used for estimating the parameters of a
mixed-effects model (to assess the agreement and the measurement errors between
the two variables [15]) and is effective for estimating the slope and intercept [16, 17].

3.2 Chlorophyll quenching index

The average ratio (Chl-a""**/Fluo®™) is regularly decreases with depth according
to the light intensity as shown in Figure 3 which represents the chlorophyll quenching
index (CQI) classes from 230 concomitant measurements of chlorophyll and fluores-
cence. This gradient could be explained by the presence of NPQ which represents a
serious problem in the Chl-a profiles on the surface [18].

Three depth classes were determined (Table 2) to quantify CQI as shown in
Figure 3. For each CQI depth class, the Fluo®™ values are transformed into Chl-a
using a different OLS linear regression as shown in Figure 4, which illustrate method
of the correction and the adjustment of Fluo data using three different models.

Average Ratio (Chla™"®/Fluo®)

0 2 4 6 8 10 12 14 16
l -
(10 m , n=43)
X cQI-1
T (20-35 m , n=33)

34 (40-45 m , n=23) CQI-2
N _
& 44 (50-55 m , n=27)
Q ]
=
B 5+ (60-65 m . n=22)
<)
(a]

6 (70-76 m , n=19)

col-3
7+ (80-85 m , n=29)
8 4 (90-100 m , n=34)

Figure 3.
The chlorophyll quenching index (CQI) from the average ratio (Chl-a""/Fluo®™) into three depth classes from
230 concomitant measurements of chlovophyll and fluorescence.
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Model Class Depth (m) No. point Chl-z (mg m?) Slope r RMSD

OLS-1 CQI-1 [0-10] 43 [0.074, 1.000] 3.716 0.95 0.042

OLS-2 CQI-2 [10-60] 83 [0.156, 2.815] 2127 091 0.151

OLS-3 CQl-3 [60-100] 104 [0.101, 1.941] 2490 0.95 0.100
Table 2.

Models parameters using to estimate the Chl-a profiles from Fluo.

_3 -
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£ 100+ £ 1004
g 100 —» 3
[ ©
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Fluo®™ Chl-a*
2004 — Chl-a""Le 2004 e Chl-a""¢
Figure 4.

Hllustrating method of the correction and the adjustment of Fluo data. (a) the OLSs applied for each CQI classes.
(b) the Chl-a profile after correction.

During summer, Chl-a concentration near the surface is very low and the Chl-a
maximum is deeper (Figure 4).

4, Conclusion

The punctual measurements of Chl-a concentrations designated to HPLC analysis,
requires important investigation mean and generally impractical to sampled sea-
water each 1 m between the surface and the maximum depth of the euphotic layer.

In some regions, this depth can exceed 100 m. The fluorescence measurements are
very complementary to HPLC measurements for marine biological studies related

to chlorophyll pigments. Figure 5 shows clearly the readjustment of fluorescence
data which are very close to HPLC data. Considering the variability of the ratio
(Chl-a"™"/Fluo®™), we were greatly improved the adjustment of the fluorescence
data. In contrast, the ratio is high in the surface layer and becomes stable with depth.
This increase of ratio in the surface, which is strongly related to the presence of the
quenching effect, is corrected by an OLS model typical only for this part of the ocean
layer.

However, the evolution of this ratio with depth is very important to determine the
alternative deeper adjustment models other than that of the surface. This new method
is to generate high-quality datasets used for different goals of biological marine study
which are related to the first link of the marine food chain, that is, the phytoplank-
ton production. However, our method is designed for a global scale and/or regional

61



Chlovophylls

Chl-a (mgm 3 Chl-a (mgm 3 Chl-a (mgm™3) Chl-a (mg m™3)
0.0 05 10 15 20 05 10 15 20 0.0 05 1.0 1.5 20 0.0 0.5 10 1.5 2C
04 0 oS ] o
‘\ L b
- —— . W .\-T -
= — = 5 ) — . 501 \ 504 T
E | 7 3 — e | 2 E | ——
E E F;
£1004 < £ 100+ S1004 £1004 {
o o [=% 4 =% !
@ ] @ ) '
o [=] [a] [a]
1504 150 4 1504 150+
— chl-ame — Chl-ae — Chl-ae — Chl-ame
—— chl-aF —— Chl-a* —— Chl-aF —— Chl-a*
200 chl-a 2004 chl-a 2004 Chl-a 200 Chl-2
Figures.

Comparison of Chl-a profiles measured at four stations from HPLC measurements (black line) and Chl-a
adjusted from fluorescence (green line).

applications. It is important to note that the night Chl-a measurements could give
stable ratios from the surface to the bottom (the quenching effect is absent during the
night).
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Chapter 4

Chlorophyll and Its Role in
Freshwater Ecosystem on the
Example of the Volga River
Reservoirs

Natalya Mineeva

Abstract

The present chapter has the aim to considerate the most significant aspects of
chlorophyll (Chl) applications in the ecological study of fresh waters on the example
of the Volga River reservoirs. Throughout the cascade of seven large reservoirs, Chl
varied in wide range from 2.5-9 to over 100 pg/L with mean values of 16.5-41.2,
6.7-44.0, and 3.6-10.6 pg/L in the Upper, Middle, and Lower Volga, respectively.
Mean Chl values that constantly decrease from the Upper Volga to Lower Volga,
characterize Ivankovo, Uglich, and Cheboksary reservoirs as eutrophic, Saratov and
Volgograd reservoirs as mesotrophic, while Gorky and Kuibyshev reservoirs in some
years are mesotrophic or eutrophic. Chl seasonal dynamics in the Rybinsk reservoir
that is dynamics of phytoplankton biomass, is characterized by spring, summer, and,
in some years, autumn maxima. Water temperature and water regime of the reservoir
are the main factors in Chl dynamics. Years with low-water conditions are favor-
able for the high Chl concentrations and intensive development of algae. Seasonally
average Chl that make from 5 to 22 pg/L during 1969-2019, show variations in
trophic state of reservoir from mesotrophic (Chl < 10 pg/L), to moderately eutrophic
(10-15 pg/L), and eutrophic (15-22 pg/L).

Keywords: chlorophyll, phytoplankton, spatial and temporal dynamics, long-term
trends, environmental factors, freshwater ecosystem, Volga River reservoirs

1. Introduction

The problem of fresh water and the assessment of the ecological state of rivers,
lakes, and reservoirs are acute for humanity in the era of anthropogenic stress and
global climate change. At the beginning of the twenty-first century, global climate
changes continue [1]. There is an increase in surface air temperature, as well as
the temperature of water bodies, which have a significant impact on the structure
and dynamics of biological communities in aquatic ecosystems [2-4]. Climate is
an important driver of the distributional patterns of individual hydrobionts that
may cause changes in community composition [5]. An increase in temperature is
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considered as eutrophication factor that changes the availability of nutrients,
promotes an increase in the internal phosphorus load, and also stimulates abundant
and prolonged vegetation of cyanoprokaryotes (blue-green algae) that are the
causative agents of water bloom [6-8].

Algae are the basis of the trophic pyramid in the freshwater ecosystem. The
main ecological role of algae is oxygen generation and photosynthetic production of
autochthonous organic matter, which forms the energy basis for organisms of higher
trophic levels and for all subsequent stages of the production process in large lakes
and reservoirs [9, 10]. Cells of algae contain photosynthetic pigments that are among
the most common indicators used in the study of algocenoses. The main pigment
of green plants, chlorophyll-a (Chl), is considered to be a universal ecological and
physiological marker of algae. Chlorophyll is an optically active component of the
aquatic environment due to its ability to absorb light in a narrow wavelength range.
In particular, this unique property of Chl has found application in remote sensing of
large water areas [11, 12].

The amount of chlorophyll is closely related to the biomass of algae which makes
it possible to express biomass in units of this important component of the plant cell
and use Chl as an indicator of the temporal and spatial dynamics of phytoplankton
[13-17]. A detailed review of studies of the relationship between Chl and algae
biomass is given in [18, 19].

The chlorophyll molecule absorbs light quanta and triggers a complex mechanism
of photophysical and photochemical reactions, and therefore, it is not surprising that
a close relationship is found between Chl concentration and algae photosynthesis
[20, 21]. The rate of photosynthesis calculated per unit of Chl, the assimilation num-
ber, is used in studies on primary production [22-24]. The changes in assimilation
number under various conditions are considered depending on environmental fac-
tors, development and composition of algae [25-30]. From the assimilation number
and chlorophyll concentration, primary production can be calculated [31].

Planktonic algae serve as indicator organisms of the ecological state in water
bodies. In this aspect, Chl plays not only a functional, but also an indicator role in
aquatic ecosystems. The content of Chl is the basis for the scales developed to assess
the trophic status and water quality of marine and fresh waters [9, 10, 32, 33]. An
analysis of these scales made it possible to identify the boundary concentrations of
Chl for oligotrophic, mesotrophic, moderately eutrophic, eutrophic, hypertrophic,
and polytrophic waters that are <1-3, 3-10, 10-15, 15-30, 30-60, and > 60 pg/L,
respectively [34].

The present chapter has the aim to considerate the most significant aspects of
chlorophyll applications in the ecological study of fresh waters on the example of the
Volga River reservoirs.

2. Materials and methods

Our data includes two large blocks that are (1) the route surveys carried out at
70-80 stations of seven run-of-river reservoirs in the summer of 2015-2020, and (2)
seasonal observations during 2009-2019 carried out once or twice a month from May
to October at six standard stations in the lake-like Rybinsk reservoir. Throughout the
period, we used integral samples obtained by mixing equal volumes of water taken
from each meter of the water column with a 1 m Elgmork bathometer. Chl was deter-
mined by the standard spectrophotometric method in seven reservoirs of the Volga
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River and by the fluorescent method in the Rybinsk reservoir. We have shown good
convergence of the results obtained by these methods with coefficient of determina-
tion R* = 0.94 [35].

The spectrophotometric method [36, 37] due to its simplicity and accessibility,
is widely used in the study of algae. Phytoplankton was concentrated on membrane
filters with a pore diameter of 3-5 pm. The filters were dried in the dark at room
temperature and stored in a refrigerator until analysis. Pigments were determined in
90% acetone extract on a Lambda25 PerkinElmer spectrophotometer; Chl concentra-
tions were calculated using the Jeffrey & Humphrey equation [38].

Currently, the attention of researchers is attracted by the determination of Chl
using fluorimeters of various designs. Measurements of chlorophyll fluorescence
are taken directly in natural water that makes it possible to evaluate a number of
parameters without affecting the integrity of phytoplankton and promptly measure
a large number of samples. We used a modification of the method based on the
specificity of light-harvesting pigment-protein complexes of the main taxonomic
groups of freshwater phytoplankton that are diatoms, blue-green (cyanoprokary-
otes), and green algae [39]. The fluorescence intensity was measured in the red
region of the spectrum (A ~ 680 nm) upon excitation with wavelengths of 410,

490, 540 nm before and after the inhibitor of electron transport chain (ETC) was
added to the cuvette and the fluorescence yield increases to the maximum level. Chl
concentrations were calculated using equations from [40].

We used the available published data including our own papers [20, 41-47] to dis-
cuss the results. Standard software packages for a personal computer Statistic10 and
MS Excel 2010 were applied for statistical data processing. Spearman’s rank correlation
coefficient (rg) was calculated for small number of observations with n < 30.

3. Chlorophyll in the Volga River reservoirs
3.1 Short preface

The Volga River, at 3690 km, is the longest river in Europe and 16th in the
world historically has attracted the attention of many scientists from different
fields. Much of the principal information has been summarized in the monographs
[48, 49]. The river network of the Volga looks like a branching tree in the north that
evolves into a single trunk rooting as a delta in the Caspian Sea in the south. The
Volga catchment area is located on the Russian Plain, covering various latitudinal
and climatic zones from the southern taiga to semi-desert. The most of the Volga
River from the town of Tver’ to Volgograd that is over 2500 km long, is affected
by an uninterrupted cascade of eight large shallow reservoirs, considerably slow-
ing the flow velocity of the river. The reservoirs differ in terms of morphometry,
optical regime, chemistry, lateral inflow, water exchange, and trophic status [49]. A
schematic map of the reservoirs is shown in Figure 1 and their basic characteristics
are given in Table 1.

In accordance with the geographical zonality, three sections are distinguished
in the cascade that are Upper Volga (56°51'N, 35°55" E-57°29’ N, 38°17' E), Middle
Volga (58°03’ N, 38°50" E-53°31' N, 49°25’ E), and Lower Volga (53°28' N, 49°42'
E-46°23' N, 48°02' E). With a change of conditions in the drainage basin, the total
amount of ions (conductivity) increases and the color of the water decreases from the
Upper Volga to the Lower Volga. Water transparency increases with the depth in lower
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Kama River

1

Kuibyshev

Saratov

Volgograd

A = R
Caspian Sea

Figure 1.
Schematic map of the Volga River reservoirs and the location of observation stations at the Rybinsk reservoir.
1 - boundary of rveservoirs; 2 — sample stations. (Author’s compilation based on figures from [43, 47]).

reservoirs. The content of nitrogen and phosphorus compounds in the entire cascade
is high enough and do not limit the development of algae [49].

Studies of phytoplankton pigments in the Volga River were started in the middle
of the twentyth century, but most of them were carried out at separate reservoirs
[41, 50-52]. Our data [43-46] cover the entire cascade and are of interest for a
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comparative assessment of the development and state of planktonic algae in reservoirs
located in different geographical zones. These are the data needed for environmental
monitoring, as well as analysis and forecasting of changes that occur in the aquatic
ecosystem under various external impact.

3.2 Chlorophyll distribution and dynamics

The study of summer plankton is of considerable interest, since at this time the
negative trends caused by eutrophication or climate change appear in the water eco-
system. Given the great length of the Volga reservoirs, their complex morphometry,
and their differences in a number of parameters, the Chl concentrations vary widely
in each of them (Figure 2). Chl concentrations were typical of summer phytoplank-
ton and generally fell within the same limits as 30 years ago (1989-1991) [43]. The
minimum Chl values in all reservoirs were close and amounted to 2.5-9 pg/L, while
the maximum values differed to a greater extent. Three groups of reservoirs can be
distinguished according to the upper limit of Chl. These are Gorky, Saratov, and
Volgograd reservoir with the lowest upper limit of 25-36 pg/L; Uglich and Kuibyshev
reservoir with intermediate values of 52-59 pg/L; Ivankovo and Cheboksary res-
ervoir with maximum concentrations over 100 pg/L. In all reservoirs of the Volga,
interannual differences in Chl were revealed. Over 6 years of research, Chl concen-
trations at observation sites differed by 3 and 8 times in the Uglich and Gorky res-
ervoirs, by 50 times in the Cheboksary reservoir, and by 13-16 times in others. The
interannual differences in the mean values were much smaller, from 1.6 to 2.6 times
only (Table 2). The results of ANOVA analysis (Table 3) show that the interannual
difference in Chl is significant in the Uglich and Gorky reservoirs (p < 0.01), ison
the verge of significance in the Ivankovo reservoir, and is insignificant in the other
four reservoirs.

The distribution of phytoplankton over the water area of the reservoirs was non-
uniform. The coefficients of variation of mean Chl concentrations in most cases were
50-70% and exceeded 100% in Cheboksary reservoir (Table 2). The heterogeneity of
Chl distribution is due to the large extent and complex morphometry of reservoirs,
the presence of water masses of different genesis, the inflow of tributary waters,
changes in the flow regime in different areas, and surge phenomena. The features
of Chl distribution over the water area of the reservoirs are generally preserved and
repeated over a long period [43-46]. Higher Chl concentrations are usually noted in
areas isolated from the Volga channel; in estuarine sections of tributaries; in coastal
shallow waters and bays; in the waters of the tributaries themselves. The amount
of Chlin these areas is 1.5-3 times higher than at deep channel section. In all years,
the largest tributary of the Volga, the Oka River, stands out with a very high Chl
concentration [43-46]. When it flows into the Cheboksary reservoir, Chl increases by
an order of magnitude up to 100 pg/L and more. The waters of the Oka River, which
differ from the Volga in high mineralization, can be traced in the reservoir for a long
distance, creating significant chlorophyll gradients [51].

Throughout the Volga cascade, there is a steady decrease in Chl from the reservoirs
of the Upper Volga to the reservoirs of the Lower Volga (Figure 3). The same trend
was noted in 1989-1991 [43] and has not changed over a quarter of a century. A simi-
lar distribution is also observed for the phytoplankton biomass [8]. The explanation
is the increase in flow velocity and volume of runoff downstream the Volga, as well as
a decrease in the volume of lateral tributaries. It is the water conditions that limit the
development of phytoplankton in the Volga to the greatest extent. This is evidenced

72



Chlorophyll and Its Role in Freshwater Ecosystem on the Example of the Volga River Reservoirs
DOI: http://dx.doi.org/10.5772/intechopen.105424

100 R
160 Ivankovo Uglich
g
2 (=]
= 120 °
B 60
H
g so . .
=
(3} 40 E] 20 I? E] E?
o
© : 0
o 30
E} Gorky 160 Cheboksary
=
=
g 20 . 120
2 °
=
(#] b i @ 80
10
9 M
o}
o ! . . . o " I @ EI g D
3 60 Kuibyshev Saratov
B 12 o
=
=
g 40 8
=]
8
.-5 20 o 4
° o @
@ T B[ &g
o _— )
2015 2016 2017 2018 2019 2020
Volgograd Year
% 20 o
=
515
&
g 10 ° O  Median
8 [] 25%-75%
5 @ [‘i] [ Non-Outlier Range
o] ©  Qutliers

2015 2016 2017 2018 2019 2020

Year

Figure 2.
Box plots of chlovophyll concentrations in the Volga River reservoirs in 2015—2020. Unpublished data.

by the negative relationship between average Chl concentrations in the reservoirs and
the total volume of inflow for May-October (Figure 4). Similarly, in unregulated
conditions in the river Thames, algae abundance decreased in years of high water flow
[53], and high chlorophyll concentrations in the Lower Mississippi were noted during
periods of low flow [54].

In all reservoirs, interannual changes in Chl are observed, which are determined
by the weather conditions of the years and the conditions of water content. However,
the average concentrations of Chl over the past 6 years characterize the Ivankovo,
Uglich, and Cheboksary reservoirs as eutrophic (Chl is over 15 mg/L), while the
Saratov and Volgograd reservoirs are mesotrophic with Chl up to 10 mg/L. The
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Reservoir 2015 2016 2017 2018 2019 2020
Ivankovo 24.0+ 4.0 20.7+37 225+36 412+73 38359 23.8+2.0
(54) (56) (47) (58) (55) (60)
Uglich 25528 177 £ 3.0 16519 26146 204 +28 174 £ 41
(32) (47) (29) (45) (49) (57)
Gorky 184 +11 75+13 6.7+0.8 131+14 10115 121+18
(1) (56) (40) (41) (51) (63)
Cheboksary 296 £81 169 £ 6.7 178 + 6.1 25.0+0.8 44.0 +15.8 253+10.1
(81) (102) (90) (107) (117) (143)
Kuibyshev 61+0.8 14.8£2.8 83:2.0 9.8+26 61+09 119 +25
(42) (57) (48) (117) (61) (64)
Saratov 57+1.0 — 49+15 106 +2.8 36+06 85+24
(41) (72) (78) (51) (48)
Volgograd — — 6.7+1.0 9622 4307 101+27
(44) (86) (56) (25
Table 2.

Chlorophyll content in the Volga River reservoirs in the years of study according to [46] with additions
(mean values with standard ervor, ug/L; in brackets coefficient of variation, %; dash is missing data).

Reservoir SS df MS F P

Ivankovo 11,002 5 2200 2.25 0.06
Uglich 4517 5 903 3.40 0.01
Gorky 1235 5 247 13.5 0.00
Cheboksary 2777 5 555 0.59 071
Kuibyshev 594 5 119 141 0.23
Saratov 60 4 15 0.83 0.52
Volgograd 208 3 69 212 0.11

Table 3.

Comparison of the mean chlorophyll concentrations in the Volga River reservoirs in the years of study using
one-way analysis of variance (ANOVA) (SS — sum of squared deviations, df — number of degrees of freedom, MS
— mean square, F — Fisher’s test, p — significance level). Fyuy > 2.30. Unpublished data.

S
o

Chlorophyll, ug/L

v Ugl Gork Cheb Kuib Sar Volg

Figure 3.

The course of chlorophyll in cascade of the Volga River reservoirs. Average values for 2015-2020 with standard
ervor. Dotted line is a trend line. Unpublished data. Iv — Inankovo reservoir, Ugl — Uglich reservoir, Gork — Gorky
reservoir, Cheb — Cheboksary reservoir, Kuib — Kuibyshev reservoir; Sar — Savatov reservoir, Volg — Volgograd
veservoir.
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Figure 4.

Cogwelation between chlorophyll content in the Volga River reservoirs and the total volume of inflow for
May-October in 2015-2020 according to [46]. The dotted line is the 95% confidence interval. The volume of
inflow is calculated according to the data of the open website of RusHydro http://www. rushydro.ru/hydrology/
informer/?date.

trophic status of the Gorky and Kuibyshev reservoirs varies from mesotrophic to
moderately eutrophic and eutrophic (Table 2).

The assessment of the current trophic status of reservoirs in some cases differs
from the assessment in 1989-1991 [43]. At the end of the twentieth century, the
Uglich, Saratov, and Volgograd reservoirs were mesotrophic, the Kuibyshev reservoir
was moderately eutrophic, and the Ivankovo, Gorky, and Cheboksary reservoirs
were eutrophic. Chl concentrations now correspond to the eutrophic type (i.e., higher
trophy category) for the Uglich reservoir and moderately eutrophic (lower
trophy) for the Gorky reservoir. The values obtained for the Ivankovo, Uglich,
and Cheboksary reservoirs during 2015-2020, related to the same trophic grada-
tion, while for the Gorky and Kuibyshev reservoirs, they were different. These
variations testify to the high dynamism of the development of the ecosystems of
the Volga reservoirs.

4. Chlorophyll in the Rybinsk reservoirs
4.1 Short preface

Rybinsk reservoir, the third stage of the Volga River cascade, located in the
southern taiga subzone (58°00'-59°05’ N, 37°28'-39°00’ E) (Figure1). Itis a large
relatively shallow lake-like water body of slow water exchange of 1.4 year™" [42].
The ratio of the surface area (4500 km®) and the average depth (5.6 m) is very high
and equal to ~800. It indicates a high degree of openness of the reservoir [55] that is
subject to frequent wind mixing. As a result, there is a decrease in water transparency
and also resuspension of nutrients from bottom sediments.

The Rybinsk reservoir is one of the few large reservoirs in the world where sys-
tematic regular observations of the chlorophyll content have been carried out. The
research began in 1969 continued for more than 50 years under the guidance of my
colleague, teacher, and mentor Dr. Inna Pyrina. The results of long-term study of the
seasonal and interannual Chl dynamics and its relationship with regional and global
environmental factors were published in a series of original papers and summarized
in monographs [20, 41, 42].
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4.2 Seasonal dynamics of chlorophyll

The seasonal development of plankton is an annual recurring process influenced
by external factors and internal biotic interactions [56]. The development of phyto-
plankton in the Rybinsk reservoir during the open water period corresponds to the
classical PEG model [57]. A short spring maximum with Chl concentration in differ-
ent years from 15 to 50 pg/L is constantly formed in May—early June at water tempera-
tures from 6-9°C to 11-15°C. In late May-early June, the Chl content becomes below
10 pg/L and remains low for 2-4 weeks. During this period there is a seasonal change
of phytoplankton communities [8]. The summer maximum, at which Chl can exceed
100 pg/L in some parts of the water area, covers a long period in July—September.
Warming up of the water mass to the maximum and its subsequent cooling occurs
during this period. In autumn, the Chl content is usually below 10 pg/L, but in some
years, it increased to 20-30 pg/L. The timing of the onset of Chl maxima, their
duration, quantity, and the ratio of values vary in different years (Figure 5). This
is explained by features of development conditions for the algae in a large shallow
reservoir, which is an active dynamic environment. The course of seasonal succession
of phytoplankton in such an environment is subject to frequent disturbing external
influences [57-59], which include wind mixing [60, 61], and in the reservoirs also
the operation of hydraulic structures. Diatom algae dominate the phytoplankton of
the reservoir in spring and autumn [8]. The diatom maximum during these periods
is usually observed in water bodies of the temperate zone [56, 57]. Active wind
mixing of the water column promotes water circulation and maintenance of cells in
suspension, and also provides an influx of nutrients [59]. The summer phytoplankton
community is formed by blue-green algae (cyanoprokaryotes) and diatoms [8].
Cyanoprokaryotes develop abundantly at stable anticyclonic weather with a predomi-
nance of calm conditions; active hydrodynamics which is provided by wind mixing of
the water column is favorable for diatoms.

In a generalized form, according to the data of long-term observations, five
periods are distinguished in the seasonal cycle of phytoplankton in the Rybinsk
reservoir [47]. The main parameters of these periods are given in Table 4. Each period
is characterized by uniform temperature and transparency, which is an indicator of
underwater light conditions. Variation coefficient of Chl is minimal at early summer
during the seasonal change of communities and is significantly higher during the
period of spring and summer phytoplankton maxima, indicating a change in the
stability of algocenoses during the growing season.
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Figures.

Seasonal dynamics of chlorophyll in the Rybinsk reservoir during 2009—2019 according to [47].

76



Chlorophyll and Its Role in Freshwater Ecosystem on the Example of the Volga River Reservoirs
DOI: http://dx.doi.org/10.5772/intechopen.105424

4.3 Long-term dynamics of chlorophyll

To analyze and predict the changes that occur in biological communities under
anthropogenic pressure and climate change, long-term observations are required.
Such observations are carried out in water bodies of the world [62-68]. According to
published data including our own [20, 35, 42, 43], over the entire period of observa-
tions since 1969, the Chl content in the Rybinsk reservoir varied by two orders of
magnitude, from 1 to 3 to more than 100 pg/L. This range is observed even during one
growing season and causes outliers in the scatterplots (Figure 6).

Seasonal average values vary within smaller limits from 5 to 22 pg/L. The long-
term dynamics of Chl looks like a broken line with ups and downs (Figure 7). This
shows the reaction of the community to changing external conditions, which have
a multicomponent and complex effect on the development of phytoplankton. An

Parameter Spring Early Mid summer Late summer Autumn
summer
n 54 92 218 86 89
Chl, pg/L 159+19 89+06 204 +£1.0 212+16 63+0.5
(90) (58) 73) (72) (73)
Temperature, °C 99+0.5 157+0.3 204 +0.2 15.0 £ 0.2 72+03
(38) (19) (11) (12) (36)
Transparency, m 1.20 + 0.03 111+ 0.03 113 + 0.02 1.06 + 0.04 112 + 0.04
(24) (25) (23) (32) 37)
Nippin, mg/L* 0.45 0.31 0.19 0.14 0.14
Prin, pg/L* 21 18 21 26 65
TN, mg/L* 0.99 1.02 091 1.02 0.93
TP, pg/L* 48 48 64 67 140

Note. * - data obtained in 2001-2012 according to [42]; Ny, — nitrates, P, — phosphates, TN — total nitrogen, TP — total
phosphorus.

Table 4.
Characteristics of the environmental conditions during five periods of phytoplankton seasonal succession in the
Rybinsk reservoir in 2009-2019 according to [47] (mean values with standard erroy, in brackets coefficient of

variation, %; n — observation number).
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Figure 6.
Box plots of chlorophyll concentrations in the Rybinsk reservoir in 2009-2019 according to [47].
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Figure 7.
Long-term dynamics of average annual chlovophyll concentrations in the Rybinsk reservoir according to [42] with
additions. Dotted line is trend line.

analysis of long-term data reveals two key effects on interannual Chl variations in

the Rybinsk reservoir. Temperature that belongs to the universal and irremovable
factors of the environment is the first of them. Temperature is the main factor in the
development, seasonal dynamics and spatial distribution of algae, as well as the factor
of their geographical distribution and formation of the primary production of water
bodies [69-71].

Under global warming, a steady increase in the average water temperature for
May-October at a rate of 0.8°C per 10 years has been revealed in the Rybinsk res-
ervoir since 1976 [42]. Against this background, there is a reliable trend towards an
increase in average annual Chl value over a 50-year observation period at a rate of
0.4 + 0.03 pg/L per year (R* = 0.75, p < 0.05) (Figure 7). The Spearman correlation
coefficient between seasonal average Chl and temperature is not high (rs = 0.53,

p < 0.05) but it confirms this effect.

The recurrence in Chl dynamics is associated with the second key factor which
is the water regime of the reservoir in the years of observation. Negative Spearmen
correlation coefficients were obtained between Chl and parameters of water regime:
rs = —0.65 for inflow volume and rs = —0.85 for water level. The water regime, in
turn, is associated with the cycles of general moisture. High-water periods with
cyclonic weather are characterized by increased surface inflow, high water level, high
wind activity, and lower temperatures. In low-water years, the anticyclonic type of
weather prevails with little precipitation, low reservoir level, increased heating, and
a predominance of calm. It is dry years that conditions are favorable for the intensive
development of algae and especially the summer species [8, 43, 72, 73]. For the res-
ervoir region, this situation was repeated once every few years over a 50-year period,
namely in 1972-1973, 1981, 1984, 1994-1995, 1999-2001, 2010-2013. The conditions
of these years served as a trigger for the subsequent increase in Chl, which gradually
decreased after the rise, but generally remained at a higher level than in the previous
years (Figure 7).

The annual increase in Chl over the entire period of research varied and amounted
to1.2 + 0.1 pg/L in 1969-1984, 2.2 + 0.3 pg/L in 1987-1996, and 2.4 + 0.4 pg/L in
2008-2019. In recent years, under the global warming, this increase has become
higher, indicating intensification of the eutrophication process. A particularly strong
rise in Chl values was noted after 2010, when sunny weather at an anomalously
high air temperature persisted for 40 days on the territory of European Russia [74].
Periodicity in rises and falls of Chl is close to the 11-year cycle of solar activity
estimated by Wolf numbers (rs = 0.83). The same was noted earlier for a shorter
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Figure 8.

Occurrence rate of chlorophyll in the Rybinsk reservoir in different periods of 1969—2019 according to [42] with
additions (% of the total observation number n).

observation period at the Rybinsk reservoir, as well as for the long-term dynamics of
phytoplankton productivity in other water bodies [72, 73, 75, 76].

Seasonally average Chl concentrations serve as the basis for the trophic classifica-
tion of water bodies [9, 32, 33]. The data in Figure 7 show that during the 51 years of
observation, the reservoir was characterized as mesotrophic 18 times (mean Chl less
than 10 pg/L), as moderately eutrophic 15 times (10-15 pg/L), and as eutrophic 18
times (15-22 pg/L).

General level of phytoplankton development and the trends in its long-term
variations are well illustrated by the occurrence rate of Chl concentrations
(Figure 8). In the first 10 years of observations (1969-1979), mesotrophic waters
with a pigment concentrations of less than 10 pg/L prevailed in the reservoir. In the
80s and 90s twentieth century the share of eutrophic waters with Chl content equal
to 10-30 pg/L, increased significantly. At the same time, the upper limit of Chl values
increased, reaching 100 pg/L and above. In the early 2000s there has been a trend
towards a decrease in the level of trophy, and the histogram of Chl frequency distri-
bution repeated that of the late 1970s. Data of 2010-2014 showed a sharp rise in values
with an absolute (about 70% of the total number of observations) predominance of
eutrophic and highly eutrophic waters. In recent years, with high water content and
a decrease in temperature, mesotrophic type waters began to predominate again, and
the amount of high Chl concentrations decreased to 40%.

5. Conclusion

Chlorophyll-a, the main pigment of the green plants, serves as a universal ecologi-
cal and physiological marker of biomass, photosynthetic activity, and production
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capabilities of algae. The study of the most significant aspects of chlorophyll appli-
cations in freshwater ecology on the example of the Volga River reservoirs made it
possible to consider the spatial and temporal dynamics of phytoplankton.

Route surveys carried out on seven run-of-river reservoirs of the Volga, revealed a
wide range of Chl in each of them with minimum values of 2.5-9 pg/L to maximum
values from 25 to 36 to over 100 pg/L. The average Chl values obtained in different
years differed to a lesser extent with a significant distinction in case of the Uglich
and Gorky reservoirs only. Chl concentrations obtained in 2015-2020 were typical
of summer phytoplankton and generally fell within the same limits as 30 years ago
(1989-1991). The distribution of phytoplankton over the water area of the reservoirs
was non-uniform due to the large extent and complex morphometry of reservoirs,
the presence of water masses of different genesis, the inflow of tributary waters,
changes in the flow regime in different areas, and surge phenomena. The steady
decrease in Chl content from the reservoirs of the Upper Volga to the reservoirs of the
Lower Volga is due to an increase in flow velocity and volume of runoff downstream
the Volga, as well as a decrease in the volume of lateral tributaries. According to the
average concentrations of Chl over the past 6 years, currently the Ivankovo, Uglich,
and Cheboksary reservoirs are eutrophic, the Saratov and Volgograd reservoirs are
mesotrophic, while the trophic status of the Gorky and Kuibyshev reservoirs varies
from mesotrophic to moderately eutrophic and eutrophic.

Regular seasonal observations during 2009-2019 carried out at lake-like Rybinsk
reservoir showed that phytoplankton development during the open water period cor-
responds to the classical PEG model with a short spring Chl maximum, long period
summer maximum, and, in some years, a short autumn rise. The timing of the onset
of Chl maxima, their duration, quantity, and the ratio of values change depending
on the conditions of the year. The long-term dynamics of Chl over a 50-year period
since 1969 looks like a broken line with ups and downs, reflecting the community’s
response to changing external conditions. Two main factors that are temperature and
water regime have a significant impact on the long-term development of planktonic
algae. Seasonally average Chl concentrations that serve as the basis for the trophic
classification of water bodies show that, depending on environmental conditions, the
trophic status of the Rybinsk reservoir varies from mesotrophic to eutrophic. In recent
years, under the global warming, the rate of eutrophication has been increasing.
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Chapter 5

Chlorophyll a Fluorescence as an
Indicator of Temperature Stress
in Four Diverse Cotton Cultivars
(Gossypium hirsutum L.)

Jacques M. Berner, Mathilda Magdalena van der Westhuizen
and Derrick Martin Qosterhuis

Abstract

Heat stress has a detrimental effect on cotton (Gossypium hirsutum L.) production
worldwide. The reproductive stage is especially vulnerable to heat stress, which will
result in significant yield losses. Chlorophyll  fluorescence (ChlF) induction kinetics
was used to investigate the heat tolerance of four cotton cultivars. Cultivars Arkot
9704, VH260, DP393, and DP 210 B2RF were subjected to 30°C and 40°C heat treat-
ments. Plants were grown for 46 days up to the pinhead square stage whereafter plants
were subjected to the two temperature regimes for a period of 6 hours. Decreases in
the maximum quantum yield of PSII (Fv/Fm) and the performance indexes (PIxps
and Plrorar) reflected the negative impact of elevated temperature on photosynthesis
in all four cultivars. In cultivar DP393 the lowest drop in values for F,/F,, PIgs, and
PltoraL, showed the genetic capacity of this cultivar to cope with heat stress. Cultivars
VH260, DP210 and to a lesser extent Arkot 9704 were adversely affected by heat stress.
Chlorophyll  fluorescence measurements and the interpretation of the functions
within the chlorophyll transient proved to be a fast and accurate method of identifying
heat-tolerant cotton cultivars.

Keywords: chlorophyll a fluorescence, cotton (Gossypium hirsutum), cultivar DP393,
heat stress, heat tolerant

1. Introduction

Cotton, the most important and widespread natural fiber globally, is produced
in 75 countries, providing income for more than 250 million people [1]. Cotton is
a significant agricultural commodity throughout the world used primarily for its
fibers to manufacture textiles [2]. Approximately half of all textile products are made
of cotton in the form of apparel, home textiles, and industrial products [1]. Global
climate changes strongly influence plant production worldwide [3]. Crop growth and
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productivity are severely impacted when plants experience drought and heat stress
[4]. Heat stress is defined as the rise in temperature beyond a threshold level for a suf-
ficient period of time to cause irreversible damage to plant growth and development
[5]. The effects of plant stress depend on the crops’ tolerance toward stress, timing
(developmental stage), duration and severity of stress [6, 7].

High temperatures (>32°C) cause serious yield reduction in cotton by affecting its
physiology, biochemistry, and quality [8]. Excessive temperatures (even 1°C) signifi-
cantly limit the yield formation process, decrease boll retention, and reduce yield
by 110 kg ha™". This decline in yield is attributed to smaller boll biomass and a low
number of seeds produced in a boll which is caused by heat-induced pollen damage,
low fertility and fertilization efficiencies [8].

Cotton is a warm-season crop, but a negative correlation was found between yield
and high temperature during the reproductive stage [9, 10]. Research in Arizona
and Mississippi in the United States indicates that the reproductive performance of
Upland cotton declines once the mean crop temperature exceeds 28-30°C [11-13].
Excessive temperature (above 30°C) during the reproductive stage (flowering) detri-
mentally affects cotton yield potential [14]. Schlenker and Roberts [15] indicated that
yield growth for corn, soybean, and cotton would gradually increase with tempera-
tures up to 29-32°C and then sharply decrease with temperature increases beyond this
threshold.

The thermal kinetic window (TKW) for enzyme activity in cotton (23.5-32°C)
strongly correlates with optimal temperatures for general metabolism and growth
for various species [16]. Photosynthesis in cotton is highly sensitive to temperatures
above 35°C [17-20]. Some physiological effects of high temperature include decreased
efficiency of the photosystems [19, 21, 22]. In cotton, heat stress during flowering
resulted in square and flower drops when day temperatures exceeded 30°C [13].

Photosynthesis is one of the processes that are sensitive to heat stress [23]. Because
of its sensitivity, the plant’s photosynthetic efficiency is often measured to determine
how sensitive the plant is to stress. Photosystem II (PSII) is the initial complex in
the photosynthetic electron transport chain, responsible for water oxidation and the
generation of molecular oxygen [24]. Heat stress causes changes in the reduction-
oxidation properties of PSII acceptors. It reduces electron transport efficiency in the
photosystems [25]. Heat stress causes several reactions, for example, increases in leaf
senescence, reduction of photosynthesis, deactivation of photosynthetic enzymes,
and generation of oxidative damages to the chloroplasts [26].

Chlorophyll fluorescence originates from chlorophyll a pigments [27]. The
absorbed light energy can undergo one of three fates, namely, (a) drive photo-
synthesis, (b) dissipation of excess energy as heat, and (c) re-emitted as lightata
longer wavelength (fluorescence). These three processes compete with each other,
such that the increase in efficiency of one will lead to a decrease in the yield of the
other two [27, 28]. Chlorophyll a fluorescence is defined as the loss of partial exit
energy after the antennae have absorbed the light. This occurs in Photosystem II
(PSII) through the radiation of red light with a wavelength of 680 nm. Therefore,
chlorophyll a fluorescence is light re-emitted by chlorophyll molecules during the
return from non-excited states and used as an indicator of photosynthetic conver-
sion in higher plants.

The motivation for the study was to evaluate diverse cotton cultivars to identify a
heat-tolerant cultivar. The research was done to assess whether or not chlorophyll 4
fluorescence is a useful method to indicate heat tolerance in a cultivar to ease breed-
ers’ work to breed superior cultivars, capable of withstanding heat waves that are
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occurring more often due to climate change. The early identification of cotton culti-
vars tolerant toward heat stress is of great economic importance and an objective that
many plant breeders prioritize. With this study on cotton, chlorophyll 2 fluorescence
measurements are investigated as a useful tool to identify and quantify the impact of
heat stress. With such data for different cultivars, negative impacts and crop losses
can be avoided, ensuring more stable cotton production.

Parameter Description Formula
Fv/Fm a quantitative measurement of maximum or Fv/Fm = (Fm-F0) / Fm
Maximum potential photochemical efficiency [29]. F,/Fy, is Fo = minimal fluorescence,
quantum the most widely used parameter in chlorophyll F, = maximal fluorescence
yield fluorescence research to document stress F, = variable fluorescence.
[30, 31] and [28] defined the boundary level for Butler and Kitajima [32] were the first
a fully functional PSII system to be 0.750 authors to calculate the maximum
quantum yield of primary PSII
photochemistry (F,/Fy,) based on the
characteristics of the OJIP curve. Fv/Fm
was however shown to be nonspecific
[33] and insensitive [34].
: . : : RC 4 v,
Plaps a multiparametric function representing ABS = ABS1-4, T-y.
three independent parameters contributing to ko - Vo
photosynthesis, namely; Strasser et al., [35] developed
(1) the density of fully active reaction centers performance index of overall
(RC%); RC , photochemistry (PIgs) by using three
| independent OJIP curve parameters
(2) efficiency of electron movement by trapped (qz})o—mammum quantufn yield of
excitation into the electron transport chain primary PSH phot(?chemlstry, VEo—
beyond Qu; and efﬁc1enc?f with which a PSII trapped
(3) the probability that an absorbed photon electron is transferred from.Q— Ato
will be trapped by RC%. It therefore reflects the PQ; a.nd RC/ABS—the density of PSII
accumulation of all of PSII’s responses: reaction centers) [35]. Plas could )
reflect the state of plant photosynthetic
apparatus more accurately than F,/Fy,
[36] whereas PI5ps was related only to
the electron transport to the PQ
pool [37].
PlroTaL Plrorar, (relative photosynthetic performance) Tsimilli-Michael and Strasser, [39],
(one of the most sensitive OJIP parameters) defines Pltoray, as: RC/ABS jPo/ (1-jPo)
[30]. include the four partial parameters yEo/(1-yEo) dRo/(1-dRo)
that are related to the amount of active PSII [40] Hao et al., 2021 summarize,
reaction centers per absorbed energy (RC/ Plrorar, as calculated by PIags and
ABS), the maximum energy flux reaching Sro (the efficiency of the electron
the PSII reaction centers per absorbed energy from PQH, is transferred to final PSI
(jPo/(1-jPo)), the probability that this acceptors), which can fully describe
energy will be conserved as redox energy and the photochemical activity of the linear
drive electron transport beyond QA (yEo/ photosynthetic electron transfer chain
(1-yEo)), and the probability that electrons
from intermediate carriers finally reach the end
acceptors of PSI (dRo/(1 - dRo)). Plroray is
considered to be positively correlated with CO2
assimilation rates, hence to productivity based
on photosynthesis [38].
Table 1.

Parameters measured plus description.
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2. Material and methods

In this study, four diverse cotton cultivars, namely, Arkot 9704, VH260, DP393,
and DP210 B2RF were planted in 10 pots in soil that consisted of a 50/50% mix-
ture of coarse sand and black arcadia clay in a greenhouse study with 30/20°C day/
night temperature. The pots were placed in a randomized block design. Plants
were grown for five weeks up to the pinhead square stage and then subjected
to heat stress. Plants were subjected to two treatments in two laboratory ovens
(Scientific 2000) to create the 30°C control and 40°C heat stress. During the
first study, five-week-old plants were subjected to heat stress for 2, 4, and 6 hours.
During studies 2 to 4, only a 6-hour measurement was taken as this was the only
treatment that showed significant differences in their chlorophyll fluorescence
measurements.

Chlorophyll fluorescence measurements of intact dark-adapted cotton leaves
were measured five weeks after emergence with a portable fluorometer (PEA-Plant
Efficiency Analyzer, Hansatech Instruments, King’s Lynn, Norfolk, UK). One leaf per
plant was measured at three different positions on the leave. The samples were dark-
adapted for 6 hours before the measurements and then illuminated with continuous
light (2400 pmol m™s™", 650 nm peak wavelength, for 1s provided by an array of
six light-emitting diodes focused on a circle of 5 mm diameter of the sample surface.
Biolyzer v.3.0.6 software (developed by R Rodriguez, University of Geneva) evaluated
fluorescence induction transients. Table 1 is a summary of parameters measured via
chlorophyll a fluorescence measurements, plus a description of the formulas with
references to authors.
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Figure 1.

The effect of 6 hours of continuous heat stress on the maximum quantum yield (Fv/Fm) of four cultivars
(Arkot 9704, VH260, DP393 and DP 210 B2RF) treatment values not connected by the same letters are
significantly different (P < 0.05).
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3. Results

The F,/F,, values were significantly lower in heat stress plants than in non-
stressed plants in all four cultivars. The lowest drop for F,/Fy, in values between heat
stress and non-stressed plants were in the leaves of cultivar DP393, meaning DP393
coped with the heat stress and exhibits heat tolerance. The highest drop in values was
in cultivar VH260, then DP210 and Arkot 9704 (Figure 1). The decreased values of
F,/Fy, in heat stress plants were likely due to damage to the PSII system and a conse-
quent increase in non-photochemical quenching (NPQ) [41]. Increasing temperature
damages PSII reaction centers and dissociates antennae pigment-protein complexes
from the central core of the PSII light-harvesting apparatus, consequently impairing
photosynthesis [42].

3.1 The difference in relative variable fluorescence (AVxx)

Double normalization of the OJIP curve between 0.03 ms and 2 ms reveals the
presence of the AK-band (Figure 2). An increase in the amplitude of the AK-band is
indicative of damage to the oxygen-evolving complex associated with photosystem
II. Heat stress affected the oxygen-evolving complex much more of Arkot9704 than
DP393. When ranking the genotypes according to heat tolerance using variable fluo-
rescence, DP393 was the most heat tolerant, followed by VH260 and DP 210 B2RF,
and Arkot 9704 was the most sensitive to heat.

3.2 Performance index: Pl zpg

PI,gs values were significantly (P < 0.05) lower in the heat-stressed plants. The
lowest decline in values between heat stress and non-stressed plants was in the leaves
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Figure 2.

The difference in relative variable fluorescence (AVOJ) of cotton cultivars Arkot 9704, VH260, DP393, and
DP210 B2RF after a 6-hour exposure to heat stress at 40°C (van der Westhuizen, 2017).
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Figure 3.

The average of the Plps taken over four studies for four cultivars (Arkot 9704, VH260, DP393, and DP 210 B2RF)
at non stressed (30°C) and heat stress (40°C) treatments, at 6 hours after elevated temperatures. Treatment values
not connected by the same letters are significantly different (P < 0.05).
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Figure 4.

The average of the Pltoray, taken over four studies for four cultivars (Arkot 9704, VH260, DP393, and DP 210
B2RF) at non stressed (30°C) and heat stress (40°C) treatments, at 6 hours after elevated temperatures. Treatment
values not connected by the same letters are significantly different (P < 0.05).

of cultivar Arkot 9704, followed by DP393, DP210. The highest difference in the
values was in cultivar VH260 (Figure 3).
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3.3 Performance index: Pltgrar,

The largest difference between the heat-stressed and the control plants was
observed with VH260 plants. VH260 also had the largest PItora;, value of all the cul-
tivars at 30°C (Figure 4). Ranking the cultivars based on the difference in values,
DP 393 showed the least difference in values, followed by Arkot 9704 and DP210.

4. Discussion

High temperature is one of the most important environmental factors that affect plant
growth and development [43]. Because of these rising temperatures, heat stress is becom-
ing a more frequent occurrence posing serious risks to crops. Future cotton production
is reported to be subjected to multiple abiotic stresses, including extreme and prolonged
high temperatures [44]. In cotton, the sensitive stage for heat stress is the reproductive
stage [9, 13, 22] resulting in fruit abscission, smaller bolls, and decreased yields [45].

Climate change has caused a shift in necessity toward the identification of plants
tolerant to abiotic stresses. In this cotton study, heat stress decreases the F,/Fy, values
in all four cultivars to below the 0.75 boundary level for fully functional PSII system.
In similar studies, [46] found decreased F,/F, values in cotton under drought stress as
did [47] in cotton under heat stress.

The decreases in performance indexes that were found in this cotton study was in
accordance to results in a study by [48] where heat stress decreased the performance
indexes of heat-treated alfalfa cultivars. The decrease in performance indexes could
indicate the lower photochemistry of PSII [30]. Bange et al. [49] recommended that
in regions where there is a significant risk of heat stress, cultivars that demonstrate
resilience to these stresses should be considered and irrigation management adapted
to help mitigate the negative effects of heat stress as crop’s capacity to moderate tissue
temperature though transpirational cooling is dependent upon adequate moisture
supply. Higher than optimum temperatures have long been known to adversely affect
several physiological and metabolic processes with detrimental effects on plant
growth and yield. To that end, extensive efforts have been undertaken and heat-
tolerant cultivars have been introduced [50].

In a study done by [51] van der Westhuizen (2017), where the author evaluated
different screening methods to detect heat stress in Growth Chamber Studies, it was
found that decreases in chlorophyll 2 fluorescence were obtained when genotypes
were subjected to heat stress. This is in agreement with research in cotton by [19, 52,
53] who recorded genotypic differences in F,/F,, in response to heat stress. Bibi et al.
[19] found that an increase in temperature from 30.0°C to 33.0°C did not affect F,/

F, significantly, however, at 36°C and above, F,/F,, decreased significantly. This is in
agreement with research in cotton by [52, 53] who recorded genotypic differences in

F,/Fy, in response to heat stress. Wu (2013) [50] found that based on selection by F.,/

F,, measurements, it was clear that wild cotton accessions were more tolerant to heat
stress than a set of random accessions and check genotypes in a growth chamber.

5. Conclusion

In this study, the impact of elevated temperature on photosynthesis was signifi-
cant in all four cultivars as reflected in the decrease in the maximum quantum yield
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of PSII (Fv/Fm) as well as decreased performance indexes (PIsgs and Pltorar). In
cultivar DP393 the lowest drop in values for F,/Fy,, Plygs and Plrorar, showed the
genetic capacity of this cultivar to cope with heat stress. Considering all results, the
cultivars VH260, DP210, and to a lesser extent Arkot 9704 were adversely affected by
heat stress and therefore heat sensitive. It is recommended that the cultivar DP393 can
be used as the basis in further cotton breeding programs as a source of tolerance for
high-temperature stress.
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