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Preface

Using the energy from sunlight, Photosynthesis usually converts carbon dioxide into organic
compounds, which are important for all living creatures. In oxygenic photosynthesis proc-
ess, water is also efficiently oxidized to oxygen, which is also necessary to sustain respiring
organisms. Photosynthesis is one of the most important reactions on Earth, and it is a scien-
tific field that is intrinsically interdisciplinary. Many research groups have considered pho-
tosynthesis. The advances in characterization techniques and their application to the field
have improved our understanding of photosynthesis and, now, our knowledge of the proc-
ess and of the structures of reaction components has been advancing so rapidly and reveal-
ing that photosynthesis is even more clearly an integrated biological process of continuing
interest and of profound importance. However, now photosynthesis is considered by us to
understand the secrets of Nature to efficiently capture and store sunlight.

The book is the result of the effort of many experts, and I would like to take this opportunity
to thank all contributors for their chapters. I wish to express my gratitude to the staff at In-
Tech for their kind assistances. I am grateful to the Institute for Advanced Studies in Basic
Sciences (Zanjan, Iran) for their support. I also thank my wife, Mary, for her encouragement
and infinite patience throughout the time that the book was being prepared.

Finally, I would like to dedicate the book to Mr. Abdourrahim Najafpour for all his kind-
ness, help, support and encouragement in my life.

Dr. Mohammad Mahdi Najafpour

Department of Chemistry

Center for Research in Climate Change and Global Warming,
Institute for Advanced Studies in Basic Sciences

Zanjan, Iran
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Chapter 1

Monitoring Photosynthesis by In Vivo Chlorophyll
Fluorescence: Application to High-Throughput Plant
Phenotyping

Jorge Marques da Silva

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/62391

Abstract

In spite of the decrease in the rate of population growth, world population is expected to
rise from the current figure (slightly above to 7.2 billion) to reach 9.6 billion in 2050. There
is therefore a pressing need to increase food production. Since most of the best arable
landsarealreadyunderproduction, expandingtheagriculturalareaswouldhavenegative
impacts on important natural areas. Thereby, increasing the productivity of the current
agricultural areas is the chief objective of agronomical planners, and planting more
productive andbetter adapted plant varietiesis crucial toachieveit. Infact, plantbreeding
is at the forefront of concern of both agronomists and plant biologists. Plant breeding is
amillenary activity thatdeeply changed our world. However, theuse of molecularbiology
techniques jointly with informatics capabilities —giving rise to the omics techniques—
deeplyaccelerated plantbreeding, providingnew andbetter plantvarietiesatanincreased
pace. The advances in genomics, though, far by-passed the advances in phenomics, and
so there is a rising consensus among plant breeders that plant phenotyping is a bottle-
neck to advancing plant breeding. Therefore, a range of international initiatives in high-
throughput plant phenotyping (HTPP) are at course, and new automated equipment is
being developed. Phenotyping plants, however, is not a simple matter. To begin with, it
hastobe decided which parameters tomeasurein order toextrapolate to the desired goals,
plant resistance and plant productivity. For this, as well as for plant breeding, an in-
depth knowledge of plant physiology is required. Photosynthesis has been considered as
a good indicator of overall plant performance. It is the only energy input in plants and
thereby impacts all aspects of plant metabolism and physiology. The cumulative rate of
photosynthesis over the growing season is the primary determinant of crop biomass. It
largely determines the redox state of plant cells, and therefore, itis at the core of regulatory
networks. Therefore, assessing photosynthesis and the photosynthetic apparatus plays
a core role on plant phenotyping. Nevertheless, high-throughput phenotyping de-
mands very rapid measurements, and consequently the most common method of
photosynthesis measurement—the infra-red gas analysis—is not well suited for this

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
open science | open minds and reproduction in any medium, provided the original work is properly cited. (e NN
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purpose. On the contrary, the techniques based on in vivo chlorophyll (Chl) a fluores-
cence measurements are perfectly fit. In this chapter, an historical perspective on the
development of in vivo Chl a measurement is briefly addressed. Then, the state of the art
of the fluorescence-based techniques of photosynthesis assessmentis presented, and their
potential usein HTPPisevaluated. Finally, the current use of these techniques in the main
systems of phenotyping is surveyed.

Keywords: photosynthesis, photochemistry, chlorophyll fluorescence, optical techni-
ques, plant phenomics, high-throughput plant phenotyping

1. Introduction: Food security, plant breeding, and high-throughput plant
phenotyping

Albeit the rate on population rise is slowing down, world population is still increasing; from
thecurrentfigureslightly above?7.2billion, itisexpected toreach 9.6 billionby 2050[1]. Therefore,
there is a pressing need to increase the global food production ([2] and references therein).
Mostly, the population increase is expected to occur in developing countries ([3] and referen-
ces therein), where the current productivity of farms s far below the one in the developed world.
For instance, in India, where the population is expected to surpass China’s, the current
productivity of wheat farming is only one third than that of France, while rice productivity
accounts for less than half of China’s [4]. Increasing food production and ensuring availability
of safe and nutritious food at affordable prices to the population of developing countries are,
therefore, a pressing urgency. As most of the best arable lands are already under production,
expanding the agricultural areas would have negative impacts on important natural areas.
Thereby, increasing the productivity of the current agricultural areas is the chief objective [5],
which requires more productive and better adapted plant varieties [6]. There is a long tradi-
tion of conventional plant breeding that deeply changed our world [7]. Moreover, being a cost-
effective tool for increasing nutritional value of forage and crops, plant breeding still can
contribute to global food security [4]. Therefore, it is at the forefront of concern of both agrono-
mists and plant biologists. The use of molecular biology techniques jointly with informatics
capabilities — giving rise to the omics techniques—deeply accelerated plant breeding, provid-
ing better plant varieties at an increased pace [8]. In fact, during the past 20 years, molecular
profiling and classical sequencing technologies enabled significant advances toward the large-
scale characterization of plant genomes [9], yielding valuable tools for plant breeding such as
marker-assisted selection [10]. However, integrating approaches across all scales, from
molecular to field applications, are necessary to develop sustainable plant production with
higher yield. Regrettably, the advances in genomics far by-passed the advances in phenom-
ics, and therefore, there is a rising consensus among plant biologists that plant phenotyping is
abottleneck toadvancing both fundamental research and plantbreeding [11]. Therefore, arange
of international initiatives in high-throughput plant phenotyping (HTPP) are at course, and
new automated equipment is being developed [12]. Plant phenotyping is “the application of a
set of methodologies and protocols used to measure plant growth, architecture, and composi-
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tion with a certain accuracy and precision at different scales of organization, from organs to
canopies” [11]. Phenotyping, being a paradigm of the interdisciplinary character of modern
plant physiology [13], is not a simple matter. To begin with, it has to be decided which param-
eters to measure to extrapolate to the desired plant traits (resistance and productivity). That s,
researchers need sound and robust knowledge about the traits that are indicative of the intended
performance. Here, mechanistic understanding of plant physiology plays a role in identifying
useful parameters and proxies to measure [11]. In any case, it seems plausible that effective
HTPP platforms will involve the measurement of multiple parameters. Two classes of param-
eters are of major importance: structural parameters and photosynthetic parameters. The
structure of both the shoots [14] and the roots has been primarily phenotyped using a broad
range of cameras sensitive in the visible spectral range. Conversely, photosynthetic activity has
been phenotyped mainly by using in vivo chlorophyll (Chl) fluorescence techniques.

2. Photosynthesis: a proxy of plant performance

An in-depth knowledge of plant physiology is required for successful plant breeding [15], as
most of plant stresses are under the control of complex traits [16]. In particular, as accumulating
data did not fit into conventional theories, it becomes clear that metabolic engineering is in
need of a better understanding of metabolic regulation and plasticity [8]. Photosynthesis has
been considered as a good indicator of overall plant performance. It is the only significant
energy input in plants and thereby impacts all aspects of plant metabolism and physiology.
The cumulative rate of photosynthesis over the growing season is the primary determinant of
crop biomass [17]. Photosynthesis largely determines the redox state of plant cells and
therefore is at the core of regulatory networks [18]. Therefore, assessing photosynthesis and
the photosynthetic apparatus plays a core role on plant phenotyping. Nevertheless, high-
throughput phenotyping demands very rapid measurements, and consequently, the most
common methods of photosynthesis measurement—the infra-red gas analysis and the
polarographic measurement of oxygen evolution —are not well suited for this purpose. On the
contrary, optical methods present considerable advantages for in vivo and in vitro assessment
of the physiological condition of live tissues, as compared to chemical and physicochemical
methods, because they are much faster, non-invasive, and non-destructive (e.g. [19, 20]).
Among these, in vivo Chl fluorescence measurements are best suited for this purpose. Albeit
the use of optical methods in plant phenotyping has been recently reviewed [21], to our
knowledge, a review specifically addressing the use of Chl fluorescence techniques in HTPP
is missing in the literature. In the following sections, an historical perspective on the develop-
ment of in vivo Chl fluorescence measurement, from the seminal work of Kautsky and Hirsch
[22] to the ground-breaking invention of pulse amplitude modulation (PAM) [23], is briefly
addressed. Then, the current state of the art of the Chl fluorescence measurement techniques
is presented, and their potential use in HTPP is evaluated.

5
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3. Chlorophyll fluorescence

The emission of photons from excited molecules was named fluorescence by the Irish physicist
George Gabriel Stokes [24], after fluorspar or fluoride, the mineral from calcium fluorite where
he studied the phenomenon. When a molecule of Chl a from the antenna complex of a
photosynthetic organism is hit by a photon, it absorbs its energy and an electron is raised to a
higher energy level S1 (singlet 1, corresponding to the absorption of one red photon) or S3
(singlet 3, corresponding to the absorption of one blue photon; Figure 1).
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Figure 1. Simplified diagram of the energy levels of the singlet excitation states of chlorophyll a molecules. Source:
Adapted from Ref. [25].

The excited molecule is very unstable, and its excess energy is promptly released. There are
three different competing ways of de-excitation: (1) heat dissipation; (2) photochemical
utilization of energy; and (3) fluorescence emission. The relative contribution of each process
is dependent on the physiological status of the photosynthetic systems [25]. In the last few
decades, the measurement of Chl fluorescence has become a universal technique in the study
of virtually all types of photosynthetic entities, including fruits [26-28], corals [29], seagrasses
[30], macroalgae [31], microphytobenthos [32-34], and many types of higher plants, such as
tobacco [35], maize [36], and tomato [37]. The use of Chl fluorescence has been recently
proposed for detecting early responses to abiotic and biotic stresses, before a decline in growth
can be observed [38-40]. Likewise, there are numerous applications of Chl fluorescence in the
horticultural sectors (reviewed in [41]). With the advent of different instrumental techniques,
Chl fluorometry developed into various types, with different timescales of signal capturing
[42]. It is useful, however, to divide the currently available techniques for in vivo Chl fluores-
cence measurements into passive and active [43]. While passive techniques measure fluores-
cence emission under actinic light, active techniques stimulate fluorescence emission using

dedicated light sources.
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3.1. Passive fluorescence

Albeit it hasbeen known for along time that Chl, like many other molecules, emits fluorescence
after excitation, it was not until 1931 that Kautsky and Hirsch observed that the in vivo emission
of fluorescence during a dark-light transition showed a typical variation [22], usually known
as the Kautsky induction curve or simply Kautsky effect. Even though these authors have
speculated on a possible relation between the observed fluorescence emission and carbon
fixation, the molecular basis of photosynthesis was, at the time, poorly understood, and
therefore, their observations did not significantly impact photosynthesis research. As the
understanding of the molecular mechanisms progressed, however, prototypes of continuous
fluorescence recording fluorometers were built and used in photosynthesis research [45].
These simple devices had limited use in stress physiology, but Lichtenthaler and Rinderle [46]
developed the Vitality Index (Rfd = F,’/(F,-F,)) and successfully used it to detect low
temperature stress in higher plants. However, continuous fluorescence recording fluorometers
acquired increase potential in photosynthesis research only when equipped with high-time
resolution capacities. This allowed to explore the kinetics of the fast phase of fluorescence
signal rise in a dark-light transition. Although the exploration of these signals begun earlier
with experimental prototypes, it was the commercial availability of the Plant Efficiency
Analyzer by the UK-based manufacturer Hansatech that made this technique widely available
to plant physiologists and plant breeders. In Switzerland, Reto Strasser provided the theoret-
ical basis for the interpretation of these signals [47]. His group at the University of Geneve
have developed the JIP test (termed after the main inflections in the fast fluorescence rise, called
J, 1, and P) to analyze the photosystem II (PS II) behavior [48] (Figure 2).
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Figure 2. Chlorophyll fluorescence induction curve (OJIP transient).

! Please note that the very concept of photosynthesis as being a redox process was only to be demonstrated 6 years later
[44].
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Based on the Chl a fast fluorescence transient measurement [49], numerous indexes and
parameters quantifying the energy flow related to the different phases in the PS II photo-
chemical reactions can be calculated. The JIP transient rise reflects the successive but overlap-
ping reduction of the electron acceptor pool of PSII [50] and can be used to obtain information
on the redox state of the photosynthetic electron transport chain, on the stoichiometry of its
components and on the relative PS II antenna size [51]. This transient has been found to be
very sensitive to stress caused by changes in different biotic and abiotic conditions, presenting
alterations even before visible symptoms could be detected on the plants [52-57]. Albeit some
information may be obtained from the application of the JIP test to pre-illuminated leaves, the
most used protocols require a dark-adaptation period [58]. This may be achieved for many
leaves simultaneously by using the leaf clips provided by the manufacturer Hansatech.
Individual measurements are rapid as usually a 1-second light (saturating) pulse is applied,
and the kinetics of fluorescence rise is immediately recorded. Therefore, the main hindrance
to the use of the JIP test on high-throughput automated plant phenotyping is the need to
previously dark-adapt the samples (Table 1). Albeit this technique has been proved useful in
manual low-throughput plant phenotyping [57, 59], none of the commercial phenotyping
platforms makes use of it. It is possible to envisage, however, a system where whole plants
would be pre-adapted for dark conditions, and non-contact measurements of the fluorescence
induction curve would be made. In fact, imaging of the JIP parameters is already possible and
has been used to screen wild barley genotypes under heat stress [60]. Passive fluorescence
spectra of leaves may also be obtained and provide information on the status of the photo-
synthetic apparatus [61]. However, fluorescence emission spectra have been studied mainly
with active fluorescence techniques, mostly with laser-induced fluorescence (LIF) [62] which
is discussed in the next section.

3.2. Active fluorescence

3.2.1. Laser-induced fluorescence

Since LIF measurements can be carried out remotely, allowing, for example, to inspect difficult-
to-access canopies, this technique is particularly interesting for HTPP in the field. In fact, large
crop areas can be efficiently surveyed by scanning an instrument placed at a high viewpoint
or by mounting it in an airplane or a drone [63]. LIF was applied for estimating the overall
metabolic activity of plants during a defined period of time [64, 65]; differentiating plant
species [66-68]; assessing potassium deficiency [69]; estimating the maturity of lettuce [70];
detecting mildew and rust fungal [71] and bacterial [72] infections; and studying the influence
of water stress [73, 74], ambient light [68], UV radiation [75], atmospheric [76], and soil
pollutants [76, 77] and excess of ammonium nitrate [78] and nickel [79] on plant physiology.
In addition, LIF has been used to assess the productive biomass of benthic diatoms [62, 80] and
to differentiate between groups of macroalgae [81]. LIF spectra of plant leaves present a local
Chl emission maximum in the red region of the spectrum at 685 nm (F685) and an absolute
maximum at the far-red region, circa 740 nm (F740) [65, 75]. The relative intensity, shape, and
wavelength of these peaks are dependent on the physiological status of the photosynthetic
apparatus. Changes in the Fr/Ffr ratio were suggested to be well correlated to Chl a concen-
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tration [69, 82, 83], which is altered, in most plant species by stress [84]. In addition to changes
in the Chl concentration, other factors, related to membrane lipid composition and protein
environment [85] as well as leaf ultrastructure and the accumulation of specific light absorbing
metabolites, such as anthocyanins, are likely to affect Fr/Ffr ratios. It is known that water stress
significantly impacts leaf lipid composition of thylakoid membranes, causing a decrease in the
contents of polar lipids, namely chloroplast-specific glycolipids as well as changes in their fatty
acid composition, likely to affect membrane fluidity [86]. In forest species subjected to severe
drought, Lavrov and coworkers [73] showed that the red/far-red emission fluorescence ratio
(Fr/Ffr) is very well correlated with the maximum potential photochemical efficiency of PS II
estimated with a Plant Efficiency Analyzer (Hansatech, U.K.). Also, simultaneous measure-
ment of Chl fluorescence in maize (Zea mays), sugar beet (Beta vulgaris), and kalanchoé
(Kalanchoé sp.) by LIF and PAM indicated that the steady state of fluorescence is useful for
water stress detection [87]. Albeit LIF has been extensively used in applied research, its
possibilities have not been thoroughly explored in fundamental research. In fact, even though
Arabidopsis thaliana had become the main model organism in plant biology, applications of LIF
to this species are almost absent, the exceptions being a study on npq mutants, altered in the
expression of the PS II PsbS protein [88] and, more recently, a study on the water stress effect
on photosynthesis [74]. Advanced variations of this technique as is the case of laser-induced
fluorescence transients (LIFT) allow the calculation of quantum efficiency [89], leading values
in line with the ones obtained by the more established technique of PAM fluorometry (see
below).

3.2.2. Conventional pulse amplitude modulated fluorescence

Active fluorescence protocols exploiting PAM [23] can measure the potential and effective
quantum efficiency of photosystem II, the electron transport rate, and the extent of non-
photochemical quenching. Based on the concepts used in the light-doubling technique [90],
PAM fluorometry enables to distinguish between the photochemical (qP) and non-photo-
chemical (i.e., dissipative; qN and NPQ) use of light energy. Notably, the quantum efficiency
of photosystem II can be measured much more easily than the other parameters [91]. Kitajima
and Butler [92] showed that the maximum potential quantum yield of PS II is characterized
by the dimensionless parameter F /F,, (the ratio of variable and maximum fluorescence
measured after saturating light pulses). A very constant value of 0.832 + 0.004 was found for
healthy leaves of a very wide variety of species [93] while stress due to disease or environ-
mental conditions is indicated by lower values. The basal fluorescence (F,) is dependent on
the tissues” Chl concentration [33], which, in turn, depends on the physiological condition of
the photosynthetic system. However, severe stress may change the basal fluorescence yield,
affecting the relation between F, and Chl concentration. In fact, a significant increase of F, due
to heat stress, independent of the Chl concentration was reported by Havaux and Strasser [94].
The heat-induced increase of the basal fluorescence intensity probably reflects a disturbance
on the organization of thylakoid membranes [95]. The F,/F,, parameter appears to be relatively
insensitive to severe water limitation but could be used to differentiate between responses
during cold. On the basis of the calculation of the fluorescence index AF/F,," (where AF is the
difference between the maximal fluorescence [F,,'] and the steady-state fluorescence [F] of
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light-adapted samples), which measures the effective quantum yield of PS II [96], PAM
fluorometry allows the construction of rapid light curves (RLCs) relating the rate of photo-
synthetic electron transport and incident photon irradiance [97, 98]. PAM was successfully
applied to a wide range of plants, such as the olive tree, rosemary, and lavender [99]; Paspalum
dilatatum [100], Phillyrea angustifolia [101], and other Mediterranean shrubs [102]; the tropical
grass Setaria sphacelata [84] and several C4 turfgrasses [103]; maize [36, 104]; and Arabidopsis
thaliana [105], among others.

3.2.3. Imaging pulse amplitude modulated fluorescence

The development of Chl fluorescence imaging systems by numerous research groups [106—
108] together with the emergence of commercially available models by PSI (Brno, Czech
Republic), Walz Systems (Effeltrich, Germany), and Technologica Ltd. (Colchester, UK) has
greatly increased the versatility of Chl fluorometry techniques (reviewed in [109]). Systems
that image at the microscopic level allow to measure PS II photochemical efficiencies from
chloroplasts within intact leaves and from individual cells within mixed populations [107,
110]. On the other hand, lower resolution imaging systems allow the mapping of fluorescence
parameters over large areas, making it a unique technique to study the spatial heterogeneity
of the photosynthetic activity across an autotrophic surface [111-113]. Conventional and
imaging techniques use different technologies, namely in the detection processes of the
fluorescence signal: a photodiode or phototube in conventional PAM fluorometry and a
charge-coupled device (CCD) camera in imaging-PAM fluorometry. Consequently, caution is
needed when comparing results from conventional and imaging fluorescence techniques [114].
Nevertheless, imaging-PAM fluorometry has proven to be a powerful technique and new
technological developments, as the use of semi-automated systems equipped with fluores-
cence cameras continuously assessing the photochemical activity of leaves [115] are in course.

4. High-throughput plant phenotyping platforms and chlorophyll
fluorescence techniques

The advancement of plant phenotyping is a key factor for the success of modern plant breeding
and basic plant research. Since the recognition of the phenotyping bottleneck to plant breeding
[12], a global effort to provide HTPP platforms was set on. Currently, most platforms are user-
built, but some commercial platforms are already available, as is the case of the German
platform from the manufacturer LemnaTec and the Czech platform from the manufacturer
Photon System Instruments (PSI). The Canadian-based firm Qubit Systems offers a modified
version of the PSI platform. To provide high-throughput phenotyping capabilities to plant
breeders, numerous user-built phenotyping facilities are organized in networks, the most
prominent being the European Plant Phenotyping Network, which offers access to 23 different
plant phenotyping facilities to the user community [116]. Some countries organized national
networks, as is the case of the German Plant Phenotyping Network [117] and the UK Plant
Phenomics Network [118]. The Jiilich Plant Phenotyping Centre [119] is a leading EPPN
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member. Jiilich’s platform makes use of LIFT to perform middle-range remote sensing of crops
[119]. The commercial phenotyping platforms do not use LIF technologies. A simplified JIP
test (restricted to the calculation of F,/F,,) is used in the commercial platform from LemnaTech;
a LemnaTech module with this feature is incorporated in the Leibniz Institute of Plant Genetics
and Crop Plant Research (IPK) HTPP Platform [120]. PlantScreen, the commercial platform
from PSI, uses conventional PAM fluorometry to perform quenching analysis. This platform
has been used to phenotype cold-tolerant pea (Pisum sativum) plants [121]. Kjaer and Ottosen
[122] used six independent PAM fluorometers in a HTPP experiment to assess daily growth
of field-grown Brassica napus. In this case, however, the PAM system was exclusively used to
show that the near infra-red laser beam of a 3D laser scanning, used for phenotyping, had not
a deleterious effect over the photosynthetic metabolism of the plants. Bellasio and coworkers
[123] have used an imaging-PAM system based on a FluorCam camera (PSI) inserted in a user-
developed setting to phenotype common bean (Phaseolus vulgaris). The French platforms based
at Montpellier [124] use an imaging-PAM system based on Walz’s devices. An important
advantage of Chl fluorescence imaging is that it can be used to screen a large number of small
plants simultaneously [125]. A recent advance introduced by Serddio and coworkers [126]
allows the rapid generation of light curves from non-sequential, temporally independent
fluorescence measurements. This technique has the potential to bring the valuable information
provided by fluorescence RLCs into the realm of HTPP. David Kramer’s group, at the Michigan
State University, is currently developing a multi-instrument platform entitled Dynamic
Environmental Photosynthetic Imaging (DEPI) [127], with the aim of reproducing in phyto-
trons the dynamics of field conditions, while continuously recording multiple parameters
related with them photosynthetic performance.

Technique Potential Limitations Current use
User- Commercial
developed
JIP test Very fast measurements; well- Need of a dark-adaptation IPK LemnaTech
established technique; period; signal interpretation not (LemnaTech  (limited to F,/F,))
successfully used in low- always straight forward; plant ~ module)

throughput plant phenotyping, contact required

including in field conditions

LIF Middle-distance remote Fluorescence spectra less JPPC Unreported
sensing; suitable for field informative than variable

phenotyping; LIFT allows the  fluorescence

calculation of quantum Very limited use in model plants

efficiency
Conventional ~ Very informative, physiological Most protocols need a dark- Unreported PlantScreen
PAM interpretation well established ~adaptation period; measurements (Photon System

possible only at close range Instruments) [121]
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Technique Potential Limitations Current use
User- Commercial
developed
Imaging PAM  Allows mapping of the Most protocols need a dark- JPPC [123]; PlantScreen
photosynthetic heterogeneity = adaptation period; measurements M3P (Photon System
over an autotrophic surface; ~ possible only at close range Instruments)
facilitates replication. Expensive and sensitive
equipment

Note: JPPC: Jiilich Plant Phenotyping Centre [119]; IPK: Leibniz Institute of Plant Genetics and Crop Plant Research
[120]; M3P: INRA —Montpellier Plant Phenotyping Platforms [124].

Table 1. Applications of chlorophyll a fluorescence techniques in high-throughput plant phenotyping.

5. Prospective

Chl fluorescence techniques will continue to play a major role on HTPP. Among these,
imaging-PAM techniques will play a pivotal role, although specific cases will require different
technological solutions. Moreover, field HTPP, which is expected to be fostered in the
forthcoming years, will require technologies not dependent on sample dark adaptations and
able to operate at medium-range distance, where the family of techniques based on LIF may
play a role. Finally, the development of low-cost HTPP platforms [128], required to improve
plant breeding in developing countries, is expected to make use of the less expensive Chl
measurement techniques, namely passive fluorescence. On the other hand, high-technology
in-house HTPP platforms are expected to make simultaneously use of different Chl fluores-
cence techniques, integrated in a systems approach to plant phenomics.
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Abstract

Plants and algae are subjected to changes in light quality and quantity and in nutrient
availability in their natural habitat. To adapt to these changing environmental condi-
tions, these organisms have developed efficient means to adjust their photosynthetic
apparatus so as to preserve photosynthetic efficiency and appropriate photoprotection.
Underlimitinglight, thissystem optimizeslightcaptureand photosyntheticyield through
a reorganization of its light-harvesting system. In contrast, under high light, when the
absorptioncapacity ofthesystemisexceeded, theexcessabsorbedlightenergyisdissipated
as heat to prevent oxidative damage. One of the key photosynthetic complexes,
photosystem II, is prone to photodamage but is efficiently repaired. The photosynthetic
machinery isalso able toadjust when specificmicronutrients such as copper, iron or sulfur
become limiting by remodeling some of the photosynthetic complexes and metabolic
pathways. While some of these responses occur in the short term, others occur in the long
term and involve an intricate signaling system within chloroplasts and between the
chloroplast and the nucleus accompanied with changes in gene expression. These signals
involve the tetrapyrrole pathway, plastid protein synthesis, the redox state of the
photosyntheticelectron transport chain, reactive oxygen species and several metabolites.

Keywords: photosynthesis, thylakoid membrane, acclimation, retrograde signaling,
Chlamydomonas

1. Introduction

Photosynthetic organisms are constantly subjected to changes in light quality and quantity and
have to adapt to this changing environment. On the one hand they need light energy and have
to collect it efficiently especially when light is limiting; on the other hand, they have to be able
to dissipate the excess absorbed light energy when the capacity of the photosynthetic appara-
tusisexceeded. The primaryevents of photosynthesis occurin the thylakoids,acomplexnetwork
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of membranes localized within chloroplasts. These primary reactions are mediated by three
major protein-pigment complexes, photosystem II (PSII), the cytochrome b,f complex (Cytb,f)
and photosystem I (PSI) embedded in the thylakoid membrane and which act in series. Both
PSII and PSI are associated with their light-harvesting complex systems, LHCII and LHCI,
respectively, which collect and transfer the light excitation energy to the reaction centers of the
two photosystems. In both cases, a chlorophyll dimer is oxidized and a charge transfer occurs
across the thylakoid membrane. PSII creates thereby a strong oxidant capable of splitting water
on its donor side with concomitant evolution of molecular oxygen and the release of protons in
the lumen side while electrons are transferred along the photosynthetic electron transport chain
through PSIItothe plastoquinone pool and Cytb,f. This complex pumps protons from the stromal
to the lumen side of the thylakoid membrane while transferring electrons to plastocyanin and
PSI. Ultimately the electrons are transferred to ferredoxin and NADP(H), the final acceptor. A
fourth complex, the ATP synthase, is functionally linked to the other three by using the proton
gradient generated by the photosynthetic electron flow across the thylakoid membrane to
produce ATP (Figure 1). Both ATP and NADPH fuel the Calvin-Benson cycle (CBC) for CO,
assimilation. Besides linear electron flow (LEF), cyclic electron flow (CEF) occurs in which
electrons are transferred from the PSI acceptor ferredoxin to the plastoquinone pool through
eitheratypel/Ilthylakoid-bound NADH dehydrogenase[1] or theantimycin-sensitive pathway
involving Pgr5 and Pgrl1 [2,3]. Analysis of a pgr5 mutant of Chlamydomonas revealed that the
loss of Pgr5 leads to a reduced proton gradient across the thylakoid membrane and to dimin-
ished CEF activity [4]. Pgrll has been proposed to act as a ferredoxin—plastoquinone reduc-
tase [3]. In contrast to linear electron flow, which generates both reducing power and ATP, CEF
produces exclusively ATP. The NADPH/ATP ratio can thus be modulated through regulation
of CEF versus LEF.

ADF4+Pi

ATP
synihase

Figure 1. Scheme of the photosynthetic electron transport chain with PSII, Cytbf, PSI and ATP synthase.

Linear electron flow (LEF) and cyclic electron flow (CEF) are shown in red and blue, respec-
tively, with arrows indicating the direction of electron flow. The LEF pathway is driven by the
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two photochemical reactions of PSII and PSI: electrons are extracted by PSII from water and
transferred subsequently to the PQ pool, Cytbf, plastocyanin (Pc), PSI and ferredoxin (Fd).
Ferredoxin-NADPH reductase (Fnr) catalyzes the formation of NADPH at the expense of
reduced Fd. The CEF pathway is driven by PSI in the stroma lamellae. In C. reinhardtii, PSI
forms a supercomplex with Cytbf, Fnr, Pgrll, Pgr5 and additional factors. Upon reduction of
Fd, electrons are returned to the PQ pool either through the NADH complex (Ndh) or via Pgrl1
which acts as a Fd-PQ oxidoreductase. Both LEF and CEF are associated with proton pumping
into the lumen. The resulting proton gradient is used by ATP synthase to produce ATP which
together with NADPH drives CO, assimilation by the Calvin-Benson cycle (CBC). G, grana;
SL, stroma lamellae. Reproduced from Ref. 5 with permission.

A striking feature of the thylakoid membrane is its lateral heterogeneity with two distinct
domains consisting of appressed membranes, called grana, and stromal lamellae, which
connect the grana regions with each other [6,7]. Whereas PSII is mainly localized in the grana
regions, PSI and the ATP synthase are found in the stromal lamellae and in the margins of the
grana [8]. This is because these two complexes have large domains protruding in the stromal
phase which do not fit into the narrow membrane space between the grana lamellae. The
organization of thylakoid membranes in the grana and stromal regions is determined to a large
extent by the resident photosystem complexes. As an example, mutants deficient in PSI contain
mostly grana with few stromal lamellae [9,10]. In contrast to the photosystems, the Cytb.f
complex is equally distributed between the grana and stromal thylakoid regions. Grana
formation appears to be mediated by van der Waals attractive forces and electrostatic inter-
actions in which LHCII plays an important role [11].

The LHCII and LHCI genes form a large family with each member encoding a protein with
three transmembrane domains and up to eight chlorophyll 4, six chlorophyll b and four
xanthophyll molecules. In Chlamydomonas, there are nine major and three minor LHCII and
nine LHCI genes [12]. The LHCII antenna comprises LHCII trimers connected to the PSII core
through the CP26 and CP29 LHCII monomers. The LHCII trimers bind PSII at three sites
named S (strong), M (medium) and L (loose). In vivo, PSII assembles as dimers associated with
two S and M LHCII trimers to form the C,S,M, PSII-LHCII supercomplex in land plants [8].
Supercomplexes with one to three LHCII trimers per monomeric PSII core have also been
detected in Chlamydomonas [13-15]. In eukaryotic algae the PSI complex is monomeric with a
core consisting of the PsaA/PsaB heterodimer and additional subunits as well as up to 9 LHCI
proteins in Chlamydomonas. Itis noticeable that in contrast to the conserved core photosynthetic
complexes, the antenna systems are considerably more diverse with hydrophobic membrane-
embedded LHCs in plants, green and red algae and extrinsic hydrophilic phycobilisomes in
red algae and cyanobacteria. Moreover, in most green algae, thylakoid membranes are not
differentiated in the grana and stroma regions [16].

The aim of this chapter is to provide a description of the remarkable dynamics and flexibility
of the photosynthetic apparatus of algae in response to changes in environmental conditions
and to compare these responses with those of land plants. They include changes in light quality
and quantity and in nutrient availability. These responses involve a reorganization of some of
the photosynthetic complexes often mediated by posttranslational modifications of their
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subunits through an extensive signaling network in chloroplasts and between chloroplasts and
nucleus which modulates nuclear and plastid gene expression.

2. Adaptation to changes in light conditions

A distinctive feature of photosynthetic organisms is the presence of light-harvesting systems
that funnel the absorbed light energy to the corresponding reaction centers and thereby
considerably increase their absorption cross-section. Several regulatory mechanisms operate
on these antenna systems for controlling the energy flux to the reaction centers. This is
particularly important under changing environmental conditions when the photosynthetic
apparatus needs to adapt quickly. Under limiting light, it optimizes its light absorption
efficiency by adjusting the relative size of its antenna systems through the reversible allocation
of a portion of LHCII between PSII and PSI, a process referred to as state transitions which
occurs in algae, plants and cyanobacteria (for reviews see Refs. [17,18]). In contrast, when the
absorbed light energy exceeds the capacity of the photosynthetic apparatus, it dissipates the
excess excitation energy through nonphotochemical quenching (NPQ) as heat thereby
avoiding photodamage (for reviews see Refs. [19,20]).

2.1. State transitions

Because the antenna systems of PSII and PSI have a different pigment composition, their
relative light absorption properties change when the light quality varies. This is especially
important for aquatic algae because the penetration of light in water changes depending on
its wavelength; in particular, red light is more absorbed than blue light. Another example is
provided by photosynthetic organisms growing under a canopy where far red light is enriched.
These changes in light quality can result in an unequal excitation of PSII and PSI and thereby
perturb the redox poise of the plastoquinone pool. Over excitation of PSII relative to PSI leads
to increased reduction of the plastoquinone pool and favors thereby docking of plastoquinol
to the Qo site of the Cytb f complex [21,22]. This process leads to activation of the chloroplast
protein kinase Stt7/STN7 and to the phosphorylation of several proteins from LHCII [23,24].
Although the direct phosphorylation of LHCII by the St7/STN7 kinase has not yet been
demonstrated, this kinase is the best candidate for the LHCII kinase because it is firmly
associated with the Cytb,f complex, and in its absence, state transitions no longer occur [25].
Furthermore, it is widely conserved in land plants, mosses and algae. As a result of this
phosphorylation, a part of the LHCII antenna is detached from PSII and moves and binds to
PSI thereby rebalancing the light excitation of PSIl and PSI and enhancing photosynthetic yield.
This process is reversible as overexcitation of PSI leads to the inactivation of the kinase and to
dephosphorylation of LHCII by the PPH1/TAP38 protein phosphatase and its return to PSI
[26,27]. Thus two different states can be defined, state 1 and state 2 corresponding to the
association of the mobile LHCII antenna to PSII and PSI, respectively. However, a strict causal
link between LHCII phosphorylation and its migration from PSII to PSI has been questioned
recently by the finding that some phosphorylated LHCII remains associated with PSII
supercomplexes and that LHCII serves as antenna for both photosystems under most natural
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light conditions [13,28,29]. In plants, the LHCII S trimers comprise Lhcb1 and Lhcb2, whereas
the M trimers contain Lhcbl and Lhcb3 [30]. Both the S and M trimers are most likely not
involved in state transitions because the PSII-LHCII supercomplex is unchanged upon
phosphorylation [29] and PSI does not bind Lhcb3 in state 2 [30]. Thus LHCII phosphorylation
is not sufficient to dissociate all LHCII trimers from PSIL It has therefore been proposed that
the peripherally bound L trimers associate with PSI in state 2 [30]. Moreover, although Lhcb1
and Lhcb2 display similar phosphorylation kinetics during a state 1 to state 2 transition, only
phosphorylated Lhcb2 but not Lhebl is part of the PSI-LHCII supercomplex [31]. A PSI
supercomplex has been isolated and characterized in Chlamydomonas. It consists of PSI, Cytb,f,
LHCII, FNR (ferredoxin-NADPH reductase), PGRL1, a protein involved in CEF [3] and
additional factors (Figure 1). The correlation between the occurrence of state transitions and
CEF raised the possibility that state transitions may act as a switch between LEF and CEF in
Chlamydomonas [32]. This interpretation is however not compatible with recent studies which
indicate that CEF is activated in the stf7 mutant when the metabolic demand for ATP increases
during the induction of the carbon concentrating mechanism when CO, is limiting [33]. Also,
analysis of the stt7 and ptox2 mutants, locked in state 1 and state 2, respectively, independent
of the redox conditions led to similar conclusions [34]. The ptox2 mutant is deficient in the
plastid terminal oxidase which controls the redox state of the PQ pool in the dark [35]. Whereas
the accumulation of reducing power and transition to state 2 correlated well with the en-
hancement of CEF in the wild type, this was not the case for ptox2. In this mutant, CEF was
not enhanced under aerobic conditions in the dark even though it is locked in state 2 with
phosphorylated LHCII. Moreover, CEF enhancement and formation of the PSI-Cytbf
supercomplex were still observed in the stt7 mutant when the PQ pool was reduced. It can be
concluded that both of these processes occur under reducing conditions with no correlation
with state transitions and their associated LHCII reorganization and that it is the redox state
of the photosynthetic electron transport rather than state transitions that control CEF [34].

State transitions do not occur under high light because the LHCII kinase is inactivated [36].
The current view is that inactivation of the kinase is mediated by the ferredoxin-thioredoxin
system and that a disulfide bond in the kinase rather than in the substrate may be the target
site of thioredoxin [37,38]. In this respect, the N-terminal region of the kinase contains indeed
two Cys residues, which are conserved in all species examined [23,24]. Both of these Cys are
essential for the kinase activity because changes of either Cys through site-directed mutagen-
esis abolish the kinase activity [25]. It is noticeable that these Cys are located on the lumen side
of the thylakoid membrane whereas the kinase catalytic domain is on the stromal side where
the substrate sites of the LHCII proteins are located [23,25] (Figure 2). Although the conserved
Cys residues in the lumen are on the opposite side of the stromal thioredoxin according to this
model, one possibility is that thiol-reducing equivalents are transferred across the thylakoid
membrane through the CcdA and Hcf164 proteins, which operate in this way during heme
and Cytbf assembly [39,40]. Alternatively, transfer of thiol-reducing equivalents across the
thylakoid membrane could also be mediated by Ltol (lumen thiol oxidoreductase 1) which
catalyzes the formation of disulfide bonds in the thylakoid lumen and is required for PSII
assembly [41,42] (Figure 2). Its sulfhydryl oxidizing activity is linked to the reduction of
phylloquinone, a redox component of PSI. It is not clear whether phylloquinone is involved
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in other electron transfer processes besides those in PSI. Although the two lumenal Cys are
prime candidates for the redox control of the activity of the Stt7/STN7 kinase, high light
treatment did not change the redox state of these Cys [43]. Another possibility is that high light
affects the folding of the kinase in the thylakoid membrane, in particular through reactive
oxygen species (ROS) generated by the high light treatment.

MADP

NADPH

Figure 2. Regulation of the Stt7/STN7 kinase.

The Stt7/STN7 kinase is associated with the Cytbf complex. This kinase contains a transmem-
brane domain connecting its N-terminus on the lumen side with two conserved Cys residues
to the catalytic domain on the stromal side of the thylakoid membrane. The major substrates
of this kinase are the LHCII proteins of the PSII antenna. The LHCII kinase is known to be
inactivated by high light through the Fd/Trx system. This system could modulate the redox
state of the two lumenal Cys through two proteins, CcdA and Hcf164, known to mediate the
transfer of thiol-reducing equivalents across the thylakoid membrane. Another possibility is
that this process is catalyzed by Ltol, the lumenal thiol oxidoreductase 1.

It is known that the activation of the kinase is intimately connected to the docking of plasto-
quinone to the Qo site of the Cytbf complex [21,22] (Figure 2). Electron transfer from plasto-
quinol to Cyt fis mediated by the Rieske protein and involves the movement of this protein
from the proximal to distal position within the Cytb,f complex [44,45]. Recent studies have
revealed that the two conserved Cys residues of the S5tt7/STN7 kinase form an intramolecular
disulfide bridge which appears to be essential for kinase activity [43]. However, no change in
the redox state of these Cys could be detected during state transitions. It is only under
prolonged anaerobic conditions that this disulfide bridge was reduced but at a significantly
slower pace than transition from state 1 to state 2 which occurs under anaerobiosis in
Chlamydomonas [46]. In wild-type Arabidopsis plants, the STN7 kinase is only observed as a
monomer under both state 1 and state 2 conditions although the dimer could be detected in
plants overexpressing STN7 or in mutants with changes in either of the two luminal Cys of
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STN?7 [47]. However, these results do not exclude the possibility of rapid and transient changes
in the redox state of these two Cys. In fact, such changes were proposed to occur to accom-
modate all the known features of the S5tt7/STN7 kinase [43]. A transient change from an intra-
to intermolecular disulfide bond may occur which would activate the kinase and be coupled
to the movement of the Rieske protein during electron transfer from plastoquinol to Cyt f.
Moreover, it is interesting to note that the interaction site between the kinase and the Cytb.f
complex has been located close to the flexible glycine-rich hinge connecting the membrane
anchor to the large head of the Rieske protein in the lumen [43]. A single chlorophyll a molecule
with its phytyl tail close to the Qo site exists in Cytbf [48]. It is also possible that the kinase
senses PQH, binding to the Qo site through the single chlorophyll 2 molecule of the Cytb,f
complex whose phytyl tail is close to the Qo site [48,49]. It was proposed that this molecule
may play a role in the activation of the Stt7/STN7 kinase based on site-directed mutagenesis
of the chlorophyll a binding site [50]. The activation of the kinase would be triggered through
the transient formation of a STN7 dimer with two intermolecular disulfide bridges which
would transduce the signal to the catalytic domain on the stromal side of the thylakoid
membrane [43].

Another proposal for the mechanism of activation of the Stt7/STN7 kinase is that hydrogen
peroxide may be involved by oxidizing the luminal C1 and C2 to form intra- and/or intermo-
lecular disulfide bridges. It is based on the observation that singlet oxygen generated by PSII
can oxidize plastoquinol with concomitant production of hydrogen peroxide in the thylakoid
membranes [51]. However, this proposal is difficult to reconcile with the observation that these
Cys exist mostly in the oxidized form and the conversion from intra- to intermolecular disulfide
bridges appears to be only transient [43].

State transitions involve remodeling of the antenna system of PSII within the thylakoid
membranes. This poses a challenging problem especially considering the fact that among
biological membranes, the thylakoid membrane is very crowded with 70% of the surface area
of grana membranes occupied by proteins and 30% by lipids [11]. Light-induced architectural
changes in the folding of the thylakoid membrane are induced at least partly by changes in
phosphorylation of thylakoid proteins catalyzed by the protein kinases Stt7/STN7 and Stl1/
STNS, which most likely facilitate mobility of proteins in these membranes [52,53]. These two
kinases appear to play an important role in chloroplast signaling in response to changing
environmental conditions (Figure 3). Light irradiance, ambient CO, level and the cellular ATP/
ADP ratio modulate the redox state of the plastoquinone pool of the electron transport chain
which is sensed by the 5tt7/STN7 kinase. Together with the St11/STNS8 kinase and the two
corresponding protein phosphatases PPH1/TAP38 and PBCP, Stt7/STN7 forms a central
quartet which orchestrates the phosphorylation of the LHCII and the PSII core proteins
(Figure 3). PTK is another chloroplast Ser/Thr kinase of the casein kinase II family which is
associated with the plastid RNA polymerase and acts as a global regulator of chloroplast
transcription [54,55]. The CSK kinase shares structural features with cyanobacterial sensor
histidine kinases and is conserved in all major plant and algal lineages except Chlamydomonas
reinhardtii [56]. Upon oxidation of the PQ pool, autophosphorylation of CSK occurs, an event
which correlates with phosphorylation of the chloroplast o factor Sigl and the decrease of
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psaAB gene expression. Furthermore, CSK interacts with PTK and SIG1 in yeast two-hybrid
assays. Based on these results, it was proposed that CSK is regulated by the redox state of the
PQ pool through the STN7 kinase (Figure 3) [56]. However, how the different kinases are linked
within this chloroplast signaling network shown in Figure 3 is still unclear.

Figure 3. Chloroplast signaling.

The redox state of the PQ pool is modulated by the light irradiance, ATP/ADP ratio and
ambient CO, level. The protein kinases Stl1/STNS, Stt7/STN7, CSK, PTK and TAK1 [57] are
shown with their targets indicated by arrows. Broken arrows indicate putative targets. LTR long-
term response involving retrograde signaling is mediated through Stt7/STN7. Reproduced
from Ref. 58 with permission.

2.2. Non photochemical quenching

While state transitions are mainly involved in low light responses through an extensive
reorganization of the antenna systems, other mechanisms for the regulation of light-harvesting
operate when oxygenic photosynthetic organisms are suddenly exposed to large and sudden
changes in light intensity in their natural habitat. In the case of aquatic algae, even moderate
water mixing can bring algae from full darkness to high light within minutes [59,60]. Under
these conditions, increased electron flow along the electron transport chain generates a large
proton gradient. The resulting acidification of the thylakoid lumen leads to the de-excitation
of singlet excited light-harvesting pigments and is measured as non-photochemical quenching
(NPQ of chlorophyll fluorescence). NPQ comprises several components; the major one is the
high energy state quenching qE, which leads to the harmless heat dissipation of the absorbed
excess light energy [20,61]. The other components which also contribute to fluorescence
quenching are the photoinhibitory quenching ql and state transitions qT although qT is not
associated with thermal dissipation of excitation energy. The qE mechanism occurs in all major
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algal taxa and land plants. However, the underlying molecular mechanisms of heat dissipation
of excess excitation energy differ. The qE process involves both the xanthophyll cycle and the
PsbS protein in plants. Another protein, LhcsR, has been shown to mediate qE in algae [19,62].

The proton gradient acts as a sensor of the state of the photosynthetic electron transport chain.
The magnitude of this gradient is low under low light illumination and high under illumina-
tion with high light especially when it exceeds the capacity of the photosynthetic apparatus.
The resulting acidification of the thylakoid lumen activates the xanthophyll cycle in which
violaxanthin is de-epoxidized to zeaxanthin, a reaction catalyzed by violaxanthin de-epoxidase
(VDE) which has an acidic pH optimum [63]. The reverse reaction is catalyzed by zeaxanthin
epoxidase with a broad pH optimum and which in contrast to VDE is active both in the dark
and in the light. Because the turnover of this enzyme is considerably lower than that of VDE,
zeaxanthin accumulates rapidly during high light illumination. The zeaxanthin-dependent
NPQ depends greatly on the grana structure as unstacking of the membranes abolishes qE. It
was proposed that the organization of LHCII in an aggregated state within the stacked grana
region is essential for efficient qE [64]. Both high proton concentration in the lumen and
accumulation of zeaxanthin promote not only aggregation of LHCII but also that of the minor
PSII antenna proteins CP29, CP26 and CP24 [65,66]. In plants, qE occurs in the LHC proteins
at multiple sites of the antenna system [67]. These proteins have the ability to switch from an
efficient light-harvesting mode to a light energy dissipating state [68]. Several mechanisms
have been proposed including excitonic coupling, charge transfer and energy transfer between
carotenoids and chlorophylls as well as chlorophyll-chlorophyll charge transfer states (for
review see Ref. 20).

Another important player involved in NPQ is PsbS, a four-helix member of the LHC protein
family [69]. However, this protein does not appear to bind pigments although a chlorophyll
molecule was detected at the dimer interface in the PsbS crystals [70]. This protein appears to
act as a sensor of the lumen pH most likely through protonation of its acidic lumen residues
which in turn induces a rearrangement of the light-harvesting system required for induction
of NPQ [71-73]. In this sense, PsbS would act as an antenna organizer, a view which is further
supported by the fact that it is mobile in the thylakoid membrane [74], and it is able to associate
with both the PSII core complex and LHCII [75]. Moreover, qE can be switched on without the
PsbS protein if the lumen pH is very low [76]. It thus appears that protonated PsbS allows for
a fast and efficient rearrangement of the PSII antenna which is still possible in its absence but
requires a longer time.

In Chlamydomonas reinhardtii and Phaeodactylum tricornutum, two representatives of green algae
and diatoms, respectively, qE is mediated by Lhcsr, another three helix member of the LHC
protein family [62]. In high light, most Lhesr genes are up-regulated in contrast to the light-
harvesting genes which are down-regulated. Recent studies reveal that Lhcsr binds chloro-
phylls and xanthophylls in vitro and that it has a basal quenching activity associated with
chlorophyll-xanthophyll charge transfer [77]. Its chlorophyll fluorescence lifetime is remark-
ably short and even shorter at low pH suggesting that this protein has some quenching activity
even in low light which is enhanced at low pH. It was proposed that these properties could
explain the low expression of Lhesr under low light when constitutive quenching would be
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wasteful [20]. The Chlamydomonas Lhcsr is bound to PSII where it may interact with the LHC
proteins, especially Lhcbm1 which is known to be involved in thermal dissipation [78-80].
Interestingly, as several other LHC proteins, Lhesr is phosphorylated by the Stt7 kinase and
moves from PSII to PSI during a state 1 to state 2 transition [78]. This observation is particularly
interesting with regard to chlorophyll fluorescence lifetime measurements which reveal two
different kinetic components suggesting the existence of two underlying mechanisms [81]. It
is noteworthy that although PsbS is also present in green algae, there is no evidence that it is
involved in gE in these organisms. This is in contrast to the moss Physcomitrella patens that has
both Lhcesr- and PsbS-dependent NPQ which operate independently and additively [82,83].
The maintenance of these two mechanisms in mosses may be linked to a greater need for
inducible NPQ in these organisms [84].

NPQ has also been investigated in diatoms, a ubiquitous group of unicellular marine algae
which make an important contribution to the global carbon assimilation [85]. Diatoms acquired
their chloroplast through secondary endosymbiosis from a red algal ancestor [86]. In these
organisms, similar to plants and green algae, qE relies on three interacting components, the
light-induced proton gradient across the thylakoid membrane, the conversion of the xantho-
phyll diadinoxanthin (Dd) to diatoxanthin (Dt) catalyzed by the enzyme Dd-de-epoxidase
which depends on a transthylakoid proton gradient and the Lhcx antenna proteins (for review
see Ref. 87). Among these, Lhcx1 appears to play a major role in qE as changes in its level are
directly related to the quenching of light energy [88]. Lhcx1 also plays an important general
role in light responses in diatoms as it accumulates in different amounts in ecotypes originating
from different latitudes. In contrast to land plants, the proton gradient is unable to induce NPQ
on its own in diatoms. It is only required to activate the de-epoxidation of Dd. The qE process
represents an important photoprotective mechanism and involves a reorganization of the
antenna complexes of diatoms [87]. However, the quenching sites within the antenna systems
of these organisms have not yet been precisely determined.

Another original feature of diatoms is the way they adjust the ATP/NADPH ratio which is
important for proper carbon assimilation by the CBC and for optimal growth. In plants and
green algae, this ratio is mainly set by the relative contributions of LEF and CEF and by the
water-to-water cycles [89], whereas in diatoms this ratio relies principally on energetic
exchanges between plastids and mitochondria [90]. These bidirectional organellar interactions
involve the rerouting of reducing power generated by photosynthesis in the plastids to
mitochondria and the import of ATP produced in the mitochondria to the plastids.

2.3. PSII repair cycle

Water splitting by PSII is one of the strongest oxidizing reactions which occurs in living
organisms. As a result, photodamage to PSII is unavoidable. A remarkable feature of this
system is that it is efficiently repaired [91]. PSII exists as a dimer in which each monomer
consists of 28 subunits generally associated with two LHCII trimers in a supercomplex [8]. The
PSII core consists of the two reaction center polypeptides D1 and D2 which form a central
heterodimer which acts as ligand for the chlorophyll dimer P680 and the other redox compo-
nents including the quinones Q, and Qg, the primary and secondary electron acceptors. Among
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all PSII subunits, D1 is the major target of photodamage and needs to be specifically replaced.
This process, called PSII repair cycle, involves the partial disassembly of the PSII supercom-
plex, the removal and degradation of the damaged D1 protein, its replacement by a newly
synthesized copy and the reassembly of the PSII complex (Figure 4) [92]. An important feature
of this repair cycle is that it is compartmentalized within the crowded thylakoid membrane
[93]. Whereas damage of D1 occurs in the stacked grana region where most of PSII is located,
the replacement of this protein takes place in the stroma lamellae. Although the exact role of
phosphorylation is not fully understood, the current view is that the PSII repair cycle starts
with phosphorylation of the PSII core subunits D1, D2, CP43 and PsbH mediated by the STNS
kinase [94,95] which leads to the disassembly of the PSII-LHCII supercomplex thereby
allowing PSII to move to the grana margins and stroma lamellae [96,97]. Dephosphorylation
by the PSII core phosphatase Pbcp [53] and by other unknown phosphatases is followed by
the degradation of D1 by the FtsH and Deg proteases and a newly synthesized D1 is cotrans-
lationally inserted into the PSII complex [98]. Finally, the reassembled PSII complex moves
back to the grana and reforms a supercomplex with LHCII. To make this cycle efficient, it is
essential that the enzymes involved are confined to distinct thylakoid membrane subcom-
partments. Thus, protein degradation occurs on the grana margins and protein synthesis on
the stroma lamellae. Additionally, partial conversion of grana stacks to grana margins allows
the proteases to access PSII [93].
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Figure 4. PSII repair cycle.

High light illumination leads to photooxidative damage of the PSII reaction center, especially
the D1 protein. The PSII core proteins are phosphorylated and the damaged complex migrates
from the grana (G) to the stromal lamellae (SL). The D1 protein is degraded by the FtsH and
Deg proteases and upon its removal from the PSII reaction center a newly synthesized D1
protein is inserted cotranslationally into the complex which moves back to the grana and
thereby completes the repair cycle. Reproduced from Ref. 5 with permission.
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D1 degradation is significantly retarded in the stn8 and stn7 stn8 mutants of Arabidopsis in
which the thylakoid membrane architecture is affected [52]. In the absence of STNS, grana
diameter is increased and there are fewer grana stacks. This observation is particularly
intriguing as it suggests that PSII core phosphorylation is important for maintaining grana
size, a parameter which is highly conserved in land plants and algae [11]. Loss of STNS also
affects partitioning of FtsH between grana and stromal membranes and limits its access to the
grana, and migration of D1 from the grana to the stroma lamellae is slowed down during the
PSII repair cycle [52]. These observations are thus compatible with the view that PSII core
phosphorylation has a strong impact on thylakoid membrane folding and architecture
mediated most likely by electrostatic repulsion between membrane layers as proposed earlier
[99].

3. Response of the photosynthetic apparatus to micronutrient depletion

The photosynthetic machinery comprises several protein-pigment complexes with specific
cofactors including iron, copper, manganese and iron-sulfur centers. Under conditions of
limitation of one of these micronutrients, the photosynthetic machinery displays a remarkable
plasticity and ability to adapt to its new environment.

3.1. Copper deficiency

When Chlamydomonas cells face copper deficiency, the copper-binding protein plastocyanin
that acts as an essential electron carrier between the Cyth.f complex and PSI is degraded and
replaced with Cyt c6 [100]. In this way, the cells can maintain photosynthetic electron flow.
Besides Cyt c6, Cpx (coproporphyrinogen oxidase) is also induced by copper deficiency at the
transcriptional level [101]. The increase of Cpx1 expression may meet the demand for heme,
the cofactor of Cyt c6. Crdl, another target besides Cyt c6 and Cpx1 of this signal transduction
pathway responsive to copper depletion, was identified through a genetic screen for a copper-
conditional phenotype. Crd1 is a thylakoid diiron membrane protein which is required for the
maintenance of PSI and LHCI in copper-deficient cells. It has an isoform, Cthl, which accu-
mulates in copper-sufficient oxygenated cells whereas Crd1l accumulates in a reciprocal
manner in copper-deficient cells or under anaerobiosis [101]. Crd1 and Cth1 are two isoforms
of a subunit of the aerobic cyclase in chlorophyll biosynthesis with overlapping functions in
the biosynthesis of Chl proteins [102].

3.2. Iron deficiency

Iron deficiency occurs often in nature and poses a challenge for photosynthetic organisms
because of the abundance and importance of iron in the primary photosynthetic reactions.
With its three 4Fe-4S centers, PSI is a prime target under these conditions. Under conditions
of iron limitation, the level of PSI decreases when Chlamydomonas cells are grown in the
presence of a carbon source such as acetate. Eventually, these Fe-deficient cells become
chlorotic because of proteolytically-induced loss of both photosystems and Cytb.f[103]. Before
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chlorosis occurs, a graded response is induced, in which the LHCI antenna is dissociated from
PSI. This dissociation appears to be caused by the decrease of the amount of the peripheral
chlorophyll-binding PsaK subunit of PSI which is required for the functional connection of
LHCI to PSI. Interestingly, loss of Crd1, the Fe-requiring aerobic oxidative cyclase in copper-
sufficient cells, also leads to a lower accumulation of PsaK and to uncoupling of LHCI from
PSI. It was proposed that a change in plastid iron content is sensed by the diiron enzyme Crd1
through the occupancy of its Fe-containing active site which determines its activity [103]. In
turn, this would affect the flux through the chlorophyll biosynthetic pathway and PsaK
stability. This response to Fe deficiency and also to light quantity and quality further involves
a remodeling of the antenna complexes with the degradation of specific subunits and the
synthesis of new ones leading to a new state of the photosynthetic apparatus which allows for
optimal photosynthetic function and minimal photooxidative damage. The protective value
of this antenna remodeling is further confirmed by the observation that the light sensitivity of
a PsaF-deficient mutant [104] is alleviated in a psaF-crd1 double mutant [101]. The proposed
mechanism can be placed within a general frame for explaining the causal link between
chlorosis induced by iron deficiency and loss of photosynthetic function.

Marine organisms can face iron limitation in the oceans. A deep-sea/ low light strain of the
marine green alga Ostreococcus has lower photosynthetic activity due to the limited accumu-
lation of PSI [105]. Interestingly, in this strain, electron flow from PSII is shuttled to a plastid
plastoquinol terminal oxidase thereby bypassing electron transfer through the Cytb,f complex.
This water-to-water cycle allows for the pumping of additional protons to the lumen thylakoid
space and thus facilitates ATP production and enhances qE in the case of absorption of excess
light excitation energy.

Micronutrient limitation can also act at the level of the biosynthesis of the photosynthetic
apparatus which is mediated by the concerted action of the nuclear and chloroplast genetic
systems. It is well established that subunits of the photosynthetic complexes originate from
these two systems. In addition, a large number of nucleus-encoded factors are required for
chloroplast gene expression that act at various plastid posttranscriptional steps comprising
RNA processing and stability, translation and assembly of the photosynthetic complexes.
Many of these factors have unique gene targets in the plastid and often interact directly or
indirectly with specific 5'-untranslated RNA sequences [106]. One of these factors, Taal is
specifically required for the translation of the PsaA PSI reaction center subunit in C. reinhard-
tii [107]. Under iron limitation, this protein is down-regulated through a posttranscriptional
process and it reaccumulates upon restoration of iron. Another recently identified factor is
Mac1 which is necessary for stabilization of the psaC mRNA [108]. Under iron limitation, both
Macl protein and psaC mRNA are reduced 2-fold and PsaC and PSI are destabilized. Thus,
PSI abundance appears to be regulated by iron availability through at least two of these
nucleus-encoded plastid factors specifically involved in PSI biosynthesis. Another intriguing
observation is that Macl is differentially phosphorylated in response to changes in the redox
state of the electron transport chain raising questions to what extent posttranslational protein
changes modulate the assembly of photosynthetic complexes.
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Similar findings have been reported for Mcal and Tcal, two nucleus-encoded proteins that
are required for the stability and translation of the petA mRNA encoding the Cyt f subunit in
C. reinhardtii. Nitrogen deprivation leads to the proteolytic degradation of these factors and in
turn to the loss of the Cytbf complex [109,110]. The response to nitrogen starvation also
involves other factors required for the assembly of the Cytb,f complex and its hemes [111].

3.3. Sulfur deprivation and hydrogen production

Many soil-dwelling algae like Chlamydomonas experience anoxic conditions especially during
the night and are able to rapidly acclimate to anaerobiosis by shifting from aerobic to fermen-
tative metabolism and can thus sustain energy production in the absence of photosynthesis
[112-114]. These anaerobic conditions lead to the expression of the oxygen-sensitive hydro-
genase which catalyzes the production of hydrogen from protons and electrons derived from
the photosynthetic electron transport chain. Sulfur deprivation of Chlamydomonas cells leads
to a significant decline in photosynthetic activity within 24 h although there is no proportional
concomitant decline in the levels of the major photosynthetic complexes [115,116]. This decline
in electron transport activity is due to the conversion of PSII centers from the Qg-reducing to
a Qg nonreducing center [117]. This system has been used for improving hydrogen production
in Chlamydomonas cells [118]. These cells as well other microalgal species possess a chloroplast
(FeFe)-hydrogenase which acts as an additional sink when the photosynthetic electron
transport chain is overreduced under anaerobic conditions. Upon sulfur deprivation, photo-
synthetic oxygen evolution decreases whereas respiration is maintained resulting in an
anaerobic environment in a closed culture system. Although the exact physiological role of
algal hydrogenases is not known, they are likely to play a significant role in redox poise,
photoprotection and fermentative energy production [114].

4. Long-term response: changes in nuclear and chloroplast gene
expression

While short-term responses of the photosynthetic apparatus involve mostly posttranslational
mechanisms such as phosphorylation or changes in pH and ion levels, long-term responses
are mediated through changes in the expression of specific chloroplast and nuclear genes and
their products. Environmental changes such as changes in light quantity and quality lead to
changes in the state of the chloroplast which are perceived by the nucleus through a signaling
chain referred to as retrograde signaling. The components of this signaling chain are still
largely unknown although a few potential retrograde signals have been identified [119].
Among these, tetrapyrroles appear to play a significant role. These compounds are involved
in the chlorophyll biosynthetic pathway which needs to be tightly regulated to avoid photo-
oxidative damage. Mg-protoporphyrin IX (Mg-Proto) was first shown to be involved in the
repression of the LHCII genes in retrograde signaling in Chlamydomonas [120]. However, such
a role for this tetrapyrrole in land plants gave rise to contradictory results and has been
questioned [121-123]. In contrast, feeding experiments with Mg-Proto and hemin in Chlamy-
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domonas induce increased expression of the gene of HemA (glutamyl-tRNA reductase) and of
the heat shock proteins Hsp70A, Hsp70B and Hsp70E [124-126]. In this alga, both Mg-Proto
and hemin are exclusively synthesized in the chloroplast. Genome-wide transcriptional
profiling revealed that their exogenous addition to Chlamydomonas cells elicits transient
changes in the expression of almost 1000 genes [127]. They include only few genes of photo-
synthetic proteins but several genes of enzymes of the tricarboxylic acid cycle, heme-binding
proteins, stress-responsive proteins and proteins involved in protein folding and degradation.
Because these tetrapyrroles are not present in the natural environment of the algae, it is likely
that these two tetrapyrroles act as secondary messengers for adaptive responses affecting not
only organellar proteins but also the entire cell. It is noticeable that these large changes in
mRNA levels are not matched by similar changes in protein amount [127].

The synthesis of tetrapyrroles needs to be tightly controlled because some of these chlorophyll
or heme precursors are very photodynamic and can cause serious photooxidative damage. In
land plants, the conversion of protochlorophyllide (PChlide) to chlorophyllide (Chlide) is light
dependent. In the dark, overaccumulation of PChlide is prevented through a negative feedback
mediated by the Flu protein which inhibits glutamyl-tRNA reductase at an early step of the
tetrapyrrole pathway (Figure 5) [128]. Although Chlamydomonas is able to synthesize chloro-
phyllin the dark, it also contains a Flu-like gene called Flp, which gives rise to two transcripts
by alternative splicing [129]. The relative levels of the two corresponding Flp proteins correlate
with the accumulation of specific porphyrin intermediates some of which have been implicated
in a signaling chain from the chloroplast to the nucleus. Moreover, decreased levels of the Flp
proteins lead to the accumulation of several porphyrin intermediates and to photobleaching
when Chlamydomonas cells are transferred from the dark to the light. These Flp proteins
therefore appear to act as regulators of chlorophyll synthesis and their expression is controlled
by both light and plastid signals.
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Figure 5. Tetrapyrrole pathway.
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The heme and chlorophyll biosynthetic pathways branch at protoporphyrin IX (Prot IX). GTR,
glutamine tRNA reductase, is subjected to feedback inhibition by heme and FLU. In most land
plants, conversion of PChlide (protochlorophyllide) to Chlide is light-dependent (L, in
Chlamydomonas this conversion also occurs in the dark, D). Through its negative feedback on
GTR, FLU prevents overaccumulation of PChlide in the dark. The steps affected by the qun
and hy mutations which affect retrograde signaling are indicated. GSA, glutamate 1-semial-
dehyde; ALA, 5-aminolevulinic acid; Chl, chlorophyll; Fc, ferrochelatase, Hmox1, heme
oxygenase; BV, biliverdin; Pcy, bilin reductase; PCB, phytocyanobilin, CHLH, CHLI and
CHLD are subunits of Mg-chelatase. Reproduced from Ref. 126 with permission.

Additional evidence for the involvement of tetrapyrroles in retrograde signaling comes from
the identification of a functional bilin biosynthesis pathway in Chlamydomonas [130,131]. In this
pathway, protoporphyrin IX is converted to protoheme and Mg-Proto by Fe- and Mg-
chelatase, respectively. While heme is used as prosthetic group for many hemoproteins, a
portion of heme is converted to biliverdin IXa by heme oxygenase (Hmox1) and in the next
step by a ferredoxin-dependent phytochromobilin synthase (PcyA) to phytochromobilin
which serves as chromophore of phytochromes (Figure 5). However, Chlamydomonas as well
as other chlorophytes do not produce phytochromes, raising questions on the role of this
pathway in these algae. Some clues came from the analysis of a mutant of Chlamydomonas
deficient in Hmox1 whose phototrophic growth is compromised and in which the increase of
chlorophyll upon a dark-to-light transition no longer occurs [131]. Comparative transcriptomic
studies of wild-type and hmox1 cells revealed a set of nuclear genes that are up-regulated by
bilins and that comprise several oxygen-dependent redox enzymes such as mono-and
dioxygenases, proteins with redox cofactors and enzymes of oxidative amino acid metabolism.
These results raise the possibility that bilins operate within a retrograde signaling pathway
that evolved in chlorophytes for the detoxification of ROS generated during sudden dark to
light shifts. It remains to be seen whether bilins assume additional roles in chlorophytes besides
ensuring smooth daily transitions from dark to light with minimal photooxidative damage.

A further striking example of the action of tetrapyrroles as mediators for plastid-to-nucleus-
communication is the identification of a tetrapyrrole-regulated ubiquitin ligase for cell cycle
coordination from organelle to nuclear DNA replication in the red alga Cyanidioschyzon
merolae [132-134].

Redox changes within the photosynthetic electron transport chain occur upon changes in light
quality and quantity, CO, levels, nutrient availability and elevated temperature. As a result of
unequal excitation of PSI and PSII or of insufficient electron acceptor capacity on the PSI
acceptor side, the redox state of the plastoquinone pool is altered. In this case, chloroplast gene
expression is affected in land plants [135] although the evidence is less convincing in algae.
However, in these organisms, there is unambiguous evidence that nuclear gene expression is
affected [136]. A possible candidate for sensing the redox state of the plastoquinone pool is the
chloroplast protein kinase Stt7/STN7 which is known to be activated when plastoquinol
occupies the Qo site of the Cytb,f complex [21,22]. During experiments in which plants were
shifted from light preferentially absorbed by PSI to light preferentially absorbed by PSII, the
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expression levels of 937 genes changed significantly in Arabidopsis [137]. 800 of these changes
were dependent on STN7, indicating that most of these genes are under redox control.

In all situations in which the redox poise of the plastoquinone pool is affected, the relative sizes
of the PSII and PSI antenna sizes play an important role. Several factors involved in antenna
size were identified through a genetic screen in Chlamydomonas [138]. One of these factors, Tlal
functions as a regulator of chlorophyll content and antenna size and is localized in the
chloroplast envelope. In the t/al mutant, thylakoid membranes were disorganized, appressed
grana membranes were lost and accumulation of the PSII core proteins was reduced [138]. The
second identified factor Tla2 corresponds to FtsY required for insertion of proteins into
thylakoid membranes [139] and the third, Tla3 corresponds to SRP43, a component of chlor-
oplast SRP, known to be essential for the integration of LHCII proteins into the thylakoid
membrane [140].

Another protein regulating antenna size in Chlamydomonas is Nab1, a cytoplasmic repressor of
translation of specific Lcbm isoforms [141]. By binding selectively to the mRNAs of these
proteins with Lhem6 mRNA as its principal target, it sequesters the RNA in translationally
silent nucleoprotein complexes. The activity of Nabl is regulated through a cysteine-based
redox control and also by arginine methylation [141,142]. This protein apparently senses the
increased or decreased demand for LHCII protein synthesis through changes in the cytosolic
redox state although the underlying molecular mechanisms are still unknown.

5. Conclusions and perspectives

The photosynthetic apparatus is a complex machinery consisting of several large protein—
pigment complexes whose components are encoded by both nuclear and chloroplast genes.
Thus, the biosynthesis of this system involves two distinct genetic systems which act in a
coordinate manner. In nature, photosynthetic organisms are subjected to continuous environ-
mental changes and need to adapt so as to maintain optimal photosynthetic activity and to
protect themselves from photooxidative damage. These processes can be grouped in short-
term and long-term responses. The first occurs in the second-to-minute range and involves
light-induced protein conformational changes, posttranslational protein modifications, cell
compartment-specific pH changes and ion fluxes across the chloroplast and thylakoid
membranes. The second occurs in the minute-to-hour range and involves changes in gene
expression and protein accumulation, which depend on an intricate bilateral communication
system between chloroplasts and nucleus. Many nuclear genes encoding chloroplast proteins
have been identified which are required for chloroplast gene expression and act mainly at
posttranscriptional steps. Some of these factors appear to act constitutively while others
assume a regulatory role because they have short half-lives and their level varies greatly upon
changes in environmental cues including light, temperature and nutrient availability. How-
ever, the molecular mechanisms underlying the intercompartmental communication between
chloroplast, mitochondria and nucleus are still largely unknown although several retrograde
signals have been identified. They involve specific compounds such as tetrapyrroles and
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isoprenoids as well as plastid protein synthesis, the redox state of the photosynthetic electron
transport chain and ROS generated under specific stress conditions. Moreover, a complex
signaling network is operating within chloroplasts comprising several protein kinases and
phosphatases, ion channels, and specific metabolites which act as signals and for the commu-
nication between chloroplast and nucleus. However, the signaling chains connecting these
different components are still largely unknown and their identification remains an important
challenge for future research.

The flexibility of the thylakoid membrane is truly remarkable. Although it is crowded with
proteins, it still allows for efficient remodeling of the photosynthetic complexes within the
thylakoid membrane especially in response to changes in the quality and quantity of light.
Among these responses, state transitions and NPQ have been studied extensively and some
of the underlying molecular mechanisms have been elucidated. However, many questions
remain open. We still do not fully understand how the Stt7/STN7 kinase that plays a central
role in state transitions and chloroplast signaling is activated and inactivated as a result of
perturbations of the chloroplast redox poise. From an evolutionary point of view, it is partic-
ularly interesting to compare these adaptive responses in different photosynthetic organisms
such as plants, fresh water and marine algae and cyanobacteria. In this respect, NPQ, the
dissipation of excess excitation energy as heat in the light-harvesting systems of the photo-
systems, is of great importance and it is widely used in the plant kingdom. Recent studies on
NPQ in different photosynthetic organisms raise several questions regarding the evolution of
this essential photoprotective mechanism. For example, it is not clear why the Lhcsr proteins
were lost during the transition from aquatic to land plants. Moreover, the gE process in most
algae derived by secondary endosymbiosis from a red algal ancestor differs from that in extant
red algae. All of these derived algae possess a xanthophyll cycle and Lhcsr-related proteins
which are apparently absent in red algae [87] and which have been suggested to be derived
from green algae [143,144]. It will clearly be important and challenging to elucidate these
evolutionary puzzles.
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Abstract

A key role of photosynthesis as a regulator of global carbon cycle dynamics is
considered. According to the suggested model, global natural carbon cycle is regard-
ed as a transition of carbon from the oxidative state, presented by carbon dioxide,
bicarbonate, and carbonate species, into the reduced state, presented by different
biogenic forms, produced in photosynthesis and in the following transformations.
Photosynthesis provides a conversion of oxidative forms into reductive ones. The
reverse transition is realized via respiration of living organisms, via microbial and
chemical oxidations, accompanying transformations of “living” matter after burial.
Among them the oxidation of the buried organic carbon by means of thermochemical
sulfate reduction in the subduction zone, where lithospheric plates collide, is most
important. Photosynthesis is under the impact of the Earth crust processes. In particular,
the lithospheric plates’ movement exerts the impact on photosynthesis development via
periodic injections of CO, into “atmosphere-hydrosphere” system during the plates’
collisions. The irregular lithospheric plates’ movement generates orogenic cycles which
consist of short-term orogenic period of active volcanism, magmatism, and mountain
building and a long-term geosynclynal period of low volcanic activity and quiet
development of Earth crust processes. The pulsating movement of plates affects the
dynamics and development of photosynthesis, which in turn determines the periodici-
ty of numerous processes in the nature, including climatic cycles, changes in the rate of
biodiversity, irregular accumulation of organic matter in sediments, uneven strati-
graphic oil distribution, sea level changes, etc. The redox carbon cycle is a self-
organizing system due to negative feedback between CO, assimilation and
photorespiration of global photosynthesis in response to oxygen growth. It made carbon
cycle to shift to ecological compensation point. In this point, the system becomes
sensitive to separate plates’ collisions that results in short-term climatic oscillations.

Keywords: photosynthesis, CO, assimilation, photorespiration, “greenhouse” and
“icehouse” periods, biodiversity, global carbon cycle, plate tectonics, orogenic and ge-
osynclynal periods of orogenic cycle, sedimentary carbonates, burial organic carbon
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1. Introduction

Here we concentrate one’s attention on the unusual role of photosynthesis as a regulator of
global carbon cycle dynamics. It stems from a new model of global natural carbon cycle which,
despite the popular point of view, regards carbon turnover not only as a simple transfer of the
element between different geospheres and biospheres but also as a transition of carbon from
the oxidative state, presented by carbon dioxide, bicarbonate, and carbonate species, into the
reduced state, presented by different biogenic forms, produced in photosynthesis and in
subsequent transformations. That is why we named natural carbon turnover like a redox cycle
of biospheric carbon. It has two branches — oxidative and reductive (Figure 1). The transition
from oxidative species into reductive ones occurs by means of photosynthesis. The reverse
transition is realized via respiration of living organisms, via microbial and chemical oxida-
tions, accompanying transformations of “living” matter after burial. Among them, there is an
oxidation of the buried organic carbon by means of thermochemical sulfate reduction occur-
ring in the subduction zone, where lithospheric plates collide. This process is a dominant
contributor to the oxidative branch of cycle.

Oxidative branch
(CO,, HCO3, CO3)

Reducing branch
biogenic forms
produced

in photosynthesis

1 Photosynthesis
2 Respiration, oxidation of OM in subduction zone,
and other oxidizing processes in the Earth crust

Figure 1. Putative global carbon cycle in nature. Oxidative and reductive branches. The points of carbon transition
from the oxidative states to the reduced ones (in photosynthesis) and back (in sulfate reduction in subduction zone).
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As early as 1926, a famous Russian geochemist V.I. Vernadsky put forward an idea on the
interaction of biospheric and Earth crust processes [1]. This interpretation is as follows:
photosynthesis developed under the impact of lithospheric plates’ movement. The impact of
lithospheric plates’ movement on photosynthesis is transmitted via injections of CO, arising
in plate collisions with the participation of continental plates. In the course of these collisions
under high temperatures arising in subduction zones, thermochemical sulfate reduction
occurs resulting in the oxidation of sedimentary organic carbon. In the suggested scheme, the
lithospheric plates’ movement is an experimentally established fact, but the reason causing the
movement is still arbitrary. A widespread hypothesis is that the movement results from
magma convective motion which makes plates, covering magma surface, to move.

The carbon cycle spans different geospheres: atmosphere, hydrosphere, upper part of litho-
sphere, and biosphere. Prior to the origin of photosynthesis, the atmosphere was anoxic [2, 3],
and the reduced carbon was mainly methane formed by archaebacteria [4]. The redox carbon
cycle changed in parallel with the expansion of photosynthesis destroying most of the methane
in the atmosphere. As photosynthesis expanded, oxygen concentration in the atmosphere
reached such a high level, at which its concentration stabilized. At this point, the oscillatory
regime was established, and the perturbations of carbon cycle in the form of short-term (tens
of thousands years) “cooling-warming” transitions have appeared, expressed as the glacial-
interglacial oscillations. Carbon cycle characteristics became sensitive to separate plates’
collisions and to other factors.

In this study, the author uses the previously proven claim that photosynthesis is accompanied
by two photosynthetic carbon isotope effects in CO, assimilation and in photorespiration
having opposite signs [5]. It gave him the opportunity, basing on the actualism principle, to
use the differences in carbon isotope composition of sedimentary organic matter and that of
coeval carbonates, as a delicate tool to investigate *C isotope discrimination in the past. It was
used, in turn, to trace the climatic changes, the changes in the rate of biodiversity, to explain
irregular accumulation of organic matter in sediments, uneven stratigraphic oil distribution,
and many other phenomena.

2. Two geological concepts supporting natural redox carbon cycle
hypothesis. The suggested mechanism of the cycle functioning

Two known geological concepts form the basis for the natural redox carbon cycle hypothesis.
They are plate tectonics and orogenic cycles. The plate tectonics concept [6-8], or mobilism
theory, asserts that the lithospheric plates, covering the entire Earth’s surface, are in permanent
motion. The motion is believed to occur due to convection of magma in the asthenosphere.
Some researchers think that magma convection is a result of the impact of celestial bodies with
the Earth’s motion around the Sun [9]. Though the plate motion is an experimental fact, the
real reason for the motion is still arbitrary. The motion is similar to the movement of an
escalator. In some places of the Earth, in the zone of the mid-Atlantic ridge, where the crust is
most subtle, magma erupts onto the surface and, coming into the contact with ocean water,
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hardens to form a new plate. It pushes other plates, causing their movement. In other places
of the Earth (Wadati-Benioff-Zavaritsky zone) the plates, moving toward each other, collide.
One of them, bending and moving down under the other, is absorbed by magma. The area
where the collisions occur is called the subduction zone.

The orogenic cycle’s concept was developed, in particular, by Rutten [2]. He studied the
spatiotemporal distribution of sedimentary strata and concluded that the intensity of geolog-
ical processes on the Earth over its geological history was unequal. There were relatively short
periods, named orogenic periods, and the subsequent relatively extended periods of quiet
development of the crust, named geosynclynal periods. The geosynclynal and the orogenic
periods both constitute the orogenic cycle. According to Rutten’s estimate, the duration of
orogenic periods is about 50 million years, while that of geosynclynal periods amounts to
several hundreds of millions years (up to 500 million years).

Orogenic periods are characterized by intensive mountain buildup and active volcanism,
accompanied by volcanic eruptions and the entry of large masses of igneous rocks onto the
Earth’s surface. Geosynclynal periods correspond to the time of quiet Earth crust development
and slow volcanic activity. It is the time for the accumulation of sediments and photosynthesis.

I took from Rutten his idea on orogenic cycle, and from the plate tectonic concept, I adopted
the idea about plates’ movement and plates’ collisions. Combining both ideas and assuming
that plates” movement was uneven, I have developed the following model.

In orogenic periods of the cycle, plates move rapidly and their collisions are frequent. Great
quantities of volatile products, including CO, and H,S, go onto the Earth surface from the
subduction zone. In geosynclynal periods, the plates move slowly and the collisions are rare.
Photosynthesis and weathering become the dominant processes. The collisions with the
participation of the continental plates, bearing the sedimentary rocks with carbon in the form
of carbonates and organic matter, are most interesting from the point of view of the natural
redox carbon cycle.

During its life span, a continental plate accumulates sedimentary rocks with the buried organic
matter and carbonates. When a plate descends and reaches the subduction zone, the rocks
under high temperatures and great pressures are destroyed, but before they are absorbed by
magma, the following reactions occur:

MeCO, +Si0, — MeSiO, + CO, .
MeCO, —> MeO + CO, M

“Me” designates Ca*" or Mg?* cations.

These transformations do not change the redox state of carbon, and carbon transfer can be
considered as a constant increment of the oxidative pool which does not affect carbon turnover.

The burial of organic matter and its transformation represent a different case. In thermochem-
ical sulfate reduction, the organic matter reacts with evaporated sulfates according to the
equation:
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SO, +2(CH,0) < 2CO, +2H,0 + S§* )

The resultant CO,, together with sulfides, is transferred from the subduction zones onto the
Earth surface. This final step of oxidation completes the transfer of the reduced carbon into the

oxidative forms. The above processes occur in the orogenic period.

On the Earth surface, due to chemical exchange reactions and in accordance with thermody-
namics laws, CO, is redistributed in the atmosphere and hydrosphere, composing the common

“carbon dioxide-bicarbonate—carbonate” system:
CO, (gas) < CO, (dissolved) < H,CO, < HCO,” < CO,* ©)

This system is close to equilibrium since the rate of chemical exchange is much greater than
the rate of geological processes. The observed differences in carbon isotope composition of the
atmospheric CO, (d"°C = ~7%o) and of the carbonate species dissolved in seawater (d°C = 0%o)
evidence for the state close to equilibrium. In fact, the difference is about 5-7 %. [10, 11],
corresponding to the thermodynamic (equilibrium) values of isotope separation coefficients
a(CO,/CO; *) and a(CO,/HCO; ~), which are equal to 1.005-1.008 [10, 12, 13] and typical to

Earth surface temperatures (0-30°C).

Under the action of sunlight, photosynthesizing organisms absorb CO, and water and convert
the oxidized forms of carbon into the reduced ones, producing “living matter.” After the
conversion of the buried “living matter” into the sedimentary organic matter, the latter
undergoes oxidation. Then all the processes repeat. This sequence of transformations forms a

close loop.

All the above are depicted in Figure 2. In orogenic periods, shown as filled triangles, CO,
concentration in the system should increase abruptly because of frequent collisions of litho-
spheric plates when sedimentary rock masses fall in subduction zone and are destroyed with
CO, evolution. The entry of CO, into the “atmosphere-hydrosphere” system leads to consid-
erable growth of all oxidized carbon species in the system. Photosynthesis is stimulated by

high CO, concentrations achievable in the orogenic period.
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Figure 2. The scheme of the putative changes of CO, and O, in atmosphere and organic matter in sedimentary rocks in
the course of orogenic cycles. Note that the variations of CO, and O, are in anti-phase, while the variations of O, and
organic matter are in phase.

Atthe same time, the atmospheric O, concentration decreases since it is utilized in the oxidation
of the reduced igneous rocks and reduced sulfur species, lifting from the subduction zones
onto the Earth surface.

In the following relatively extended geosynclynal period, the rate of photosynthetic consump-
tion of CO, becomes greater than its emission from the subduction zones. It results in the
depletion of the oxidative pool of carbon in the “atmosphere-hydrosphere” system. Onthe
contrary the O, concentration, due to photosynthesis, increases, achieving maximum concen-
tration by the end of the geosynclynal period. The curve describing organic matter accumu-

lation in sedimentary rocks in accordance with the global photosynthesis reaction
hv

CO, +H,0 — CH,0 + O, coincides with the curve of O, concentration, since the burial rate of
organic matter changes in parallel with the growth of atmospheric oxygen concentration. Note
that the atmospheric CO, appears as a substrate, while the oxygen and the assimilated organic
matter (CH,O in this approximation) are the products of the global photosynthesis reaction.

Thus the model claims the periodic filling/depletion of “atmosphere-hydrosphere” system
with CO, and counter-phase parallel changes of O,. Accordingly, the periodic strengthening
of CO, assimilation and weakening of photorespiration should take place. In parallel with
atmospheric O, concentration changes, the accumulation of organic matter occurs in sedi-
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ments, since they are both the products of global photosynthesis. It means the periodic
intensification of organic matter accumulation in sediments should take place.

Some important notes concerning carbon isotope fractionation in photosynthesis based on
recent findings [5, 14] should be taken into account. The periodic depletion of carbon oxidative
pool result in the appearance of carbon isotope Raleigh effect which affect the carbon isotope
composition of sedimentary carbonates and organic matter displaying gradual *C enrichment
with the extent of depletion. It allows examining orogenic cycles by means of the analysis of
isotope composition of carbonate and organic carbon.

Following the actualism principle, one can take organic carbon as analog of “living” matter in
the past, and coeval carbonates as analog of CO,, corresponding to that time. Then the isotopic
difference between organic matter and carbonates should be regarded as analog of *C carbon
isotope discrimination in modern plants. We denoted the above isotopic differences, after Popp
etal. [15] and Hayes et al. [16] as ¢ parameter. If so, in the orogenic period and at the beginning
of the geosynclynal period when the CO, concentration as well as the CO,/O, concentration
ratio in the environment are maximal, the >C enrichment of the organic carbon and ¢ parameter
should be maximal too.

By the end of geosynclynal period, when the CO, and CO,/O, concentration ratios are the
lowest (photorespiration is maximal), the buried organic carbon should be the most enriched
in BC (additional to Raleigh effect). Accordingly, the isotopic difference between organic
matter and coeval carbonates should be minimal (Figure 3).
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Figure 3. The scheme of putative changes of carbon isotope discrimination in photosynthesis ¢ in the course of geologi-
cal time; ¢ is equal to carbon isotope difference between carbon isotope composition of sedimentary carbonates and
coeval organic matter. The isotope discrimination decreases steadily with each subsequent cycle.
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The validity of the assertion can be seen from the measurements of the buried organic and
coeval carbonates of different age [16]. They revealed noticeable differences in ¢ parameter. In
the Neoproterozoic era, from 1000 Ma to 541 Ma, the isotope discrimination was found to be
greater than 32 %o.. In the period from Cambrian to Jurassic, ¢ changed to 28%o, and then in
the period from Cretaceous to Late Cenozoic it was less than 28%o. They also noticed the
successive growth of atmospheric O, concentration from the Neoproterozoic to Late Cenozoic.

Thus the isotope technique provides an immensely effective and delicate tool for the orogenic
cycle studies. This claim is supported by the fact that isotope ratios of organic carbon and
coeval carbonates are the main and widely used factual materials in common geological
studies.

3. Isotope data support the idea on organic carbon oxidation in
subduction zone during orogenic period

The oxidation of organic carbon in subduction zone coupled with sulfate reduction during
orogenic period is one of the critical points of the model that requires proof. According to [17],
the natural sulfur cycle, like the carbon cycle, consists of the oxidative (sulfate) and reductive
(sulfide) branches. To substantiate the above assertion, let us address the data from the work
of Mackenzie and Piggot [17]. Temporal curves in Figure 4 demonstrate synchronous isotopic
variations of carbon and sulfur of marine carbonates and gypsum (sulfates) in time.
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Figure 4. Coupling of global carbon and sulfur cycles. Synchronous variations of the curves of carbon isotope composi-
tion of carbonates (a) and sulfur isotope composition of sulfate sulfur in evaporates (b) for the last 700 million years in
the geologic history of the Earth [17].
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Such synchronism prompts itself that both cycles are somehow bound. Each curve has two
differently directed humps. Next to them there are inscriptions, made by authors, to indicate
minerals of sedimentary rocks that were mostly spread at the corresponding periods. Carbo-
nates and pyrites correspond to the humps in lower parts of the curves. Organic matter and
gypsum correspond to the humps in the upper part of the curves.

If we compare the above substances with the substrates and the products of sulfate reduction,
it is easy to see that the substances corresponding to the lower humps on the curves coincide
with the reaction products, and the substances corresponding to the upper humps on the
curves coincide with the reaction substrates. The analysis of the isotopic changes of carbon
and sulfur proves that the coincidence is not accidental.

By analyzing the dynamics of carbon and sulfur isotopic variations resulting from the curves
on Figure 4, we should first note that the thermochemical sulfate reduction is followed by
sulfur isotope fractionation [18, 19]. Then, due to the periodic character of the reaction, the
substrate is depleted. The depletion is followed by Raleigh effect. The more the reaction
proceeds and the more the substrate pool is depleted, the greater the residual substrate
(gypsum) is enriched with a “heavy” sulfur isotope *S. As it follows from the analysis of the
lower part of the curves, the enrichment of gypsum with *S is accompanied with the enrich-
ment of carbonates with a “light” carbon isotope '>C. Both traits evidence in favor of high extent
of sulfate conversion. Indeed, in the case of high extent of sulfate conversion, another reaction
product CO, should also be produced in a considerable amount. Thus the CO, inherits “light”
carbon isotope composition from organic matter. Hence, when “light” CO, enters marine
“carbon dioxide—carbonate” system with carbon enriched in **C, it makes carbon in the system
“lighter” due to chemical isotope exchange.

A quite opposite scenario can be deduced from the analysis of the upper parts of the curves.
The %S enrichment of gypsum evidences that the extent of sulfate conversion is low. Hence
small amounts of “light” CO, are produced, and marine carbonates become “heavier” as
compared with the previous case. Thus, the coupled isotopic changes of carbon and sulfur of
marine carbonates and gypsum, in addition to chemical arguments, give firm proofs that they
represent the results of sulfate reduction process occurring in the subduction zones.

Anindirect argument in favor of sulfate reduction in subduction zone was the great abundance
of sulfide-oxidizing bacteria in the Precambrian. It evidences for significant inflow of the
reduced sulfur forms (sulfides and hydrogen sulfide) onto the Earth surface. This was favored
by low oxygen concentration in the Earth’s atmosphere at that time. The sulfide-oxidizing
bacteria were so widely disseminated that gave grounds for Hayes et al. [16] to conclude that
these bacteria were the main source of organic matter in rocks in the Proterozoic.

Thus, the coupled isotopic changes of carbon and sulfur of marine carbonates and gypsum, in
addition to chemical and paleontological arguments, give firm proofs that they represent the
results of sulfate reduction process occurring in the subduction zones.
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4. The effect of redox carbon cycle on the climate in the past

The role of CO, in climate formation is a well-known fact. It is the main component of
“greenhouse” gases [20]. The periodic filling of the “atmosphere-hydrosphere” system with
CO, in orogenic time and the following depletion of CO, due to photosynthetic assimilation
in geosynclynal period provide alternating warming—cooling change. It is even possible to use
the relation between CO, concentrations and Earth temperature for the determination of
paleotemperatures [21], although the validity of this correlation is limited due to the contri-
bution of other greenhouse gases.

Following the logic of this model, the existence of climatic cycles is a result of the orogenic
cycles. The beginning of the orogenic cycle may be considered as the warmest time of the cycle
and the end as the coldest one. The latter is often accompanied with glaciations.

The mentioned ¢ parameter may be used as the indicator of orogenic and climatic cycles. At
the beginning of the orogenic cycle, when CO,/O, ratio is maximal and the contribution of
photorespiration is low, ¢ parameter is also at its maximum and corresponds to the warming
period. Conversely, at the end of the cycle, when CO,/O, ratio is minimal and photorespiration
increases, ¢ parameter reaches its minimum and corresponds to the cooling period.

Popp et al. [15] found a coherence of ¢ values and climatic cycles in the Cenozoic. Hayes and
others [16], having examined carbon isotope composition for more than 5000 samples of coeval
carbonates and sedimentary organic matter spanning the Precambrian and Phanerozoic, found
statistically significant differences in ¢ values in interglacial periods and those in periods of
glaciations. The results were supported by other researchers [22, 23].

5. The impact of redox carbon cycle on the rate of biodiversity

It is a known fact in geological history that in the past there were “explosions” of life and mass
extinctions of living organisms. In some works, a periodicity in a rate of change of biodiversity
(a rate of appearance of the new fauna and flora species per geological unit) in time was
revealed [24]. Following the redox carbon cycle model, these facts can be reasonably explained.
It was supposed that periodicity is caused by the increase of oxygen concentration in the
Phanerozoic atmosphere [25]. The assumption was supported by a close coherence of the
curves illustrating the time dependence of a rate of change of biodiversity and other parame-
ters, strongly related with oxygen concentrations. The peaks of all curves fully coincided and
corresponded to oxygen maximum (see Figure 7 from [25])

The physical sense of this link is quite clear. The elevated O, concentrations in the atmosphere
stimulate (photo)respiration in photosynthesizing organisms, which is followed by superoxide
radical formation. They attack gene molecules causing mutations. Though in a cell there are
some enzymes, which destroy radicals reducing them to H,O and O,, at the time of oxygen
growth, the enzymes fail to cope with the abundance of radicals and to diminish their amount
to the safe level. As a result, mutations appear and the rate of change of biodiversity increases.
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Rothman [26] found a good correlation of ¢ parameter and the rate of change of biodiversity
for land plant families as well as for marine animals. His results prove the relation of orogenic

cycles and biodiversity rate.

The observed periodicity of mass extinctions of plant and animal species on the Earth has a
close agreement with the previous correlation. These events are also linked with a change of
CO,/O, ratio in the atmosphere over time [27]. According to the model, the abrupt change of
CO,/O, ratio in the atmosphere occurring in orogenic cycles’ transitions should lead to the
extinction events, because they are followed by the change of aerobic conditions to anoxic ones

causing a mass extinction of aerobic organisms.

6. Irregular periodicity in organic carbon accumulation in sediments is the
reason for uneven stratigraphic distribution of sediments rich in organic

matter and oils

It stems from the model’s logic that there should be uneven rate of organic matter accumulation
in sediments as a result of CO, variations in the course of orogenic cycles. In the orogenic
periods of the repeated cycles, the “atmosphere-hydrosphere” system of the Earth is filled
with CO,, coming from the subduction zone. In the subsequent geosynclynal periods, due to
a dominant role of photosynthesis, the system is gradually depleted in the oxidized carbon
species. It means that the photosynthesis rate is maximal at the beginning of the cycle and
reaches its minimum by the end. The opposite scenario could be expected for organic matter
accumulation in sediments. The maximum of organic matter accumulation should take place
by the end of the cycle, when most of the CO,, that entered the “atmosphere-hydrosphere”
system in the orogenic period, after some transformation is converted into organic matter. As
aresult, the uneven stratigraphic distribution of sediments rich in organic matter appears. The
other consequence of the uneven stratigraphic distribution is the irregular distribution of the

oils generated by these sediments.

Though the kinetics of global photosynthesis and organic matter accumulation is unknown,
we assumed that the mentioned kinetics is described by the simplest first-order equation. It
corresponds to proportional, in-phase of O, and buried organic carbon variations (Figure 5),
and anti-phase atmospheric CO, and O, variations (see Figure 1 from [25]). The corresponding
curves, depicting the behavior of CO, and O, in the atmosphere and organic matter in
sedimentary rocks obtained in climatic and depositional models, are in full agreement with

the changes expected from the proposed carbon cycle model.
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Figure 5. The in-phase changes of oxygen content in the atmosphere and burial organic matter rates in the sedimentary
rocks in the Phanerozoic. The shaded zone for oxygen designates the zone of possible errors based on sensitivity analy-
sis [29].

In fact, Bazhenova and Sokolov [28], examining the stratigraphic distribution of Domanic oil
source rocks, revealed that these sediments rich in organic matter were present in different
continents at the same stratigraphic levels. They are found practically in all systems of the
Phanerozoic and of the Precambrian. The stratigraphic levels, where domanicoids were fixed,
are Ediacaran-Cambrian, Devonian—-Carboniferous, and Late Jurassic-Early Cretaceous. Such
nonuniform stratigraphic distribution can be explained in the frames of the natural redox
carbon cycle dynamics.

The formation of sediments rich in organic matter is likely bound to the transitions from one
cycle to another when there was a change of aerobic conditions to anoxic causing mass
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extinction of living organisms. Their biomass is a probable source of organic material. The
repeatability of orogenic cycles determines the appearance of domanicoids at different

stratigraphic levels in the Precambrian and the Phanerozoic.

Though the periods, indicated by Bazhenova and Sokolov [28], are rather conditional, they are
known to include glacial periods. During the Ediacaran period, there were Varanger (660 to
635 Ma) and Gaskiers (590 to 575 Ma) glaciations; in Devonian, there was the Andean-Saharan
(ca. 440 Ma) and then Permo-Carboniferous (320 Ma) glaciations; in Late Jurassic—Early
Cretaceous period, traces of glaciations were not found with certainty, but there was a great
extinction (66 Ma), which was caused by a bolide impact. Besides this, the indicated time was
characterized by high oxygen concentration likely associated with glaciations and land life
development. It should be stressed that Bazhenova and Sokolov [28] marked that periods of
organic matter accumulation were followed by rifting process which in accordance with our

model corresponds to the orogenic period, occurring behind the cooling time.

It is natural to consider that Domanic oil source rocks as well as other rocks rich in organic
matter (“black” shales) are oil kitchen. Therefore, the periods of oil source rock — formation
should be related to oil generation, and one could expect that the oil field discoveries are mostly
related with this time with high probability. This assertion is supported by the available data.
Figure 6 illustrates the stratigraphic distribution of the discovered oil fields in the world [30]
and the distribution of oil fields in the former USSR [31]. The latter is presented as a ratio of
number of oil fields for a given period to the total number of oil fields [Figure 6b]. As it can be
seen, in both cases the distributions are very similar and irregular. Though the comparison is
not very strict, Figure 6b, unlike Figure 6a, does not take into account the sizes of oil fields,
nevertheless the comparison is still reasonable. The peaks in both distributions correspond to
each other; the number of the peaks is the same. According to both distributions, the beginning
of oil generation falls in time limits from 600 to 500 million years ago. This is in agreement with
the considerable growth of oxygen concentration in the atmosphere. As it was noted, oxygen
concentration is an indicator of organic matter accumulation in sediments. According to some
data [32, 33], one can accept that in most of the Precambrian, oxygen concentration was less
than 1%, and only by the end of the Precambrian it started to increase significantly [34]. It is
logical to assume that photosynthesis needs a prolonged time to accumulate the amount of
organic matter in sediments sufficient to produce hydrocarbons capable to form oil fields. One

can follow it by tracing the O, concentration in the atmosphere.
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Figure 6. Comparison of distribution of explored extractable oil fields in the largest world reservoirs (Vishemirsky,
Kontorovich, 1997) [30] (a) and revealed oil fields (% of the total number of oil fields) of the former USSR (Korchagin,
2001) [31] (b) with stratigraphic subdivisions.

7. BC enrichment of oils reflects O, growth in the atmosphere and display
four orogenic cycles from the Cryogenian period of Neoproterozoic era to
the Miocene epoch of Cenozoic era

Having examined the extensive collection of oils (504 oil samples) differing in age and origin,
Andrusevich et al. [35, 36] established that in the course of geological time, the oils and their
components have been consistently enriched in **C (Figure 7). Model’s logic allows concluding
that the most likely reason for this enrichment is the intensified photorespiration of photo-
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synthesizing organisms as a result of the increase of average oxygen concentration in the
atmosphere. One should take into account that, despite of variations, in the course of geological
time; an average atmospheric oxygen concentration steadily grew up. The *C enrichment of
oils reflects that at least four orogenic cycles took place, accompanied by an increase in average
oxygen concentration in the atmosphere. Oils inherit the enrichment from organic matter. The
existence of four orogenic cycles in Phanerozoic agrees with the other proofs (see the previous
section), evidencing for four waves of oil generation in the Phanerozoic.

—20 8'3C(average)
22 | O Proterozoic - Cambrian — 34,0
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—24 € Jurassic - Paleogene —28,0

813C %o
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Figure 7. Change of the average carbon isotope composition (d"°C, %o) for saturate fraction C;s, of crude oils. Vertical
bars are standard deviations, which increase with decreasing age. Arrows indicate Cambrian-Ordovician, Triassic—Ju-
rassic, and Paleogene- Neogene boundaries where °C enrichment occurs [36].

One more interesting observation indicating the validity of the model stems from the analysis
of the above data. Since Jurassic, a scatter in carbon isotopic composition of oils has increased
essentially. The variety of land photosynthesis conditions resulted in a wide spectra of d"*C
values.

8. Ecological compensation point

Global natural redox carbon cycle is a developing and self-organizing system. This feature is
provided due to photosynthesis which is an essential part of the cycle. Its origin occurred in
anoxic atmosphere. The photosynthesis evolution was followed by atmospheric oxygen
growth. The literature data, given below, illustrate oxygen growth in the atmosphere over
geological time. Atmospheric O, concentration prior to photosynthesis was determined by
water dissociation under ultraviolet action and was equal to one thousandth part of the present
oxygen level (Urey level). With the emergence of photosynthesis, the average oxygen concen-
tration in the atmosphere began to increase from cycle to cycle.
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The Early Archean oxygen concentration was up to 0.02-0.08% (Urey’s level) (Rutten, 1971) [2].
From the Late Archean (3.0-2.7 Ga) to Middle Proterozoic (2.2-2.0 Ga) oxygen concentration
reached 0.21% (Pasteur’s level) [2, 32, 33]. In the Neoproterozoic (Tonian- Cryogenian—
Ediacaran, 1000-550 Ma), oxygen concentration was estimated to be up to 5 %, reaching 8% in
the end of Ediacaran [34]. In the Early Paleozoic (Cambrian, 541-485Ma), according to different
estimates, oxygen concentration was 12-13% [29, 37, 38]. In the Middle Paleozoic (Ordovician—
Silurian, 485-420 Ma), oxygen concentration has been 13-15% [39]. In the Late Paleozoic
(Carboniferous—-Early Permian, 350-280 Ma), oxygen concentration reached about 30-35% [37,
38]. In the Early Mesozoic (Triassic) (250-200 Ma), oxygen concentration has reduced down to
15-17% [39, 40]. In the Miocene epoch of Neogene (23-5 Ma), oxygen content again increased
to 25% level [41].

The oxygen growth is explained by photosynthesis expansion. In parallel, another product of
global photosynthesis, “the living matter,” transforming into “buried organic matter,” was
accumulated in sedimentary rocks. How long could it last? As free oxygen accumulated in the
atmosphere, photosynthesizing organisms have acquired photorespiration which was in
reciprocal relations with CO, uptake [42]. As known, carbon dioxide uptake increases biomass
production, whereas photorespiration reduces it. As a result, photorespiration decreased the
expansion of photosynthesis and brought down the accumulation of buried organic matter.
Despite the absolute growth of buried organic matter in sediments, its relative input became
lesser with each new orogenic cycle. The contribution of the above processes to metabolism
depends on the CO,/O, ratio in the environment. The latter ratio steadily grew down in the
course of orogenic cycles. Thus photosynthesis performed a regulatory role in carbon cycle.

For individual photosynthesizing organisms of C;-type, which were the first representatives
of photosynthesizing life on the Earth, a term “compensation point” is applicable. It is a
metabolic state of the organism at a particular concentration ratio of CO, and O, when CO,
uptake becomes equal to CO, release. Below this point, the rate of photorespiration (together
with respiration) exceeds the rate of photoassimilation, and the physiological existence of
organisms becomes impossible. As CO, and O, are mutually related, the compensation point
may be determined via consideration of either CO, or O, concentrations [43].

It was shown that the plants placed in a closed chamber due to reverse links (reciprocal
relations) between main photosynthetic processes, CO, assimilation and photorespiration,
make the CO,/O, ratio in chamber atmosphere stable [43, 44]. Considering these results, Tolbert
et al. [43] assumed that the same feedback mechanism acts in nature and is responsible for the
achievement of stationary CO, and O, concentrations in the atmosphere. They introduced the
term “ecological compensation point.” The above processes are the driving forces in achieving
the ecological compensation point. The numerous oxidation processes of the reductive branch,
due to O, consumption and CO, evolution, play a regulatory role via common reaction
intermediates, defining the real position (concentrations) of the ecological compensation point.
In this position, the full conversion of the reduced carbon into the oxidized forms and back
occurs. The total interaction of CO, assimilation and photorespiration provides the excess of
reductive carbon over oxidative in period from photosynthesis origin up to the moment of
achieving the ecological compensation point. The excess of the reduced carbon was accumu-
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lated in deposits in the form of buried organic matter. The corresponding amount of oxygen
was accumulated in the atmosphere.

The glacial-interglacial oscillations of CO, have emerged as a consequence of proximity of the
system to the ecological compensation point [22,45-48]. This possibly happened in the end of
Carboniferous when the great expansion of photosynthesis took place and covered the land
[49]. The ecological compensation point was most likely achieved in the Neogene (Miocene).
At this time, after some decline, there was a burst of atmospheric oxygen to the maximum level
associated with global cooling. Right after cooling in the Miocene, there was considerable
warming in the Pliocene period [50-52]. The warming was followed by mass extinction of
organisms, and by the formation of sediments rich in organic matter. These sequences of
climatic changes are characteristic of transitions from one orogenic cycle to another.

After achieving the ecological compensation point, global carbon cycle became very sensitive
to separate plates’ collisions, what is in agreement with short-term glacial-interglacial
oscillations of CO,. It allows assuming that long-term orogenic cycles and short-term oscilla-
tions have the same physical nature.

The most important conclusion from the existence of the ecological compensation point is the
following. After the achievement of ecological compensation point, the system of global carbon
cycle gets its stationary level. No additional accumulation of buried organic carbon occurs. It
means no additional oil generation takes place, and hence the amount of oil in the Earth crust
becomes stable and limited. Hence it should be concluded if the rate of oil production is greater
than the rate of generation, oil resources should be exhausted with time.

9. Conclusions

New redox carbon cycle model is suggested. It claims a dominant role of photosynthesis in the
mechanism of cycle functioning. According to the model, carbon transfer between geospheres
and biosphere is accompanied by the changes in the redox state of carbon. Photosynthesis
provides the transfer of carbon from the oxidative to the reduced state. The reverse transfer
takes place in numerous processes of oxidation, including the respiration of living organisms
and the processes of direct and indirect oxidation of buried organic matter. The final powerful
oxidation of organic matter occurs in sulfate reduction proceeding in the subduction zones
(plates’ collisions zone).

Photosynthesis connects the Earth crust and biosphere processes. This link is realized by means
of CO, pulses appearing in lithospheric plates’” collisions when they move. The source of
CO, is the oxidation of the buried organic matter in sulfate reduction in subduction zone. The
last reaction is the coupling point of natural carbon and sulfur cycles.

Lithospheric plates’ movement has two phases. In the short-term orogenic phase, the CO,
coming from subduction zone fills the “atmosphere-hydrosphere” system, causing climate
warming. In the long-term geosynclynal phase, weathering and photosynthesis become
dominant processes, depleting the oxidative forms of carbon followed by glaciations. By this
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way, photosynthesis transmits the impact of Earth crust processes on biosphere. The irregular
periodicity exerts an impact on climate, biodiversity, distribution of organic matter in sedi-
mentary deposits, etc.

Thus due to the unique combination of CO, assimilation and photorespiration, which are in
reciprocal relations, photosynthesis plays a key regulatory role in the carbon cycle. During
photosynthesis, the expansion of O, concentration in the environment permanently grew while
that of CO, dropped. When they reached values limiting physiological boundaries of life, the
changes ceased and the CO,/O, ratio became stable. This state does correspond to ecological
compensation point. In terms of global photosynthesis, it means that all biomass, produced by
photosynthesis, is oxidized in numerous processes of respiration, microbial and chemical
oxidation in sediments. It happened when photosynthesis had spread over the whole land.
The last splash of oxygen in the atmosphere occurred in the Miocene.

Prior to this moment, the excess of photosynthesis production was accumulated in sediments
as a buried organic carbon. Thus, the process of organic carbon accumulation in sediments
went on from the origin of photosynthesis up to the ecological compensation point.

On achieving the ecological compensation point, further accumulation of buried organic
carbon has ceased. The amount of organic matter and its derivatives in sediments became
stationary. It means that the amount of oils generated by source rocks also stabilized.

It should be underlined that the isotope techniques now are a powerful instrument of exami-
nation of the processes in the past. It became possible since in many cases carbon isotopic
discrepancies remain unchangeable and preserve its memory about the processes. Among
them, carbon isotope technique is of special interest. In accordance with actualism principle,
carbon isotopic difference between carbonate and coeval organic matter (¢ parameter) is the
analog of *C isotope discrimination in modern plants, while & parameter is a function of CO,/
O, ratio in the environment. Moreover, the above isotopic differences are the most widely used
data in geology studies. The established changes of the CO,/O, ratio, found by means of carbon
isotope data, reflect many events of evolution of the atmosphere, climate, and other coupled
phenomena in the biosphere. Combining this technique with adequate carbon cycle model,
researchers obtain a very delicate tool to study various phenomena in the past, including
evolution itself. Very interesting and important results can be obtained in combination of
isotopic techniques of different elements.
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Abstract

Stomata are pores in the leaf that allow gas exchange where water vapor leaves the plant
and carbon dioxide enters. Under natural condition, plants always experience at a
fluctuating light regime (shade-/sun-fleck) and due to global climate change, occasion-
ally extreme high temperature and CO, enrichment will be inevitable occurred, which
dramatically affects stomatal response, and trade-off between water-use efficiency and
photosynthesis. Response of stomata to fluctuating and stressed environments
determines optimized strategy of plants directing to water save or photosynthesis.
Dynamic adjustments of stomata play an equivalent role as steady-state stomatal
characteristics. Evolutionary approach indicated that stomatal-dynamic adjustments
interacting with historical environments or life histories could be genetically control-
led and environmentally selected. In this article, we reviewed physiological response
of stomatal dynamic to changing enironments including our previous works, and
discussed the possibility of genetic improvements on stomatal adjustments by
estimating broad-sense heritability and SNP heritability of stomatal pattern. To gain
insight into the framework of stomatal genetics, we highlighted the importance of
combining multidisciplinary techniques, such as mathematic modeling, quantitative
genetics, molecular biology and equipments developments.

Keywords: Stomatal dynamics, Changing environments, Photosynthesis, Evolution

1. Introduction

Stomata, from the Greek word “stoma” meaning mouth, are small pores that distributed on the
epidermis of plantleaves. Their structures consist of two guard cellsaround a pore. For optimum
efficiency, stomata must balance the gas exchange between inside and outside the leaf, in order
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open science | open minds and reproduction in any medium, provided the original work is properly cited. (e NN



76  Applied Photosynthesis - New Progress

tomaximize CO, uptake for photosynthetic carbon assimilation (Py) and to minimize water loss
through transpiration (E). Although the cumulative area of stomatal pores only represents a
small fraction of the leaf surface, typically less than 3%, the CO, uptake and water loss pass
through these pores. When fully open, they can promote water evaporation equivalent to one-
half of a wet surface of the same area [1]. To cope with environmental stress during growth
condition, plants must adjust and regulate the stomatal opening/closing process to obtain
optimized transpiration and leaf water status.

On the other hand, studying the evolutionary adaptation and natural variation of stomata-
related genes may represent an essential step for better understanding the mechanisms
involved in the stomatal adjustment and regulation. In fact, stomata have probably undergone
a crucial adaptation occurring 400 million years ago, it enabled plants to thrive on land. To
survive in the dry atmosphere, plants must maintain a reasonable level of gas exchange
necessary for Py and E, in order to protect against desiccation [2]. In addition, the natural
variation in stomata-related genes across different cultivars (from different origins) of
particular species may indicate differing selection pressures allowing better adaptation against
environmental stress [3].

To get a deeper understanding, the study of the relationship between genotype and phenotype
at the organism-environment interface by identifying traits that respond to differing environ-
mental pressures and uncovering the genetic basis for variability in these traits is highly
requested. Recent researches have shown that the mode of action of stomatal movement
depends on the combination of environmental and intracellular signals. These external factors
(e.g., CO,, biotic and abiotic stresses, and additionally different plant hormones) and internal
signals (e.g., ion exchange, metabolites, catalyze of enzyme, and gene structure or expression)
simultaneously affect stomatal dynamics, forming a complex framework behind acclimation
responses of plants under fluctuating and stressed environments. The empirical evidences
related to stomatal dynamics provide strong promotion for the development of model
stimulating stomatal dynamics, which remains difficult to achieve so far. In this chapter, we
aim to give a multidimensional review about recent works describing multiple environmental
and internal factors, such as elevated CO,, heat stress, light fluctuations, ion channel, and
stomata-related genes [4-8]. Furthermore, we discussed expended research perspective
regarding stomatal evolution, natural variations of stomatal traits, interactions with life
history, and theoretical modeling.

2. External environments

2.1. Interactive effects of elevated CO, and heat wave

The global change, leading to frequent occurrence of atmospheric CO, enrichment and heat
wave, inevitably affects the development and final productivity of plants. Most climate impact
studies rely on changes in means of meteorological variables, such as temperature and rainfall,
to estimate the potential climate impacts on agricultural production. However, extreme
meteorological events, e.g., a short period of abnormally high temperatures, can have a
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significant profound and lasting effect on canopy transpiration, crop growth, and final
yield [9].

During heat stress, elevated CO, has probably less effect on C; plants as compared to C, plants
[10]. In fact, elevated CO, can increase water-use efficiency (WUE) by decreasing stomatal
conductance (g,) and E [11], which may increase tolerance to acute heat. It was shown that the
reduction in g, (stomatal opening) is about 20% for C; and 50% for C, species [10, 12, 13]. The
lower g, in C, plants may induce lower transpiration (water loss) and thus higher leaf tem-
peratures, which may increase heat-related damage in C, plants as compared to C; plants in
the same habitat.

Since evaporative cooling is essential to avoid heat damage in leaves exposed to full sunlight,
and time scales of stomatal adjustments are longer than fluctuations in solar irradiance within
a canopy, the question arises whether elevated CO, can mitigate damage over transpiring
leaves from extreme high temperature by decreasing g.. If this is the case, then adaptation for
cooling would appear as a more imperative driver for stomatal adjustments than the potential
increase in carbon gain. To test this hypothesis, intact leaves of maize were subjected to a
substantial reduction Py due to 45°C heat stress cycle for 1hour[14]. Our previous finding
showed that elevated CO,, either during plant growth or co-heat period, does not improve the
foliar thermotolerance against heat stress (Figure 1). With the lower Py and higher g, and
subcellular CO, pressure (C;) following the acute heat stress treatment, a non-stomatal
inhibition of g, occurs, contrary to other studies showing a stomatal adjustments in response
to high temperature stress in grape leaves [15, 16]. In the meantime, the sudden reversal of
stomatal responses to leaf temperature and CO, between 40°C and 45°C (Figure 1) suggests
that to avoid damage, plants enhance the stomatal opening, leading to an increase in evapo-
rative cooling.

Some studies compared elevated CO, effects with tolerance to heat stress in relatively heat-
sensitive vs. heat-tolerant species or in species with different photosynthetic pathways [4, 17-
20]. As an example, two corn cultivars (B73 and B106) were previously reported as contrasting
heat stress tolerance from field investigation and evaluations [21]. When comparing the effects
of elevated CO, and heat stress from field-based investigation using these corn cultivars, our
previous results showed a reversible response of two cultivars regarding to photosynthetic
activity (Figure 2), which might be due to intricate reasons: 1) change in physical function of
stomatal regulation by decreasing transpiration and optimized water conservation at intact
leaves scales; 2) change in kinetic activities of photosynthetic regulatory enzymes, i.e., rubisco
(ribulose 1,5-bisphosphate carboxylase/oxygenase), PEPase, and MDHase (Table 1), which
agrees with some reports [22, 23]; and 3) disorder of metabolite flux in Calvin cycle due to heat
stress.

2.2 Fluctuating light effects

Leaves are always subjected to rapidly fluctuating irradiance due to motion of sunflecks and
clouds that may span two orders of magnitude from light compensation points of shade-
adapted leaves to almost full irradiance intensities [25]. Such environmental fluctuations occur
at second scales, which is much shorter than the time needed for stomatal adjustments (2-60
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Figure 1. Dynamic changes of photosynthetic parameters during acute heat stress cycles. Lines with same color stand
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[14]).

min.) [26]. For leaves with slowly adjusting stomata, rapid fluctuations at shorter time scales
could push leaf hydraulic and thermal status beyond operational limits resulting in xylem
cavitation, overheating, or wilting.

Although the phenomena underlying dynamic responses of photosynthesis to sunflecks (such
as induction requirements) were studied by physiologists and biochemists earlier [26], their
role in sunfleck utilization was not recognized until the early 1980s. Evidence for the light
activation requirement of the primary carboxylating enzyme, Rubisco, was first uncovered in
the 1960s [27]. The components underlying induction, especially stomatal behavior, are
complex and are dependent on environmental and developmental factors as well transient
light changes. It was reported that water stress could reduce g, in shade-grown, but not in sun-
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Figure 2. Heat induced decrease of photosynthesis and stomatal conductances in B76 and B106. Black and grid bars
represent ambient and elevated [CO,], respectively. Ratio of photosynthesis and stomatal conductances under heat
stress over control in B76 and B106 was shown in inserted panel. (Qu et al. 2016, unpublished data).

grown for the leaves of a Populus species; drought also could lead to faster induction gain in
shade-grown, but not in sun-grown for the leaves during simulated sunflecks [28] .

In the naturally fluctuating environment, the temporal disconnect between g, and Py means
the coordination between carbon gain and water loss (and, therefore, WUE) is far from optimal
([29]; Figure 3). Photosynthetic induction state is a complex function of light-dependent
stomatal opening and closing responses and the time courses of light-regulated enzyme
activation and deactivation. All these combined factors determine the potential light-saturated
Py at any given time and therefore the potential Py that can be achieved during a fluctuating
light (shade-fleck). Under this condition, responses of g, and Py are not always synchronized,
as stomatal movements can be an order of magnitude slower than the more rapid photosyn-
thetic response to the same environmental stimuli ([30, 31]; Figure 3).
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OTCs Heat PEPC activity ME activity MDH activity
(umol m2s™) (umol m~s™) (umol m?s™)
Ambient[CO2]
B76 aft0 155+0.5 3.7+0.4 79+3.4
(33.1+1.6) (31.6 £0.5) (24.8£3.3)
aft4 19.7+0.5 20.6+0.3 149+12
(36.5+ 1.5) (29.00.1) (26.5+0.4)
% Change 27.1 456.8 88.6
B106 aft0 133+0.7 124+11 172+03
(32.8+0.5) (24.6+0.3) (26.1+02)
aft4 15.8+0.7 13.9+0.7 19.0+2.7
(36.6+1.4) (27.7+0.3) (28.9+0.4)
% Change 18.8 12.1 10.5
Elevated[CO2]
B76 aft0 13.6+15 10.9+0.2 121417
(32.0£0.7) (25.3+0.4) (29.01.2)
aft4 179+13 181+1.0 209+0.4
(34.4+0.9) (26.3+0.6) (28.8+1.5)
% Change 31.6 66.5 72.7
B106 aft0 10.5+1.7 9.0+0.6 14.6+1.7
(322+0.1) (26.7 +0.8) (28.6+0.6)
aft4 12.8+1.0 11.6+1.6 13.7+£09
(31.9+1.0) (29.2+0.5) (3l.6+1.1)
% Change 219 29.1 -6.2

Table 1. Enzyme activities of PEPC, NADP-ME, and NADP-MDH for B76 vs. B106 grown ambient and elevated [CO,].
Values of control experiments were shown in brackets (Qu et al. 2016, unpublished data).
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Figure 3. Photosynthesis and stomatal conductance in response to naturally light regime (Qu et al. 2016, unpublished
data).
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3. Internal signals

3.1 Ion channels and transmembrane antiporters

There is no question that stomatal movements (stomatal opening and closing) of seed plants,
including crop plants, arise from the transport, accumulation, and release of osmotically active
solutes (reviewed by [32]). It has been shown that the guard cell movement is controlled by
movement of CI*, Na*, K*, and also changes in the sucrose and malate levels [32, 33]. It is
reasonable to give expectation that ion exchange, inducing change in pH, might indirectly
determine response time of stomatal adjustments during light fluctuations based on previous
literatures. For example, membrane depolarization in ABA stimulates K* efflux within seconds
through outward-rectifying K* channels, in Arabidopsis the GORK K* channel [34, 35], and
these K* currents are enhanced during the subsequent 3-5 min as a consequence of rise in
cytosolic pH [36, 37]. Stomatal aperture responds more slowly, typically with half-times of 10-
20 min, reaching a new stable, (near) closed state after 45-60 min [38—40]. Thus, making a
connection of ion channel antiporters to the speed and efficacy of stomatal movements is
necessarily important.

3.2 Anatomical features of stomata

Responsiveness of stomatal adjustments under changing environments is also dependent on
anatomical characteristics. In fact, stomatal anatomical features define the maximum theoret-
ical conductance and also influence the speed of response [41]. Many experimental evidences
have demonstrated that stomatal density is negatively correlated with stomatal size [42, 43].
The interaction/correlation between stomatal size and density and the impact on stomatal
function have received much attention [44]. The latest studies have also implied that physical
attributes affect stomatal response times following environmental perturbations [45]. There-
fore, it is possible to manipulate the stomatal structure, for example, we can take into consid-
eration the interaction between stomatal size and number and its impact on rapidity of stomatal
movement.

3.3 Casual genes of stomatal features

Engineering and breeding crops for enhanced drought resistance become a pressing task for
plant biologists and breeders. Manipulation on functional genes underlying dynamics of
stomatal responses and steady-state values of g, would be helpful for optimizing WUE and
drought resistance of plants [46-51]. For example, mutation in the SLAC1 gene, which codes
for an anion channel, causes slow stomatal opening by light, low CO,, and elevated air
humidity in intact plants, due to severely reduced activity of inward K* channels in slac1 guard
cells [52]. Arabidopsis (Arabidopsis thaliana) stomatal density and distribution (sdd1-1) mutants,
having a point mutation in a single gene that encodes a subtilisin-like Ser protease, exhibit a
2.5-fold higher stomatal density compared with their wild type [53]. Stomatal movements can
also be stimulated by membrane fusion protein, soluble N-ethylmaleimide-sensitive fusion
protein attachment protein receptor (SYP121), Eisenach et al. [54] demonstrated that stomatal
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opening and the rise in stomatal transpiration of the syp121 mutant were delayed in the dark—
light transition and following the Ca*-evoked closure. The increase in stomatal density
translates leads to an increase in g, and 30% greater Py under high light conditions [55]. Tanaka
et al. [56] have used plants overexpressing STOMAGEN, a positive regulator of stomatal
density, to produce transgenic plants with a two- to three fold greater stomatal density than
the wild type. Py in these plants is increased by 30% due to greater CO, diffusion into the leaf
rather than changes in photosynthetic carboxylation capacity [56]. By contrast, some genes can
induce low stomatal density and g, at high light intensities, for example, upregulation of sdd1
can restrict CO, diffusion limited Py to 80% of the wild type [57].

These findings exemplify the role of both the physical and functional stomatal features in
determining g.. In particular, these works illustrate the importance of surrounding environ-
mental conditions and ion exchange on stomatal behavior and the significance of examining
g s limitation on Py at fluctuating light and elevated CO, and heat stress.

4. Natural variation and heritability of stomatal conductance

The analysis of evolution of stomata over species should depend on two strategies, i.e., fossil
studies on ancestor plants and genetic studies on current plants. Fossil evidence shows that
stomata have occurred in sporophytes and (briefly) gametophytes of embryophytes during
the last 400 million years. Cladistic analyses with hornworts basal are consistent with a unique
origin of stomata, although cladograms with hornworts as the deepest branching embryo-
phytes require loss of stomata early in the evolution of liverworts (reviewed by [58]).

Genetic variation is a vital characteristic of every population that is required to adapt.
Phenotypic trait variance within a population can be related to genetic variance as an estima-
tion of broad-sense heritability (H ?). In theory, when a greater proportion of phenotypic
variation is attributable to genetic variance, the corresponded trait is highly heritable. Explor-
ing stomatal traits with high H ? under multiple environments could provide strategy for
artificial selection and improvements on stomatal traits. Although natural variation in
photosynthetic capacity especially stomatal features is known to exist among different species
[59-63], relatively few studies have examined natural variation among accessions of the same
species [64-67]. Besides, studying the genetic variation of photosynthetic capacity of different
rice accessions with diverse genetic background could be an effective way to improve the
photosynthetic capacity of existing rice elite germplasm [67, 68].

In fact, mining natural variations of photosynthetic and stomatal parameters is regarded as a
promising approach to identify new genes or alleles for crop improvement. Conventionally,
the identification of genomic loci that govern complex traits has been extensively facilitated
by the development of quantitative trait locus (QTL) mapping approaches. Recent advances
in high-throughput and high-dimensional genotyping and phenotyping technologies enable
us to reduce the gaps between genomics and phenomics using the principles of genome-wide
association studies (GWAS). This biostatistic method has been widely used in food crops for
identifying genes that underlie natural variation of various ecological and agricultural traits
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[69-71]. Consequently, a combination of GWAS and QTL mapping as well as co-expression
network would be a better option to obtain additive, dominance, and epistasis effects of genes,
for example, in Arabidopsis [72] and soybean [73].

Therefore, understanding the mechanisms that underlie efficient carbon gain driven by
stomatal adjustments in fluctuating light can open doors for increasing plant yields and, more
broadly, can reveal fundamental principles to optimize the water cycle system in the biosphere.

5. Relation of stomatal profiling with life histories

Evolutionary responses of stomata to fluctuating light conditions are important because
stomata in theory must have been subject to evolutionary pressures associated with highly
variable conditions. This is always related to the life history of accession origins. Studying the
evolution of photosynthesis is critical to understand how stomata or plants structure variation
influence ecological interactions and adaptation to various environments [74]. Where an
overlying geographical origin or environmental gradient exerts strong adaptive selection, the
natural variation in both genotype and phenotype is predicted. However, this variation will
depend on the relative strength of selection, demographic history, and levels of dispersal and/
or gene flow among populations [75]. Differing selection pressures may include temperature,
precipitation, and soil nutrient availability, growing season length, photoperiod, and biotic
agents. Many of these factors are directly affected by geographic conditions and are therefore
interrelated. This is already extensively reported in trees species. Genetic covariance among
ecophysiological traits can be shaped by the past ecological and evolutionary processes [3].
However, for traits of ecological or evolutionary interest, studies must also address the extent
to which population structure, trait variation, and genetic architecture covary along ecological
gradients [3].

6. Theoretical modeling for describing stomatal delays

To describe the dynamics of g, and Py in response to an abrupt change in light, piecewise linear,
logistic, and exponential models have been frequently employed [25, 76-78]. For instance, in
terms of stomatal dynamics in time scales during closing (74) and opening phases (t,,),
significant variation insensitivity and responsiveness is known to exist among different species
[25, 32, 33]. As described above, when switching from high to low light, stomata always
performed a lag relative to photosynthetic reduction, and to simplify, linearizing imputation
between specific time period (stepwise) on photosynthetic dynamics could be a better option
to define the amplitude and speed of stomata. In Arabidopsis, Wang et al. [79] have developed
a dynamic model of stomatal responses, taking into consideration ion channel and kinetic
effects as components controlling g, under steady-state and dynamic conditions. This model
integrated the biophysical, molecular, and biochemical characteristics of guard cell transport,
malate metabolism, and H* and Ca?, to predict stomatal aperture, which can be used to explore
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inherent interaction between different factors controlling g, [79, 80]. This model provided a
good framework to incorporate new knowledge about controls over guard cell movements
and hence help design engineering options to gain optimal steady state g, and also optimal

dynamic responses of g, to light levels.
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Abstract

In this chapter, chlorophyll fluorescence in plant leaves of three genotypes of cotton
cultivated in Uzbekistan and characterized at different degrees of drought tolerance is
studied. The light and CO, responses of the chlorophyll fluorescence and the photosyn-
thesis and possible mechanisms of adaptation of plants to moderate long-term drought
are described. The chlorophyll fluorescence and various morpho-physiological
indicators of well-watered and moderately drought-stressed cotton plants have been
measured simultaneously over a long period of plant ontogenesis to establish direct
correlations between them to estimate the magnitude of drought effect using fluores-
cence parameters. It is shown that determination of such correlations and their
calibration by photoacoustic signals generated in plant leaves at application of low-
frequency-modulated light may be used for monitoring of the drought tolerance of crops
in the field.

Keywords: photosynthesis, chlorophyll fluorescence, cotton genotypes, drought effect

1. Introduction

Droughtis animportant environmental stress exerting a critical effect on plants that can reduce
their productivity, on average, up to 50% [1]. Approximately one third of Earth’s arable land all
over the world suffers from chronic water deficiency for agriculture and by various estima-
tions; in2050s, this area canbe doubled [2]. Particularly, in Central Asia, located mostly in desert
zones, the first-limiting factor of crop yield is water deficit and the agriculture can be prac-
ticed only with additionalirrigation. However, theirrational use of water resources of the region
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for cotton production in the past has lead to an excessive soil salinization and to the exhaus-
tion of its largest water resource —the Aral Sea. Therefore, revealing the adaptation potential of
local agricultural crops to water deficit and creating their drought-tolerant genotypes are an
important task: this would allow, in particular, to obtain higher cotton yield and quality in
conditions of limited water resources and to improve local environment by stopping desertifi-
cation of the region.

Creating drought-tolerant genotypes of agricultural crops is complicated because the lack of
systematic knowledge on physiological parameters reflecting the genetic potential for
improved productivity under conditions of water deficiency. The effect of drought stress on
the photosynthetic performance and drought-induced morpho-physiological, biochemical
and biophysical changes in various plant species have been extensively studied; stomatal and
non-stomatal limitations to photosynthesis, their role and possible mechanisms have been
suggested [3]. These studies have shown that photosynthetic performance is very informative
and sensitive indicator of stress effects of drought in plants.

Nowadays, the methods of chlorophyll fluorescence control along with the classical measure-
ments of photosynthesis based on gas-exchange analysis are widely used by agronomists in
monitoring of crops and their response to environmental stresses [4]. Revealing physical
characteristics of chlorophyll fluorescence in plant leaves and employing achievements in laser
physics, optoelectronics and computer technologies allowed developing a variety of efficient
experimental methods and easy to use devices for measuring such key fluorescence parame-
ters, as a maximal (saturated) and a minimal (dark) fluorescence, a prompt and a delayed
fluorescence, a kinetics of induction of chlorophyll fluorescence and their relationship with
quantitative indicators of photosynthesis in plants [5, 6]. These methods are fast, noninvasive
and estimate the photosynthetic performance of plants even under mid-day solar radiation,
and portable devices commercially manufactured on their basis determine the parameters of
plant photosynthetic performance with multiple replication of measurements and recording
the results in a memory for subsequent statistical processing using relevant computer pro-
grams [7, 8].

Here, the results of long-term effect’s study of drought on the chlorophyll fluorescence and
morpho-physiological indicators of cotton plants grown under field conditions are described.
Literature on researches concerning to mechanisms of stress effect of drought on photosyn-
thesis in plants are analyzed. The long-term effect of drought on cotton plants has been studied
during the key period of their ontogenesis — in flowering and maturing stages from last July
to last September by simultaneously measuring indicated parameters in well-watered and
moderately drought-stressed plants. Correlations between the chlorophyll fluorescence and
morpho-physiological indicators (leaf blade area and thickness, relative water content and
transpiration) have been defined in three genotypes of cotton with different degrees of drought
tolerance.

Comparative measurements of the operating quantum efficiency of photochemistry in
Photosystem II, @y, and its changes during the day time in well-watered and moderately
drought-stressed plants have shown that in contrary to the widely accepted idea on tight links
between ®pg; and the quantum efficiency of CO, uptake [9], and decline of photosynthesis in
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plants under drought stress [10, 11], the sustainable higher values of @pg; in drought-stressed
plants have been registered [12, 13]. It was also defined considerable changes in morpho-
physiological parameters under drought stress.

For better understanding of mechanisms of such an unexpected increase in the quantum
efficiency of primary photochemistry, the chlorophyll fluorescence was measured simultane-
ously with the gas-exchange analysis at different light intensities and CO, concentrations [14].
Drought-stressed plants displayed elevated rates of photorespiration playing a protective role
in conditions of water deficit, when plants can gradually adapt to such a stress, regulating
various phases of photosynthetic reactions.

The measurement of photoacoustic waves generated in plant leaves on application of a
modulated light simultaneously with the chlorophyll fluorescence allowed us to determine
quantitatively the magnitude of photosynthetic oxygen evolution. This has an especial
importance in the case of elevated photorespiration, when tight links between @pg; and the
quantum efficiency of the CO, uptake is broken. Photobaric component of the photoacoustic
waves at low-modulation frequencies (~10 Hz) originated in the photosynthetic oxygen
evolution process [15, 16], as quantitative indicator of the photosynthetic performance of
plants, may be used for the calibration of the values ®y; determined in chlorophyll fluores-
cence measurements.

In this way, the chlorophyll fluorescence parameters measured simultaneously with morpho-
physiological indicators of plants proposed for monitoring of the drought tolerance of various
cotton genotypes in the field that can be applied in the practice of a plant breeding.

2. Materials and methods

Three local genotypes of cotton (Gossypium hirsutum L.), Navbakhor, Liniya-49, and Gulsara
were grown on the two levels of irrigation: under well-watered and moderately drought-
stressed conditions [17] at the experimental cotton station of the Institute of Genetics and Plant
Experimental Biology, Uzbekistan Academy of Sciences, Tashkent (41°10°N, 69°07’E, 400 m
above sea level), in 2013-2014. All plants were sown on 10th April with the scheme of 90 cm
(distance between rows) x 20 cm (distance between plants) x 1 (amount of plants per hole).
Thousand plants of each genotype and water treatment were grown in 4 rows, 250 plants each.
During the entire period of ontogenesis, well-watered plants were irrigated 5 times: 1-before
flowering, 3-during flowering-maturing, and 1-in maturing stages, and the drought-stressed
plants-3 times: in the scheme 1—2—0. Thus, moderate drought stress was induced in the most
sensitive stage of cotton plants—in mass flowering-maturing period. During this period,
rainfall did not occur. All other growth conditions, including content of nutrients in soil, were
the same.

The chlorophyll fluorescence was measured in attached leaves by using portable chlorophyll
fluorometer Mini-PAM (Walz, Effeltrich, Germany) allowing up to 3000 measurements in the
field without battery recharging [7]. The Mini-PAM fluorometer measures the chlorophyll
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fluorescence parameters even under mid-day solar radiation by means of simultaneous
application of a CW measuring light and saturating light flashes. Measurements were carried
outin the early morning, from 7.00 to 8.00, on the third, matured leaves with 10-fold replication.
In most of the experiments, the operating quantum efficiency of primary photochemistry,
Dps=Fy | Fy'=(Fpy —Eg) | Fpy' (Fp —is amaximum and F¢'—a steady state levels of fluores-
cence at any arbitrary moment of a leaf illumination [18]), was determined as an indicator of
the photosynthetic performance. For calculation of this parameter, measurements of a dark
fluorescence and, consequently, dark adaptation of leaves were not a need [19, 20], which
essentially simplified field experiments. The maximum fluorescence was measured at appli-
cation of saturating light flashes with duration 0.8 s and photosynthetic photon flux density
(PPFD) 8000 pmol m? s™'. However, in some experiments, the photochemical quenching factor
gp=(Fp'~F )/ (F);'~F,) and the non-photochemical quenching NPQ=F,, /F,, -1, character-
izing efficiencies of photochemical utilization and non-photochemical losses of the absorbed
light energy accordingly, were also determined. The electron transport rate
ETR=®pg; x PAR%0.5xa was controlled as an indicator of activity of the photosynthetic

electron transport chain; here photosynthetic active radiation (PAR) is the solar radiation
intensity in spectral range 400-750 nm expressed as PPFD in pmol m? s?, and a is leaf
absorption. In general, it is assumed that o = 0.85 and a ratio PSII: PSI=1:1. PAR intensities
were controlled by portable luxometer Yu-116 with a dielectric multilayer filter filtering out
PAR from the whole solar radiation.

The gas-exchange measurements were carried out using photosynthesis analyzer LI-6400
(Licor, USA) at temperature 24°C [21]. The curves of CO, response were measured in leaves
of both water treatments by means of gradual lowering of the external CO, concentration, from
400 pmol mol™ to 0 pmol mol™ at PPFD 1000 pmol m? s, and the light response curves—at
ambient CO, concentration with step-by-step increasing of PPFD from 0 umol m? s to 2000
pmol m? s™. The light and CO, responses of the chlorophyll fluorescence and the photosyn-
thesis were measured after adaptation of leaves to each value of PPFD and CO, concentration
during 15 min. The operating values of the minimum fluorescence under continuous illumi-
nation during the measurements, F’,, were calculated according to [22] using the equation

Fo=Fo/(Fy | Fpr + Fo/Fpp):

Relative water content and transpiration of plant leaves were determined by their weighting
[23]. In addition, a leaf thickness and a leaf blade area were also measured in each cotton
genotype. For estimation of the magnitude and diurnal variations of photoinhibition, the
values of ®pg; have been consistently measured simultaneously in both well-watered and
drought-stressed plants every hour during 24 h.

Photoacoustic spectrometer of special design with ~1 cm® sample chamber having higher
sensitivity at low (10-250 Hz) frequencies of light modulation [24] has been used for measuring
photoacoustic characteristics of plant leaves. The sources of a CW measuring light and
saturating light flashes of the spectrometer were a semiconductor LED (650 nm, 20 mW) and
a halogen lamp (400-700 nm, 20 W) with a mechanical chopper, respectively. Intensity of the
measuring light was supported as 50-100 pmol m? s* and intensity of the saturating flashes
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did not exceed 2500 umol m? s?. The photobaric component was selected from the total
photoacoustic waves generated in a plant leaf at application of low-frequency (10 Hz)-
modulated light by recording quadrature signal from a lock-in amplifier [25].

3. Effect of drought to photosynthesis

Drought stress is primarily affected to photosynthetic performance of plants. The long-term
drought effect is expressed as reducing/delaying of a plant growth and development, prema-
ture leaf senescence, and related reduction in a crop productivity [26, 27]. The dispute, what,
mainly, limits photosynthesis under conditions of water deficiency: stomata closure or
impairment of the metabolism is long enough [28, 29], but in the past decade, closure of stomata
was perceived by experts as the predominant factor in mild and moderate drought stress [30].

The first response of a plant to onset of drought stress is the stomata closure and associated
reduction of the relative water content of leaves and intracellular CO, concentration, C; [3, 31].
This, in turn, causes decrease in a leaf turgor and a water potential [32]. In such a condition,
gas-exchange analysis in plant leaves would be an informative technique for assessment of
stomatal limitation to CO, assimilation.

Non-stomatal mechanisms of the photosynthesis limitation under long-term or severe drought
in the soil include changes in chlorophyll synthesis [33], structural changes in photosynthetic
apparatus and depressing the Calvin cycle enzymes activities, which reduces crop yield [34]
and decline in Rubisco activity [35, 36].

Short-term or mild drought-induced non-stomatal limitations to photosynthesis have smaller
magnitude than stomatal ones. Closure of stomata and limited access of CO, bring about
reduced utilization of the energy of electron transport, and, accordingly, over-excitation of the
plant photosynthetic apparatus. This, accordingly, increases the susceptibility of the system
to photo-damage. Accumulation of singlet oxygen or superoxide radicals, when a dynamic
balance between producing of such reactive substances and functioning of the plant antioxi-
dant defense system is broken, may cause destruction of photosynthetic proteins and mem-
brane lipids [37, 38].

Reduced rate of transpiration, especially at higher ambient temperatures, increases the heat
accumulation and relevant increase in leaf temperature. The latter can also cause decline of
the plant photosynthetic performance under drought [30].

A number of experiments have shown that the closure of stomata is controlled, mostly, by
reducing soil water content, but not leaf water status. This suggests response of stomata to a
chemical signal from roots, i.e. presence of abscisic acid produced by dehydrating roots, while
a leaf water status is constant [39, 40]. The same time it means that the efficient way to control
the stomatal conductance is to change the soil water content even preserving constant level of
leaf water status.

Activity of the photosynthetic electron transport chain is rigidly regulated by the availability
of CO, in the chloroplast, limited by closure of stomata under drought stress [41]. Leaf
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dehydration leads to shrinking of cells and accordingly reducing of their volume. This causes
an increase in the internal viscosity of the cell contents, and interaction between proteins and,
consequently, their aggregation and denaturation [42].

Comparison of the results from different studies is quite difficult due to the essential variations
in responses of the stomatal conductance and photosynthesis to changes of leaf water potential
and relative water content in different genotypes [3]. It is considered as well established that
drought-induced stomata closure declines the net photosynthesis in all plant species, though,
with different magnitudes. That is why comparative studies of the photosynthetic parameters
in different plant genotypes under drought stress may provide an important information
concerning to the photosynthetic performance and adaptation potential of plants to moderate
long-term drought.

Analysis of the chlorophyll fluorescence and photosynthesis in plant leaves has revealed that
in conditions favorable for photosynthesis, i.e. lack of environment stresses, at low light
intensities, etc. when alternative mechanisms of light energy utilization did not required, the
quantum efficiency of photochemistry is tightly linked with quantum efficiency of CO, fixation
[9], and the photosynthesis rate is not sensitive to mild under drought stress [10, 43]. In this
condition, photorespiration increases and its magnitude depends on the light intensity [44]. In
a number of researches, the reduction in ®pg; has been observed under long-term drought,
which has been attributed, mostly, to reducing of photochemistry and, in less extent, to
dissipative processes in the plant photosynthetic apparatus. However, in some other research-
es, the increasing @ has been observed in plants exposed to moderate long-term drought[12,
13]. Such contradiction in behavior of ®pg; may be explained by a heterogeneity of the
photosynthetic performance across the leaf blade [14, 45]. Thus, simultaneous analysis of
chlorophyll fluorescence and photosynthesis in plant leaves may reveal mechanisms and
magnitude of protective changes in plants under drought stress, and correlations between
changes in chlorophyll fluorescence parameters and morpho-physiological indicators,
traditionally used for estimation of drought tolerance of plants, may be used as an effective
instrument for monitoring of plants in the field.

4. Comparative measurements of @y, in different cotton genotypes

The operating quantum efficiency of photochemistry, ®pg;, has been determined simultane-
ously in well-watered and moderately drought-stressed plants of three genotypes of cotton
cultivated in Uzbekistan with the aim of estimating the magnitude of the effect of drought on
the photosynthetic performance and monitoring its changes during a key period of the
ontogenesis—in flowering and maturing stages from last July to last September [12, 46].
Figure 1 shows the results of this experiment. The dates of measurements are shown on the X-
axis. Stressed plants of all cotton genotypes display higher values of ®pg; in comparison with
well-watered plants. Moreover, in the drought-tolerant plants of Navbakhor, this increase was
maximal (up to 15% over the most period of measurements), while in Gulsara characterized
by lower drought tolerance, it was minimal (approximately 2%). And, in Liniya-49 having an
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Figure 1. The changes in @ in leaves of three genotypes of cotton: Navbakhor (a), Liniya-49—(b) and Gulsara—(c)
growing in well-watered (*) and moderately drought-stressed (O) conditions during a long period of their ontogene-
sis.

intermediate degree of drought tolerance had intermediate values for differences in ®pg,.
Irrigation of the drought-stressed plants on 10th September shortened this difference, though,
with different extent in different genotypes.

Measurements of morpho-physiological indicators in plants of all genotypes have demon-
strated considerable reduction in leaf relative water content and of leaf blade expansion and
increase in leaf thickness under long-term drought stress. These changes are presented in
Table 1. It is seen that in the most drought-tolerant cotton genotype Navbakhor, these changes
are maximal, and in Gulsara having lower drought tolerance, these are minimal. Correlations
between ®pg; and these morpho-physiological indicators have been defined in all three
genotypes, but with different extent. The last may be attributed to the possibility of other
protective reactions in plants affected to long-term drought stress [47].

Leaf transpiration was lower in drought-stressed plants than in well-watered plants of all
genotypes for 5-15% (not shown), which may be considered as typical for the field-grown
cotton plants [48]. However, diurnal changes in transpiration of plants were much more than
differences between two treatments, therefore reliable correlations between changes in the
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Morpho-physiological indicators Water treatment Cotton genotypes
Navbahor Liniya-49 Gulsara

Relative water content, % Well-watered 79.4 78.8 774
Drought-stressed 72.5 74.4 74.3
Percentage of the difference  8.7% 5.6% 5.0%

Leaf blade area, m? Well-watered 71.1 77.7 80.9
Drought-stressed 63.1 73.0 77.1
Percentage of the difference  11.3% 6.1% 4.7%

Relative leaf thickness, g m? Well-watered 0.853 0.974 0.987
Drought-stressed 0.981 1.09 1.052
Percentage of the difference ~ 15.0% 11.9% 6.6%

Table 1. Morpho-physiological indicators of the well-watered and moderately drought-stressed cotton genotypes.

transpiration and the chlorophyll fluorescence parameters under drought stress were not
established.

For determination of changes in the photosynthetic performance of plants under drought stress
and kinetics of photoinhibition over the day, the quantum efficiency of photochemistry has
been measured hourly during 24 h. Figure 2 shows such dependencies measured in well-
watered and drought-stressed plants of Navbakhor. As shown in previous figure, in the
drought-stressed plants, ®pg;; is higher than in well-watered plants during all the day, includ-
ing a night time. In addition, decline of ®pg; in mid-day in the drought-stressed plant is smaller
but occurs for longer time [12]. Such a photoinhibitory depression of the primary photochem-
istry under high-intensity solar radiation is characterized by various components with
different relaxation periods [49, 50]. Obviously, adaptive changes in the structure and func-
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Figure 2. Diurnal changes in ®pg; measured in leaves of the cotton genotype Navbakhor grown in well-watered ()
and moderately drought-stressed (0) conditions in the field.
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tioning of the plant photosynthetic apparatus under moderate long-term drought may bring
about depressing, mainly short-period, components of photoinhibition and its long-period
components will dominate in drought-stressed plants [51]. Such changes in the proportion of
different components of photoinhibition results in decreasing of the amplitude and reshaping
of the form of diurnal changes ®pq; as it is shown in Figure 2. It should be noted that difference
in values of ®@pg; measured in well-watered (0.34) and drought-stressed (0.48) plants at mid-
day, 0.14, is considerably higher than those in other periods of the day. This fact may be
considered as enhancing of photorespiration that may contribute in ®pg; only as a prompt
component.

Therefore, protective response of cotton plants to drought stress expressed in photosynthetic
indicators is the increase in quantum efficiency of primary photochemistry, in morphology is
the increase of leaf thickness with decreasing leaf blade expansion and in physiology is the
reduce in transpiration. If reduce in the leaf blade expansion and transpiration may be
explained logically by considerations of minimizing the moisture loss [47], increase of ®pgy
looks as somehow contradictory with the literature data: at the onset of drought stress, the
plant should response by reducing photosynthesis to protect the photosynthetic apparatus
[52]. At constant values of efficiency of alternative ways of energy utilization, this has to bring
about lower quantum efficiency of photochemistry. Then, the excessive energy of absorbed
light may be utilized by enhancing the activity of an alternative channel —photorespiration.
Lastly, in C3 plants could be significant, particularly in cotton, which typical growth conditions
are associated with higher temperatures and water deficiency. At present, protective role of
photorespiration under environmental stresses are poorly studied and published researches
on this matter is very minor [53].

Thus, cotton genotypes with different degrees of drought-tolerance studied displayed specific
changes in the chlorophyll fluorescence parameters, as well as in morpho-physiological
indicators under long-term drought stress. Diurnal curves of @y variations in well-watered
and moderately drought-stressed plants provide information on the magnitude and different
time components of photoinhibition developed under high-intensity solar radiation.

Photoacoustic waves generated in plant leaves at application of modulated light have been
studied for precise control of the photosynthetic performance and quantitative estimation of
the photosynthetic oxygen evolution. Photobaric component of the photoacoustic waves
related to photosynthetic evolution of oxygen has been measured in the photoacoustic cell of
special design with a small measuring chamber (~1 cm?) in lock-in amplifier by selecting
quadrature signal at low frequencies [15, 54]. Figure 3 shows kinetics of changes of the
photoacoustic signal from the well-watered (relative water content 100%) and short-term
dehydrated (relative water content 65%) leaves of the cotton genotype Navbakhor, generated
at application of low frequency (10 Hz) measuring light. It is shown from the figure that the
steady-state photoacoustic signal considerably declines at application of additional CW light
of high intensity (~2500 pmol m? s?) to plant leaf, which saturates photosynthetic oxygen
evolution process and, accordingly, excludes periodic changes of pressure in the measuring
chamber, which is the photobaric wave. Therefore, relative change in the photoacoustic signal
(ratio of amplitude of change to the total photoacoustic signal) may be used as a measure of
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Figure 3. Induction curves of the photoacoustic signal generated in leaves of the cotton genotype Navbakhor with rela-
tive water content 100% (a) and 65% (b). Arrows up and down show switching on and off, respectively, the measuring
(dashed arrows) and saturating (bolt arrows) lights.

the photosynthetic oxygen evolution. In experiments, before measuring photoacoustic signals,
the plantleaves were adapted to dark for 10 min. After reaching the steady-state photoacoustic
signal, the saturating CW light was applied, which causes decrease in the photoacoustic signal
for 0.82 (Figure 3a) in the well-watered leaf and for 0.50 (Figure 3b) in the dehydrated leaf.
Thus, the photoacoustic measurements have shown that photosynthetic oxygen evolution in
plant leaves depresses in short time water deficiency: decrease in the relative water content
for 45% causes decrease of photosynthetic activity 1.5 times. Simultaneous measurements of
Dy in these two samples displayed decline of the operative quantum efficiencies of photo-
chemistry in the same ratio (0.75:0.51). However, the advantage of photoacoustic measure-
ments is evident in the case of significant level of photorespiration in plant leaves, when direct
correlation between ®pg; and the net photosynthesis is disturbed (see the next section).

5. Simultaneous measurements of ETR and photosynthesis in well-
watered and moderately drought-stressed cotton plants

Electron transport rate (ETR) and photosynthesis in cotton plants of both water treatments
have been measured simultaneously for revealing the role and magnitude of alternative
channels for utilization of the energy of electron transport and obtaining new insights into
mechanisms of adaptation of the plant photosynthetic apparatus to long-term drought stress.
Indicated photosynthesis parameters have been determined at CO, concentrations 0—400 pmol
mol” under constant PPFD of 1000 pmol m? s and under PPFD of 0-2000 pumol m? s™ at
ambient CO, concentration in plants of genotype Navbakhor (Figure 4). It is seen that the rate
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Figure 4. Response of the photosynthesis, A, electron transport rate, ETR, and photorespiration, estimated as ETR/4-
Ag, to CO, concentration in leaves of the cotton genotype Navbakhor grown in well-watered (closed symbols) and
moderately drought-stressed (open symbols) conditions in the field.

of CO, assimilation (A¢) increases linearly with increase of intracellular CO, concentration, C,
while the dependence ETR versus C; is non-monotonic: sharp increase of ETR with increase of
CO, concentration at C; < 100 pmol mol”, further saturates on the level of ETR ~200 pumol m?
s'. The measurements were carried out in the field, early morning, from 7.00 to 8.00 at
temperature 22-24°C.

At higher light intensities and/or low CO, concentrations, the plant photosynthetic apparatus
cannot cope with the coming light energy and a portion of this energy has to be utilized through
alternative channels; photorespiration or some other processes, including Mehler reaction,
may play a role of a sink for electrons transported through the photosynthetic electron
transport chain [55]. In most of the cases, excluding severe drought stress, the photorespiration
considered as prevailing mechanism of utilization of such an excessive light energy [56]. The
magnitude of this energy utilization may be estimated by comparing ETR and photosynthesis.
Assuming that assimilation of one molecule CO, requires four electrons transported through
the chain, the amount of photorespiration may be defined by dividing ETR by four and
subtracting the photosynthesis [55]. By calculating this way, values of the photorespiration
rate are also presented in Figure 4: photorespiration increases sharply at low concentrations
up to 100 umol mol”, and further slowly drops with increase of CO, concentration. The fact
seems reasonable, because CO, is a product of photorespiration. Figure 4 shows that drought
stress noticeably increases ETR and slightly decreases the photosynthesis in cotton plant
leaves. As a result, the photorespiration in drought-stressed leaves calculated as above is
considerably higher than in well-watered plants, especially at higher CO, concentrations. In
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Water treatment Rp Dpepy
Drought-stressed 38+05 0.67 +0.023
Well-watered 52+0.6 0.62 +0.021

Table 2. “Dark”" respiration, R, and operating quantum efficiency of primary photochemistry in Photosystem II, ®pgy,
measured in leaves of well-watered and moderately drought-stressed cotton genotype Navbakhor.

addition, the effect of drought stress to “dark” respiration has been measured in plants of both
water treatments simultaneously with the quantum efficiency of primary photochemistry
(Table 2). The “dark” respiration, as an additional source of bioenergy necessary for supporting
vital biochemical reactions in plants, was considerably higher in drought-stressed plants. The
same occurred with the quantum efficiency of photochemistry, but with less magnitude.

The light response of ETR and photosynthesis measured in plants of Navbakhor of the two
treatments was similar to the CO, response (Figure 5). At low light intensities, most of the
energy from the electron transport is utilized in photochemical reactions, and with increasing
of light intensity, more and more portion of this energy is spent for photorespiration. However,
the increase in ETR induced by drought stress in light response was less expressed than that
in CO, response, particularly at higher intensities. Considerable variations of photosynthesis
in different replications comparable with its difference between the treatments may be
attributed to diurnal changes of stomatal conductance, g, which can induce relevant changes
in photosynthesis [57]. In view of tightly links between stomatal conductance and photosyn-
thesis, and efficiency of primary reactions of photosynthesis remains constant, the changes in
stomatal conductivity during the day may bring about considerable changes in photosynthesis
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Figure 5. Response of the photosynthesis, A, electron transport rate, ETR, and photorespiration, estimated as ETR/4-
Ag, to light intensity (PPFD) in leaves of the cotton genotype Navbakhor grown in well-watered (closed symbols) and
moderately drought-stressed (open symbols) conditions in the field.
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Figure 6. Light response of the chlorophyll fluorescence parameters: quantum efficiency of photochemistry in Photo-
system II, @pg;, photochemical quenching factor, g, and non-photochemical quenching, NPQ, in leaves of the cotton
genotype Navbakhor grown in well-watered (closed symbols) and moderately drought-stressed (open symbols) condi-
tions in the field.

[58]. In this case, the sum of photosynthesis and photorespiration, as measured using the ETR/
4, is not constant, but varies during the day.

In the Figure 6 are shown the light response of the three key fluorescence parameters, operating
quantum efficiency of photochemistry, ®pg;, photochemical quenching factor, g, and non-
photochemical quenching, NPQ, determined in leaves of well-watered and moderately
drought-stressed cotton genotype Navbakhor. As shown from the figure, at low and moderate
light intensities, PPFD < 800 pmol m? s, @y in drought-stressed plants was higher than in
well-watered plants, whereas g, was the same and near to its maximum. However, with
increase of light intensity, ®pg; and g, decrease with increments, which are higher in drought-
stressed plants. And finally, at PPFD > 800 umol m? s, both ®p; and g, become lower in
drought-stressed plants in comparison with well-watered plants. What concerns to NPQ, it is
negligibly low at low intensities in both treatments but increases rapidly at moderate and high
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intensities and under drought stress. So, increasing light intensity activates photosynthetic
performance of plants. At low and moderate intensities, when the plant photosynthetic
apparatus copes with coming light energy, the efficiency of photosynthetic conversion of light
energy is very high, when photochemical quenching factor is near to its maximum and non-
photochemical quenching is negligibly low. Long-term drought stress due to stomatal and
non-stomatal limitations to photosynthesis induces enhancement of photorespiration as an
alternative sink for transported electrons in reaction centers of photosynthesis. However,
further increase of light intensity increases non-photochemical quenching, and in drought-
stressed plants, it is higher than in well-watered ones. This causes faster decrease of ®pg; and
g, in drought-stressed plants.

Experiments with the measurement of chlorophyll fluorescence and the gas-exchange in
different cotton genotypes showed that under drought stress, CO, uptake slightly decreases,
while ETR increases considerably. Simultaneously measuring these two parameters of
photosynthesis allowed us to estimate the magnitude of photorespiration in the plant leaves,
assuming that changes in the ETR/4-A reflect the changes in photorespiration. Photorespira-
tion increases with increasing light intensity and decreasing CO, concentration. Moderate
drought stress noticeably increases the rate of photorespiration, which can be considered as a
characteristic response of C3 plants to a drought [44].

Leaves of drought-stressed cotton plants displayed higher ®pg; and photorespiration at low
and moderate light intensities, and non-photochemical quenching, NPQ, was stronger in
drought-stressed plant than that in well-watered one. Obviously, higher levels of photorespi-
ration in plant leaves during the drought stress exerts the “pressure” to the rate of electron
flow and makes Photosystem II to operate with higher efficiency.

6. Conclusion

The photosynthetic apparatus of plants supports higher performance of electron transport
chain through enhancement of quantum efficiency of photochemistry in Photosystem Il under
drought stress. The accumulated energy in this state of over-excitation may be utilized in
enhanced photorespiration. This protective reaction of the plant photosynthetic apparatus to
drought stress has different magnitude depending on its drought tolerance. Field measure-
ments of the chlorophyll fluorescence parameters simultaneously with morpho-physiological
indicators of the cotton genotypes studied have displayed direct correlations between these
parameters under drought stress. These correlations together with possible calibration of
chlorophyll fluorescence parameters by photoacoustic characteristics determined at applica-
tion of low-frequency-modulated light to plant leaves give new opportunities in monitoring
of drought tolerance of various cotton genotypes in the field.
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Abstract

Due to the low CO, concentration in seawater, macroalgae including Saccharina japonica
have developed mechanisms for using the abundant external pool of HCOj as an
exogenous inorganic carbon (C;) source. Otherwise, the high photosynthetic efficiency
of some macroalgae indicates that they might possess CO, concentrating mechanisms
(CCMs) to elevate CO, concentration intracellularly around the active site of ribu-
lose-1, 5-bisphosphate carboxylase/oxygenase (RuBisCo). As the photosynthetic modes
of macroalgae are diverse (C3, C4 or a combination of C3 and C4 pathway), CCMs in
different carbon fixation pathways should vary correspondingly. However, both in C3
and C4 pathways, carbonic anhydrase (CA) plays a key role by supplying either CO, to
RuBisCO or HCO; to PEPC. Over the past decade, although CA activities have been
detected in a number of macroalgae, genes of CA family, expression levels of CA genes
under different CO, concentrations, as well as subcellular location of each CA have been
rarely reported. Based on analysis the reported high-throughput sequencing data of S.
japonica, 12 CAs of S. japonica (SjCA) genes were obtained. Neighbor-Joining (NJ)
phylogenetic tree of SjCAs constructed using Mega6.0 and the subcellular location
prediction of each CA by WoLFPSORT are also conducted in this article.

Keywords: Macroalgae, Inorganic carbon uptake, C3 and C4 metabolism, Carbonic
anhydrase, Saccharina japonica

1. Introduction

Kelps demonstrate high photosynthetic rates. According to the reports, productivity of large
brown algae (e.g., Macrocystis, Laminaria, Ecklonia, Sargassum) ranges from 1000 to 3400 g m2yr
“IC or about 3300 to 11,300 g m2yr™ dry weight, and red algae show a similar range of produc-
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tion. Cultivated macroalgae can yield even higher values. The projected yield of cultivated
Laminaria japonica on an annualized basis is equivalent to 1300 t ha™ fresh weight or 6.5 times
the maximum projected yield for sugarcane, the most productive of land plants under cultiva-
tion. In general, 45% yield of the dry weight of plants is accounted by carbon, which is assimi-
lated in plant through Calvin cycle. The high productivities of kelps indicate their higher
photosynthetic efficiency than C4 terrestrial plants [1].

The enzyme ribulose-1, 5-bisphosphate carboxylase/oxygenase (RuBisCo) is crucial in CO,
assimilation. This bifunctional enzyme could catalyse the initial steps of photosynthetic carbon
reduction and photorespiratory carbon oxidation cycles by combining CO, and O, with
ribulose-1, 5-bisphosphate (RuBP) [2, 3]. RuBP carboxylation determines the net photosyn-
thetic efficiency of photoautotrophs [4]. However, RuBisCo has a surprisingly low affinity for
CO, and the oxygenase activity is intrinsic to RuBisCo. For kelps, the enzymatic efficiency of
RuBisCo is also limited by the low concentration and diffusion coefficient of CO, in seawater
[5]. At a natural pH of about 8, the major part of the dissolved inorganic carbon (DIC) is in the
form of bicarbonate (HCO3), and only about 12 uM is present as dissolved CO, [6], which is
much lower than the half-saturation constant (Ks) of RuBisCo for CO, ranges from 30 uM to
60 pM in marine macroalgae [7, 8]. To support photosynthesis and growth, seaweeds require
an exogenous inorganic carbon (C;), while only CO, and HCOj can be used as a CO, source for
photosynthesis. Due to the low CO, concentration in seawater, it is not surprising that most
seaweed have developed mechanisms for using the abundant external pool of HCO; as an
exogenous C; source [9-11]. And it seems likely that those macrophytes that are able to use
HCOj would possess advantages compared with that rely solely on diffusive CO, entry. Here
the question is how C; is absorbed, transported to supply high CO, concentration around
RuBisCo in kelps since unlike CO,, HCO; cannot diffuse through the lipid bilayer of the plasma
membrane [12] and the produced or absorbed CO, are readily leaked out due to the high
CO, permeability of cytomembrane. Otherwise, different models of photosynthesis such as
C3, C4 and CAM might employ different CCMs in kelps. Thus, this review mainly focuses on
the mechanisms of C; absorption, transportation and concentration mechanisms of multicel-
lular marine algae, including representatives of Chlorophyceae, Rhodophyceae and Phaeo-
phyceae with different photosynthetic types.

2. Photosynthetic modes of macroalgae

As with terrestrial angiosperms where a single family may possess species with divergent
photosynthetic modes [13], the marine macroalgal divisions also exhibit diversity. The
photosynthetic carbon fixation pathways of marine macrophytic algae generally follow that
of C3 plants [14]. However, for certain genera, a number of studies have shown photosynthesis
to possess C4-like photosynthetic characteristics, including the high phosphoenolpyruvate
carboxykinase (PEPCK) activity with low phosphoenolpyruvate carboxylase (PEPC) activity,
little photorespiration and the labelling of malate and aspartate as an early product of carbon
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fixation. Based on this, it has been suggested that these macroalgae are of the C4 type, or a
combination of C3 and C4, type [15-17], although Kremer and Kiippers [18] had contradicted
the decision whether a species is a C4 plant or not based only on chromatographic and
enzymatic analysis. In recent decades, our understanding of the possible metabolic pathways
of macroalgae has been extended with using the available sequencing resources and molecular
technologies and applying molecular approaches. Reiskind et al. [19] reported that a limited
C4-like system in the green alga Udotea with the high PEPCK activity and low PEPC activity
was a novel characteristic. Whereafter, Reiskind and Bowes [20] found that when PEPCK
activity was inhibited in vivo with 3-mercaptopicolinic acid, thallus photosynthesis was
decreased by 70% and the labelling of early photosynthetic products such as malate and
aspartate was reduced by 66% and thus provided new evidences for the existence of C4 acid
metabolism in this green alga. In contrast to Udotea, Codium, a macroalga closely related to
Udotea, exhibits gas exchange characteristics that resemble terrestrial C3 plants, and neither
C4 acids nor PEPCK plays a part in photosynthesis [19]. This demonstrates the diversity of
photosynthetic mechanisms in the Chlorophyta. Ulva, a common green seaweed, was previ-
ously reported as a typical C3 plant based on some biochemical evidences that 3-phosphogly-
ceric acid (3-PGA) was the main primary product formed photosynthetically and a high
RuBPcase/PEPcase ratio was found in it [21], while, recently, it was reported that Ulva
possessed rather comprehensive carbon fixation pathways including C3, C4 and CAM
mechanisms because key genes of enzymes involved in these photosynthetic modes were got
from the expressed sequence tag (EST) using Kyoto encyclopedia of genes and genomes
(KEGG,) [22]. Recently, C4-like carbon fixation pathway was also found in representatives of
Rhodophyceae and Phaeophyceae based on the analysis of ESTs or transcriptomes. In red
algae, Fan et al. [23] speculated that the sporophyte of Pyropia haitanensis most likely possesses
a C4-like carbon fixation pathway since genes of the key enzymes in the PCK-type C4 carbon-
fixation pathway were abundantly transcribed. Wang et al. [24] assumed that a C4-like carbon-
fixation pathway might play a special role in fixing inorganic CO, in Porphyra yezoensis with
the evidence that except pyruvate-phosphate dikinase all genes involved in C4-pathway were
discovered from the transcriptome. Xu et al. [25] had reported that PEPCK, an important
enzyme in carbon fixation in C4 plants, had very high activity in the sporophyte of L. japoni-
ca. Besides, haploid gametophytes and diploid sporophytes of some marine macroalgae with
dimorphiclife cycles might even employ different photosynthetic mode. Wang et al. [24] found
that both the RuBisCo content and the initial carboxylase activity were notably higher in
gametophytes than in the sporophytes of four seaweed species — P. yezoensis, P. haitanensis,
Bangia fuscopurpurea (Rhodophyte) and L. japonica (Phaeophyceae). They assumed that in the
sporophyte of these algae, the major carbon fixation pathway may be a C4-like carbon fixation
pathway, and thus a high abundance of RuBisCo would not be necessary for the sporophytes.
And for L. japonica, the higher RuBisCo content and activity in gametophyte was corresponding
to the lower photosynthetic rate, which implied there might be a greater difference between
sporophytes and gametophytes of this alga in their photosynthetic mode. Conclusively, the
existence of C4-like pathway in macroalgae has been verified using more evidence, while the
distribution between C3 and C4 pathways was unknown during growth of macroalgae with
comprehensive carbon fixation pathways including C3 and C4.
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In C3 and C4 metabolisms, CO, is the substrate of RuBisCo and assimilated through the Calvin
cycle. In this cycle, CO,, catalysed with RuBisCo, combines with RuBP to form two molecules
of 3-PGA. PGA is reduced to triose. RuBisCo, a bifunctional enzyme, may catalyse the
combination of RuBP and CO, for photosynthetic carbon reduction or may combine with O,
for C, photorespiration [3]. The ratio of CO, to O, around RuBisCo is a major factor for the
enzyme to choose the photosynthetic carbon reduction or C, photorespiration carbon oxidation
[26]. The low CO, concentration around RuBisCo may not only impose restrictions on
photosynthesis but also cause permanent light injuries to photosynthetic organelle [27-29].
The speciation of DIC (C)) is pH dependent. Above pH 4.5, the proportion occurring as CO,
(aq) decreases and HCOj increases, while above pH 8.3, the bicarbonate equivalence point, the
equilibrium begins to shift towards carbonate (CO3). In the upper layer of the oceans, HCO;
ions predominate, and the dissolved CO, represents only about 1% of the total dissolved
carbon with a concentration of about 21 uM [30]. The Km (CO,) value of RuBisCO is signifi-
cantly higher than this, having been reported as being as high as 200 uM in some cyanobacteria
[31]. To survive under the selective pressure of low CO, concentration, high permeability of
CO, for plasma membrane and low affinity of CO, for RuBisCo, many algae, including
macroalgae living in the subtidal zone, have evolved with inorganic CCM that allows them to
overcome this potentially limiting shortage of CO, [9, 32-36]. So, the productivity of most
macroalgae is not currently considered limited by DIC. Unlike terrestrial C4 plants possessing
Kranz anatomy to prevent futile recycling of CO, by segregating the initial carboxylation and
decarboxylation reactions in different cells, macroalgae concentrate CO, internally, which is
mediated by C; transporters at the plasma membrane or chloroplast envelope and CA. As for
carboxylases are different between C3 and C4 metabolism, C; acquisition, transportation and
concentration mechanisms might be diverse.

Based on a series of reports on the presence of CCM in blue-green algae and Chlamydomonas
(Chlamydomonas reinhardtii) and some other microalgae [37—40], Badger [41] reported that the
CCM of algae possess at least three functional elements: (1) the transportation of the C;
dissolved in seawater into cells in the form of CO, and/or HCOj; (2) the accumulation of the
C; in cells in the form of HCOj, forming pools of the dissolved C; and (3) the delivery of CO,
to the periphery of RuBisCo from such pools.

3. Inorganic carbon absorption mechanisms of macroalgae

The methods of CO, and/or HCOj; absorption of macroalgae cells (Figure 1) include the
following: (1) non-CCM macroalgae (that do not possess or use CCM) rely exclusively on
diffusive uptake of CO,, (2) CCM macroalgae uptake of C;, as CO, and/or HCOj via mechanisms
of the external carbonic anhydrase (CA,,,) mechanism, the anion exchange (AE) transport
mechanism, the plasma membrane associated with H*-ATPase mechanism and passive
transport of CO, by diffusion. In the first mechanism, HCOj in the periplasmic space is

converted to CO, at the presence of CA,,, an enzyme that is located in the cell wall in the

exts
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Figure 1. A schematic diagram on the photosynthetic carbon physiology of some macroalgae revised from [45].

majority of seaweeds and could be inhibited by the membrane impermeable acetazolamide
(AZ), and then the resulting CO, is readily taken into the cell by passive diffusion. This seems

to be the most prevalent for HCOj utilization among seaweeds [42, 43], but it may be non-

functional under high pH (>9.00) [44, 45]. The AE transport mechanism is HCOj direct uptake

through the AE protein in plasma membrane [11, 43, 46-48], which is 4,4'-diisothiocyano-
stilbene-2,2'-disulfonate (DIDS) sensitive. This operates equally well at pH 8.4 and 9.4 [44, 45].
H*-ATPase mechanism refers to a plasma membrane associated H*-ATPase pump that
extrudes the excess cellular H* to the outside of the plasma membrane facilitating a H* / HCO}
co-transportation or enhancement of the external uncatalysed dehydration of HCO; to CO, in
the periplasmic space [49]. However, this has only been reported in some Laminariales such
as S. latissima and L. digitata. Along with the uptake of CO, and/or HCO;, the internal charge
balance (OH/H*) will be absolutely changed. To maintain intracellular ion balance, macroal-
gae employ diverse strategies. In AE mechanism, the active transport of HCO; into the cell

might result in an outward flux of OH™ [50-53, 45] as this mechanism is involved in a one-for-
one exchange of anions across the plasma membrane. The OH" efflux can increase H* in the
cell [52]. To maintain the intracellular OH/H* balance, H* extrusion might be required. In
macroalgae possessing H*-ATPase mechanism, their plasma membrane associated with H*-
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ATPase pump might extrude excess cellular H* to the outside of the plasma membrane, while
in macroalgae that do not have H*-ATPase pump in their plasma membrane, the regulation of
intracellular ion balance might be related to a high activity of internal carbonic anhydrase
(CA,,), including the CA in cytoplasm, chloroplast stroma, thylakoid lumen and mitochondria
[45].

The extent to which marine macroalgae are able to acquire HCOj; for photosynthesis varies

among taxa and/or species, and the special strategies by which the alga acquire C,; is closely
related to habitat including pH and depth, conferring as adaptation advantage to the alga [9,
33, 36, 54-56]. Cornwall et al. [57] reported when light is low, CCM activity of macroalgae is
reduced in favour of diffusive CO, uptake and the proportion of non-CCM (diffusive uptake
of CO,) species increased with depth. Otherwise, pH might also control C; use by macroalgae.

In U. lactuca, the CA

normal pH conditions, whereas when they were grown at high pH, direct uptake of HCOj via

-mediated mechanism is the main method of HCOj utilization under

ext

a DIDS-sensitive mechanism can be induced [44]. Similar HCO; utilizing mechanisms were
found in another green macroalgae Enteromorpha intestinalis [54]. For the red alga Gracilaria
gaditana, the HCOj use is also carried out by the two DIC uptake mechanisms, in which the

indirect use of HCOj by an external CA activity being the main pathway and the potential

contribution to HCOj acquisition by the DIDS-sensitive AE mechanism was higher after

culturing at a high pH [58]. However, these two mechanisms do not occur simultaneously,
and the DIDS-sensitive mechanism is induced only under high pH. Solieria filiformis, another
red marine macroalgae, in which the general form of C; transported across the plasma

membrane is CO,, but HCO; acquisition takes place simultaneously between CA,,, mechanism
and direct uptake [59]. CA,,, mechanism is also the main pathway for DIC acquisition for the
species of Phaeophyta. S. latissima mainly uses CA,,, mechanism for HCOj absorption, since

when AZ isused to treat S. latissima, its photosynthetic efficiency drops by 80% [11]. Otherwise,
S. latissima also has a H*-ATPase mechanism, of which the proton pump may support the

antiport of H*/HCO; or the discharge of H, creating an acid environment in the periplasmic
space and causing the dehydration of HCOj into CO, with CA to quickly diffuse into cells [49].

Similar to S. latissima, L. digitata also has a CA,,; mechanism of absorbing HCO; and a P-H*-

ext

ATPase mechanism [49]. Gametophytes of Ectocarpus siliculosus utilize the CA,,, mechanism
and the HCO; transport protein [60] on the cell membrane to absorb HCOj;. Macrocystis

pyrifera utilizes the CA,,, mechanism and the AE protein mechanism to absorb HCOj, in which

the main mechanism of HCOj uptake is via AE protein and CA,,, contributes little [45]. For
Sargassum henslowianum, like most seaweed, the main Ci acquisition strategy is also CA,,,
metabolism, since its photosynthetic O, evolution could be drastically depressed by AZ at pH
8.1 (i.e., the normal seawater pH value) and at pH 9.0. And direct uptake for HCO; via DIDS-
sensitive AE protein mechanism was unlikely to be present in C; acquisition of this kelp,
because the photosynthesis in either blade or receptacle tissue of this alga was not affected by
DIDS [61]. For Hizikia fusiformis, CA.+ diffusive uptake of CO, could support its metabolic
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requirements sufficiently since there is no known other active C; transport mechanisms [62].
For S. japonica, Yue et al. [63] found that the C; absorption of the CA,,, mechanism in its juvenile
sporophytes accounts for 75% of the total C; absorption in algae cells, whereas free CO,
absorption accounts for 25% only.

Thus, the CA,
the utilization of the relatively abundant HCOj in seawater.

mechanism plays an important role in the CCM macroalgae absorption and

ext

4. C; transition process in CCMs of macroalgae

C; acquisition mechanisms are extensively studied and well-known in microalgae [44, 38]. For
instance, regardless of the C; form (CO, or HCO;) taken up by the microalga C. reinhardtii, HCO;

is the primary form accumulated into the cell to prevent CO, leakage [38]. In macroalgae, most
C, use processes are speculated based on some biochemical evidence. For C3 photosynthesis,
the CO, that entered the cytoplasm is transformed into HCOj; under the catalytic action of CA
in the cytoplasm and stored in the cytoplasm [38] to maintain the equilibrium of different forms
of C; and to regulate the pH value of the cytoplasm [26, 38]. The HCOj in the cytoplasm enters
the chloroplast stroma via the C; transport protein on the chloroplast membrane, and the

CO, in the cytoplasm directly enters the stroma via the chloroplast membrane. In diatom
Phaeodactylum tricornutum, genes with homology to bicarbonate transporters from SLC4 and

SLC6 families, two HCOj transporters studied thoroughly in human, were got from its genome
and one of these SLC4-type HCOj transporters has recently been confirmed to function as a
Na*-dependent HCO; transporter on the outer membrane [64, 65]. However, the molecular

nature of HCO; transporters of macroalgae is unknown now, and their similarity to those found

in diatoms is uncertain. The transportation of C; from the cytoplasm to the chloroplast is the
major C; flux in the cell and the primary driving force for the CCM. This flux drives the
accumulation of C; in the chloroplast stroma and generates a CO, deficit in the cytoplasm,
inducing CO, influx into the cell. Given that the pH value of the chloroplast stroma is closer

to 8, the stroma C; is mostly enriched in the form of HCO;, forming C; pools [66]. In macroalgae,
which have pyrenoids, HCOj is putatively carried into the thylakoid by the C; transport protein

on the thylakoid membrane, forming CO, in the thylakoid space under the catalytic action of
thylakoid CA [67, 68]. The thylakoid membrane partially sinks into the pyrenoids [69], where
the diffused CO, is quickly fixed by the RuBisCo in the pyrenoids. The diffused CO, from the
thylakoid space outside the pyrenoids or the unfixed CO, leaked from the pyrenoids is

transformed into HCOj; under the action of CA in the starch sheath on the periphery of the
pyrenoid, thus increasing the number of HCO; pools in the matrix [70]. For macroalgae without
pyrenoids, such as L. japonica, HCO; entered the chloroplast stroma after being dehydrated

under the action of chloroplast stroma CA and provided CO, for the RuBisCo in the matrix
(Figure 1).
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For C4 photosynthesis, CA is required to convert CO, to HCO; in the cytosol, and thus supply

PEPC with substrate. HCOj will be fixed into malate. For non-PEPC algae with PEPCK, the
CO, entering the cytoplasm will be directly fixed in the form of four-carbon acid [71]. The
produced four-carbon acid may be transported into the mitochondria, forming pyruvate after
decarboxylation and CO, release, which is fixed in the form of carbohydrate in the Calvin cycle.
In fact, the presence of CA in C4 plants has been suggested to accelerate the rate of photosyn-
thesis in C4 plants 10*-fold over what it would be if this enzyme were absent [72].

In conclusion, CA (CA_+CA,,) is essential for the reversible HCO;-CO, conversion both in
the cell and in the periplasm. They participate in photosynthesis by supplying either CO, to
RuBisCO or HCO; to PEPC for C4 type.

5. Carbonic anhydrase

CAs are metalloenzymes that catalyse the reversible interconversion of CO, and HCO; [73].

They are encoded by six evolutionary divergent gene families and the corresponding enzymes
are designated as o, 3, v, 0, € and (-CA [39]. These six types of CAs share no sequence similarity
in their primary amino acid sequences and seem to have evolved independently [26, 74]. In
macroalgae, almost all known CAs belong to o, 3 and vy classes, with the {3 class predominating
[26, 39]. The , € and C classes of CA are found only in some diatoms [75], bacteria [76] and
marine protists [77, 78]. The active site of CA contains a zinc ion (Zn*), which plays a critical
role in the catalytic activity of the enzyme. The C and vy classes of CAs represent exceptions to
this rule since they can use cadmium (), iron (y) or cobalt (y) as cofactors [79-81]. CA plays
an important role in photosynthesis by supplying either CO, to RuBPCO or HCO; to PEPC.
They also participate in some other physiological reactions such as respiration, pH homeosta-
sis, ion transport and catalysis of key steps in the pathways for the biosynthesis of physiolog-
ically important metabolites [41]. The CA synthesis in the cytoplasm [82] is located in the
periplasmic space, mitochondria, chloroplast stroma and chloroplast thylakoid lumen,
carboxysome and pyrenoid [66, 70, 83, 84]. Different subcellular localizations make different
CA functions in CCM. Periplasmic CA (CA,,,) can catalyse the conversion of HCO; into CO,

to promote the diffusion of CO, at the cell surface across the plasma membrane [85, 86].
Therefore, CA_,, has been postulated to be part of the CCM in most macroalgae. The cytoplasm

CA stores Ci in the form of HCO;j to avoid leakage of CO, and to regulate the pH value of

ext

cytoplasm by maintaining the equilibrium of different forms of Ci, which is important for algal
CCM [39]. CAs on the chloroplast membrane and in the stroma mainly provide CO, for
RuBisCo [26, 38, 87]. In cyanobacteria, CAs in the carboxysomal shell function to convert

accumulated HCOj; into CO, and pass it to RuBisCo inside the cytoxysome [88]. CA in the

thylakoid lumen was proposed to function to create an efficient CO, supply to RuBisCo by
taking advantage of the acidity of the lumenal compartment [69]. Stromal CA is also thought

to operate by converting leaking CO, into HCO; [70]. Recently, data provided by various
genome sequencing studies have revealed the multiplicity of CA isoforms in algae. For
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example, in the model microalga C. reinhardtii, there are at least 12 genes that encode CA
isoforms, including three a, six 3 and three y or y-like CAs [39]. For marine diatom, nine and
thirteen CA sequences were found in the genomes of P. tricornutum and Thalassiosira pseudo-
nana, respectively [89]. P. tricornutum contains two 3-CA genes, five a and two y CA genes,
whereas T. pseudonana has three a-, five y-, four d- and one (-CA genes [89]. As for macroalgae,
CA genes have only been reported in few species. Six full-length CA of P. haitanensis (PhCA)
genes were reported, which include two a-CAs, three 3-CAs and one y-CA [90]. Besides, one
B-CA and one a-CA were reported in P. yezoensis [91] and S. japonica [92, 93]. Otherwise,
although the activity of CA,,, and CA;, has been detected in many macroalgae, the subcellular
localization and functions of CA,,, and CA,,, remain unclear [71, 93].

and CA,

int

Conclusively, CAs, including CA, (Figure 1), play an important role in the trans-
portation or concentration process of the C;. And as for C3 and C4 metablisms have different
carboxylase, CAs might play different roles in CCMs of macroalgae with different photosyn-
thetic mode. Thus, isolating of the CA genes, studies on their expression levels in different
CO, concentrations, in different life phase, and under different environmental stress, as well
as studies on subcellular locations of CAs should be conducted in macroalgae to help reveal
their Ci assimilation processes.

6. Studies of S. japonica CCM

S. japonica is an economically important brown seaweed. It has been cultivated extensively for
food and industrial alginate in East Asia, such as in China, Japan and South Korea. China is
by far the largest producer, and in 2009, its production in China rose sharply to 4.14x10° kg
wet weight [94], accounting for approximately 80% of the global production, over several
decades. This has been attributed to both its large-scale farming and high kelp yield per unit
area. Production of this kelp in China under natural conditions is within the range of 3,300 to
11,300 g dry matter m™ year™, whereas that under artificial conditions is higher [1]. For
example, its production during the 7-month cultivation is 15,000 g dry matter m™ area
(equivalent to 150 t per ha), which is 2.8 times higher than the maximum productivity of
sugarcane in the United States (fresh weight about 95 t per ha-year) [1], which indicates that
S. japonica has higher photosynthetic efficiency than sugarcane and other C4 plants. In fact, the
photosynthetic efficiency of macroalgae (e.g., kelp) is 6%—8%, which is 1.8%—2.2% higher than
that of land plants [95]. In seawater, the dominant species of Ci is HCOj [11]. Since there is a
fairly high photosynthetic rate in these kelps [34], a CCM involving an efficient HCO;
utilization mechanism is expected to exist. Indeed, 75% of the total C; absorption in the juvenile
sporophytes of this kelp is via the CA,,, mechanism [63], whereas CO, diffusion accounts for
25% only. By analysis of genome annotation data of S. japonica [96], all the essential genes
related to C3-pathway (23 unigenes) were discovered (Table 1), which provided the unequiv-
ocal molecular evidence that there existed C3-pathway in S. japonica. Otherwise, 16 enzyme-
encoding unigenes involved in C4-pathway were found, covering almost all enzymes needed
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for C4-carbon fixation except the malic enzyme (Table 1). The results helped us to understand

the carbon fixation process of this species.

Photosynthesis modes Enzyme names Unigenes
C3-pathway 23
Glyceraldehyde-3-phosphate dehydrogenase (phosphorylating) (GAPDH) 4
Transketolase 1
Phosphoribulokinase 2
Phosphoglycerate kinase (PGK) 5
Fructose-1,6-bisphosphatase (FBPase) 1
Sedoheptulose-bisphosphatase (SBPase) 3
Fructose-bisphosphate aldolase 1
Ribulose-phosphate 3-epimerase 2
Triose-phosphate isomerase (TIM) 1
Ribose-5-phosphate isomerase 1
Ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCo), small 1
Ribulose-1,5-bisphosphate carboxylase/oxygenase(RuBisCo), large 1
C4-pathway 16
Malate dehydrogenase 4
Aspartate aminotransferase (AST) 4
Pyruvate kinase 4
Phosphoenolpyruvate carboxylase (PEPC) 1
Phosphoenolpyruvate carboxykinase (PEPCK) 1
Pyruvate phosphate dikinase 1
Arginine/alanine aminopeptidase 1
Total 39

Table 1. Statistics of C3/C4-pathway related enzymes of S. japonica.

Considering CAs play key roles in CCMs of macroalgae, it is important to determine the

numbers and characterizations of CA genes of S. japonica. Herein, based on unigene sequences

[96], the high-throughput sequencing data of S. japonica [97, 98] and S. latissima [99], as well as

combined with the preparatory work of our group [92, 93], 12 CAs of S. japonica (SjCA) genes

were obtained. Among them, we have cloned the full-length complementary DNA (cDNA)
sequences of SjaCA1, SjCA1 and SjfCA2 using rapid amplification of cDNA ends, which are
2804 [94], 1291 and 1261 nucleotides, respectively. The encoded proteins were 290, 314 and 307
amino acids. For further analysis the gene subtypes of CAs, a phylogenetic tree was constructed
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Figure 2. Phylogenetic tree constructed using SjCA amino acid sequences.

by using the neighbour-joining algorithm of the MEGA6.0 software [100] with Poisson
correction and pairwise deletion parameters. A total of 1000 bootstrap replicates were
performed. On the basis of conserved motifs and phylogenetic tree analysis (Figure 2), the
S5jCAs were divided into three CA classes: from SjaCAl to SjaCA7 are a-CA; SjpCA1l and
SjBCA2 are B-CA; SjyCAl, SjyCA2 and SjyCA3 are y-CA. Among them, only one a-CA
(SjaCA1) has been localized in the chloroplast and thylakoid membrane of the gametocytes of
S. japonica under immunogold electron microscopy [93]. To get a general idea of functions of
each SjCA, herein, the subcellular localizations of SjCAs were predicted using WoLFPSORT
(http://www.genscript.com/wolf-psort.html). Based on the predicted results (Table 2), SjaCA2
might be an external CA and exist in periplasmic space, SjaCA3; SjaCA4, SjaCA6, SjaCA7
and SjyCA1 might be cytoplasmic CA; S5jaCA5, SjfCA2 and SjyCA2 might present in mito-
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chondria; SjCA1 and SjyCA3 might exist in chloroplasts. However, most of the SjCAs’
subcellular localizations are predicted, which need to be verified by further studies. Otherwise,
sporophyte and gametophyte of this kelp might employ different carbon fixation process since
the content and activity of RuBisCo enzyme in gametophyte are significantly higher than those
in sporophyte implying they may have different types of photosynthetic metabolism [24]. As
for CA might play different role in CCMs of C3 and C4 pathway, full-length cDNA as well as
DNA sequences of each SjCA should be cloned from sporophytes and gametophytes of this
kelp in the future studies. CA gene expression levels under different CO, concentrations and
the subcellular location of each CA should also be conducted to help reveal C; assimilation
process of S japonica.

Enzyme GeneID* AAno. Fulllength (Y/N) Subcellular location prediction
SjaCA1  JF827608 290 Y Chloroplast and thylakoid membrane [93]
SjaCA2  SJ07762 205 N Secreted

SjaCA3  SJ07765 160 N Cytoplasmic

SjaCA4  §J13238 151 N Cytoplasmic

SjaCA5  SJ13240 294 N Mitochondrial inner membrane
SjaCA6  SJ18135 257 N Cytoplasmic

SjaCA7  §J18141 189 N Cytoplasmic

SjpCA1  SJ12311 314 Y Chloroplast thylakoid membrane
SjpCA2  SJ17783 307 Y Mitochondrial

SjyCA1  SJ07587 305 N Cytoplasmic

SjyCA2  SJ22175 161 N Mitochondrial

SjyCA3  §J21158 246 N Chloroplast

Abbreviation: AA, amino acid.
2 JF827608 is the NCBI gene accession number; ‘SJ” in the table stands for the gene IDs for S. japonica.

Table 2. Prediction of subcellular locations of SjCAs.

The completion of the CCM modelling of sporophyte and gametophyte in S. japonica will give
a solid foundation for further exploring its highly efficient photosynthetic mechanism. In
addition, conducting studies on the inorganic carbon metabolism of macroalgae is of positive
significance on developing the biomass energy from kelp and other algae and slowing down
seawater acidification and global warming.
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Abstract

Islets of Langerhans implantation is a viable method to treat type I diabetes. Unfortu-
nately, during islets isolation their vascular system is disrupted, and they need external
supply of oxygen and other nutrients. A photosynthetic bioartificial device was
constructed to support the oxygen consumption of the islets and to treat type I diabetes.
The bioartificial device is built in layers where the core is an illumination module
composed of a LED array and a light guide. The next layer is immobilized photosyn-
thetic organism (Synechococcus lividus). An oxygen-permeable silicon/Teflon mem-
brane separates the photosynthetic layer from the islets of Langerhans layer. This layer
is protected from the immune system of the body by a porous Teflon membrane. The
device is powered by batteries that supply electricity to a LED array. The oxygen
produced by S. lividus is consumed by implanted islets of Langerhans that produce
insulin and allow the reversal of diabetes in the patient. In this chapter, we demon-
strate the ability of S. lividus to produce oxygen after being implanted for prolonged
periods and eventually the ability of the device containing S. lividus and the islets of
Langerhans to reverse diabetes for 10 days. To achieve this task, we developed
improved media to grow cyanobacteria and, inter alia, developed a method to disperse

light uniformly and in very short distances.

Keywords: Bioartificial device, Cyanobacteria, Diabetes, Implanted islets of Langer-

hans, Synechococcus lividus
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1. Introduction

Type I diabetes (T1D) is a severe disease resulting from the destruction of the beta cells in the
islets of Langerhans (islets) residing in the pancreas. The loss of beta cells leads to lack of insulin
and increased glucose levels in the blood (hyperglycemia). If untreated, TID 1 leads to
permanent damage to small blood vessels which in turn causes blindness, kidney failure, heart
failure and eventually premature death [1,2]. Even when treated with external insulin, blood
glucose levels are not stable and fluctuate according to eating habits and insulin administra-
tion. On the other hand, too much insulin can cause a dangerous drop in the blood glucose
level (hypoglycaemia), which leads to confusion, loss of conscience and, if not immediately
treated, sudden death.

Great efforts are made to develop a “closed loop” insulin pump that will secrete insulin when
needed (after a meal) and sense the glucose level in order to stop secretion when glucose levels
drop to normal levels. Islet implantation is another successful approach that utilizes donor's
islets isolated from the pancreas to replace the missing islets of the patient. This approach,
although promising, faces several obstacles that decrease its feasibility.

1. Harvesting of the islets from the donor pancreas is performed by enzymatic process,
completely disrupting the blood vessels to the islets. As a result, all nutrients supply and
insulin secretion from the islet rely on slow diffusion mechanism. The solubility of oxygen
inblood fluid is low and its consumption is high. Therefore, it is the first nutrient becoming
the limiting factor and it must be supplied [3].

2. Donor islets will be rejected by the immune system of the host, and therefore, constant
harmful immune suppression drugs are needed [4,5].

To approach these two fundamental problems, Beta-O2 Technologies had designed implant-
able flat geometry device containing islets that were supplied with oxygen by immobilized
and illuminated cyanobacteria. The implanted islets are partly protected from the attack of the
immune system by a porous Teflon membrane. Photosynthesis was the source of the supply
of oxygen, which is the focus of this chapter . Indeed, the designed device termed bioartificial
pancreas contains battery-powered illumination module, photosynthetic organisms that
produce oxygen and islets that produce insulin upon demand.

To create this “science fiction” bio-artificial pancreas device, a multidisciplinary approach was
needed involving optics, material science, diffusion models, plant and islet biochemistry and
other fields.

2. The construction of the photosynthetic bioartificial pancreas

A. To construct such a complex device, several requirements had to be set:

1. The device must be as compact as possible to reduce the trauma after implantation.
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2. The batteries driving the operation of the device should last at least one month for
the proof of concept.

3. The power unit (batteries) must be separated from the bioreactor to decrease the
immune response against foreign body, which depends upon size.

4. The light distribution must be even in all the active areas to ensure uniform oxygen
production.

5. All materials exposed to body fluids must be biocompatible to provoke minimum
response of the immune system.

6. The photosynthetic organism must be functional in body temperatures and withstand
immobilization in the device and implantation conditions. It must also be spread even
so that oxygen production will be uniform, constant and in direct contact with the
islets.

7. There should be no hindrance in the diffusion of the oxygen from the oxygen
producers to the oxygen consumers — the islets.

8. The islets must be active insulin producers and must be spread and immobilized
evenly in the device to maximize diffusion quality.

9. The device must be protected from the body’s immune system.
10. The electrical parts of the device must be completely insulated from fluid penetration.
The selection of the photosynthetic organism

The constraints: The aim of the photosynthetic organism in this system is producing
oxygen for the islets. Body temperature is too high for most photosynthetic organisms.
The organism has to withstand temperatures between 37 and 42°C. Since the organism
has to be embedded in aqueous matrix or hydrogel, microalgae were the organism of
choice. Indeed, the first work showing the beneficial effect of photosynthetic oxygen
production on insulin secretion was conducted with the green algae Chiorella [6], but it
was an in vitro study. Very few green algae can survive and be active at 37°C, and fewer
still can withstand the much higher temperatures needed for immobilization in agarose.
Therefore, we chose to introduce thermophilic cyanobacteria. Cyanobacteria are the first
photosynthetic oxygen-evolving organisms on earth, and during the 3.5 billion years of
their existence they adapted to any environment containing light, humidity and few
minerals. Many cyanobacteria species grow at relatively low illumination, can survive
hard conditions and still grow and produce oxygen. Several members of this large group
of organisms live in proximity to geysers at temperatures reaching 70°C [7]. We chose to
use Synechococcus lividus (S. lividus), a unicellular cyanobacteria found in hot springs in
Yellowstone National Park, USA [8]. This strain was obtained from the Pasteur culture
collection (PCC6717). PCC 6717 has an optimum growth at 52-57°C but grows well also
Between 37°C and 42°C. To acclimate the S. lividus to body temperatures, it was grown
for 10 generations in liquid culture at 40°C before being taken for immobilization in the
device. Its oxygen production characteristics were checked prior to immobilization and
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were shown to be stable. In nature (Figure 1), S. lividus creates bacterial mats with other
organisms. Therefore, it is used to survive and function in the immobilized state. Occa-
sionally, S. lividus will be termed algae for convenience, especially with relation to the
device.

Figure 1. Bacterial mat containing thermophile cyanobacteria. A slice of bacterial mat (right) from Octopus
spring (left) in Yellowstone National Park, USA. On top there is a layer of (mostly) cyanobacteria. Right panel
is a picture by Prof. David M. Ward (October 13, 2008, by Charles Fergus, Penn State News).

C. The choice of growth medium for S. lividus: How much is good enough?

The cyanobacteria are enclosed within a silicon box to be protected from the host's immune
system. All gas exchange (uptake of CO, and secretion of O,) are performed via the silicon
membrane. Therefore, all nutrients must be supplied within the silicon box for the period
of implantation. This poses two problems:1. The osmolality of the BG-11 medium which
is the standard medium for the growth of cyanobacteria is about 40 mOsmol/l of water,
compared with 275-295 mOsmol/l of body liquid. To equilibrate the osmolalities, water
molecules as vapor will escape the algae medium, leading to drying of the algae com-
partment. 2. BG 11 medium can support cyanobacterial growth when the medium is
changed frequently, but cannot support long-term growth or photosynthesis without
frequent changes of the medium. In the design of the bioartificial pancreas, the first
milestone was to show treatment of diabetes for a month supported by oxygen produced
by the cyanobacteria. It was difficult to obtain such a performance of the cyanobacteria
based on BG-11, so efforts were made to improve the medium in order to extend its ability
to support the photosynthetic activity of S. lividus. After several futile efforts of elevating
individual components of the medium, the overall BG-11 concentration was increased.
Surprisingly, increasing the BG-11 medium concentration 5 to 7-fold resulted in a 3-fold
increase of the S. lividus cell density (Fig. 2B). This result indicates that BG-11x5-7 is a
superior medium for the growth of S. lividus in solution, compared to BG-11. Also, since
the osmolarity was increased it resembles that of body fluids, so no water loss from the
algae compartment is anticipated. These findings enabled the use of medium that can
support a long-term oxygen production by the S. lividus under the conditions set in the
bio-artificial pancreas. It was later shown that indeed, S. lividus immobilized and im-
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planted with BG-11x5 developed much better than S. lividus implanted in the original
BG-11, produced higher oxygen amounts and maintained its volume under immobilized
conditions.
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Figure 2. Dependence of bacterial growth on BG-11 concentration. Panel A: Dependence of S. lividus culture
growth on the BG-11 concentration over time. Panel B illustrates the maximum concentration each culture
has reached. Each result is the average of at least three experiments, apart of BG-11x2 that was tried only once.
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Figure 3. The oxygen measurement setup of the bioartificial pancreas. A device containing algae only (S.
lividus) immobilized in agarose plus BG-11x5 was placed in a home-made oxygen measurement cell where a
Clark-type oxygen microelectrode is inserted (Panel A). S. lividus is illuminated by a LED array as described
later. The device was kept in vitro under identical conditions to the implanted device and tested periodically
(Panel B) for oxygen production.
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As shown in Figure 3B, the oxygen production did not diminish, but actually improved
during the one month the device was tested. The BG-11 concentration in this device was
BG-11x5.

The ability of the media with elevated BG-11 concentrations to support oxygen production
in the device was shown both before and after implantation. It was shown that S. lividus
alone was able to produce oxygen that will diffuse into the islets of Langerhans compart-
ment and will allow the islets to function properly. As can be seen in Figure 4, an oxygen
electrode isinserted into the islet part of the bioartificial pancreas. The deeper the electrode
penetrates into the islet slab and gets closer to the S. lividus chamber, the higher is the
oxygen concentration. The oxygen levels detected can supportislet activity at any location
and depth of the electrode.
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Figure 4. Measurement of the O, gradient in the islet slab in the device. Panel A: Device with oxygen
electrode. Oxygen microelectrode was inserted by a micromanipulator at increments of 0.1mm into the islet
slab with a thickness of 0.6 mm. Panel B: The O, concentration as a function of illumination and location of
the oxygen electrode. At the start of the test, the electrode tip is located at the surface of the islet slab, the
furthest point from the O, source. The light is turned off and the oxygen is consumed (concentration drops).
The light is turned on leading to balanced O, concentration. Under illumination the electrode is inserted into
the islet slab at 0.Imm increments, leading to a gradual increase in O, concentration The horizontal line
indicates the O, concetration sufficient to support the islet's O, consumption.
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D. The illumination requirements for growth and oxygen production: the struggle for
homogeneous light
The cyanobacteria were chosen for their ability to produce oxygen even at very low light
intensities, below 1 pE/m?/s. Since the device operates on batteries, the longer the batteries

Last, the longer the device would work. The milestone was achieving normoglycemia for
one month in diabetic rats, and for that time span the batteries should hold. The light
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Figure 5. Compensation between oxygen production by S. lividus and oxygen consumption by the islets. Panel
A. Schematic view of the oxygen measurement setup of the full device. Panel B. Measuring the oxygen
production rate of S. lividus (cyanobacteria) plus the islets in order to determine the light intensity required
for achieving the compensation point of the device. 1,200 islets of Langerhans, each consuming 2.5-3 pmole/
min O,, were embedded in alginate and placed on top of the S. lividus slab. Light intensity of 7uE/m?/s was
needed to reach the compensation point. The insert (600 islets) demonstrates that compensation point is
reached with light intensity (3.9uE/m?*/s) which is half the light intensity needed for reaching the compensation

point with 1,200 islets.



142 Applied Photosynthesis - New Progress

intensity needs to be such that it allows S. lividus to produce enough oxygen for the
consumption of the islets. Therefore, the oxygen production should be equal to the oxygen
consumption by the islets, what we termed the compensation point of the device
(Figure 5B).

Higher intensities cause excess oxygen production that can lead to oxidative stress for
both S. lividus and the implanted islets. Also, over-illumination causes loss of battery
power and early termination of the trial.

Light quality: After checking several LED types with different wavelengths, 660nm
wavelength was chosen since it is absorbed well by chlorophyll. It proved best both for
oxygen evolution and also was electrically most efficient. (E=hC/A, where E is the energy,
h is Planck's constant, C is the speed of light and A is the wavelength. The longer the
wavelength, the lower is the energy of the photon, and the electric energy needed for its
production.). The second, more formidable task was to disperse the light as much as
possible when it enters the S. lividus chamber. The reasons for that are: the direct result of
the illumination is oxygen production from S. lividus. We need the oxygen production to
be uniform at all parts of the algae compartment because the oxygen diffuses directly to
the islets compartment. The islets, too, need the oxygen in the most even manner, so as
not to have parts with too little oxygen that will lead to islet necrosis. On the other hand,
too high intensity will lead to oxidative stress, followed by bleaching of the cyanobacteria.
At such short distance of less than a millimetre, it is extremely hard to disperse the LED
light uniformly. Early attempts (Figure 6) show non-uniform growth of S. lividus as a result
of exposure to non-uniform light.

gnt aistnpution in the algae
compartment Slab removed from a device after 60 days

Figure 6. Correlation between light distribution in the device and S. lividus growth Left: The LED array on
which the immobilized S. lividus was implanted Right: an agarose slab of S. lividus implanted in a rat for 60
days on a LED array.

To achieve uniform light source we constructed a LED light guide that allows light
dispersion (patent no.) and uniform light to the S. lividus compartment (Figure 7).
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Figure 7. The bioreactor light guide Panel A. the LED operated light guide Panel B: S. lividus immobilized
in agarose slab, illuminated by the light guide. The blue colour is an artefact of the camera.

The immobilization of the organism: several approaches

To avoid coalescence of both organisms, the islets and the cyanobacteria have to be
separated from each other. We used hydrogels for immobilization. Two general methods
were used to immobilize the unicellular S. lividus in the device. The first one was immo-
bilization in alginate. Alginate is a polysaccharide extracted from brown algae (kelp). It
provides flexibility and strength for the kelp to withstand the ocean currents and waves
without breaking or tearing. It is provided as a viscous liquid similar to glycerol, which
solidifies rapidly upon exposure to divalent ions, like calcium ions. We used it in the first
devices, but stopped when we started to inject the algae with its immobilizer into a closed
compartment. It was impossible to inject the alginate because of its high viscosity.
Therefore, we decided to use agarose as the immobilizer. The fact that we use thermophile
cyanobacteria helped to mix S. lividus with the liquid agarose brought to 50°C and inject
itinto the device under sterile conditions. For immobilization of the islets we used alginate,
and cross-linked it with strontium.

The construction of the bioartificial pancreas

Physically, the best approach to supply oxygen to the islet by photosynthetic microor-
ganisms is to mix them in the same compartment [6]. Attempts to combine the photosyn-
thetic organisms with the islets in the same chamber and the same medium (DMED or
RPMI) resulted in the rapid death of S. lividus. Attempts to construct mini balls of S.
lividus isolated by a sol-gel coat or other protection failed as well. It was clear early on
that the S. [ividus chamber and the islet chamber must be separated by a membrane that
allows the diffusion of only gases. This approach holds the risk of gas diffusion constraints
from the algae chamber to the islets chamber and vice versa. To minimize this problem,
a thin silicone/Teflon membrane is used between the algae and the islet chambers. A
second membrane that allows insulin to diffuse out and nutrients in, but blocks the
immune cells, was needed between the islets and the body.
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Several approaches were tested, but eventually we embarked with a flat device illumi-
nating both directions having the illumination panel at the core, coated with immobilized
S. lividus and above it two islets chambers, again on both sides (Figure 8).
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Figure 8. The photosynthetic bioartificial pancreas. The device has a core illumination panel directing the 660
nm light to both sides. The algae chamber is laid directly on the illumination panel and is separated from the
islet chamber with gas-permeable thin silicone/Teflon membrane. The islet chamber is protected from the
immune cells by porous biopore membrane. Panel A: Detailed cross-section of the device. Panel B: Actual
view of the device.

G. The implantation of the device: reversing diabetes in rats

As stated before, the designed device was aimed to treat type 1 diabetic (T1D) rats as
model animals. Initially, to learn the dose needed to cure STZ (Streptozotocine) diabetic
rat, we implanted various islet doses under the kidney capsule, and found that about 2400
islets are sufficient to reverse diabetes. Therefore, we constructed our device with 2400
islets. To allow implantation into non-suffering animal, it was treated with slow-release
insulin capsule (Figure 9, LPin). T1D animals were implanted with the device containing
2400 islets and the slow-release insulin capsule was removed (Figure 9, LPout). At this
stage, the only entity that can produce insulin and reverse the diabetes is the implanted
device (Figure 9).

This experiment, which is the culmination of efforts ranging from physics, optics, material
engineering, islet biology and microbial photosynthesis, is a remarkable multidisciplinary
project ending in success, although only partial.
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Figure 9. The effect of bioartificial pancreas implantation on the glycemic state of the implanted diabetic rat.
The implanted device, driven by light and supplies oxygen by photosynthesis, allowed the implanted islets
to function well and produce enough insulin to reverse diabetes in rats for 10 days (day 0 to day 9).

H. Conclusions and further possibilities

Several issues should be addressed when planning to continue toward a working device
to treat lab animals and later, humans, with the bioartificial photosynthetic device.

1.

The device can probably be active in the body for few months. However, the im-
planted batteries which power the light need to be recharged. Therefore, a recharging
mechanism is needed.

Most of the oxygen is produced from photosynthesis during the logarithmic phase.
The growth leads to self-shading that increasingly leads to light limitation. Overall
produced oxygen will then eventually decrease. Example of that can be seen in
Figure 6, where above the LEDs, S. lividus is much darker than the surroundings. A
possible solution is developing a method of removing the excess cyanobacteria (see
next paragraph).

Although great advances were made in improving S. lividus growth medium,
eventually it will be exhausted, leading to a culture in the stationary phase and lack
of oxygen production. A method must be found to exchange the medium periodi-
cally.

Scaling up the device to human size will require more islets packed at a higher
density. To compensate for the increased islet density, more O, has to be produced.
However, using this type of solid-state bioreactor, we reached the maximum O,
production rate. Therefore, in order to supply O, to bioartificial pancreas with
dimensions that are practical for implantation in human, the photosynthesis ap-
proach should be greatly improved.

To summarize, we showed the ability to combine cells of two organisms, one that produce
O, and the other that consume it, into one implantable device, achieving normoglycemia in
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T1D rat. In addition, we developed the effective means to disperse light in water and at very
short distances.
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Abstract

Photocatalytic process is a well-known reaction in photosynthesis by plants and algae.
Artificial photosynthesis is a chemical process that mimics the natural plant photosyn-
thesis to make important chemicals by using man-made materials. One of the most
promisingmethodsofartificial photosynthesisissynthesisof organicchemicals, including
biodegradable plastics, pharmaceutical drugs, liquid fuels and intermediates for valuable
chemicals, etc. In 1972, Fujishima and Honda discovered photocatalytic process using
TiO, semiconductor oxide electrodes to generate hydrogen from water. Researchershave
achieved a single-step system that uses semiconductor particles for organic fine chemical
synthesis under UV or visible radiation. This chapter summarizes the recent research
trends on artificial photosynthesis by photocatalytic process for organic fine chemical
synthesis on selected photocatalytic organic transformations, especially photocatalytic
transformations by oxidation, carbon-carbon and carbon-heteroatom coupling,
cyclization, etc.

Keywords: artificial photosynthesis, photocatalysis, organic synthesis, oxidation, cyc-
lization, UV light, visible light, C-C bond formation

1. Introduction

The Earth receives energy of about 3 x10? joules in a year from sun, which is higher than the
global energy consumption. Plants utilize the solar energy to fix atmospheric carbon dioxide
and produce carbohydrates and oxygen by photosynthesis. Warburg and Negelein disclosed
the photosynthesis, in which reaction occurs between CO, and H,O in the presence of chloro-
phylland form O,and carbohydrates[1]. Itis worth to utilize the solar energy for various energy-
consuming processes, since it is clean, sustainable and abundant resource. Artificial

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,

open science | open minds and reproduction in any medium, provided the original work is properly cited. [&)sy ]



148  Applied Photosynthesis - New Progress

photosynthesis is a process in which fundamental scientific principles of natural photosynthe-
sis are applied to design a solar energy conversion to make important chemicals by using man-
madematerials. Many approachesarereported. Oneof thesuccessful reports providesanoutline
for solar energy storage in fuels [2]. Another important approach is finding a new route for the
chemical production and synthesis by utilizing solar energy, which is an energy-decisive
industrial process. The method to synthesize organic chemical by photochemical process was
first reported by Giacomo Ciamician in 1912 [3]. Presently, photochemistry is a well-devel-
oped field of chemistry and the majority of the experiments use direct excitation of molecules
by UV light [4]. To activate the photoreaction under visible light, sensitizers are applied, which
transfer energy or an electron from the excited state to the molecule to be converted. Various
homogeneous sensitizers are successfully used for various organic transformations [5]. The
homogeneous sensitizers are substituted by heterogeneous photosensitizers using photocata-
lytic process and which are easily separable and therefore recycled. In 1972, Fujishima and
Hondareported a photocatalytic processusing TiO,semiconductor oxideelectrodesto generate
hydrogen from water [6]. Semiconductors can act as photocatalysts for light-induced chemi-
cal transformations because of their unique electronic structure, which is characterized by a
filled valenceband and anempty conductionband. When a photon with an energy of hv matches
or exceeds the band gap energy (Eg) of the semiconductor (SC), an electron in the valence band
(VB) is promoted to the conduction band (CB), leaving a positive hole (h*) in VB. The photo-
excitation can be written as [7]:

SC+hv—>SC(h+)(Vb) +SC@ ) op) ()

Where SC is semiconductor, vb and cb represent the valance band and the conduction band,
respectively. The reactive species, h* and e™ are powerful oxidizing and reducing agents,
respectively. Subsequently, various oxidizing species such as *OH , O,*", various forms of
active oxygen species, such as HO,, H,0, and O, are produced [8,9].

The photo-excitation process over semiconductor photocatalyst is presented in Figure 1.
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Figure 1 Semiconductor photocatalysed reaction.

Different semiconductors (e.g., TiO,, ZnO, a-Fe,O; and WO,) are considered for their potential
use as photocatalysts. In early 1980s, great effort was placed on organic synthesis by semicon-
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ductor photocatalysis [10]. Photocatalysis in synthetic route has attracted many researchers,
because this method presents a greener approach to organic synthesis [11,12]. Recent studies
have revealed that highly selective redox reactions could be achieved by visible light irradia-
tion. The studies employed in photocatalytic organic transformation includes, oxidation,
reduction, carbon-carbon and carbon-hetero atom coupling, cyclization, isomerization, etc.
This chapter deals with various studies performed in oxidation, carbon-carbon and carbon-
heteroatom coupling, cyclization by UV and visible light-induced photocatalysis.

In photocatalytic process, photo-oxidation is the most studied because the VB edge in most of
the semiconductor catalysts have more positive than the oxidation potential of the functional
group in the organic compounds. The oxidation reactions are mainly focused on the oxidation
of alcohols, amines, cyclohexane and aromatic alkanes. The conversion and product selectivity
could be controlled by tuning the reaction conditions, such as nature of solvent, excitation
wavelength of the light, interface engineering such as surface modification to change the
adsorption mode or electron transfer pathway.

2. Oxidation of hydrocarbon

Selective partial oxidation of hydrocarbon into its oxidation products, such as aldehyde,
ketone, and carboxylic acid, by photocatalytic process is of great importance for chemical
industries. Selective oxidation of methane into its useful oxygenates such as methanol and
formaldehyde by photocatalytic method is of great challenge. Gondala et al. [13], for the first
time, reported the photocatalytic transformation of methane into methanol over WO,, TiO,
(rutile) and NiO semiconductor photocatalysts, at room temperature, under the irradiation of
a strong UV laser beam at 355 nm. The methanol yield in all three catalysts observed was low
due to the degradation of methanol immediately after its formation in the aqueous suspension.
Methane activation at low temperature and at atmospheric pressure using supported molyb-
dena TiO, catalyst [14] excited by band gap illumination motivated the researchers to test this
reaction with various catalysts [15,16]. However, the conversion of methane was low and an
advancement in the source of methane such as methane hydrates was used. Methane hydrates
available in the ocean at depths between ~280 and 4000 m have higher concentration of
methane in water, which is higher than that of water—-methane pressurized systems. Compar-
ison of photocatalytic conversion of methane dissolved in water and methane hydrate showed
that the conversion of methane dissolved in water was observed at temperatures below 70°C.
On the other hand, the photocatalytic conversions of the methane hydrate occurred at
temperatures below -5°C [17]. The comparison of the photocatalytic reaction under visible and
the full spectrum of UV-visible showed that the production of methanol was 50% greater in
visible compared to that with the full spectrum lamp of UV-visible. Complete oxidation of
methane could be avoided by changing the atmospheric condition. V-MCM-41 (acid) catalyst
prepared under acidic conditions resulted in the selective formation of methanol with NO
oxidant compared to O, as oxidant under UV radiation accompanied by the formation of trace
amounts of CO, and acetaldehyde. Metal doping is used to improve the photocatalytic activity
by avoiding charge recombination and to achieve visible-driven photocatalysis. Silver-
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impregnated WO, was studied for the conversion of methane to methanol under laser
illumination (100 m]) in the aqueous medium [18]. The overall photonic efficiency of photo-
catalytic conversion process based on hydroxyl radicals is ~8%. The remaining portion of
photogenerated hydroxyl radicals is consumed in oxygen formation, interaction with metha-
nol, interaction with methanol by-products such as formaldehyde and recombination.

Photocatalytic oxidation of cyclohexane to cyclohexanol and cyclohexanone is an important
commercial reaction, used as precursors in the synthesis of adipic acid and caprolactam, in
turn used in the manufacture of nylon 66 and nylon 6, respectively. The selective oxidation of
cyclohexane to cyclohexanol and cyclohexanone both under liquid and gaseous phase at room
temperature and pressure by photocatalytic process was studied [10,19-21]. The product
selectivity depends on the nature of the catalyst, irradiation wavelength and presence of
solvent and O,, etc. The comparison of oxidation of cyclohexane with and without TiO,
photocatalyst showed that under photolytic oxidation at A <275 nm (i.e., in the absence of
catalyst) yielded a high selectivity to cyclohexanol (>85%). However, under photocatalytic
condition with TiO, catalyst at A <275 nm, the selectivity shifted to the ketone (>95%) [21]. In
cyclohexane oxidation, nature and composition of the solvent plays an important role in the
distribution of products and by-products [20]. The composition of the mixed solvent has a
strong influence on the selectivity of the process: an increase in the content of dichloromethane
up to 50% brings an enhancement in the rate of formation of mono-oxygenated products. At
the same time, the alcohol to ketone ratio increases in the mixed solvent. Studies performed
with various polar and nonpolar solvents showed that in nonpolar solvents, cyclohexanol
preferentially adsorbed onto the titanium dioxide particles and underwent deep oxidation,
ultimately to carbon dioxide and water. Therefore, in nonpolar solvents, the selectivity of the
reaction to cyclohexanol was very low. However, in polar solvents, cyclohexanol adsorbed to
the titanium dioxide particles to a lesser extent due to the competition for adsorption sites with
the solvent, and the selectivity of the reaction to cyclohexanol significantly increased. Of the
various solvents studied such as acetone, isopropanol, dichloromethane, chloroform, carbon
tetrachloride, benzene and n-hexane, dichloromethane was the best solvent with regard to the
formation rate of cyclohexanol and cyclohexanone. The most unfavorable solvents were
isopropanol, chloroform and benzene [21]. Studies under different O, partial pressures showed
that the process is unaffected for O, partial pressures >200 Torr. For lower values, the formation
of dicyclohexyl becomes significant and reaches a maximum at a pO, of 60 Torr. In O,-free
media containing C(NO,), as the electron scavenger, the formation of cyclohexanone decreases
markedly while that of cyclohexanol is essentially the same as that in oxygenated media.
Studies on cyclohexane photocatalytic oxidation with O, over anatase TiO, was analyzed by
in situ attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy
suggests that oxygen incorporated in cyclohexanone, as well as in deactivating carbonates and
carboxylates, originates from the catalyst surface, rather than from dissolved O,. The proposed
Mars-van Krevelen cycle is completed by regeneration of surface sites by reaction with **O,
[22]. In studies conducted at dry nitrogen containing 10-20% of oxygen, cyclohexanone is
produced with high selectivity (>90%). In humidified nitrogen/oxygen gas, the cyclohexanol
selectivity was increased [23]. This suggests the participation of surface hydroxyl group in the
reaction mechanism. A recent study by She et al. [24] showed that the Cl* radicals enhance the
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oxygenation of cyclohexane by N,O to cyclohexanone. Metal doping influences the catalytic
activity and selectivity in the photocatalytic oxidation of cyclohexane. Silica-entrapped Cr
catalyst for cyclohexane in acetonitrile prevents the decomposition of cyclohexane, there by
increased selectivity was observed. The highest turnover number of 2.5 with cyclohexanone
selectivity of 68% was observed. Increasing the Cr content resulted in red shift absorption
between 500 and 800 nm, which is due to the d-d transition of octahedral Cr* in Cr,0O,.
Comparison of V-doped hollow TS-1, sulfated hollow TS-1 and sulfated V-doped hollow TS-1
demonstrated that sulfated V-doped TS-1 catalysts are more efficient for selective formation
of valuable products (alcohols and ketones) [25].

3. Oxidation of alcohol

Selective oxidation of various primary and secondary alcohols in a gas-phase photochemical
reactor using immobilized TiO, catalyst at 463 K showed that in the absence of UV light
radiation 8% conversion was obtained [26]. Irradiation of the catalyst with the UV light
increased the conversion dramatically to 48%. In the presence of UV light, benzaldehyde was
formed in preference to phenyl acetaldehyde, in addition to small amounts of other secondary
and tertiary reaction products. Benzylic alcohols gave higher conversions, however, with more
secondary reaction products. The presence of oxygen was found to be critical for photo-
oxidation. The conversion increased from 13 to 20% when a very small quantity of oxygen
(O,/alcohol = 1) was added to the nitrogen carrier gas. There was significant improvement in
the conversion, from 13 to 36%, when nitrogen was replaced by air as the carrier gas. Aldehyde
is formed only in the presence of O,. Mohamed et al. [27] studied the photocatalytic oxidation
of selected aryl alcohols, such as benzyl alcohol, 1-phenylethanol, benzhydrol, 4-chlorobenz-
hydrol, hydrobenzoin, 4,4'-dichlorohydrobenzoi and 4,4'-dimethoxyhydrobenzoin, in a polar,
nonhydroxylic solvent (CH;CN). The main products formed are aldehydes or ketones; the
carboxylic acids are formed in small amount. The selective oxidation of alcohol to aldehyde
by photocatalytic process was demonstrated for the conversion of 4-methoxybenzyl alcohol
(MBA) into 4-methoxybenzaldehyde (p-anisaldehyde, PAA) in organic-free water containing
aqueous suspensions of commercial and home-prepared TiO, [28]. The home-prepared
catalysts, obtained under mild conditions, showed to be much more selective than TiO, Merck
and TiO, Degussa P25 with highest selectivity to PAA. The nanostructured anatase TiO,
samples synthesized by simply boiling the aqueous solutions of titanium tetrachloride (TiCl,)
showed a yield much higher (42% mol for conversions of ca. 65%) than the commercial TiO,
samples. The least crystalline sample showed higher quantum efficiency (0.116%) [29]. Wang
etal. [30] showed that the photocatalytic oxidation of alcohol with O, is accelerated by Brensted
acids adsorbed onto TiO, or TiO,/SiO, photocatalysts.

The photocatalytic oxidation of benzyl alcohol and its derivatives, such as 4-methoxybenzyl
alcohol, 4-chlorobenzyl alcohol, 4-nitrobenzyl alcohol, 4-methylbenzyl alcohol, 4-(trifluoro-
methyl)benzyl alcohol and 4-tertiary-butylbenzyl alcohol, into corresponding aldehydes was
achieved at stoichiometric conversion and selectivity (>99%) on a TiO, photocatalyst under
irradiation of light from a blue LED (Amax = 460 nm) in O, atmosphere [31]. A red shift of the
wavelength of light could be achieved by Au/CeO,, which exhibited stronger photo-absorption
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due to SPR than Au/TiO, [32]. Aromatic alcohols (benzyl alcohol and substituted benzyl
alcohol such as 0-CH,, m-CH; and p-CH;, m-Cl and p-Cl substituted benzyl alcohol) oxidized
to corresponding aldehydes almost quantitatively (>99% conversion, >99% selectivity and
>99% carbon balance), in an aqueous suspension of Au/CeO, under irradiation of green light
[33]. The electronic properties of the substituent groups play a very significant role on the
reaction rate, which is enhanced by electron donating substituents and retarded by electron-
withdrawing substituents [34].

4. Hydroxylation of aromatics

Conversion of benzene to phenol is an industrially important reaction. With TiO, based
photocatalysis, the yield and selectivity of phenol production from benzene were about ca. 0.5
and 80%, respectively [35], which are lower than the conventional Fenton process (5% and 80-
90%) [36]. The by-product formed in the photocatalytic oxidation of benzene is biphenol. The
efficiency of the photocatalytic phenol synthesis can be enhanced by structural modification
of the catalyst, and by using additives. Noble metal deposits on TiO, surface often enhance the
photocatalytic reactivity because they trap CB electrons with reducing charge pair recombi-
nation and promoting interfacial electron transfer. Pt/TiO, exhibited an enhanced yield (1.7
times, i.e., 4.4%) and selectivity (96%). The addition of various electron acceptors such as O,,
Fe*, H,0,, Ag* and N,O further enhanced the yield and selectivity. TiO, along with polyoxo-
metalate PW,,0,,* increased the phenol production yield (i.e., 11 and 70% selectivity) [37].
Here, polyoxometalate performs dual roles of both as a photocatalyst and as an electron shuttle.
2 atom % vanadium incorporated into the lattice of disordered mesoporous titania, 1 wt% Au
incorporated into TijeV, 0,0, (TV2), showed two times higher activity than bare TV2 [38].
Zheng et al. [39] compared three photocatalysts M@TiO, (M = Au, Pt, Ag) for the oxidation of
benzene to phenol in aqueous phenol under visible light (A = 400 nm). Au@TiO, exhibited a
high yield (63%) and selectivity (91%) compared to Pt@TiO,~(yield =34% and selectivity =53%).
Ag@TiO,-microspheres resulted in negligible activity. The optimum Au loading for higher
yield and selectivity was 2 wt% in Au@TiO, loading and this catalyst exhibited enhanced
visible-light absorption as well as the strongest SPR effect. Comparison of the photocatalytic
activity of Au@TiO,-nanosheets and Au@TiO,-microspheres showed that Au@TiO,-nano-
sheets resulted in lower activity compared with that of Au@TiO,-microspheres. The Au@TiO,-
microspheres produced a strong interaction between Au and TiO,. Comparison of the
synthesis of Au@TiO, by two different methods such as Ti* ion-assisted method and direct
photodeposition route showed that the catalyst prepared by direct photodeposition route
produced only traces of phenol. The direct photodeposition route leads to an inhomogeneous
loading of noble metal on TiO,, and the Au NPs exhibit a wide size distribution in the range
of 20-80 nm. By changing the hydrophobicity of the catalyst, the adsorption of reactants
(benzene, hydrophobic) and the desorption of the desired products (phenol, hydrophilic)
could be improved [40]. With this idea, titania is incorporated in hydrophobically modified
mesocellular siliceous foam (MCF) and is used for the photocatalytic hydroxylation of benzene
to phenol in aqueous solutions. The inner environment of the MCF cage was turned hydro-
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phobicby surface organo-grafting with silylation agent (TiO,-MCF/CHj,). The hydrophobically
modified TiO,@MCF/CH,/UV sample showed the highest phenol selectivity (70%) and phenol
yield (12.5%) after 2 hours of irradiation. FeCl; and mesoporous carbon nitride (FeCl,/mpg-
GC;N,) hybrids exhibited 38% benzene conversion with 97% selectivity for phenol under visible
light [41], which is due to faster reduction of Fe** to Fe* by light-irradiated electrons from mpg-
C;N,. Metal-exchanged BEA zeolites dispersed in benzene-acetonitrile-water mixtures at room
temperature with O, as oxidant showed that Pd*-, Fe**- and Cu**-exchanged BEA were shown
to be effective for the formation of phenols (hydroquinone, resorcinol, catechol and phenol)
[42].

5. Epoxidation of alkenes

Epoxidation of alkenes to epoxide is a very useful transformation in organic synthesis. A series
of highly dispersed transition metals such as Ti*, Cr®, Mg? and Zn*, in SiO, matrix, exhibited
photocatalytic activity for propene oxide formation [43]. Various studies reported on silica
supported that metal oxide catalysts are effective photocatalysts for propylene epoxidation in
a closed reactor system. Studies on silica supported on V, Ti and Cr showed that the conversion
rate of propylene and the formation rate of propylene oxide were increased in the order Cr <
Ti <V oxides on silica [44]. Gradual deactivation was observed for CrO,/SiO, with the course
of the photoreaction, although the initial activity was almost same as that of TiO,/SiO,. Shiraishi
et al. [45] prepared Cr-SiO, catalyst containing highly dispersed chromate species by a sol-gel
method and when subjected to photocatalytic oxidation reaction under visible light irradiation
(A > 400 nm) showed very high selectivity (>90%), which is higher than Cr/SiO, catalysts
prepared by an impregnation method or Cr/MCM-41 prepared by a templating method. The
yield and selectivity to propylene oxide were improved significantly by modification of silica
with 1 wt% magnesium oxide loading [46]. Photo-oxidation of propene over V,05/5i0, with
O, under UV irradiation in a closed circulation reactor produced ethanal (acetaldehyde, AA),
acrylaldehyde (AL) and propanal (propionaldehyde, PA). However, propene oxide was not
detected as a product [47]. On the other hand, the same catalyst system with flow reactor
system, which provide short contact time between the substrates and the catalysts produced
acetaldehyde and propene oxide as main products; the selectivities were 43 and 30%, respec-
tively [48]. The non-loaded amorphous SiO, did not show any photocatalytic activity. It is clear
that the surface vanadium oxide species are the photocatalytic active sites. Comparison of
commercial and home-prepared TiO, catalysts for partial photo-oxidation of cyclopentene
oxidation produced cyclopent-2-en-1-one, cyclopent-2-en-1-ol, 6-oxabicyclo[3.1.0]hexane,
penta-1,5-dial (glutaraldehyde) [49]. The commercial catalysts showed lower photo-activity in
terms of cyclopentene conversion (51-57%) compared to the home-prepared ones (53-69%).
The commercial photocatalyst produced ketone as the major fraction in the range of 35-49%
and epoxide fraction in the range of 12-17%, while the home-prepared catalysts gave mainly
the epoxide fraction in the range of 26-49% and ketone fraction in the range 9-16%. The
difference in catalytic behavior of TiO, commercial and TiO, homemade is due to the difference
in structural properties, which resulted in different reaction mechanisms. Selective epoxida-
tion was achieved by Shiraishi et al. [50] in Ti-containing MCM-41 mesoporous silica (T-5) with
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isolated and tetrahedrally coordinated Ti-oxide species (Ti-O4), when photo-activated in
acetonitrile (MeCN) with molecular oxygen. The high epoxide selectivity (>98%) of the T-S
system is due to a “shield effect” driven by MeCN. TiO, photocatalyst incorporated in highly
hydrophobic Y zeolite under UV-light irradiation using molecular oxygen as an oxygen source
exhibited a markedly enhanced photocatalytic activity compared with bare TiO, [51].

6. Oxidation of amines to imines

In organic synthesis, selective oxidation of amines to imines are considered as important
reactions, because imines and their derivatives have immense applications in the synthesis of
nitrogen heterocycles, especially alkaloid synthesis, which are biologically important com-
pounds. Lang et al. [52] have studied extensively and achieved highly selective photocatalytic
conversion of various amines into its corresponding imines on TiO, using 1 atm of air as the
oxidant in acetonitrile under UV irradiation. It is documented that it is a challenging task to
achieve high selectivity in water medium as complete degradation is potential to occur by over
oxidation. The reaction rate in terms of conversion of amine is much higher in water medium
than in CH,CN with high selectivity of imine formation [53]. However, the selectivity de-
creased to some extent because of free radical intermediates, which are comparable to
photocatalytic oxidation of amine in CH;CN. Studies on substituents’ effect on the catalytic
activity of amine to imine showed that substituents on the benzylic amines did not affect the
selectivity significantly both in CH;CN and in water medium [59]. The presence of electron-
donating substituents (CH,;— and CH;0-) and electron withdrawing substituents (F— and CI-)
on the phenyl ring had little effect on the reaction rate and product selectivity of the oxidation
reaction. The halo-substituted benzylamines provided good selectivity, as the halo-substituted
positions along with the imine functionality are useful for further transformations. Compari-
son of benzylic and nonbenzylic amines showed that no imines formation occurred in
nonbenzylic amines such as cyclohexylamine and n-hexylamine and only fragmentation
products were detected by unselective auto-oxidation at multiple reactive sites. Utilization of
visible/solar energy is the prime concept to make the synthesis a economically and environ-
mentally viable process. Nb,O5 converts amine to imine with high selectivity under visible
light >390 nm to about 460 nm in benzene [54]. Studies on the photocatalytic activity and
selectivity in the aerobic oxidation of benzylamine over various metal oxides illustrate that
TiO, exhibited higher yield than Nb,O; and ZnO. However, the selectivity to N-benzylidene
benzylamine was comparatively low because benzaldehyde was formed as a by-product. In
V,0s, benzylamine-N-carbaldehyde was formed as a main by-product. Hiroaki Tada and his
research group have used the "plasmon photocatalysts", in which noble metal nanoparticles
are dispersed into semiconductor photocatalysts, which possesses two prominent features: a
Schottky junction and localized surface plasmonic resonance (LSPR) [55]. Au NPs supported
on various metal oxides (anatase and rutile TiO,, SrTiO;, ZnO, WQO,, In,0;, Nb,O;) under
visible-light irradiation (A > 430 nm) showed that Au supported on rutile TiO, exhibited high
level of visible-light activity for aerobic oxidation of amines to yield the corresponding imines
with high selectivity (>99%) compared to other supports. The high activity of Au NP on rutile
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TiO, is due to multiple factors such as significant red shift of the LSPR peak of Au/ rutile
TiO, due to its very large permittivity (¢ = 114) as compared with that of anatase TiO, (& = 48),
smaller Au particle size, good adsorptivity of rutile TiO, for amine owing to the presence of
acid sites on the surface.

7. Oxidation of polycyclic aromatic hydrocarbons

Polycyclic aromatic compounds (PHA) are compounds containing multiple aromatic rings
which are fused together. The highly efficient photocatalytic method was adopted to various
PAHs and it was found that it can be degraded under UV or visible light irradiation [56]. The
reaction mechanism illustrated that the toxic PAHs degraded through various useful inter-
mediates. The selectivity of the product depends on the type of catalysts used. Other factors
which influence the catalytic activity are solvent medium, atmospheric condition and wave
length of light radiation, etc. Photocatalytic oxidation of naphthalene in water medium with
Degussa P25 under UV radiation (345 nm, 500 Watt) produced 2-formyl-3-hydroxycinnamal-
dehyde and 5,8-dihydroxy-2,4-naphthaquinone as stable intermediates [57]. Bahnemann and
coworkers found 15 different intermediates when naphthalene is in water medium with
Degussa P25 under UV radiation (366 nm, 50 Watt) [56]. The main intermediates observed are
coumarin, 1,4-naphthalenedione, 2,3-dihydro-2,3-epoxy-1,4-naphthalenedione, 2-formyl-Z-
cinnamaldehyde, 1,2-benzenedicarboxaldehyde and phthalic acid. Karam et al. synthesized
1,4-naphthaquinone in a closed system reactor under UV radiation [58]. Solvent plays an
important role in the photocatalytic degradation of naphthalene. In water containing 1%
MeCN produced significant amounts of three intermediates: isomeric 2-formylcinnamalde-
hydes and 1,4-naphthoquinone. In organic solvent, the oxidation rate was almost an order of
magnitude slower than in water and produced significant amount of naphthoquinone and
phthalicanhydride [59]. In acetonitrile and water mixture, with UV light (A <340 nm) produced
2-formylcinnamaldehyde (85%), Z isomer is the original product that is spontaneously
transformed into the thermodynamically more stable E isomer. Addition of acetone can cause
an accumulation of intermediates. For example, higher concentrations and more types of
intermediates were found in degradation of naphthalene with the high acetone level [60]. In
mixed solvents such as acetonitrile and water bubbled with molecular oxygen, naphthalene is
efficiently oxidized to 2-formylcinnamaldehyde when irradiated with 500 W super-high-
pressure mercury lamp (A <340 nm) light [61]. Under the same condition, phenanthrene was
converted into a coumarin compound with 45% yield [62]. Photocatalytic activity of different
kinds of TiO, powders for naphthalene oxidation showed that Degussa P25 TiO, powders,
which contain mixture of anatase and rutile, showed the highest photocatalytic activity for the
production of 2-formylcinnamaldehyde from naphthalene. Similarly, powders containing
both rutile and anatase phases showed high activity, even if the component of the anatase
phase is a few percent. Pure anatase particles and pure rutile particles exhibited lower activity
for the photocatalytic oxidation of naphthalene into 2-formylcinnamaldehyde [63]. Visible
active photocatalysts are developed to convert the PAHSs to useful compounds. Kohtani and
coworkers showed that BiVO, (band gap 2.4 eV) [64] and Ag-loaded BiVO, photocatalysts are
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visible light-driven for photo-oxidation of various PAHSs in acetonitrile in O, atmosphere.
Compared to pure BiVO,, Ag-loaded BiVO, photocatalyst remarkably improves adsorptive
and photo-oxidative performance on the degradation. Anthraquinone is obtained in both pure
and Ag-loaded BiVO, solutions, while the amount of formation using Ag-BiVO, is much larger
than that using pure BiVO,. Anthrone is obtained only from the irradiated Ag-BiVO, solution
but not from the pure BiVO, one. The amount of anthraquinone formation is largest in O,-
saturated solution compared to thatin N, atmosphere. Bz[a]A was degraded by Ag-BiVO, and
converted into a considerable amount of 7,12-dione. Substituent effects on the photocatalytic
oxidation of naphthalene demonstrate that in dinitronaphthalene isomers, namely 1,3-
dinitronaphthalene (1,3-diNN), 1,5-dinitronaphthalene (1,5-diNN) and 1,8-dinitronaphtha-
lene (1,8-diNN), the photocatalytic oxidation rates followed in the order 1,3-diNN > 1,8-diNN
>1,5-diNN [65].

8. C-C bond formation

The C-C bond formation between an electrophilic alkene and adamantane was achieved by
the irradiation of TiO, suspensions in the presence of isopropylydenmalonitrile (IPMN, 0.02
M, with adamantane likewise 0.02 M) and under nitrogen forms a new product as an adduct,
2-[1-(1-adamantyl)-1-methyl)Jethylpropanedicarbonitrile (35% yield), together with traces of
oxygenated products, such as 1-adamantanol, 2-adamantanol and 2-adamantanone [66]. By
adding silver sulfate as a sacrificial electron acceptor, the yield increased to 75%. The single-
electron transfer oxidation of adamantane is followed by deprotonation leading to the 1-
adamantyl radical that couples with isopropylydenmalonitrile.

9. Cyclization reaction

Intramolecular cyclization of N-(-hydroxypropyl)-ethylenediamine in the presence of a
semiconductor (TiO, or CdS or ZnO)-zeolite composite catalysts in O, atmosphere produces
2-methylpiperazine and piperazine [67]. The yield of 2-methylpiperazine and piperazine
depends on the type of semiconductor and zeolite. Zeolites modified with TiO, (5 wt% TiO,-
Hf3) composite considerably facilitated the intramolecular cyclization with a yield of 31.9%.
Zeolites modified with semiconductors ZnO and CdS showed lower activity. This is due to
moderate hydrophobicity and acid site strength offered by TiO,-zeolite composite for the
cyclization reaction. Selvam and Swaminathan have shown one-pot synthesis of quinaldines
from nitroarenes by combined redox-cyclization reaction assisted by photocatalytic method
using pure TiO, and Au-loaded TiO, catalyst in absolute ethanolic solution under UV radiation
(A =365 nm) [68]. The Au-loaded TiO, catalyst exhibited higher efficiency and selectivity for
the formation of quinaldine and substituted quinaldine from nitrobenzene and substituted
nitrobenzene. For instance, TiO, produced 60% yield and Au/TiO, produced 75% yield. The
reaction involves two steps: in the first step nitro group is reduced to amine, which is followed
by condensation with aldehyde and cyclization occurs. The substituted nitrobenzene influen-
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ces the activity and selectivity. The authors suggested that the electron-releasing group at para-
position inhibits the condensation of amino group with aldehyde. 4-Methoxynitrobenzene has
a strong electron-releasing group at para-position and showed lower quinaldine yield (60%).
Steric effect also plays an important role in product formation. In 3,5-dimethylnitrobenzene
and 3-nitrotolune, the cyclization reaction is hindered due to steric effect in 3,5-dimethyIni-
trobenzene and decreased the product yield (70%) when compared to 3-nitrotolune (80%).

10. Conclusions

There is an extensive research and dramatic growth going on in the field of heterogeneous
photocatalysis. This method has been commercialized in various aspects of environmental
detoxification. Photocatalysis method can be successfully applied for fine organic chemical
synthesis. The advantages of photocatalysis method in organic synthesis include the possibility
of utilizing clean and abundant renewable energy source, harmless chemicals used as catalysts,
reaction can be carried out at room temperature, product type and its selectivity can be tuned
by varying the nature of solvent, atmospheric condition, and wavelength of light source used,
catalyst reusability, etc. Various challenging aspects have to be considered before implement-
ing in industrial scale. Most commonly, simulated sunlight or UV sources are used in the
laboratory. Experiments need to be devised to monitor the performance of the catalyst in
sunlight. In future, more catalysts need to be devised that can trap the visible radiations as
well. Since organic solvents are utilized in organic transformations, the band gap of the metal
oxide photocatalysts in organic medium has to be explored. Systematic study has to be
conducted to optimize the reaction parameters and understand the reaction mechanism,
thereby the product yield could be improved.
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Abstract

Oxygenic photosynthesis is a process of light energy conversion into the chemical
energy using water and carbon dioxide. The efficiency of energy conversion in the
primary processes of photosynthesis is close to 100%. Therefore, for many years,
photosynthesis has attracted the attention of researchers as the most efficient and eco-
friendly pathway of solar energy conversion for alternative energy systems. The recent
advances in the design of optimal solar cells include the creation of converters, in which
thylakoid membranes, photosystems and whole cells of cyanobacteria immobilized on
nanostructured electrode are used. As the mechanism of solar energy conversion in
photosynthesis is sustainable and environmentally safe, it has a great potential as an
example of renewable energy device. Application of pigments such as Chl fand Chl d
will extend the spectral diapason of light transforming systems allow to absorb the far-
red and near infra-red photons of the spectrum (in the range 700-750 nm). This article
presents the recent achievements and challenges in the area of solar cells based on
photosynthetic systems.

Keywords: Solar cell, Thylakoids, Photosystem I, Photosystem II, Sensibilizator

1. Introduction

The energy crisis and environmental problems are among the most important challenges for
humanity to solve in the twenty-first century. Many of the actual investigations are focused on
the development of renewable, sustainable and eco-friendly energy sources [1].

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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Nowadays, the available sources of renewable energy, including solar, wind, rain energy,
energy of waves and geothermal heat, could generate only approximately 16% of the energy
used [2]. Global energy consumption is about 17 TW according to the information of the year
2014 [3]. The flux density of sunlight emission near the ground surface is about 100 PW, which
exceeds 5000 times our current needs [4]. Even though the solar period and the presence of
clouds are taken into account, the sun is the extremely attractive source of energy, given we
know how to extract it. Thus, sunlight is the most accessible and reliable source among the
other renewable energy sources.

Photosynthesis is one of the main pathways of solar energy conversion, performed by higher
plants, microalgae and some bacteria. Over 2.5 billion years, plant photosynthesis has evolved
to convert solar energy into the chemical energy using only water as electron donor and proton
source. This photosynthesis realises oxygen and is called oxygenic. Water, carbon dioxide and
light are necessary for oxygenic phototrophic organisms to produce carbohydrates. The light-
dependent reaction of photosynthesis takes place in the thylakoid membrane of photosynthetic
organisms. The thylakoid membrane involves two photosystems (PSI and PSII), cytochrome
byf complex and other protein complexes embedded in a lipid bilayer. PSI and PSII can capture
sunlight and create an electron-hole pair [5, 6]. The latter process operates with a quantum
yield closer to 100%. Water, one of the most abundant substances on Earth, is the donor of
electron for PSII [2].

For several decades, photovoltaic semiconductor devices have also been developed to generate
electric power by converting sunlight directly into the electricity. The coefficient of efficiency
of the light energy conversion into the electric current produced by commercial silicon
photovoltaic cells is typically less than 20% [7]. Unfortunately, exhaustible materials and
components used in photovoltaic systems cannot be fully recycled. Considering that the
efficiency of energy conversion in the primary processes of photosynthesis is close to 100%, it
is reasonable to use this natural process for energy conversion applications.

Recently, after critical analysis of the photosynthetic and photovoltaic energy conversion
mechanisms, experts in the area of artificial photosynthesis concluded that it is difficult to
compare the conversion efficiency of the current photovoltaic cells with that of the living
photosynthesizing cells, as they are completely different systems [7]. The efficiency of
photovoltaic cells can be calculated by dividing the cell’s output power by the total solar
radiation spectrum. However, the storage and energy transfer are not considered by this
approach. Photovoltaic batteries, in which energy is stored, have high production cost and the
expenses required for the maintenance of such systems. Photosynthesis stores solar energy in
the form of chemical energy, which can further be converted into electrical energy [2].

2. Photosynthesis

Photosynthesis is the process of conversion of the sunlight energy into chemical energy of
various organic compounds, which is carried out by photosynthesizing organisms. Photosyn-
thesis serves as the primary source of energy for all kinds of life on Earth. Photosynthetic
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organisms are sources of energy and essential metabolites for heterotrophic organisms [8, 9].
This process proceeds in two stages: the light stage of the light absorption by photosynthetic
pigments and the formation of adenosine triphosphate (ATP) and nicotinamide adenine
dinucleotide phosphate (NADPH) and the dark stage when the biosynthesis of carbohydrates
occurs. During the dark stage, carbon dioxide (CO,) acts as a carbon substrate, NADPH
molecule is a proton source, and ATP molecule is a source of energy. The electron transport
chain (ETC) is an essential element of the light stage of photosynthesis. An electron is trans-
ferred to the NADP* molecule through ETC, which leads to the reduction of the NADP* to
NADPH. An external source of electrons is required to reduce the oxidized pigment molecule.
The type of photosynthesis using water as an electron source is called oxygenic one, since
molecular oxygen is a by-product of the water decomposition [10].

The oxygenic photosynthesis is explicit in all plants, microalgae and cyanobacteria. It is the
key source of oxygen in the atmosphere.

The oxygenic photosynthesis could be summarized through the following general equation:
hv
CO, +H,0-[CH,0]+0,

Light stage processes of the oxygenic photosynthesis occur in membrane structures called
thylakoids. In eukaryotic cells of green plants, thylakoids are localized in specific photosyn-
thetic organelles - chloroplasts. The space limited by chloroplast membrane is determined as
stroma, and the space inside the thylakoid is determined as lumen. Thus, one side of the
thylakoid membrane faces the stroma, and the other side faces the lumen. In cyanobacteria
cells, thylakoids are located directly in the cytoplasm [11].

Light energy is not immediately converted into ATP energy. In fact, it is initially stored in the
form of a transmembrane electrochemical potential formed due to the proton transfer by
lipophilic transporters through the thylakoid membrane from the stroma to the lumen. As a
result, the lumen becomes acidic and the stroma is alkalized. Due to the energy of the created
potential difference (AuH?"), the enzyme ATP-synthase embedded in the thylakoid membrane
starts to function [12].

The light stage of photosynthesis is a sequence of enzymatic reactions. There are four trans-
membrane protein enzymes that catalyse these reactions in higher plants: PSI, PSII, cytochrome
bef complex (Cyt bf) and ATP-synthase [11]. PSII catalyses the electron transfer reaction from
the water molecule to plastoquinone (PQ). The Cyt bf is involved in the oxidation of plasto-
quinole and reduction of plastocyanin (Pc). It mediates the transfer of electrons from PSII to
PSI as well as of protons from stroma to lumen [12]. PSI catalyses the oxidation of lipophilic
electron carrier plastocyanine, and the ferredoxin (Fd) reduction. The enzyme ferredoxin:
NADP* oxidoreductase (FNR) catalyses the NADP* reduction due to the electrons from the
reduced Fd (Fig. 1).

163



164  Applied Photosynthesis - New Progress

12 L 700

680 ™ FNR
»
.
PQ NADP
2 Cyt bsf 3

+0.4 |- PC%P

H,O

+0.8 2 h
O, +4H%

+1.2 — 680 hV

E° (V vs. SHE)
S
|

700

hv

Figure 1 The scheme of the non-cyclic electron transport pathway in thylakoids of higher plants and the redox poten-
tials of the components of electron transport chain. Pg, — primary electron donor in photosystem II; Pg,* — singlet exit-
ed state of Pgg; Pgo — primary electron donor in photosystem I; P,y* — singlet exited state of Pyq; Q4 and Qj are primary
and secondary quinone electron acceptors, respectively. Red crosses represent reactions that can be inhibited by a) 3-
(3/4-dichlorophenyl)-1,1-dimethylurea (DCMU); b) dibromothymoquinone (DBMIB); c) potassium cyanide (KCN)
(adapted from [2]).

The primary charge separation involving photosynthetic pigments occurs in the special part
of photosystem complex called photosynthetic reaction centre (RC). In the RC, the primary
electron donor is at the inner lumenal side of thylakoid membrane, whereas the primary
electron acceptor is closer to the outer stromal side. Thus, an electron from the molecules of
the primary electron donor moves onto the opposite side of the thylakoid membrane [12].

The ETC is activated by light. First, photons are absorbed by the pigments of special antenna
complex. Then, the energy of the light quanta is transferred to RC by hopping mechanism [13].
In the RC, a special pair of chlorophyll is excited by the photon energy. Chlorophyll is the
pigment molecule that can be excited by light of a certain wavelength (Fig. 2). The basis of the
chlorophyll structure is a heterocyclic ring consisting of four pyrrole rings connected by
methine bridges [14]. Four nitrogen atoms within the chlorine ring are associated with
magnesium ion (Mg?*). A long hydrophobic phytol tail is attached to the fourth pyrrole ring,
whereas a pigment molecule is correctly oriented in the membrane. In nature, there are two
widespread forms of chlorophyll: Chl 2 and Chl b.

Chl a serves as the primary electron donor in the RC, and Chl b is the accessory pigment of the
antenna complexes. A free Chl a2 molecule absorbs light preferably in the wavelength ranges
of 400-500 nm and 600-700 nm. Due to the usage of other pigments, for example, carotenoids,
the absorption spectrum of the photosystems is much broader [16]. In addition to Chl 2 and
Chl b, other forms of chlorophyll, Chl 4 and Chl f, could also be found in antenna complexes
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COOPhy C?)OCHS
Name R, R, Ry R,
Chlorophyll a CH, CH=CH, CH, CH,~CH,
Chlorophyll b CH, CH=CH, CHO CH,-CH,
Chlorophyll d CH, CHO CH;  CH,—CH,

Chlorophyll f CHO CH=CH, CH, CH,—CH,
Figure 2 The structural formula of chlorophylls: Chl 4, Chl b, Chl d, and Chl f (adapted from [15]).

of phototrophic organisms, such as cyanobacteria. Also Chl d can be found in the photosyn-
thetic RC [17, 18]. The chemical difference among the Chl b, Chl d, Chl f and the Chl a is that
methyl or vinyl group is substituted by formyl one. The chlorophylls also differ from each
other in their absorption spectra. More specifically, the long-wavelength maximum in the
absorption spectrum of Chl d and Chl f markedly shifts towards longer wavelengths compared
to that of the Chl a (shift up to 40 nm). The energy region (i.e., 380-710 nm) consists of photo-
synthetically active radiations that constitute about 40% of the total solar radiation reaching
the Earth’s surface [19]. However, further expansion in the region ranging from 700 to 750 nm
leads to the increase in the overall energy conversion intensity by about 19% [20].

3. Solar cells

Solar cells are used to convert solar energy into electrical energy. The development of effective
and inexpensive solar cells is of particular interest because of the importance of alternate
energy sources. Currently, there are many different types of solar energy converters. The solar
cells, or photoelements, are devices that can convert solar energy into usable electrical energy.
They are divided into two types: regenerative cells and photosynthetic cells [21]. In the
regenerative cells, the sunlight energy is converted into electricity. This process is unaccom-
panied by any subsequent chemical reactions. Sometimes, such cells are called photobioelec-
trochemical cells. In photosynthetic cells, the sunlight energy is converted to the molecular
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fuel energy, for example, that of hydrogen [20-23]. Photosynthetic cells based on biological
objects such as isolated photosystems [22] or the whole bacterial cells [23] are called photo-
biochemical fuel cells. This article focuses generally on the regenerative solar cells.

3.1. Operating of solar cells
The main steps can be identified for all types of solar cells [24]:
1. Absorption of light by photoactive component.

Photoactive component is the substance that absorbs photons inside the solar cell. A
semiconductor acts as a photoactive component in conventional photovoltaic solar cells;
while an organic pigment (photosensitizer molecule) serves as a photoactive component
in dye-sensitized solar cells. Absorption of a photon leads to certain changes in the energy
of the photosensitizer molecule, which is necessary for the further generation of current
or the synthesis of molecular hydrogen [20].

2. The charge separation.

In photoelements using plant or bacterial photosystems, charge separation occurs due to
a series of redox reactions. After the absorption of incident photon energy by special
pigment molecule, a primary electron donor, a charge separation between primary
electron donor and primary electron acceptor occurs. Then, the molecule of the primary
donor is reduced by electrons from the secondary one and electron from the primary
acceptor is transferred into ETC components. This stage is termed as charge stabilization.
Some voltage is generated in the photoelement as a result of these processes.

3. The transfer of electrons to an external circuit for biofuel generation.

For the elements acting as a photoelectric converter (regenerative cells), this step implies
an electron transfer to the electrode, and further to an external circuit. For photosynthetic
cells, charge separation leads to the activation of the sequence of redox reactions, resulting
in the formation of molecular hydrogen [20].

3.2. The coefficient of efficiency of regenerative solar cells

One of the basic estimation parameters of regenerative solar cells is the coefficient of efficiency.
The efficiency of solar cell energy conversion is determined as a ratio of power electrical output
to the intensity of incident light.

P
n=—-" (1)

Some conditions of accepted standard tests of solar cells are: air mass of AM 1.5, light intensity
of 1 kW/m? with a temperature of 298 K. Air mass is a ratio of the way, where sunlight passes
in the atmosphere, to the thickness of the atmosphere; the value of AM 1.5 means that the sun
is set at an angle of 48° to its position in zenith point [4], which is explained in Figure 3.
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cos 0

atmosphere
Figure 3 Explanation of air mass (AM) notion.

Traditionally, the efficiency coefficient of photoelement is defined by means of voltammetric
methods [25]. The controlled voltage source is attached to the solar cell. Then, the values of
the current passing through the photoelement under different values of voltage are obtained
using galvanometer. Current dependence on voltage received is called current-voltage
characteristic (I-V). A typical I-V curve of photoelement in the darkness and in the light is
presented in Figure 4. In the darkness, the photoelement acts as a diode in reverse bias, almost
no current flows through the cell in conditions of increasing voltage — there is no free charge
carrier. Once the external voltage becomes higher than the potentials, which are holding the
electrons in atoms, a sharp increase of the current occurs. This phenomenon is called break-
down. In the light of sufficient intensity, there will be the current in the circuit even under the
voltage equal to zero: at the light, solar cell generates photovoltage. The direction of this current
will be the opposite to that in case of breakdown. While the external voltage acting in the
reverse direction increases, the photocurrent will decrease until it reaches value of zero. Then,

there will be the situation similar to the breakdown: the reverse current significantly increases.

light
dark 1€
B B’
‘e oo —U
WAL
H'T[‘f ______________________ "F

Figure 4 Typical I-V curve of photoelement.
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On the I-V curve, it is possible to determine four parameters of the cell: short-circuit current,
open-circuit voltage, values of current and voltage defining maximum power generated by
the cell [25].

Short-circuit current I (the current at an external voltage equal to zero) is the point of I-V
intersection with the vertical axis. Open-circuit voltage V. is the voltage equal in absolute value
to photovoltage and opposite to it in sign: if it is applied to the cell, no current flows. Open-
circuit voltage is determined by the I-V curve intersection with the axis of abscissa. Current
power generated on the cell is determined by the voltage V and current I.

By=1-V )

e

There is a point on the I-V curve, where the value P reaches its maximum, P,,,. The product
of I,. and V. presents the value proportionate to an area of rectangle AB’C’'D’ (Fig. 4). The ratio
of maximum power P, corresponded to the area of rectangle ABCD, to the product of I by
V. is called fill factor.

i Sico _ P o
SAB'C'D' Isc : V:)c

Thereby, the maximum coefficient of efficiency could be expressed by the following equation:

_]SC.VOC.FF
J

light

max

J,

light

Mo = (4)

4. The use of components/systems of the photosynthetic apparatus to
generate electricity

Nowadays, solar cells containing mono- and polycrystalline silicon as inorganic semiconduc-
tors are used for commercial applications in small devices, such as solar panels on roofs, pocket
calculators, water pumps, and also in space technologies. Common traditional solar batteries
can use less than 20% of the incident solar light [4]. Production of silicon solar cells requires
energy-intensive processes, high temperatures (400-1400 °C) and pure vacuum conditions,
which results in high cost of such cells [24]. In contrast, production of solar cells based on
biological photoactive components does not require these conditions. It suggests that biolog-
ical-based solar cells are less expensive. The main disadvantage is the fact that they do not
reach the efficiency of the inorganic solar cells [21, 24].

In recent researches, the thylakoid membrane and isolated PSI and PSII have been used in solar
cells [26-28] and in optoelectronic devices by immobilizing these photoactive components
directly onto the electrode surface [29-31] or via linker molecule [32-39].
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4.1. Thylakoids as photobiocatalysts

Thylakoid membranes can be isolated from plant leaves and immobilized on the electrode
surface to generate a photocurrent. A team of researchers led by Robert Carpentier [40] has
been the first to begin using thylakoid membranes isolated from spinach leaves as a photo-
sensitizer. In their work, a platinum electrode was used as a final acceptor. Studies were carried
out in the light and in the dark, in the presence and in the absence of potassium ferrocyanide
as a mediator. Native thylakoids generated a photocurrent up to 6-9 uA without a mediator,
and four times more current in the presence of potassium ferrocyanide. This study has shown
that the photocurrent generation without any mediators is associated with direct electron
transfer from the membrane proteins to the electrode surface or through the molecules in the
electrolyte that can function as mediators. Oxygen capable of producing the superoxide radical
may be viewed as a mediator. In 2011, Bedford et al. [41] immobilized thylakoids on conductive
nanofibers, using the electrospinning technique. The maximum electric power generated by
the cell surface was 24 mW/cm? upon illumination by red light with a wavelength of 625 nm.

Itis possible to create a stable solar cell by combining the photosynthetic anode and biocatalytic
cathode. There is an idea to use photosynthetic organisms/organelle/photosystems for the
water oxidation at the anode and the conversion of oxygen into water at the cathode.

Calkins et al. [32] created solar cells using thylakoids isolated from spinach. Thylakoids were
immobilized on the anode modified with multi-walled carbon nanotubes (MWCNT). Glass
electrode modified by laccase/MWCNT system was used as the cathode (Fig. 5a). The study
has demonstrated a maximum current density of 68 mA/cm? and a maximum power density
of 5.3 mW/cm? (Fig. 5b). Composite electrode based on thylakoid/MWCNT produced a current
density of 38 mA/cm? that is by two orders higher than predicted. The fact that the transmem-
brane chlorophyll-protein complexes remain in their native state during the isolation process
is the main advantage of the usage of membrane thylakoids for photocurrent. This may lead
to greater stability and greater power output as compared to the results that can be achieved
by using isolated chlorophyll-protein complexes or RCs.

4.2. Photosystem I as photobiocatalyst

Besides the thylakoid membrane preparations, some researchers have conducted studies of
photocurrent generating using cells based on isolated photosystems. There are two major
benefits of using photosystems as a photosensitizers compared to thylakoids [20]:

a. There is less influence exerted by the other redox systems on the electron transfer in the
photosystem chain.

b. RCs are closer to the electrode; it facilitates direct electron transfer to the electrode.

Fourmond et al. [42] developed a photobioelectrochemical system with PSI as the main
photocatalytic subunit, cytochrome C; and ferredoxin as electron carriers and FNR as an
electron acceptor (Fig. 1). They used a gold electrode in the experiment. In an earlier investi-
gation, Frolov et al. [43] created a photobioelectrochemical cell that could generate a voltage
of 0.498+0.02 V. They used the PSI preparations isolated from the cyanobacteria Synechocystis
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Figure 5 Schematic representation of the functioning photobioelectrochemical cells based on, a) the thylakoid/
MWCNT; b) cyanobacteria Nostoc/MWCNT; c) and d) the dependences of the voltage and the flux density of the re-
ceived energy on the current density for each of the cells shown (adapted from [20, 32]).

sp. PCC 6803. These systems are more stable than plant systems due to the antenna pigment
molecule’s integration into the core subunits. More specifically, unlike plant systems, the
antenna pigments are associated only with chlorophyll-protein complex attached to core
subunits. Surfactant peptides necessary for the stabilization of other plant and bacterial RCs
were not required to stabilize such PSI. In their work, another important factor was the
mutation-based replacement of specific amino acids of the PSI by cysteines. Properly oriented
stable monolayer of PSI was formed through the formation of Au-S bonds between the thiol
group of cysteine and purified hydrophilic gold surface. The procedure for creating the
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corresponding gold electrode included thermal treatment at 350 °C. In studies carried out by
Das et al [24], mutation-modified PSI complexes were attached to the gold electrode by Ni*-
nitrilotriacetic acid (Ni**-NTA). In these complexes, native subunit PsaD was replaced by PsaD-
His, one (Fig. 6a).

(@) (b)

° Multilayers

£ His
5 A I° of PS1
8 o Ni-NTA
Ni-NTA Gold electrode
Gold electrode

ola elecirode

Figure 6 Models used for immobilizing photosystem I on the electrode. a) Native PsaD subunit of PSI replaced by
PsaD-His, which clings to the histidine tag, and the entire structure is associated with the gold electrode through a
Ni*-NTA (adapted from [20, 24]). b) The scheme of the cysteine mutants of the PSI with Pt ions and the multilayer
structure of such PSI on a gold substrate (adapted from [20, 45]).

In another study, Faulkner et al. [44] reported a fast way to create a dense monolayer of PSI
isolated from spinach leaves on a gold electrode. This method of the monolayer creation
requiring vacuum conditions was 80 times faster than method of photosystem precipitation
from a solution. More specifically, PSI was immobilized on the electrode modified with gold
nanoparticles (GNP). In the presence of suitable mediators, the cell generated a photocurrent
of 100 nA/cm? [44].

However, photobioelectrochemical elements based on the PSI monolayer were not sufficiently
effective in cases when a large cross-sectional area of light absorption was required. A
photobioelectrochemical cell based on multilayer structures of PSI was created in the same
year [45]. The PSI complexes were platinised on the stromal side to form the multilayer
structures. The platinum ions facilitated the binding of the lumenal side of PSI and the stromal
side of another PSI complex that resulted in the electrically connected multilayer. The first PSI
monolayer was attached to the gold surface through the bonds between the cysteine’s thiol
groups of the mutant PSI and the gold atoms. Then, the next layer was formed through the
connection between the photosystem donor side of the next layer and the platinum atoms
(Fig. 6b). The devices developed on the basis of the two and three layers generated photovolt-
age outputs of 0.330 and 0.386 V, respectively [45]. Hereafter, the investigations of solar cells
based on multilayer structures of PSI were continued. Method suggested by Ciesielski et al.
[46] did not require the use of photosystems isolated from mutated cyanobacteria, nor the use
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of a high vacuum, so it was more economical and less time-consuming. In their study, a plate
of gold (thickness of about 125 nm) immobilized on a silicon substrate served as cathode and
a working surface of transparent plastic plate coated with lead oxide doped with indium
served as anode of the photoelement, respectively. A cavity between them was half-filled with
an electrolyte composed of 5 mM 2,6-dichlorphenolindophenol, 100 mM ascorbic acid (Asc),
and 100 mM NaCl in 5 mM phosphate buffer at pH 7.0. In the other half, there was a buffer
solution containing PSI complexes (about 9 uM), Triton-X100 (0.05% w/v), 0.14 M in 0.2 M
NaH,PO, at pH 7.0. The PSI complexes were precipitated on a gold electrode for seven days.
As a result, a multilayer of the PSI complexes with a thickness of 1-2 pm was obtained. The
obtained solar cell generated a photocurrent at a density of about 2 mA/cm? under illumination
by a standard light intensity (clear sky at noon). The device demonstrated a considerable
stability and retained activity under ambient conditions for at least 280 days [46].

According to the review of the recent advances in photosynthetic energy conversion made by
Sekar and Ramasamy [2], to the present day the highest current density of 362 mA/cm? and
the energy flux density of 81 mkW/cm? using PSI were obtained by Mershin et al. [47]. In their
work, they compared the efficiency of solar cells with two different semiconductor substrates:
nanocrystalline titanium dioxide TiO, and nanowires of zinc oxide (ZnO) (Fig. 7). The
measurements were carried out under normal sunlight. The PSI complexes were adsorbed on
each of these two substrates. Stability of the isolated PSI complexes was increased by the
treatment with surfactant AccAAAAAAK-NH, — a sequence of six alanines and one lysine
(A¢K). This also promoted the selective adsorption of the PSI on the substrates and increased
the absorption of light. Such approach improved the photovoltaic performance. In this artificial
system, cobalt electrolyte performed the role of plastocyanine, and ferredoxin was replaced
by nanocrystalline TiO,, or nanofiber ZnO [47]. Overall, PSI is a good photobiocatalyst, but it
has several disadvantages as a photosensitizer. First, the process of the complex isolation is
more laborious compared with the isolation of thylakoid membranes. Second, the isolated PSI
complex is less stable. Third, for getting a continuous electron transfer to Py, RC requires an
external electron donor with a redox potential approximately equal to the redox potential of
plastocyanin. Thus, the photosystem depends on other electron sources.

4.3. Photosystem II as photobiocatalyst

The main advantage of PSII against PSI is the fact that water is the electron source required to
activate the electron transfer, and it is abundant in the environment [2]. Unlike the PSI, which
requires an electron donor, PSII has an internal oxygen-evolving complex, also known as
water-splitting complex. Thus, PSII depends on the availability of water and light. Here,
electrons from Py, are transferred to pheophytin, then to plastoquinone and further to the
other ETC components [8]. There are two major rate-limiting steps in this process: reduction
of plastoquinone in QB-site by two electrons from plastoquinone in QA-site and diffusion of
the double reduced quinone (PQH,) inside membrane [8]. Therefore, it is assumed that the
water oxidation in PSII should be accelerated if electrons from QA-site could be efficiently
transferred to an external electron acceptor [48]. Thus, in order for the electrons from PSII to
be transferred onto the electrode, the complex should come in contact with the surface of the
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Glass

Figure 7 Schematic presentation of two Mershin’s cells with zinc oxide and titanium dioxide. FTO — a layer of fluorine
doped with tin oxide, ITO — a layer of indium doped with tin oxide, and PsaE-ZnO — mutant subunit (adapted from
[20, 47]).

electrode, or the electron transfer should be carried out by a mediator. In fact, it is difficult to
achieve direct electron transfer from the PSII to the electrode due to the deep localization of
the Pheo-PQ site inside the PSII [38].

For the creation of efficient solar cell based on PSII, it is important to improve its stability and
increase electron transport efficiency. To achieve that, Vittadello et al. [49] reported the
application of histidine-tagged protein complex of PSII from Synechococcus elongatus covalently
bound to a gold electrode treated with Ni**-nitrilotriacetic acid (Ni*-NTA). The current density
of the resulting photobioelectrochemical cell has reached 43 mkA/cm?[49]. On the other hand,
while the photochemical energy conversion efficiency of the freshly isolated PSII was 0.7, the
same parameter for the PSII immobilized on gold was 0.53. This clearly indicated that the PSII
complexes were photochemically stable even after immobilization [49].

Utilization of osmium-containing redox polymer based on poly-1-vinylimidazole is also an
effective immobilization method, which could help maintain the stability as well as enhance
the coating degree of the electrode by the PSII complexes (Fig. 8a) [38]. The polymer works
both as an immobilization matrix and a mediator. This kind of system could facilitate the
electron transfer from the PSII complex to the electrode. The correct orientation of the immo-
bilized complex could also support the electron transfer. Recently, Noji et al. [50] developed a
nanodevice for the artificial water decomposition controlled by light, using a conjugate of PSII-
GNP. The core of the PSII complex comprising a histidine tag on the C-terminus of CP47 protein
was immobilized on a GNP by Ni**-NTA (Fig. 8b). In this work, the diameter of GNPs was
about 20 nm, and GNPs could bind four or five PSII complexes. The efficiency of oxygen
evolution by the developed PSII-GNP was comparable to that of the unbound PSII [50].
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Israeli scientists developed the photocell on the basis of bacterial PSII complexes isolated from
the thermophilic cyanobacterium Mastigocladus laminosus. The photoanode consisting of a
matrix of 2-mercapto-1,4-benzoquinone was electro-polymerized on the gold surface. Then,
PSII complexes were immobilized on this surface. The anode was electrically connected to the
cathode by bilirubin oxidase/carbon nanotubes (BOD/CNT). It is claimed that photo-induced
quinone-mediated electron transfer led to the generation of photocurrent with an output
power of 0.1 W [37].

Figure 8 Models used for immobilizing photosystem II on the electrode. a) PSII associated with an osmium redox poly-
mer containing a mediator network (adapted from [20, 38]). Yellow arrows depict the electron transfer pathway by a
hopping mechanism. b) Connection of PSII with gold nanoparticle through histidine tag with Ni*-nitrilotriacetic acid
(Ni*-NTA) attached to the C-terminus of the CP47 protein (adapted from [20, 50]).

Special protective compounds located inside the chloroplast protect highly sensitive photo-
systems (PSI and PSII) from photoinhibition [2]. It is evident that the stability of isolated
photosystems will be impaired after their isolation from native environments. It should be
noted that isolated PSII is less stable compared to PSI. Thus, photocurrent of higher density
could be achieved in cells using PSI complexes [20].

4.4. The bacterial cell as photobiocatalyst

Photocells with isolated photosynthetic structures such as thylakoids, PSI and PSII suffer from
significant disadvantages. The components of these cells are relatively unstable; they have a
short running time and require labour-consuming laboratory procedures such as isolation/
purification. These limitations could be overcome if whole cells of photosynthetic microor-
ganisms were used as a biocatalyst and/or sensitizer. In the past few years, some studies have
been conducted to construct a photosynthetic microbial fuel cell (PMFC) based on whole cells
of photosynthetic organisms such as cyanobacteria [2]. In the anode chamber of PMFCs, there
are photosynthetic organisms that are able to oxidize water using light. PMFC requires only
sunlight and water for the functioning, whereas traditional MFCs based on bacteria, for
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example, Gejbacter and Shewanella, require organic carbon sources such as glucose/lactate, and
they produce CO, as final product. Figure 9 shows the general scheme of the combined cell.

Various cyanobacteria were used in the most effective PMFCs [51-53]. In particular, the ability
of the cyanobacteria Nostoc sp. in generating a photocurrent was investigated using various
electrochemical methods. In a recent investigation, the mechanism of direct electron transfer
from ETC of Nostoc to electrode was studied using the site-specific photosynthetic inhibitors
(Fig. 1) [54]. It was shown that the solar cell with Nostoc immobilized on the MWCNT-modified
carbon electrode as an anode and laccase/MWCNT-modified cathode (Fig. 5c) generated a
current density of 25 mA/cm?, while the maximum energy flux density achieved without
mediators was only at 3.5 mW/cm? (Fig. 5d). In comparison, the cell based on thylakoids
generated a maximum current density of 10 mA/cm? (Fig. 5a), and the maximum energy flux
density achieved without mediators was of 5 mW/cm? (Fig. 5b). Overall, the maximum current
density from the solar element based on the native photosynthetic cells was higher than that
from the photoelement based on thylakoids.

One of the main advantages of cyanobacteria compared with individual components of the
photosynthetic apparatus is that they are considerably less susceptible to dehydration.
Currently, the power that could be generated by PMFCs is less than that achieved by the biofuel
cell [2]. However, many of their advantages such as simplicity of operation, the utilization of
available substrates, for example, water, as well as stress-resistance of PMFCs in comparison
with the other biofuel cells mark them as promising solar cell structure for the future.

Figure 9 Schematic representation of the different forms of fuel cells: a) hydrogen fuel cell with a platinum catalyst on
the anode and the cathode and b) photobioelectrochemical cell based on cyanobacterial cell (CB) on the anode and lac-
case enzyme on the cathode (adapted from [2, 20]).
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5. Improving the efficiency of solar cells

5.1. The redox-active components: changing the direction of the electron flow

Various redox-active components accept electrons from specific sites of ETC in accordance
with their redox potential. Redox active sites of metalloproteins are usually hidden inside the
PSII complex [38]. Therefore, the electron transfer from immobilized photosystems onto the
electrode may be limited. This limitation could be overcome by redirecting the electrons from
the inner part of the protein to the surface [2]. For instance, Larom et al. [55] successfully used
an artificial mediator to redirect electrons from QA-site to an artificial acceptor at a distance
of about 1.3 nm from the stromal side of the membrane. This change in the direction of electron
flow together with additional blocking of QB-site has reduced oxidative damages at the
expense of reducing the time of the intermediate electron transfer at the QA/QB stage. In
another study, Sekar et al. [54] used whole cells of cyanobacteria as photobiocatalysts in a solar
cell. They achieved a power density of about 10 uW/cm? by adding 1,4-benzoquinone (BQ) as
a mediator. It was three times higher in comparison with power density of photoelements
without a mediator using the systems Nostoc/MWCNT and laccase/MWCNT. Since both BQ
and PQ have the similar structure, this addition facilitated electron transfer from the PSII to
the MWCNT [54]. Previously, mediators such as BQ, 2,6-dimethyl-1-benzoquinone (DMBIB)
and 2-hydroxy-1,4-naphthoquinone (HNQ) have been also used for accepting the electrons
from the cyanobacterial photosynthetic ETC [51, 52].

5.2. Bioengineering of photosynthetic RCs

Primary processes of photosynthesis have a high quantum yield reaching almost 100%, but
the energy storage efficiency can reach about 27% under ideal conditions, and much less under
non-ideal ones [56]. This value is comparable to the efficiency of the modern silicon-based solar
panels operating with an efficiency of approximately 20%. It is notable that some laboratory
models have demonstrated an efficiency of 40% [2, 7, 21]. Moreover, the photosynthetic
pigments usually absorb light only from the visible region of the spectrum (from 400 to 700
nm) [7] unlike photovoltaic cells that are capable of absorbing the light from ultraviolet and
near infra-red regions as well. Thus, photosynthetic organisms utilize only about a half of the
incident solar energy. Nevertheless, photosynthetic efficiency can be improved by expanding
the region of photosynthetic absorption using bioengineering techniques. Since two photo-
systems used in photosynthesis absorb light under the same conditions, the variation of
absorbance could increase the efficiency [20]. This approach may be performed using photo-
elements based on RC containing far-red and infra-red absorbing pigments similar to bacter-
iochlorophyll that absorbs light in the region up to 900 nm [57] or Chl d or Chl f capable of
absorbing light in the region of 400-750 nm [21]. As a result, the absorption region may be

significantly increased.
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5.3. Biomimetics

Biomimetic approach is aimed to construct an artificial systems mimicing the natural photo-
synthesis for the production of electricity or hydrogen. Synthetic sensitizers and catalysts are
considered as a suitable alternative to unstable native systems. As a first-line strategy,
porphyrins, phthalocyanines and their metal complexes that absorb light in the same optical
region as the native chlorophyll molecules are regarded as such synthetic RCs. Covalently
linked cyclic porphyrins are more durable, but they are difficult to synthesize [58]. Non-
covalently associated porphyrins easily degrade due to their sensitivity to changing environ-
mental conditions [59]. The advantages of utilizing the porphyrin structures include stability
of the RCs and accessibility compared to synthetic products, while their disadvantage is the
short lifetime in their excited state. Polypyridines containing transition metals have a longer
lifetime in their high energy excited states [60]. Nevertheless, they generally require more
expensive metals [53]. It should be noted that the biomimetic-based semiconductor materials
mimicking the oxygen-evolved complex were designed to create energy devices during the
early 1970s [61].

6. The key challenges in photosystem-based solar cell development

6.1. Methods of immobilization and orientation of biocatalysts

Itis necessary to immobilize photoactive molecules on a conductive substrate for the optimum
functioning of a solar cell. Most of these cells require peptides for immobilization of pigments
on the electrode surface. Another important question is the correct orientation of pigment
molecules. The studies conducted at Stanford [62] were focused on the orientation of photo-
synthetic RCs towards the electrode surface. According to this construction, a poly-histidine
tag was attached to the C-terminus of the M-subunit of the Rhodobacter sphaeroides RC. With
the help of the tag, the construction was immobilized on a gold electrode containing self-
assembling layer of alkanethiols with Ni*NTA as a head part. It has been experimentally
shown that the proximity of RCs to the electrode is important for the cell effective operation
[63].

Many techniques were used for immobilization of photosynthetic complexes, including
bioelectrocatalystic self-assembling monolayers (bio-SAMs) [45, 47, 63, 64]; Ni*-NTA attached
to poly-histidine tagged PSI complexes (Fig. 6a) [24, 54]; the redox-active hydrogels [38]
(Fig. 8a) and fixation on CNTs by means of molecular binding reagents [32]. Each of these
techniques provides various beneficial properties, including the increase of the electrode
surface area, the rise of the electron transfer rate between the electrode and photobiocatalyst
and/or orientation of specific enzymes on the electrode. Unfortunately, enzyme immobiliza-
tion reduces their activity in comparison with their native state. Therefore, the enzyme activity
should be retained for a long time with the help of correct immobilization methods. In a study
conducted by Meunier et al. [65], thylakoids were adsorbed on a silicon matrix, thereby the
stability of the native thylakoid suspension increased and it remained active for 30 days.
Immobilization should provide an optimum rate of electron transfer from the protein to the
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electrode, with minimal resistance. This can be achieved by correct orientation of proteins on
the electrode surface or by the usage of intermediate carriers. Many investigations have shown
that the correct orientation of a photosystem on the electrode results in an improved electron
transport [45]. In many studies, the correct orientation of the photosystems provides specific
binding of a histidine-tagged protein complex with Ni*-NTA molecule anchored to a gold
electrode [24, 50]. Badura et al. [38] used the osmium-containing polymer of polyvinyl-
imidazole as modified electrode acting as both an immobilizing agent and an electron acceptor
for the PSII complex (Fig. 8a). Binding of sensitizer with redox polymer is rather interesting
way of sensitizer immobilization. Due to that, an electron transfer between neighbouring redox
centres covalently bound to the polymer backbone is possible by means of a hopping mecha-
nism. Thus, there could be the shuttling of electrons from a reactive site within a redox protein
towards an electrode surface. Several parameters determine the rate of electron transfer: the
polymer backbone composition (flexibility, swelling behaviour, and amount of cross-linking),
the distance between the polymer-bound redox centres and potential of the mediator. Hence,
the properties of the redox polymer can be adapted to find an appropriate redox polymer for
a specific application. In these modified systems, immobilized PSII were capable of generating
a current density of 45 mA/cm? at light intensity of 2.65 mW/cm? (maximum wavelength at
675 nm) [38].

6.2. The stability of the isolated proteins

The main problem of the usage of isolated proteins as photosensitizers in photovoltaic cells is
their extremely low stability. Photoinhibition of photosystems is the main reason for protein
destruction, especially in case of the PSII. Caused by an excessive amount of radiation,
photoinhibition may damage the photosynthetic apparatus and hence destroy the chloroplast
proteins. Photosystems are provided with some protective mechanisms in vivo [2]. However,
once the proteins are isolated, natural self-healing mechanisms do not work. Thus, isolated
proteins are more susceptible to damage and have a short lifetime. There is one of the methods
to stabilize the photosynthetic complexes through the simulation of the natural states of
proteins. Surfactant peptides can be used to imitate the lipid membrane naturally stabilizing
photosynthetic complexes. Such surfactants are designed as molecular nanomaterial to study
the membrane protein’s stability [47]. It consists of hydrophilic amino acids (aspartate or
lysine) as the head of the chain and hydrophobic amino acids (alanine) as the tail. For the
stabilization of the photosynthetic complex during the construction of a solid electrical device,
Das et al. [24] used the peptides A(K and V,D, a sequence of six valines and one aspartic acid
(VVVVVVD), as cationic and anionic surfactant peptides, respectively. They showed a short-
circuit current density of 0.12 mA/cm? at the excitation light intensity of 10 W/cm? with a
wavelength of 808 nm. Presumably, this direction is promising.

6.3. Increase of surface area

The increase of the electrode surface area is a method conventionally used to improve the
efficiency of functioning solar cells. In many cases, the electrode itself is originally flat, and
changes of its geometry can destroy its structure. However, the electrode can be modified via
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nanomaterials, which could increase the real surface area due to the formation of nanostruc-
tures with non-planar topology on the electrode surface. In this case, the working electrode
area is larger than the area of the initial flat surface, and it can absorb more pigment molecules.
In their study, Mershin et al. [47] compared two different forms of electrode modification using
nanocrystals of titanium dioxide and zinc oxide nanowires (Fig. 7). In contrast with the flat
electrodes of the same size, the electrodes using TiO, and ZnO had 200 and 30 times larger
active areas, respectively. The results of this study demonstrated that the samples based on
ZnO were less effective due to the smaller coefficient of roughness. On the other hand, ZnO
was found to be more conductive and less expensive in comparison with the TiO, [47].

The cells of that construction used in Mershin’s experiments are worth discussing in more
detail. Itis a stable and acknowledged design of solar cells. These cells are called dye-sensitized
solar cells (DSSC) or Gritzel cell named after the one of its inventors, Michael Grétzel [21]. The
advantage of such cells over the others is exactly in the usage of mesoscopic material as a
substrate for photoactivator. The mesoscopic material is the material with a complicated inner
structure represented by interpenetrating network of inorganic or organic semiconductor
particles of mesoscopic size (2-50 nm) forming connections of very high contact area [4]. The
structure of DSSC can be described as follows (Fig. 10). The main components of DSSC are two
flat glass electrodes. Each of them has one conductive side. The conductive side is provided
by application of thin layer of indium tin oxide (ITO) or fluorine tin oxide (FTO). The layer of
mesoscopic semiconductive material is deposited on the one of the electrodes. Also, there is a
monolayer of the dye attached to the surface of the nanocrystalline film. Photoexcitation of the
dye results in the injection of an electron into the conduction band of the semiconductor. For
the original state of the dye to be subsequently restored, there is the electrolyte, usually an
organic solution containing redox system, such as the iodide/triiodide couple. It donates an
electron to the dye. Timely regeneration of the sensitizer by iodide retards the recapture of the
conduction band electron by the oxidized dye. The reduction of triiodide at the counter
electrode regenerates the iodide, and the circuit is completed via electron migration through
the external load. The mesoscopic oxide films are made of networks of thin crystals of a few
nanometers. The components mostly preferred are the oxides such as TiO,, ZnO, SnO,,
Nb,O;5 or chalcogenides such as CdSe. They are bound inside and this allows the electron
conduction to occur. Generally, the size of TiO, particles is about 20 nm [4]. Before Gratzel
cells, many cells were designed by the application of photosensitizer on flat electrode. In case
of flat topology solar cells, a low density of pigments is one of low efficiency reasons. In DSSC,
there are several advantages of nanocrystalline structure of semiconducting oxide (usually
TiO,) used for sensitizer support [4]:

1. Itenables the effective capture of light by the surface with sensitizer absorbed. On the flat
surface, a monolayer absorbs less than a few percent of light as it covers an area approx-
imately two order of magnitude larger than its optical cross-section [4]. The use of
multilayered sensitizer would not solve this problem as molecules only in contact with
semiconductor could excite it; the others act like filter. Significant increase of interface
enhances absorption and leads to thousand-fold increase of photocurrent in comparison
with flat surface DSSC.
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2. Nanocrystals of TiO, should not be somehow doped to have the conductivity. Injection
of one electron from sensitizer to TiO, particle is enough for titanium dioxide to get its
conducting state. This photo-induced conductivity allows gathering the electron without
any significant ohmic losses. In contrast, it is necessary for compact semiconductive films
to be n-doped so that semiconductor could conduct the current. In this case, the energy
transport from excited sensitizer to conducting band of semiconductor will inevitably
decrease the coefficient of efficiency.

3. Size of TiO, particles allows effectively screening electrons from the electrolyte or hole
conductor present in pores. As a result, photocurrent is not declined by a repulse between
electrons diffusing through the particle network.

Ruthenium dyes are used as sensitizers in most studies connected with Gratzel cells [4, 21].
But isolated components of photosynthetic apparatus as dyes are also quite attractive since
ruthenium dyes are rather expensive. Some studies including Mershin’s investigations offer
significant possibilities in this area.

As it has already been shown, the mesoscopic materials cannot be the only way to increase an
active surface area of solar cell. In fuel cells of another kind, nanotextured surfaces are also
used to increase the amount of absorbed dye molecules. As the technique for creating nano-
wires, nanotubes and other structures for carbon materials is quite well developed, carbon is
rather attractive as a material for the creation of such surfaces. These approaches include the
usage of GNPs [50], nanoporous gold electrodes [46] and redox hydrogels [38].

6.4. Direct or mediated transfer of electrons

Another way to achieve the maximum current density in the cells based on photosynthetic
sensitizers is to create a system that carries out direct electron transfer from photosystem to
electrode without using a mediator. As was mentioned earlier, the mediators have lower redox
potential required for the efficient electron transfer compared to the native electron source. If
the electrons are transferred to the mediator, they lose some part of their energy in contrast to
transfer from the real source. The distance between the redox site and the electrode should
also be minimized in order to ensure efficient transfer of electrons. The difficulty in ensuring
continuous contact between the electron source and the electrode is the main disadvantage of
direct electron transfer.

Furukawa et al. used polyaniline as an electronic catalyst instead of mediators to develop a
photosynthetic biofuel cell [66]. Polyaniline has a good electrical conductivity; it is compatible
with the photosystem. Due to its nanostructure, polyaniline also increases the surface area.
During their experiment, they managed to achieve a good efficiency of the developed cell: peak
current density was about 150 mA/cm? and power density was measured at 5.3 mkW/cm?.
According to the study conducted by Sekar et al. [54], MWCNTSs were successfully used for
direct electron transfer, both in isolated spinach thylakoids and cyanobacteria Nostoc sp.
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Figure 10 Scheme of operation of the dye-sensitized solar cell. The photoanode, made of a mesoporous dye-sensitized
semiconductor, receives electrons from the photo-excited dye which is thereby oxidized, and which in turn oxidizes
the mediator, a redox species dissolved in the electrolyte. The mediator is regenerated by reduction at the cathode by
the electrons circulated through the external circuit. Energy levels are measured in relation to normal hydrogen elec-
trode (NHE). S —ground state of dye molecule. S* - its oxidized state, S* — its exited state (adapted from [21]).

6.5. Extension of the spectral range of the light absorption by photosystems

Previous four problems were closely linked: stability of isolated complexes directly depends
on the way of its immobilization on electrode. For creating electrodes with complex surface,
it is necessary to consider the ability of the surface to adsorb sensitizer molecules. In their
experiments, Badura et al. [38] have been solving all these four problems at once. Ni*-NTA
and 6-His tag are both mediators of electron transport and a means of photosystem attachment
on electrode surface. Immobilization, dye stability, working surface area and mediation of
electron transport are connected with ‘dye/electrode’ contact. The increase of the spectral
absorption region is the matter that is connected only with sensitizer. Extension of the spectral
range of the light absorption is possible using Chl d or f[15,21,67-70]. Though the creation of
artificial solar cells based on these chlorophylls is still at the early stages of its development.
Overall, designing of solar cells using these chlorophylls seems to be quite promising.

7. Conclusion

Researchers in the area of artificial photosynthesis have focused on the development of total
inorganic and hybrid semi-natural systems [71, 72] that could effectively produce a sustainable
energy from sunlight without requiring external fuels. These systems should have a high
quantum yield and generate energy fluxes of high density to satisfy the energy requirements.
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The more we learn about the nature, the closer we come to the creation of the efficient energy
solar cells using the components of photosynthetic apparatus. The usage of systems imitating
the photosynthetic apparatus and the elements of photosynthetic systems in current energy
generators and fuel cells is a quite promising direction [72, 73]. However, the biophotovoltaics
requires a lot of changes and improvements to be widely used.
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Abstract

A shift in energy dependence from fossil fuels to sustainable and carbon-neutral
alternatives is a daunting challenge that faces the human society. Light harvesting for
the production of solar fuels has been extensively investigated as an attractive approach
to clean and abundant energy. An essential component in solar energy conversion
schemes is a catalyst for water oxidation. Ruthenium-based catalysts have received
significant attention due to their ability to efficiently mediate the oxidation of water. In
this context, the design of robust catalysts capable of driving water oxidation at low
overpotential is a key challenge for realizing efficient visible light-driven water splitting.
Herein, recent progress in the development within this field is presented with a focus
on homogeneous ruthenium-based systems and surface-immobilized ruthenium
assemblies for photo-induced oxidation of water.

Keywords: water splitting, ruthenium, photochemistry, sustainable chemistry

1. Introduction

The search for inexpensive and renewable energy is currently one of society's greatest techno-
logical challenges. As light energy from the sun continuously strikes the earth’s surface,
harnessing this energy would solve the increasing future energy demand and lead to a more
sustainable society. An appealing solution would therefore be to convertlight energy to storable
fuels, such as hydrogen gas or reduced carbon compounds. For realizing this scenario, novel
technologieshavetobedeveloped thatefficiently utilizesolarenergy. Furthermore, suchsystems
also need to rely on abundant and inexpensive feedstocks in order to become viable on a large
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scale. Aswaterisplentiful, itwouldbeattractivetouseitasafeedstock for obtaining thenecessary
reducing equivalents—protons and electrons [1-6].

The natural system constitutes an excellent source of inspiration for how to design an artificial
system that is capable of harnessing solar energy for fuel production. The concept of artificial
photosynthesis emerged in the 1970s and is inspired by nature where light-induced charge
separation events sequentially oxidize a Mn,Ca cluster (Figure 1) known as the oxygen-
evolving complex (OEC) [7, 8]. After four electrons have been abstracted from the OEC, two
molecules of water are oxidized to molecular oxygen, thus releasing four electrons and four
protons. The natural photosynthetic apparatus subsequently utilizes the generated reducing
equivalents to reduce CO, to carbohydrates [9, 10]. However, instead of using the generated
reducing equivalents to reduce CO, to carbohydrates as in the natural photosynthetic appa-
ratus, these “artificial leafs” would produce hydrogen gas from the protons and electrons that
are liberated when water is oxidized (Eq. 1) [11, 12].

2H,0 - 0O, +2H, 1)

Figure 1. Depiction of the Mn,Ca cubane core of the oxygen-evolving complex (OEC).

Water splitting can be divided into two half-reactions; proton reduction and water oxidation.
The reductive side of water splitting involves the generation of hydrogen gas from the
generated protons and electrons. In contrast to hydrocarbons, hydrogen gas is considered to
be environmentally benign, as water is the only combustion product. Although deceptively
simple, the other half-reaction, water oxidation (Eq. 2), is a mechanistically complex process
and is currently considered as the bottleneck. The oxidation of water thus requires a single
catalytic entity capable of accumulating four oxidizing equivalents, breaking several bonds
and forming the crucial O-O bond. Splitting of water is an energy demanding process with a
Gibbs free energy of 237.18 k] mol™ and a minimum electrochemical potential of 1.229 V vs.
normal hydrogen electrode (NHE) is required. The basic thermodynamic requirements for
splitting water suggest that any light with a wavelength shorter than 1 mm has enough energy
to split a molecule of water. Consequently, this allows the use of the entire visible solar
spectrum and a majority of the near-infrared spectrum, which collectively constitutes ~80% of
the total solar irradiance [13].

2H,0 — 0, +4H" +4¢ 2)
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The first example of photoelectrochemical water splitting was reported by Fujishima and
Honda in the early 1970s. Their system consisted of a titanium dioxide (TiO,) photoanode
which upon irradiation with ultraviolet (UV) light generated oxygen at the anode and
hydrogen gas at an unilluminated platinum cathode [14]. Since the seminal work by Fujishima
and Honda, several research groups have attempted to improve the system in order to enable
the reaction to be driven by visible light instead of UV light [15, 16].

A simple depiction of an artificial photosynthetic system is shown in Figure 2 and consists of
three components: a chromophore (photosensitizer) for light-absorption, a water oxidation
catalyst (WOC), and a reduction catalyst for proton reduction. The light-absorbing component,
the molecular chromophore, is in general coordinated to the surface of a semiconductor, such
as TiO,. The initial step in such a system involves light absorption by the photosensitizer,
generating a long-lived charge-separated state by transferring an electron to the conduction
band of the semiconductor. The oxidized photosensitizer subsequently recovers an electron
from the covalently bound oxidation catalyst (the WOC) or from the functionalized semicon-
ductor surface to regenerate the ground state photosensitizer. After four successive electron
transfers, the highly oxidized WOC is reduced by oxidizing two molecules of water, thus
releasing molecular oxygen. Although the events seem trivial, the overall process of light-
driven water splitting requires interfacing of several nontrivial chemical steps such as
accumulation and abstraction of several electrons at the reduction and oxidation catalyst,
respectively. This requires the integration of efficient light absorption, generation of long-lived
charge separation, organized proton reduction at the cathode, and fast oxidation of water at
the anode [17-19].

WOC | HEC
\ | 2 H,0
. 2 = 2He h-f'

Figure 2. Three-component molecular assembly for water splitting consisting of a photosensitizer (PS), a water oxida-
tion catalyst (WOC), and a hydrogen-evolving catalyst (HEC). Reprinted with permission from ref. 29. Copyright 2014
American Chemical Society.

. PS

2. Ruthenium-Based Photosensitizers

The first step in solar energy conversion schemes involves light absorption by a chromophore.
In the natural photosynthetic system, a set of specialized chlorophyll-based pigments is
responsible for the absorption of visible light, and subsequently transfers the excitation energy
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to the reaction centers of photosystem II and I. Mimicking these events for constructing
artificial photosynthetic devices is a crucial objective and requires tailored photosensitizers
that are photostable and efficiently absorb photons across a wide range of wavelengths in the
visible spectral region. Furthermore, they should also be easy to modify to allow for straight-
forward tuning of the photophysical features. The main requirement is that the reduction
potential of the oxidized photosensitizer is more positive than that of the WOC and the onset
potential for water oxidation (and any overpotential that is produced in the designed system)
[20, 21].

2.1. Photophysical Description of Ruthenium-Type Photosensitizers

Perhaps the most extensively studied metal-based photosensitizers are the [Ru(bpy);]*-type
complexes (Figure 3; bpy = 2,2"-bipyridine). Shortly after the seminal report on UV-light-
mediated water splitting at TiO, photoanodes by Honda and Fujishima [14], the basis for
artificial photosynthesis appeared when it was realized that metal complexes, such as
[Ru(bpy);]* (1), are efficiently quenched by organic compounds [22, 23]. Flash photolysis
experiments have revealed that light absorption (A ,,, = 450 nm) by the [Ru(bpy);]*-type
photosensitizers triggers excitation of an electron in a metal-centered orbital to a 7* orbital
located on the ancillary polypyridyl ligand. This metal-to-ligand charge transfer (MLCT)
results in a singlet excited state, '[Ru(bpy);]***, that undergoes rapid intersystem crossing (ISC),
affording a triplet state, *[Ru(bpy),;]**. This excited state is relatively long lived and has a dual
nature, being that it can participate in either a single-electron oxidation or a single-electron
reduction in the presence of an acceptor or a donor, respectively (Figure 4). The [Ru(bpy);]*-
type photosensitizers possess several desirable features: 1) photostability, 2) the produced
excited state has a sufficient lifetime for it to participate in chemical reactions, 3) they exhibit
compatibility with a wide pH range, 4) they display broad absorption of visible light, and 5)
the relative ease by which the photophysical properties of the ruthenium photosensitizers can
be tuned, allowing e.g. that the absorption of light can be extended from the near infrared to
the UV region by simply modifying the ancillary ligands (see Figure 3) [24-26].

& —|/f.7.:

S . oy =

- : . - Ru‘\- o

| N N
: — J ELO L.’- = N I | .
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Figure 4. Photophysical properties of the [Ru(bpy);]** complex (1).

2.2. Evaluating Light-Driven Water Oxidation with Ruthenium Complexes

A three-component system is typically employed for evaluating light-driven water oxidation
and consists of a photosensitizer, a water oxidation catalyst, and a sacrificial electron acceptor
(Figure 5). As the sacrificial electron acceptor, sodium persulfate is usually employed since the
recombination or reversed electron transfer can be ruled out, thereby simplifying the kinetic
analysis of subsequent steps in the catalytic process. The three-component light-driven system
using the persulfate anion (5,05 *) and a metal-based photosensitizer has been well docu-
mented and is believed to commence with oxidative quenching of the excited state of the
photosensitizer, such as [Ru(bpy);]**. This results in the generation of [Ru(bpy),]*, sulfate,
and a sulfate radical (SO, =*), which is a strong oxidant (E°>2.40 V vs. NHE[27]) and has the
ability to directly oxidize a second equivalent of [Ru(bpy);]* [28]. The reduction of two
equivalents affords the four equivalents of [Ru(bpy)s]** that are needed to oxidize the WOC,
which in turn oxidizes water to molecular oxygen. The processes involved in the light-driven

persulfate system are summarized by Eqs. 3-6.
PGP Gl
2H;0 WOC,, 4 [Ru(bpy)s]** 25,047

Figure 5. Three-component system for light-driven water oxidation consisting of a water oxidation catalyst, a
[Ru(bpy);]**-type photosensitizer and persulfate as the sacrificial electron acceptor.
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3. Ruthenium-Based Water Oxidation Catalysts —Oxidatively Robust
Catalytic Entities

One of the main challenges in realizing water splitting is the development of efficient and
robust WOCs that possess low overpotentials and high turnover rates. The development of
homogeneous WOCs is an intense and rapidly expanding research field. During the past
decade, considerable progress in constructing molecular catalysts capable of oxidizing water
has been made using transition metal-based catalysts in the presence of strong chemical
oxidants, such as Ce" [29, 30]. Homogeneous catalysts are advantageous as they facilitate
mechanistic studies, thus stimulating the design of new and improved WOCs [31]. Owing to
their high abundance and low toxicity, several WOCs based on first-row transition metals,
such as cobalt (Figure 6) [32-35], copper (Figure 7) [36-38], iron (Figure 8) [39-42], and
manganese (Figure 9) [43-47], have been designed. However, their design has proven partic-
ularly challenging as these WOCs suffer from insufficient stability and are rapidly deactivated/
decomposed under the harsh conditions required to oxidize water. In contrast, catalysts based
on the third-row transition metal ruthenium have shown to produce robust catalysts that are
able to deliver high turnover numbers (TONSs) and high turnover frequencies (TOFs) [29, 30].
This chapter summarizes the recent advances that have been made in designing ruthenium-

based WOCs for visible light-driven water oxidation.
@
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Figure 6. Examples of cobalt-based water oxidation catalysts.
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Figure 7. Examples of copper-based water oxidation catalysts.
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Figure 9. Examples of manganese-based water oxidation catalysts.

3.1. Dinuclear Ruthenium Complexes Capable of Mediating Light-Driven Water Oxidation

Intensive attempts to develop efficient WOCs have been made since the first homogeneous
ruthenium catalyst, the “blue dimer” (19, Figure 10), was presented by Meyer and coworkers
in the early 1980s [48, 49]. Light-driven water oxidation by a mononuclear “blue dimer”, cis-
[(bpy),Ru(OH,),]**, derivative which presumably resulted in the formation of the dinuclear
derivative 20 (Figure 10), was reported in 1987 [50]. In addition to the coordinated aqua ligands,
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Figure 10. Depiction of the “blue dimer” (19) and dinuclear ruthenium complex 20.

this ruthenium-aqua complex consisted of two ruthenium metal centers connected via a p-oxo
bridge and two carboxylate substituted bpy ligands. Cyclic voltammetry displayed a reversible
wave at ~1.20 V vs. NHE, assigned to the Ru, ™"V/Ru, ™™ redox couple and a catalytic onset
for water oxidation at approximately 1.54 V vs. NHE. When using [Ru(deeb);]* as the
photosensitizer and sodium persulfate as the sacrificial electron acceptor, molecular oxygen
was evolved at a rate of 330 UL h™ during the first 15 min, after which the oxygen production
dropped.

The groups of Sun and Akermark designed a dinuclear ruthenium complex (21, Figure 11)
where the two ruthenium centers were positioned in an anti-fashion about a central pyridazine
moiety [51]. In addition to the central pyridazine unit, the ligand scaffold contained two
pyridine groups with negatively charged carboxylate groups, which have been shown to lower
the redox potentials of metal complexes and stabilize high-valent redox states. The electro-
chemical properties of the complex were studied by cyclic voltammetry in dry acetonitrile and
showed two reversible one-electron waves at ~0.54 and ~1.04 V vs. NHE, which were assigned
as the Ru, "/Ru, ™" and Ru, ™"/Ru, " redox couples. At pH 7, a catalytic current for water
oxidation was observed at ~1.45 V vs. NHE.
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Figure 11. Structures of the dinuclear ruthenium complexes 21 and 22.

Three different [Ru(bpy);]*-type photosensitizer derivatives were employed for visible light-
driven water oxidation [52]. It could be shown that the TONs and TOFs increased with the
increasing potential of the photosensitizer, which is ascribed to the stronger driving force.
When employing the [Ru(bpy)(deeb),]* photosensitizer, a TON of 370 and a TOF of 0.26 s™
was obtained for ruthenium complex 21. During the catalytic process, the pH was found to
drop significantly and had to be adjusted. However, this allowed for a total TON of 1270 after
four consecutive runs. Unfortunately, using a more concentrated buffer solution (0.2 M)
resulted in deactivation of the catalytic system. In the presence of catalyst 21, minimal
decomposition of the photosensitizers was observed upon illumination, whereas in the
absence of catalyst 21, significant decomposition of the photosensitizers was observed,
indicating efficient electron transfer from the catalyst unit to the oxidized photosensitizer.
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Figure 12. Structure of dinuclear ruthenium complex 23.

Subsequent studies by the group of Sun and Akermark focused on the dinuclear ruthenium
complex 22, which adopts a cis structure with phtalazine as the bridging unit (Figure 11) [53].
The electrochemical properties of the complex were studied by cyclic voltammetry in dry
acetonitrile and exhibited two one-electron waves at 0.903 and 1.396 V vs. NHE. These were
assigned to the redox processes Ru, "/Ru, " and Ru, ™"/Ru, "1, respectively. Despite the
fact that the two ruthenium centers were oriented in a cis fashion, the redox potentials were
higher than for ruthenium complex 21, probably due to the strong electron donation from the
aryl carbon bond to one of the ruthenium centers in complex 21. The catalytic current for water
oxidation for complex 22 takes place at onset potential of approximately 1.20 V vs. NHE in
phosphate buffer at pH 7.2, which is lower than for complex 21. TONs of 60, 420, 580, and TOFs
of 0.1, 0.77, and 0.83 s™ were obtained for the three photosensitizers 1-3, respectively. Ruthe-
nium complex 22 was shown to retain its catalytic activity upon the addition of photosensitizer
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and sodium persulfate, and after the neutralization of pH, highlighting the stability of
ruthenium complex 22 in the studied photochemical system.

A dinuclear ruthenium complex (23) for visible light-driven water oxidation was recently
reported by the Akermark group (Figure 12) [54]. Based on previous studies where a phenolate-
based bridging ligand was utilized [55], it was envisioned that a ligand backbone consisting
of a central pyrazole moiety would allow for the accommodation of two ruthenium centers.
Employing an ancillary ligand scaffold consisting of a central pyrazole moiety and two
benzimidazole units functionalized with carboxylate groups produced the dinuclear rutheni-
um complex 23 where the two metal centers are held in close proximity [54].

Several redox active species were observed in the electrochemical studies in phosphate buffer
at pH 7.2. Oxidation peaks at potentials of approximately 0.05, 0.38, 0.70, 0.90, and 1.20 V vs.
NHE were observed, with a catalytic current for water oxidation appeared at an onset potential
of 1.20 V vs. NHE. The photochemical oxidation of water was initially carried out at pH 7.2,
using [Ru(bpy),(deeb)]* as photosensitizer. At a 3.0 pM catalyst concentration, the amount of
evolved oxygen corresponded to a TON of 830. Lowering the pH led to a slight increase of the
TON (890); however, a further decrease of the pH to 5.2 resulted in a substantial reduction in
oxygen production, presumably due to the lower driving force. An increase of the pH to 8.2
also resulted in a significantly lower oxygen formation and was ascribed to the decomposition
of the ruthenium-based photosensitizer [54]. A subsequent study has suggested that the
designed ligand scaffold in dinuclear ruthenium complex 23 has a non-innocent behavior, in
which the metal-ligand cooperation is an important feature during the four-electron oxidation
of water and thus explains the observed catalytic efficiency of complex 23 [56].
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Figure 13. Dinuclear ruthenium complexes 24-26.

Llobet and coworkers reported a pyrazolate bpy-based dinuclear ruthenium complex 24
(Figure 13) [57]. The complex accommodates two ruthenium centers in a slightly distorted
octahedral conformation. The metal ions are closely located within the pyrazole plane with a
twisted carbonate bridging the two metals. The twisted conformation facilitates the exchange
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of the carbonate with two water molecules in aqueous media, resulting in the formation of
catalyst 25. Electrochemical studies of complex 25 were conducted in phosphate buffer at pH
7. Two quasi-reversible redox processes at 0.59 and 0.88 V vs. NHE and the catalytic onset
potential for water oxidation at 1.48 V vs. NHE could be observed, employing cyclic voltam-
metry.

_|::'I{-B'

27

Figure 14. Depiction of the previously developed dinuclear ruthenium-pyrazole complex 27.

The catalytic activity for light-driven water oxidation was measured at pH 7, using the
[Ru(bpy)(deeb),]* photosensitizer (3) together with sodium persulfate as the sacrificial
electron acceptor. Sulfonate-based complex 26 gave rise to a TON of 2373 and a TOF of 11.1 s
“in a single run. The experiments were repeated twice, resulting in a total TON of 5300.
Complex 25 exhibited similar activity, producing a TON of >2300 and a TOF of 9.2 s*. The
quantum yield (amount of molecular oxygen produced per absorbed photon) for complex
25, under the above-mentioned conditions, reached 4.8% during 100 s of irradiation. The ligand
design thus permits formation of a water soluble and oxidatively stable ruthenium complex,
where the active catalyst reaches high TONs and TOFs for visible light-driven water oxidation
[57].

The activity of 25 and 26 was compared with the previously reported complex 27 [58, 59]
(Figure 14) under the exact same conditions, which further revealed the dramatic catalytic
difference as catalyst 27 only yielded a TON of 67 and a TOF of 0.13 s™. An explanation for the
lower activity of ruthenium complex 27 was assumed to be the high onset potential for water
oxidation, occurring at 1.60 V vs. NHE, which is close to the redox potential provided by the
[Ru(bpy)(deeb),]* photosensitizer [57].

The catalytic efficiencies for the developed ruthenium-based complexes housing carboxylate-
functionalized ligands and related complexes containing negatively charged ligand backbones
highlight the robustness of these WOCs and suggest that such catalysts can be further
heterogenized and applied onto photoanodes, which constitute an important part for the
fabrication of devices for artificial photosynthesis.
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3.2. Light-Driven Water Oxidation Catalyzed by Single-Site Ruthenium Complexes

Thummel and coworkers demonstrated that the ruthenium(Il) polypyridyl complex 28
(Figure 15) was a viable catalyst for visible light-induced water oxidation [60]. The examination
of the catalytic activity was carried out in a three-component homogeneous system containing
[Ru(bpy);]** (1) as photosensitizer, persulfate as a sacrificial electron acceptor, and catalyst
28. Under these conditions, complex 28 provided a TON of 103, a TOF 0£0.12 s, and a quantum
yield of 9%. Mechanistic studies suggested that a unique proton-coupled low-energy pathway
viaaruthenium(IV)-oxo intermedjiate takes place when using the mild photogenerated oxidant
[Ru(bpy);]** (1.26 V vs. NHE) to drive water oxidation [60, 61].

_IEE*}

Figure 15. Structure of ruthenium(II) polypyridyl complex 28.

Although a plethora of single-site ruthenium-based WOCs have been designed, only a handful
has been shown to catalyze light-driven water oxidation. A majority of the ruthenium
complexes that have been successful in driving water oxidation with visible light contain
negatively charged ligand scaffolds, which are essential for lowering the redox potentials,
allowing water oxidation to be driven by [Ru(bpy);]**-type photosensitizers.

The [Ru(bda)(pic),(OH,)] complex (29, Figure 16; bda = 2,2’-bipyridine-6,6’-dicarboxylic acid)
is a rare example of a ruthenium complex containing a seven-coordinated ruthenium center
[62]. The complex displays relatively low redox potentials, which makes it compatible with
[Ru(bpy)s]*-type photosensitizers. By using a three-component system consisting of rutheni-
um catalyst 29, a [Ru(bpy);]**-type photosensitizer and sodium persulfate or [Co(NH;);Cl]Cl,
as sacrificial electron acceptors, molecular oxygen was generated [63, 64]. It was found that
the catalytic system was rapidly deactivated due to the pH-dependent properties of ruthenium
complex 29. During the catalytic process, a rapid decrease of the pH of the reaction solution is
observed, which affects the redox properties of catalyst 29 and decreases the catalytic activity.
The authors found that adjusting the pH to 7.1 allowed for continued evolution of molecular
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oxygen, highlighting that the observed fast deactivation is a result of the rapidly decreasing
pH. The oxidative degradation of ruthenium complex 29 was also observed in both solution
and the solid state under aerobic conditions. It could be established that complex 29 gradually
decomposed via oxidative degradation of the axial picoline ligands, resulting in C(sp®-H
bond-oxidized ruthenium species.

29

Figure 16. Structure of the [Ru(bda)(pic),(OH,)] complex 29.

The two structurally related ruthenium complexes 30 and 31 based on the tridentate 2,6-
pyridinedicarboxylic acid ligand have also been studied for visible light-driven water oxida-
tion (Figure 17) [65]. Despite their high structural resemblance, the two ruthenium complexes
displayed significant difference in the activity in photochemical water oxidation. Using the
[Ru(bpy),(deeb)* (2)/S,05 > system, catalyst 30 triggered immediate oxygen evolution,
producing a TON of 62 after 1 h of illumination. A linear dependence of the initial rate on
complex 30 was observed using Ce' as chemical oxidant, implying that the catalyst most likely
follows a mechanism involving the generation of a high-valent ruthenium-oxo species.
Subsequent water nucleophilic attack on this species produces the key O-O bond, where
additional oxidation events of the formed ruthenium-peroxo result in the liberation of
molecular oxygen. In contrast to ruthenium complex 30, complex 31 only generated a TON of
3.7, highlighting the dramatic difference in reactivity for the two ruthenium complexes. This
difference was ascribed to the relative ease by which the complexes undergo picoline water
ligand exchange, which was supported by mechanistic studies utilizing electrochemistry and
'"H NMR spectroscopy. In complex 30, the equatorially bound picoline is rapidly replaced by
a solvent water molecule, thus producing the catalytically important ruthenium-aqua species.
By contrast, the ruthenium complex 31, where bpy occupies the equatorial position, no such
exchange was observed. These observations highlight that subtle changes in the ancillary
ligand environments can dramatically affect the catalytic efficiencies of the studied ruthenium
catalysts and are fundamental for designing WOCs with improved catalytic efficiencies.

201



202  Applied Photosynthesis - New Progress

.
ple™ " ™0 =4 :‘ pH:"R:“""D 4 _:\ Pl N
pic pic
32 33

30 31

Figure 17. Depiction of the two structurally related ruthenium complexes 30 and 31.

Akermark and coworkers have recently reported on the two single-site ruthenium complexes
[Ru(Hhpbc)(pic);]* (32; H;hpbe = 2-(2-hydroxyphenyl)-1H-benzo[d]imidazole-7-carboxylic
acid) and [Ru(Hhpb)(pic),]* (33; H;hpb = 2-(2-hydroxyphenyl)-1H-benzo[d]imidazol-7-ol) that
contain two benzimidazole-based tridentate meridionally coordinating ligand frameworks
(Figure 18) [66]. Inspired by nature, it was envisioned that the incorporation of negatively
charged functional groups imidazole, phenol, and carboxylate, which have important func-
tions in the natural photosynthetic system, would lower the redox potentials of the ruthenium
complexes. Furthermore, inclusion of these potential proton transfer mediator motifs into the
WOCs would also be expected to facilitate the simultaneous transfer of electrons and protons
via proton-coupled electron transfer (PCET), which is crucial for avoiding charge buildup and
high-energy intermediates. Catalytic experiments revealed that both ruthenium complexes
were capable of mediating oxidation of water to molecular oxygen, both by use of pregenerated
[Ru(bpy);]*" as oxidant and driven by visible light. When using pregenerated [Ru(bpy)s]*,
ruthenium complex 32 was able to generate a TON of ~4000 and TOF of ~7 s7.. In the photo-
chemical setup, TONs of ~200 were obtained for the two ruthenium complexes 32 and 33 under
neutral conditions using a three-component system consisting of [Ru(bpy),(deeb)]* (2) as
photosensitizer and persulfate as sacrificial electron acceptor. A recent study has suggested
that O-O bond formation for the developed ruthenium complex 32 proceeds via a high-valent
ruthenium(VI) species, where the capability of accessing this species is derived from the non-
innocent ligand architecture (Figure 19) [67]. This cooperative catalytic involvement and the
ability of accessing such high-valent species are intriguing and distinguish this ruthenium
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Figure 19. Proposed catalytic cycle for single-site ruthenium complex 32.

catalyst from the majority of previously reported complexes, which typically proceed via the
generation of ruthenium(IV) or ruthenium(V) species as the catalytic key intermediate for
O-O bond formation. This could thus provide the foundation for new pathways for the
activation of small molecules such as water.

4. Molecular Chromophore—Catalyst Assemblies for Water Oxidation

Due to the progress that has been made in developing ruthenium-based catalysts for water
oxidation, increased attention has recently been given to constructing supramolecular dyads
where a photosensitizer and a WOC are covalently linked. These assemblies can subsequently
be grafted onto solid electrodes, which would ultimately allow for visible light-driven water
splitting [68, 69]. This chapter highlights some of the representative ruthenium-based assem-
blies and devices that have been constructed for photochemical and photoelectrochemical
water oxidation.
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4.1. Chromophore-Catalyst Assemblies for Homogeneous Water Oxidation

As a result of the synthetic complexity associated with linking a chromophore to a catalyst,
there are only a limited number of examples of reported chromophore-catalyst assemblies.
Here, the design of an appropriate linker is essential as these supramolecular assemblies have
been shown to suffer from fast back electron transfer from the excited photosensitizer to the
oxidized WOC entity [70].

Based on the promising results obtained with the [Ru(bda)(pic),(OH,)] complex 29 in visible
light-driven water oxidation in the three-component component system using sodium
persulfate as sacrificial electron acceptor [63], Sun and coworkers decided to design supra-
molecular assemblies utilizing ruthenium complex 29 as the WOC unit [71]. For synthetic
simplicity, the authors decided to introduce the photosensitizer moiety to the catalyst from its
axial ligands. Two structurally different ruthenium-based photosensitizers were coupled to
the WOC unit, which afforded the two ruthenium triads 37 and 38 (Figure 20). Due to the
electron-rich bda ligand, the onset potential for water oxidation for triad 37 was observed at
0.96 V vs. NHE under neutral conditions, suggesting that the catalytic properties of the WOC
unit are not significantly altered by linking it to the ruthenium photosensitizer. Furthermore,
this also implies that water oxidation would be thermodynamically favorable. For ruthenium
system 38, the onset potential was observed at a slightly higher potential, yet still thermody-
namically feasible. Photocatalytic experiments were performed in degassed phosphate buffer
solutions, using sodium persulftate as the sacrificial electron acceptor. Upon irradiation with
visible light (A > 400 nm), triad 37 rapidly generated molecular oxygen with a TOF of 0.078 s
1. Control experiments confirmed that light, assembly, and electron acceptor were all required
to achieve the evolution of molecular oxygen. A vital question was whether assembly 37 would
be more effective than the corresponding separate system consisting of [Ru(bda)(pic),] (29),
[Ru(bpy);]* (1), and sodium persulfate. This comparison revealed an almost fivefold difference
in activity, where assembly 37 provided a TON of 38 vs. a TON of 8 for the non-coupled system.
The degradation pathway for the coupled system 37 was also addressed by the use of mass
spectrometry, which revealed a correlation between slow ligand dissociation of one of the two
axial photosensitizer units of the assembly and the decrease in water oxidation activity over
time. In contrast to ruthenium triad 37, no oxygen was generated when using 38. This dramatic
difference in reactivity was attributed to the significantly shorter excited state lifetime of the
[Ru(tpy),]**-units (tpy = 2,2;6",2"-terpyridine) in assembly 38 relative to that of the
[Ru(bpy);]*-units of 37. Although system 38 proved to be inactive, this work highlights that
supramolecular assemblies for visible light-driven water oxidation can be constructed by
matching two light-harvesting sites and a catalytic WOC unit. Subsequent studies on ruthe-
nium triad 39 (Figure 20) established that this produced a significantly higher TON of 200
when driven by visible light [72]. Here, photocatalytic experiments in combination with time-
resolved spectroscopy showed that the linked catalyst in its ruthenium(Il) state rapidly
quenches the photosensitizer, predominantly by energy transfer. The higher photostability of
assembly 39 compared to the three component system was attributed to kinetic stabilization
by rapid photosensitizer regeneration. A supramolecular assembly where [Ru(bda)(pic),]
complex (29) was incorporated into a cyclodextrin-modified [Ru(bpy);]*-type photosensitizer
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Figure 20. Depiction of the molecular assemblies 37-39 based on the [Ru(bda)(pic),(OH,)] complex 29.

has recently also been developed for visible light-driven water oxidation employing persulfate
as the sacrificial electron acceptor [73]. A remarkable quantum efficiency of 84% was deter-
mined for the host-guest adduct under visible light irradiation, which is nearly one order of
magnitude higher than that of non-interaction system, indicating that noncovalent incorpo-
ration of photosensitizer and catalyst entities is an appealing approach for realizing efficient
conversion of solar energy into fuels.

4.2. Surface-Bound Chromophore—Catalyst Assemblies

Dye-sensitized photoelectrochemical cells (DSPECs) for water splitting consist of a photoa-
node, which is connected via an external circuit to a cathode. A characteristic feature is also
the use of a membrane, which is supposed to prevent mixing of the generated gaseous
products. The membrane should also be permeable to proton diffusion, in order to allow
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equilibration between the cell compartments. In a majority of water-splitting cells based on
TiO,, an external bias of ~0.2 V is needed for efficient reduction of the produced protons to
hydrogen gas and maximize water splitting [74-76].

At the core of DSPECs for water splitting, is the chromophore—catalyst assembly that is
supposed to mediate water oxidation. Important characteristics of this are 1) robust anchoring
to the electrode surface, which also allows electron transfer events to take place through
electronic orbital coupling, 2) chromophores that display broad absorption of visible light that
3) upon excitation undergo electron injection into the conduction band of the photoanode, and
4) a stable and efficient WOC entity, having catalytic rates that exceed the rate of solar
insolation. It is also essential that the oxidized chromophore is rapidly reduced by the WOC.
The ruthenium-based chromophores are in general highly unstable in their oxidized state,
which facilitates degradation via nucleophilic attack of water or buffer anions, and back
electron transfer events can occur from the semiconductor, thus regenerating the reduced state
of the chromophore resulting in low quantum yields [74-77].

The covalent attachment of chromophores and/or WOC to the high surface area of the oxide-
based semiconductor is a critical feature that needs to be targeted in order to prevent detach-
ment of the molecular entity from the oxide surface. A variety of strategies for anchoring
molecular chromophores, WOCs, and chromophore-catalyst assemblies to oxide surfaces
have therefore been evaluated. Reported examples include the use of acetylacetonates [78],
alkoxides [79], hydroxamates [80], and siloxanes [81]. However, the most widely used
functional groups are carboxylic (-COOH) and phosphonic acid (-PO;H,) derivatives.
Carboxylic acids are the most frequently used linking groups in dye-sensitized solar cells
(DSSCs) where they provide strong electronic coupling for ultrafast electron injection from the
excited state of the dye. Under nonaqueous conditions, surface detachment is not a limiting
factor; however, photoanodes for water splitting operate in aqueous solutions, thus causing
irreversible hydrolysis of the covalently attached molecular scaffold and limiting the lifetime
of the assemblies. An attractive alternative is the use of phosphonate linkers (Figure 21), which
provide more robust surface binding and are typically resistant to hydrolysis/desorption at
pH > 5 with added bulffer bases [82-85].

(HO)0P
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Figure 21. Structures of phosphonate-derivatized ruthenium(II) photosensitizers 40-42.
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Figure 22. Structure of chromophore—catalyst assembly 43.

It has been suggested that the presence of molecular oxygen facilitates the photodesorption of
phosphonate-linked dyes in aqueous solutions, presumably due to the formation of superox-
ide ions through back electron transfer from TiO,. This problem can partially be circumvented
by constructing chromophores with multiple ligating phosphonate units. However, the
electron injection ability of the chromophores decreases with increasing number of phospho-
nate groups, highlighting that additional work on designing chromophores for surface
stabilization is needed [86].

From the aforementioned discussion, itis apparent that fast electron transfer between the WOC
and the oxidized photosensitizer is vital for achieving efficient and robust water-splitting cells.
Recent work has shown that the use of phosphonate linkages has limited impact on the
reactivity or properties of surface-bound assemblies, thus maintaining the reactivity observed
for the homogeneous system [87].

Meyer and coworkers have designed several chromophore—catalyst assemblies that upon
attachment to oxide surfaces are able to mediate electrocatalytic water oxidation [88-90]. For
the chromophore—catalyst 43 depicted in Figure 22, an amide-based linker ligand was utilized
to couple the WOC unit to the chromophore. The synthetically flexible saturated amide bridge
ligand was designed to enable long-lived charge-separated states. Interfacial dynamics
analysis of dyad 43 by nanosecond transient absorption measurements revealed that upon
excitation of the ruthenium chromophore, rapid electron injection into TiO, occurred, which
was followed by intra-assembly electron transfer from the ruthenium-WOC unit to the
oxidized chromophore. This process takes place on the subnanosecond timescale and was
followed by microsecond—millisecond back electron transfer from the semiconductor to the
oxidized WOC entity (Eq. 7) [91].
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An attractive approach for constructing catalytic assemblies for light-driven water splitting
involves the layer-by-layer addition of a chromophore followed by a catalyst overlayer. Such
co-loading strategies allow for straightforward, and potentially practical, approaches for
surface attachment and are considered to be general and simple alternatives for producing
functioning DSPEC photoanodes [92-94].

An example of such an approach can be seen in Sun and coworkers’ photoanode where a
derivative of a previously developed ruthenium-based WOC 29 (44) was immobilized together
with a molecular ruthenium photosensitizer (45) on nanostructured TiO, particles on fluorine-
doped tin oxide (FTO) conducting glass (Figure 23) [95]. Electrochemical measurements
revealed an irreversible oxidation peak at E ,, = 1.40 V vs. NHE, which was assigned to the
Ru™/Ru" redox couple of photosensitizer 45. A redox process at E 1,=0.71 V vs. NHE, assigned
to the Ru™/Ru” redox couple of catalyst 44, was also observed, which was followed by a
catalytic wave with an onset potential of 1.14 V vs. NHE corresponding to the oxidation of
water. From the electrochemical experiments, it could also be established that the ratio of
photosensitizer/catalyst was 3:1. A three-electrode PEC cell was constructed using the
synthesized photoanode as working electrode, Ag/AgCl as the reference electrode and
platinum wire as the cathode for visible light-driven (A > 400 nm) water splitting. An external
bias of 0.2 V vs. NHE was applied in order to allow for efficient electron transfer. The incident
photo-to-current conversion efficiency (IPCE) spectrum of the constructed PEC cell was also
measured and showed a maximum IPCE value of 14% at ~450 nm, which corresponds well
with the UV-vis absorption spectrum of the developed photoanode. After ~500 s of visible
light illumination, the amount of molecular oxygen and hydrogen gas produced was calcu-
lated. A TON of almost 500 and a TOF of 1.0 s (based on catalyst 44) were calculated with
Faradaic efficiencies of 83% and 74%, respectively, highlighting the efficiency of the fabricated
PEC cell. Subsequent work has focused on employing different anchoring groups on the WOC
entity (Figure 24) and includes the use of the phosphonate-functionalized catalyst 46 [96], the
acrylate-functionalized catalyst 47 [97], and the vinyl-functionalized catalyst 48 [98, 99], which
was used for electrochemical polymerization onto nanoporous TiO, and Fe,O; films, and a
ruthenium-based catalyst containing a long carbon chain in combination with poly(methyl
methacrylate) as the auxiliary material [100].

5. Conclusions

As a consequence of the depleting energy resources and the increasing need for energy,
modern society faces a daunting task of realizing sustainable, carbon-neutral alternatives. In
this context, the development of solar-to-fuel conversion technologies by mimicking the
natural photosynthetic apparatus is considered as an attractive solution. While significant
effort has been devoted to designing artificial systems for solar energy conversion, replicating
the essential functions of natural photosynthesis has proved to be intricate.
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Figure 23. Co-immobilization of ruthenium WOC 44 and ruthenium photosensitizer 45 onto nanostructured TiO, par-
ticles for visible light-driven water splitting.

An essential component in light-harvesting devices is a catalyst that is able to oxidize water to
molecular oxygen, thereby providing the necessary reducing equivalents for reduction of
protons to hydrogen gas. Photo-induced charge separation and buildup of multiple redox
equivalents is also an essential part of solar-to-fuel conversion schemes. The catalysts reviewed
here represent the state of the art and are hence capable of mediating homogeneous light-
driven water oxidation through the accumulation of multiple redox equivalents at the catalytic
center. The envisioned assemblies for water splitting consist of three parts—a chromophore,
a catalyst for water oxidation, and a semiconductor—and have mainly been developed
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Figure 24. Ruthenium-based catalysts 46-48 employed for fabrication of photoanodes.

209



210 Applied Photosynthesis - New Progress

separately. The current limitation of these assemblies is related to the inefficient coupling of
the individual catalytic events, which is necessary for the development of efficient artificial
photosynthetic systems.

Considerable progress has been made during the last decade in constructing photochemical
cells capable of splitting water. However, the fundamental aspects, including their synthesis,
their long-term durability, and the mechanistic understanding, are far from resolved and are
of significant concern. Further elaboration and assembling of all of the integral components
through cooperative interplay will certainly continue, thereby realizing efficient artificial
photosynthesis in a not too distant future.
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