Metadata, citation and similar papers at core.ac.uk

Provided by Repository of the Academy's Library

1 Review

2 Current and possible approaches for improving photosynthetic

3 efficiency

5 a*Csaba Eva, PMaria Oszvald, and °Lasz16 Tamas

7  *Applied Genomics Department, Agricultural Institute, Centre for Agricultural Research,

8  Hungarian Academy of Sciences, Martonvasar 2462, Hungary

9  YPlant Biology and Crop Science, Rothamsted Research, Harpenden, Hertfordshire AL5 2JQ,

10 UK

11 °Department of Plant Physiology and Molecular Plant Biology, E6tvés Lorand University,

12 Budapest 1117, Hungary

13 * Corresponding author. E-mail address: eva.csaba@agrar.mta.hu
14

15  ABSTRACT

16  One of the most important tasks laying ahead today’s biotechnology is to improve crop
17  productivity with the aim of meeting increased food and energy demands of humankind. Plant
18  productivity depends on many genetic factors, including life cycle, harvest index, stress
19  tolerance and photosynthetic activity. Many approaches were already tested or suggested to
20 improve either. Limitations of photosynthesis have also been uncovered and efforts been

21  taken to increase its efficiency. Examples include decreasing photosynthetic antennae size,
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increasing the photosynthetically available light spectrum, countering oxygenase activity of
Rubisco by implementing C4 photosynthesis to C3 plants and altering source to sink transport
of metabolites. A natural and effective photosynthetic adaptation, the sugar alcohol
metabolism got however remarkably little attention in the last years, despite being comparably
efficient as C4, and can be considered easier to introduce to new species. We also propose
root to shoot carbon-dioxide transport as a means to improve photosynthetic performance and
drought tolerance at the same time. Different suggestions and successful examples are
covered here for improving plant photosynthesis as well as novel perspectives are presented

for future research.
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1. Introduction

There is a huge demand on biotechnology and plant breeding these days to increase
crop productivity, for many reasons. Among them, the climate change, the increase of world
human population, losses of agricultural land due to urbanization, soil degradation, and the
growing demand for food crops as energy-sources should be considered [1,2]. The recent
climate change explains a third of global crop yield variability [3]. It is widely accepted that
the climate change is largely caused by carbon-dioxide emitted by human activity [4].
Therefore carbon-neutral alternative energy sources such as plant biomass are increasingly
considered. Using energy plants as energy sources has some debate due to the rising food
prices. However, non-crop plants, cellulose-bioethanol and energy plants cultivated in
polluted areas which are unsuitable for food production are still considered as potentional
options [5]. An often over-looked fact is that intensive agriculture itself is very energy-
demanding. For many crops including wheat and potato, bioethanol produced from the
harvested part of the plant would contain only as much energy as its cultivation had been,
having a net energy balance (NEB) of 1, reviewed by [5]. C4 crops perform better with this
regard having NEB values of 1.2 (corn) or 6.7 (sugarcane). The usage as energy plant requires
a high NEB and/or the improvement of plant productivity. While much has to be done to
improve energy efficiency and waste management of agriculture, crop productivity also has to
be increased by 70% to feed a human population growing by 34% and estimated to reach 9.1

billion till 2050 [6].

Plant productivity depends on genetic and environmental factors [7]. Among genetic
factors, life cycle and longevity must be underlined. Generally, longer leaf life correlates well
with higher productivity and increased drought tolerance, see the excellent review of [8]. Both
traditional and molecular breeders have already been eager to profit from this effect. Stay-

green mutants have been bred, while cytokine overproduction in transgenic plants also lead to
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higher productivity and yield [9,10]. The over-expression of the Growth Regulating Factor 5
also delayed senescence and increased productivity of Arabidopsis thaliana as it co-operates
with cytokonins to stimulate chloroplast division [11]. Although the mechanism is more
complicated, and the stay-green approach may be species-specific and not applicable for
wheat for example [8]. Assimilate remobilization during senescence considerably increases
the yield of wheat, while senescence delay could result leaving much non-structural
carbohydrates in the straw [12]. Other important traits to be counted for productivity increase
are harvest index, photosynthetic efficiency and stress tolerance or more precisely, tolerance
to adverse environmental factors (mineral deficiency/pollution, water shortage/flooding, cold,
heat, pathogens, etc.) [13]. The harvest index refers to the rate of the plant biomass which can
be harvested [13]. In the past decades, traditional plant breeding has achieved a huge increase
in harvest index, mostly by dwarfing. Dwarfing also helped to reduce lodging [14]. Many data
show however a stagnation in yield, which indicates that the harvest index has already been
optimised for the most important crop plants like maize, rice and wheat [15]. Therefore, the
remaining options for productivity improvement are the altered life cycle, enhanced stress
tolerance and increased photosynthetic efficiency. These are connected as for example C4
plants were shown to exhibit high water and N-use efficiency [16], while sugar-alcohol
metabolizing plants have high osmotic stress tolerance [17]. Plants with crassulacean acid
metabolism excel with extreme drought tolerance. This type of photosynthesis was suggested
for implementation to C3 plants, improving tolerance to water deficit [18]. According to some
estimates, environmental stress reduces the potential yield of crop plants by as high as 70%,
[19]. It is of no surprise therefore, that stress tolerance has been intensively studied for
decades. Many of the underlying mechanisms have been understood and the gathered
knowledge was successfully utilised resulting in crops with enhanced stress tolerance. Three
main approaches emerged so far. These are over-expression of effectors like antioxidant
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enzymes [20-22], over-expression of regulators like transcription factors and receptors which
activate stress-inducible genes [23,24] and preparing the plant for the oncoming stress by
applying external signals like salicylic acid or S-methylmethionine [25,26]. While the most
effect can often be accomplished by providing external or internal signals, over-expression of
effectors can also be suggested in some cases. For instance, during the work of [27] the over-
expression of a dehydration-responsive element binding factor did not yield frost-tolerant
tomato, since cold responsive effector genes were completely missing from this sub-tropical

species.

Another approach to improve plant productivity is to make photosynthesis more
efficient. Interestingly, such possibilities have only been tested in the last two decades. Land
plant photosynthesis can be considered remarkably inefficient. C3 crops generally achieve
light conversion efficiency of around 1-2% and C4 crops around 3-4% under normal field
conditions and during active phase of the vegetation period [28]. The theoretical maximal
photosynthetic efficiency at 30 °C and 380 ppm CO, was calculated to be 4.6% for C3 and
6% for C4 plants, respectively [29]. On the other hand, photovoltaic solar-powered cells work
up to 44.7% efficiency [30]. Based on these data, we believe there is much to improve on
terrestrial plant photosynthesis. Attempts have been made to boost all major steps, including
light reactions, dark reactions and source-sink carbohydrate transport. In our review we also
propose possible solutions to improve each, together with summarization of earlier findings

and suggestions. Emphasis is placed on fields which previously got less coverage.

2. Improving light reactions
In short, the light reactions of land plant photosynthesis consist of two photosystems

(PSI and PSII) accompanied by light-harvesting antennae (LHCI and LHCII) and an electron-
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transport chain connecting the two photosystems, reviewed by [31]. The PSII is capable of
splitting water, and together with PSI takes part in a linear electron transport, producing ATP
and NADPH. The PSI is also able to produce solely ATP in a cyclic electron transport,
without the PSII but in co-operation with elements of the electron transport chain [31]. Many
failings have been uncovered within this system. Some scholars argued for the inefficiency of
the photosynthetic electron transport chain. Supplement of plastocyanin with algal
cytochrome C6 protein has increased photosynthesis and growth of Arabidopsis thaliana by
providing an accelerated electron transport [32]. Furthermore, instability and photo-oxidative
damage of PSII have been reported at high light intensity, possibly due to its evolution in low-
light marine conditions, reviewed by [33]. To avoid this damage, an over-expressed maize
PSII reaction centre protein D1 in tobacco resulted in higher growth, lesser oxidative damage
and lesser photosynthesis inhibition during water shortage [34]. Others argue that during
fluctuating light conditions, a more dynamic activation and relaxation of photoprotective
mechanisms can also be a way of photosynthetic improvement [35].

In addition to these structural imperfections, many argue for the unnecessarily huge
size of light harvesting antennae [7,36,37]. As result of over-absorption, much of the absorbed
light cannot be converted to chemical energy and dissipated as heat instead, especially in
upper leaves during peak sunlight at the midday. Current antennae may have resulted from
competition in the nature, preventing other plants to capture light [36]. However, this issue is
of lesser importance in intensive agriculture where weeds are controlled by the farmer
therefore the yield may be increased by truncating antennae [36,37]. Indeed, reduced antennae
size of chlorophyll b-deficient soybean lines has caused 30% increases in the daily integral of
photosynthesis [38]. Mutant tobacco plants possessing truncated light-harvesting chlorophyll
antenna size (TLA) exhibited 25% higher stem and leaf biomass [39]. The loss of the
regulator protein HPE1 also reduced photosynthetic antennae size and led to improved
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photosynthesis and biomass production of Arabidopsis thaliana mutants [40]. The
optimisation of plant architecture may also prevent futile over-absorption of light by the upper
leaves leading more light absorption for shade leaves. Brassinosteroid mutant rice plants have
been reported with erected leaves and an enhanced biomass production and grain yield [41].
According to the authors, shade of the upper leaves was minimized, and the lower leaves
received more light to drive higher rates of photosynthesis [41].

For lower leaves however, the extension of light absorption spectrum looks beneficial.
One inherent weakness of terrestrial plant photosynthesis is that usually only part of the
sunlight, the photosynthetically active radiation (PAR, 400-700 nm) can be absorbed and
converted to chemical energy. It is only around 48.7% of the total incident solar energy [13].
While the infrared (IR) light cannot be utilised, the plants may use wavelengths of UVA as
well [42—44]. Introduction of algal pigments like chlorophyll d and f with infrared absorption
maxima (696 and 705 nm, respectively) was considered to increase the absorption range,
especially in lower leaves which mostly receive IR light [45]. The synthesis enzyme of
chlorophyll /' has been since isolated from terrestrial cyanobacteria and this pigment has been
successfully produced ectopically in other cyanobacteria [46]. An innovative plan was also
envisaged to replace the PSI of land plants with a purple bacterial photosystem having IR
absorption maximum [7]. The approach could replace the competition between the two
photosystems for photons with completion of each other’s function, absorbing different parts
of the solar spectrum [7]. It also must be noted, that even the 400-700 nm radiation is not fully
utilised, green plants are unable to use the green light effectively, consisting of 4.9% of
sunlight and 10% PAR, respectively [29]. However, there are known photosynthetic pigments
in the nature with specific green light absorption, notably the proteorhodopsin proteins in
marine eubacteria [47]. These are about 27 kDa proteins coded by single genes and being
capable of proton transport across the biological membrane after capture of a green photon

7



170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

(absorption peak at 520 nm). The proton can then be used for ATP generation.
Proteorhodopsin has already been ectopically expressed in Escherichia coli, a heterotrophic
bacterium and powered it with enough energy for movement in an energy-less medium [48].
While the system has some limitations compared to terrestrial plant photosynthesis (lack of
antennae, less proton transport per photon campture) its introduction can still be considered
because of its apparent ease and also to extend the absorbed light spectrum. Proteorhodopsin
and beta-carotene 15,15'-monooxygenase (producing the chromophore retinal from beta-
carotene) should be expressed in green tissues of plants [49]. Either the inner membrane of
mitochondrion or the chloroplast thylakoid membrane can be considered for targeting

proteorhodopsin.

3. Improving dark reactions

Carbon is fixed during the Calvin-Benson cycle using the produced reducing power
and ATP from the light reactions, reviewed by [50]. Most efforts to improve photosynthetic
efficiency, has been taken on this process. Woodrow and colleagues [51] found in their
pioneering work, that some of the Calvin-Benson cycle enzymes (fructose-1,6-
bisphosphatase, seduheptulose-1,7-bisphosphatase) were rate-limiting. Over-expression of
any of these enzymes caused a 20-50% increase in the growth parameters of transgenic
tobacco [52]. On the other hand, downregulation of the mitochondrial Krebs cycle enzymes
like aconitase and malate-dehydrogenase also resulted an enhanced rate of photosynthesis
[53,54]. Mitochondrion was suggested to play an important role in photosynthesis by
providing carbon skeletons, taking part in photorespiration and stoma regulation and it was
also marked as target for further photosynthetic improvement [55,56]. The most important
limitation of dark reactions is however the futile oxygenase activity of the carbon-dioxide-
assimilating enzyme, Rubisco [57,58]. Some scholars even proposed to build alternative,
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Rubisco-less CO,-fixation pathways instead [1,50,59]. Oxygen capture by Rubisco leads to
photorespiration that converts 2-phosphoglycolate formed in oxygenation into 3-
phosphoglycerate which then re-enters the Calvin cycle. The process is carried out in co-
operation by three organelles, the chloroplast, the mitochondrion and the peroxisome and the
carbon dioxide molecule is formed in the mitochondrion. A natural adaptation to counter this
CO; loss has been described by [60]. The authors have shown that chloroplasts are arranged at
the surface of mesophyll cells of wheat and rice, blocking the escape of CO, derived from
respiration and photorespiration. Meanwhile, Kebeish and co-workers [61] managed to build
an alternative photorespiratory route within the chloroplasts of Arabidopsis thaliana. The
emitted carbon dioxide could be readily refixed there, increasing photosynthetic efficiency.
The approach was also adapted for potato, causing 2.3-fold tuber yield [62]. It is traditionally
held that CO,-specificity of Rubisco can only be improved at the expense of its speed,
reviewed by [13]. However, many natural Rubiscos were characterized recently having better
specificity and higher speed at the same time, like in Poa palustris and Puccinellia maritima
[63,64]. Soybean Rubisco was suggested to be replaced by these more effective monocot
counterparts [64]. Enzymatic properties of Rubisco are also temperature-dependent. Rubisco
optimisation has been proposed for future climatic conditions [2]. The specificity of Rubisco
decreases with rising temperature, therefore over-expression of Rubisco’s chaperone, the
Rubisco activase could increase photosynthetic efficiency at high temperature [65,66].
Building cyanobacterial-like carboxysomes around Rubisco were also suggested to increase

local CO, concentration and diminish oxygenase activity of the enzyme [67].

An extensively studied natural adaptation to overcome Rubisco’s oxygenase activity is
the well-known C4 photosynthesis. Full coverage of this issue is not within the scope of the
present review as it has been excellently reviewed elsewhere [16,68]. New results and some

of the most important approaches are noted here, however. Most commonly, C4
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photosynthesis is a result of co-operation between two cell types, the mesophyll and bundle
sheath cells, though single-cell examples have also been reported from a few species,
reviewed by [69]. Bicarbonate ion is fixed by PEP-carboxylase in mesophyll cells producing
an oxaloacetate. Oxaloacetate is chemically labile, therefore it is either converted to malate or
aspartic acid which is then transported to the bundle sheath cells. Carbon dioxide is released
during decarboxylation and fixed by C3 photosynthesis in bundle sheath cells. The system is
generally considered a carbon-dioxide pump to the site of Rubisco, preventing its oxygenase
activity [70]. Three subtypes of C4 photosynthesis are traditionally considered based on the
transported intermediate (malate or aspartic acid) and the decarboxylation process, the
NADP-malic enzyme (NADP-ME), the NAD-malic enzyme (NAD-ME) and PEP-
carboxykinase (PEPCK). However, both experimental evidence and the modelling of energy
requirement indicate that the traditionally characterised C4 types do not exist in pure form,
but flexibility exist between them [71]. Some critical steps of C4 photosynthesis (e.g.
substrate availability of PEPC, carbonic acid anhydrase activity of mesophyll cells, transport
between the two cell types) have also been underlined and alterations were suggested to
improve this highly efficient process even further [72]. C4 plants generally do not tolerate low
temperature well, with the notable exception of Miscanthusxgiganteus. Protection and
maintenance of photosynthetic proteins were found to be the key to the exceptional chilling
tolerance of that plant [73]. Huge effort has already been taken to equip the C3 plant rice with
C4 photosynthesis within the international C4 Rice Project [74,75]. Mutant populations of
Sorgum bicolor and Sorghum viridis were screened for regulator genes governing the C3-to-
C4 switch [74]. It became clear, that number and size of chloroplast needs to be increased in
rice bundle sheath while Calvin-cycle and photorespiration needs to be down-regulated in the
mesophyll to make rice amenable to act as as C4 plant [75]. Rice lines have also been bred for
the purpose with increased leaf vein density [76,77]. Functional promoters and enzyme genes
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were already evaluated for the introduction of C4 biochemistry [78]. Despite this process, true
C4 rice had not yet been produced, but the project is still ongoing. The key enzyme of C4
photosynthesis, the PEPC was also over-expressed in itself in many transgenic plants either
constitutively or during the mesophyll. Although PEPC alone cannot carry out a full C4 cycle,
interestingly many over-expressing transgenic plants were reported with unusually high
drought tolerance and photosynthetic performance [79—84]. Increased sugar, amino acid
content and higher level of cytoskeletal synthases, S-adenosylmethionine synthetase and N-
metabolism enzymes have been observed and labelled as explanation [85,86]. Altogether, the
implementation of the C4 photosynthesis to C3 plants appears to be one of the most
straightforward approaches to increase crop productivity, but is still not without pitfalls.
Lower cold tolerance of C4 plants and slower recovery of C4 photosynthesis after drought
stress were marked as limitations of such projects, among others [87]. These effects can
decrease the yield and narrow down the range of climatic condition when the actual yield
could increase [87]. Forecasts also show an increased CO; level of 700 ppm for the year 2100,
a condition where C4 photosynthesis will no longer be more efficient than C3, except at
extreme high temperature [29]. These predictions indicate that more options should also be

considered while improving C3 photosynthesis.

4. Source to sink transport

Although many of the mentioned studies achieved increased growth parameters by
enhancing photosynthetic activity, Paul and co-workers [88] have emphasised that these
approaches did not always lead to an increased yield of the harvested organ. Source-to sink
transport of assimilates should also be redirected for maximal effect [88]. The point is not

only that researchers should go back to the old story of increasing the harvest index once the
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photosynthetic efficiency has been grown, but also that increased sink (i.e. heterotrophic
tissue) demand is also able to increase photosynthetic activity in retrospection by energizing
the entire transport pathway, reviewed by [89,90]. Examples for increasing sink demand
include over-expression of the starch producing enzyme, the ADP-glucose pyrophosphorylase
in various cereal caryopses [91], seed-specific over-expression of the potato sucrose
transporter StSutl in pea [92] and the endosperm-specific over-expression of the barley
sucrose transporter HvSUT1 in wheat [93]. These efforts fostered starch and protein
accumulation and enlarged the seeds in many cases. Seed-specific over-expression of the
amino acid transporter (VfAAP1) in pea also increased the storage protein content [94]. Not
only the increase in sink strength, but the accelerated export of assimilates from source tissue
increased yield and photosynthetic efficiency. For instance, over-expression of a key enzyme
for sucrose synthesis, the sucrose-phosphate synthase caused higher fruit production in
tomato, possibly because of an enhanced carbohydrate export from leaves [95]. Rice mutants
(originally bred for the C4 Rice Project) with increased number of veins per leaves also
showed improved photosynthetic characteristics, possibly because of enhanced transport of

photoassimilates [77].

Not only the direct acceleration of assimilate export or uptake, but some regulators
were also proposed for altering source to sink assimilate transport. Uncoupling the apoplastic
phloem-loading from the sucrose-sensing system regulating assimilate partitioning was also
suggested to expand the transport and increase yields [89]. The authors underline that
constitutive expression of a Suc symporter would increase the carbohydrate export from
leaves leading to high photosynthetic activity [89]. It would also avert the onset of senescence
associated with sugar accumulation in the leaf [89]. It was also demonstrated that increased
cytokinin content raises sink strength and yield of transgenic rice, also leading to an enhanced

drought tolerance [96]. Trehalose 6-phosphate has been proposed as a regulatory molecule
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too, signalling sugar availability [88]. Low trehalose 6-phosphate level in sinks may act as a
starvation signal up-regulating sucrose uptake [88]. Flower-specific over-expression of the
catabolic enzyme trehalose phosphate phosphatasel (TPP1) indeed enhanced yield and

photosynthetic efficiency in transgenic maize [97].

5. Sugar alcohol metabolism

A natural adaptation, the sugar alcohol metabolism simultaneously achieves efficient
source to sink transport and high photosynthetic activity [17,98,99]. Sugar alcohols like
mannitol, xylitol and sorbitol are widely distributed in the nature, found in bacteria, fungi,
animals and higher plants [99]. Sweetness, low glycemic index and high osmotic activity also
made these compounds attractive food and pharmaceutical ingredients [100,101]. Sugar
alcohols are present in many plants including Arabidopsis thaliana at a low level (0.1 — 2
umol gfwt!) and have a role in osmotic and oxidative stress protection due to osmotic and
ROS-scavenging activity [102]. Polyols were shown to scavenge hydroxyl radicals [103].
However, in certain species like celery, apple and some other woody members of the Rosacea
family, an increased amount (up to 200 umol gfwt! in leaves) of energy-rich sugar alcohol,
either mannitol or sorbitol is produced in source leaves and supplied to sinks as the main
photosynthetic product [17,98,99]. In celery plants, mannitol accounts for as high as 50% of
the phloem-translocated photoassimilates [98]. Sugar alcohol metabolism means more
efficient carbon use, and better energy supply of sink tissues [17,104]. Two molecules of
mannitol or sorbitol contains the same number of carbon atoms as a sucrose molecule, but
also the reducing power of two NADHSs, enough to produce 6 ATPs. In addition, both celery
(a mannitol synthesizer) and apple (a sorbitol synthesizer) are C3 species, but were reported to

have CO, fixation rates at around 40 mg CO,/dm?xhr, identical to C4 values varying between
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30 and 60 mg CO,/dm?<hr, while C3 photosynthesis rate varies between 10 and 30
CO,/dm?xhr [98,105,106]. CO, fixation of celery was the most studied and showed typical C3
characteristics but had a low CO, compensation point [106]. It is also notable, that apple and
pear, sorbitol synthesizers, and ash tree, a mannitol synthesizer, were reported among the tree
species having the highest photosynthetic activity [107]. Such remarkable photosynthetic
performance is quite surprising without carbon-concentrating mechanisms, but the following
explanation has been provided [98]. Oxygenase activity of Rubisco and the excess NADPH
generated in chloroplasts are common limitations of photosynthesis. The excess NADPH
possesses a serious risk, because without available NADP*, photoreduction of the oxygen
molecule in photosystem I (PSI) generates superoxide radical [108]. In most plants
photorespiration takes part in solving both issues, but at a cost of carbon loss and futile
oxidation of the reducing power, i.e. the so called water-water cycle [109]. Meanwhile sink
tissues of the plant could have benefitted from these carbon and reducing power. Mannitol
and sorbitol synthesis has been proposed as a supplementary mechanism to dissipate reducing
power (NADPH) accumulated during the light reactions of photosynthesis [108]. Thus, the
role of polyol metabolism may be analogous to that of photorespiration in some degree by
dissipating excess photochemically produced reducing power (NADPH), thereby preventing
photoinhibition of CO, fixation [110]. Sugar alcohol synthesis also provides an additional
cytosolic sink for photosynthetically fixed CO,, which may thereby contribute to the increase

in CO, fixation [17].

Sugar alcohol metabolism gets remarkably little attention in this decade, despite
leading to as efficient photosynthesis as C4 and would probably be easier to introduce to new
species. Unlike C4, anatomical alterations may not be necessary, only enzyme and transporter
genes need to be over-expressed, we believe. A possible scheme is suggested here. Efficient

loading of sugar alcohols to the phloem, followed by effective uptake and catabolism in sinks

14



343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

can be considered key to the success. Rice can be considered as a potential candidate, owing
to its phloem loading pathway. According to most studies, this plant primarily utilizes
symplastic phloem loading and therefore in theory the produced sorbitol could freely move
from source to sink organs [111-114]. Symplastic continuity between the phloem and the
surrounding leaf tissues of rice was experimentally confirmed using different low molecular
weight dyes [113,114]. As for phloem unloading, the symplastic route is a common feature
for many sink types in most plants as well [115], though apoplastic phloem unloading
mechanism in certain plants/tissues cannot be excluded either. For example the first step of
unloading of the sucrose molecules in corn roots is found to be symplastic, but it is often
followed by sucrose hydrolysis by cell wall invertase enzymes and an active uptake of
monosaccharides by the root cells [116]. Assimilate-uptake in rice grains possibly also
involves apoplastic mechanisms [117,118]. To introduce sugar-alcohol metabolism to rice,
green tissue-specific expression of the apple-derived sorbitol-6-phosphate dehydrogenase
(S6PDH) can be used. The rice rbcS promoter can be considered for driving the expression to
green tissues [119]. S6PDH catalyzes the biochemical reaction to convert glucose-6-
phosphate to sorbitol-6-phosphate in the presence of NADPH [120]. The glucose-6-
phosphate, an intermediate of sucrose synthesis, is abundant in all plant leaves. The produced
sorbitol-6-phosphate is subsequently dephosphorylated by nonspecific endogenous
phosphatases to release sorbitol [121]. For utilisation of sorbitol, the NAD-dependent sorbitol
dehydrogenase (SDH) needs to be introduced in a sink tissue-specific manner. For instance,
promoter of the rice os/43 gene can be considered for the purpose, being active in panicles,
stems, roots and dark-induced leaves [122]. The root-specific rice catB promoter or the wheat
endosperm-specific Glu-1Bx17 HMW GS promoter fused to the first intron of the rice actin
gene (already tested in rice) may serve as alternatives [123,124]. SDH enzymes convert
sorbitol to fructose and produce NADH [125-128]. The uptake of sorbitol to rice grain and
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root cortex may require the seed and root-specific expression of the apple MdSOT3 inward
sorbitol transporter as well [129]. Altogether, the over-expression of three genes coding the
S6PDH and the SDH enzymes and the MdSOT3 transporter may thus substantially increase
photosynthetic efficiency and growth parameters of transgenic rice. Other important cereals,
like barley, wheat and maize possess apoplastic phloem-loading pathway [130-132] and
therefore the introduction of efflux sorbitol transporters would be required to load sorbitol to
the phloem. It also has to be noted, that many transgenic plants engineered to produce extreme
high amounts of sorbitol, showed necrotic lesions [133,134]. It could be the result of osmotic
imbalance caused by sorbitol hyper accumulation [133]. It is of no surprise however, because
neither phloem loading process nor sorbitol catabolism was considered during these projects.
The engineered plants, tobacco and sugarcane are apoplastic phloem loading species [135—
137] and so the produced sorbitol could not leave the shoot system, where it was mostly
produced from the available glucose-6-phosphate and NADPH. SDH was not introduced into
these transgenic plants for sorbitol degradation either. Introduction of sugar alcohol
metabolism thus needs a complex multigene approach that simultaneously considers not only
the synthesis, but also the transport and catabolism of the newly produced assimilate.
Therefore we believe, the successive or separate introduction of the S6PDH (in green-tissue
specific manner) and the SDH (to sink tissues) enzymes and the MdSOT3 transporter (to sink
tissues) would not increase the productivity of rice. These genes should be co-transformed at

the same time for the highest effect.

6. Conclusions and perspectives
Various approaches have been either proposed or carried out to improve plant

productivity. Successful strategies dealt with aspects like harvest index, senescence, stress
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tolerance and photosynthetic activity (see Fig. 1). As for photosynthetic improvement,
decreasing antennae size and optimising plant architecture are proven options to make light
reactions more efficient. The option to extend the absorbed spectrum of light towards IR has
already been suggested introducing algal pigments like chlorophyll d and f but has not been
tested yet [45]. Our suggestion is to introduce proteorhodopsin for effective utilisation of
green light. Potential benefits as well as costs of such approaches should also be considered
e.g. on photoinactivation, photoinhibition or on PSI and PSII coordination. While the
absorption of excess light might cause photoinhibition, ATP synthesis has no effect on the
photodamage [138]. It may argue for the application of proteorhodopsin which could act as an
ATP-pump, separate from either PSI or PSII. In theory, intrinsic dynamic mechanisms of the
chloroplasts [139] could react to the increased ATP production by proteorhodopsin and
maintain the optimal ATP:NADPH ratio for functioning of the dark reactions. It also has to be
kept in mind that many stress conditions lead to stomatal closure, so probably not the light
reactions, but carbon dioxide uptake and the dark reactions present the most important
limitations these cases. Various approaches have also been carried out to improve dark
reactions of photosynthesis. The implementation of C4 photosynthesis to C3 plants and
alternative photorespiration pathways within the chloroplast should be underlined. We believe
the dark reactions can be also improved by the introduction of sugar alcohol metabolism. This
metabolic route also means more efficient carbon utility and source to sink transport. Sugar
alcohols can also provide additional benefits like osmoprotection and ROS-scavenging

[17,140].

We also call for an even more ambitious approach including some form of carbon
dioxide transport from root to the shoot system within the xylem. Such plans are motivated by
the long-known fact that CO, level is generally higher in the soil compared to the air [141].

Even with equal levels, CO, uptake in the damp environment of roots would provide the
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benefit of keeping water, unlike during CO, uptake in leaves through stomata. CO, transport
to the shoot system would result in stomatal closure, since this effect has been observed for
high intercellular CO; level in most plants [142]. We believe that while water deficit is one of
the most prevalent global stressor, limiting plant productivity [143], the above mentioned
approach could promise of a high photosynthetic activity and extreme drought tolerance at the
same time. A C4 photosynthesis splitted between the root and shoot system (see Fig. 2) or
active transport of HCO5 ion to the xylem using the cyanobacterial ictB transporter [144] can
be considered for this purpose. However, these processes would put an extra energy demand
on the root system which may be alleviated by the co-introduction of sugar alcohol
metabolism, providing roots with more energy-rich metabolites to consume. Other factors to
be counted are decreased traspirational cooling and altered, possibly decreased xylem-based
transport of minerals. This form of root to shoot carbon dioxide transport thus could possibly
supplement but not completely substitute the stomatal transpiration and carbon dioxide
uptake. Further research should clarify the reliability and possibility of our scheme which has
not been seen in the nature. Implementation of such a C4 split would require the coordinated
expression of many enzymes and transporters which could be achieved only in large teams or
in international consortia. During the implementation of a classic leaf-based two-cell C4
photosynthesis to C3 plants, anatomical alterations like suberization of bundle sheath cell
walls may be necessary to prevent the re-diffusion of transported CO, to the nearby site of
primary fixation [145]. Anatomical alterations may not be required however for the
introduction of root to shoot carbon-dioxide transport as the distance of different plant organs
could prevent the re-diffusion. It could be even easier to be engineered into existing C4
species. It is also notable, that almost all efforts to improve photosynthetic efficiency involve

GMO technology. There is much to done to foster its acceptance [146]. Hopefully
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biotechnology will come out with reliable solutions for enhancing plant productivity and

thereby contributing to solve food and energy crises.

Acknowledgment

We thank valuable discussions on the subject to Dr. Eva Sarvari and Dr. Adam Solti

(Department of Plant Physiology and Molecular Plant Biology, ELTE University, Budapest),

and also to Dr. Angéla Juhész (State Agricultural Biotechnology Centre, School of Veterinary

and Life Sciences, Murdoch University, Murdoch, Australia). The work has been supported

by the no. 121322 NKFI PD 16 grant.

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

V.G. Maurino, A.P.M. Weber, Engineering photosynthesis in plants and synthetic
microorganisms, J. Exp. Bot. 64 (2013) 743-751.

J. Galmés, M.A. Conesa, A. Diaz-Espejo, A. Mir, J.A. Perdomo, U. Niinemets, J.
Flexas, Rubisco catalytic properties optimized for present and future climatic
conditions, Plant Sci. 226 (2014) 61-70.

D.K. Ray, J.S. Gerber, G.K. MacDonald, P.C. West, Climate variation explains a third
of global crop yield variability, Nat. Commun. 6 (2011).

S. Solomon, G.-K. Plattner, R. Knutti, P. Friedlingstein, Irreversible climate change
due to carbon dioxide emissions, Proc. Natl. Acad. Sci. 106 (2009) 1704—-1709.

T. Hattori, S. Morita, Energy crops for sustainable bioethanol production; which, where
and how?, Plant Prod. Sci. 13 (2010) 221-234.

R.A. Fischer, D. Byerlee, G.O. Edmeades, Can technology deliver on the yield
challenge to 2050, in: Expert Meet. How to Feed World, 2009: pp. 1-48.

D.R. Ort, S.S. Merchant, J. Alric, A. Barkan, R.E. Blankenship, R. Bock, R. Croce,
M.R. Hanson, J.M. Hibberd, S.P. Long, Redesigning photosynthesis to sustainably
meet global food and bioenergy demand, Proc. Natl. Acad. Sci. 112 (2015) 8529-8536.

P.L. Gregersen, A. Culetic, L. Boschian, K. Krupinska, Plant senescence and crop
productivity, Plant Mol. Biol. 82 (2013) 603—622.

A. Wingler, E. Brownhill, N. Pourtau, Mechanisms of the light-dependent induction of
cell death in tobacco plants with delayed senescence, J. Exp. Bot. 56 (2005) 2897—

19



472

473
474

475
476
477
478

479
480

481
482

483

484
485

486
487

488
489
490

491
492
493

494
495
496

497
498
499

500
501
502

503
504
505

506
507
508

509
510
511
512

[10]

[11]

[12]

[13]

[14]
[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

2905.

S. Hortensteiner, Stay-green regulates chlorophyll and chlorophyll-binding protein
degradation during senescence, Trends Plant Sci. 14 (2009) 155-162.

L. Vercruyssen, V.B. Tognetti, N. Gonzalez, J. Van Dingenen, L. De Milde, A.
Bielach, R. De Rycke, F. Van Breusegem, D. Inz¢, Growth regulating factor 5

stimulates Arabidopsis chloroplast division, photosynthesis, and leaf longevity, Plant
Physiol. (2015) 114.256180.

J. Yang, J. Zhang, Grain filling of cereals under soil drying, New Phytol. 169 (2006)
223-236.

X.-G. Zhu, S.P. Long, D.R. Ort, Improving photosynthetic efficiency for greater yield,
Annu. Rev. Plant Biol. 61 (2010) 235-261.

J.R. Evans, Improving photosynthesis, Plant Physiol. 162 (2013) 1780-1793.

D.K. Ray, N. Ramankutty, N.D. Mueller, P.C. West, J.A. Foley, Recent patterns of
crop yield growth and stagnation, Nat. Commun. 3 (2012) 1293.

R.F. Sage, T.L. Sage, F. Kocacinar, Photorespiration and the evolution of C4
photosynthesis, Annu. Rev. Plant Biol. 63 (2012) 19-47.

D.M. Pharr, J.M.H. Stoop, J.D. Williamson, M.E.S. Feusi, M.O. Massel, M.A.
Conkling, The dual role of mannitol as osmoprotectant and photoassimilate in celery,
HortScience a Publ. Am. Soc. Hortic. Sci. (1995).

A.M. Borland, J. Hartwell, D.J. Weston, K.A. Schlauch, T.J. Tschaplinski, G.A.
Tuskan, X. Yang, J.C. Cushman, Engineering crassulacean acid metabolism to improve
water-use efficiency, Trends Plant Sci. 19 (2014) 327-338.

P.K. Agarwal, P. Agarwal, M.K. Reddy, S.K. Sopory, Role of DREB transcription
factors in abiotic and biotic stress tolerance in plants, Plant Cell Rep. 25 (2006) 1263—
1274.

B.D. McKersie, Y. Chen, M. de Beus, S.R. Bowley, C. Bowler, D. InzZA©, K.
D’Halluin, J. Botterman, Superoxide dismutase enhances tolerance of freezing stress in
transgenic alfalfa (Medicago sativa L.), Plant Physiol. 103 (1993) 1155-1163.

C. Eva, G. Toth, M. Oszvald, L. Tamas, Overproduction of an Arabidopsis aldo-keto
reductase increases barley tolerance to oxidative and cadmium stress by an in vivo
reactive aldehyde detoxification, Plant Growth Regul. 74 (2014) 55-63.

C. Eva, H. Zelenyanszki, R. Tomoskozi-Farkas, L. Tamas, Transgenic barley
expressing the Arabidopsis AKR4C9 aldo-keto reductase enzyme exhibits enhanced
freezing tolerance and regenerative capacity, South African J. Bot. 93 (2014) 179-184.

M. Kasuga, Q. Liu, S. Miura, K. Yamaguchi-Shinozaki, K. Shinozaki, Improving plant
drought, salt, and freezing tolerance by gene transfer of a single stress-inducible
transcription factor, Nat. Biotechnol. 17 (1999) 287.

F. Boschi, C. Schvartzman, S. Murchio, V. Ferreira, M.1. Siri, G.A. Galvan, M.
Smoker, L. Stransfeld, C. Zipfel, F.L. Vilaro, Enhanced Bacterial Wilt Resistance in
Potato Through Expression of Arabidopsis EFR and Introgression of Quantitative
Resistance from Solanum commersonii, Front. Plant Sci. 8 (2017) 1642.

20



513
514
515

516
517
518

519
520
521
522

523
524

525
526
527

528
529
530
531

532
533

534
535
536
537

538
539

540
541
542

543
544

545
546

547
548

549
550
551

552
553

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

T. Janda, G. Szalai, I. Tari, E. Paldi, Hydroponic treatment with salicylic acid decreases
the effects of chilling injury in maize (Zea mays L.) plants, Planta. 208 (1999) 175—
180.

K. Paldi, I. Racz, Z. Szigeti, S. Rudndy, S-methylmethionine alleviates the cold stress
by protection of the photosynthetic apparatus and stimulation of the phenylpropanoid
pathway, Biol. Plant. 58 (2014) 189-194.

T.-H. Hsieh, J.-T. Lee, P.-T. Yang, L.-H. Chiu, Y. Charng, Y.-C. Wang, M.-T. Chan,
Heterology expression of the ArabidopsisC-repeat/dehydration response element
binding Factor 1 gene confers elevated tolerance to chilling and oxidative stresses in
transgenic tomato, Plant Physiol. 129 (2002) 1086—1094.

C.L. Beadle, S.P. Long, Photosynthesis - is it limiting to biomass production?,
Biomass. 8 (1985) 119-168.

X.-G. Zhu, S.P. Long, D.R. Ort, What is the maximum efficiency with which
photosynthesis can convert solar energy into biomass?, Curr. Opin. Biotechnol. 19
(2008) 153-159.

F. Dimroth, M. Grave, P. Beutel, U. Fiedeler, C. Karcher, T.N.D. Tibbits, E. Oliva, G.
Siefer, M. Schachtner, A. Wekkeli, Wafer bonded four-junction
GalnP/GaAs//GalnAsP/GalnAs concentrator solar cells with 44.7% efficiency, Prog.
Photovoltaics Res. Appl. 22 (2014) 277-282.

D.R. Ort, C.F. Yocum, Oxygenic photosynthesis: the light reactions, Springer Science
& Business Media, 1996.

H. Chida, A. Nakazawa, H. Akazaki, T. Hirano, K. Suruga, M. Ogawa, T. Satoh, K.
Kadokura, S. Yamada, W. Hakamata, Expression of the algal cytochrome ¢ 6 gene in
Arabidopsis enhances photosynthesis and growth, Plant Cell Physiol. 48 (2007) 948—
957.

D. Leister, How can the light reactions of photosynthesis be improved in plants?, Front.
Plant Sci. 3 (2012).

Y. Huo, M. Wang, Y. Wei, Z. Xia, Overexpression of the maize psbA gene enhances
drought tolerance through regulating antioxidant system, photosynthetic capability, and
stress defense gene expression in tobacco, Front. Plant Sci. 6 (2016) 1223.

T. Cardona, S. Shao, P.J. Nixon, Enhancing photosynthesis in plants: the light
reactions, Essays Biochem. 62 (2018) 85-94.

A. Melis, Solar energy conversion efficiencies in photosynthesis: minimizing the
chlorophyll antennae to maximize efficiency, Plant Sci. 177 (2009) 272-280.

D.R. Ort, X. Zhu, A. Melis, Optimizing antenna size to maximize photosynthetic
efficiency, Plant Physiol. 155 (2011) 79-85.

W.T. Pettigrew, J.D. Hesketh, D.B. Peters, J.T. Woolley, Characterization of canopy
photosynthesis of chlorophyll-deficient soybean isolines, Crop Sci. 29 (1989) 1025—
1029.

H. Kirst, S.T. Gabilly, K.K. Niyogi, P.G. Lemaux, A. Melis, Photosynthetic antenna
engineering to improve crop yields, Planta. 245 (2017) 1009-1020.

21



554

555
556
557

558
559
560
561

562
563
564

565
566
567

568
569
570

571
572

573
574
575

576
577
578

579
580

581
582
583
584

585
586

587
588

589
590
591

592
593
594

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

doi:10.1007/s00425-017-2659-y.

H. Jin, M. Li, S. Duan, M. Fu, X. Dong, B. Liu, D. Feng, J. Wang, H.-B. Wang,
Optimization of light harvesting pigment improves photosynthetic efficiency, Plant
Physiol. (2016) 00698.2016.

T. Sakamoto, Y. Morinaka, T. Ohnishi, H. Sunohara, S. Fujioka, M. Ueguchi-Tanaka,
M. Mizutani, K. Sakata, S. Takatsuto, S. Yoshida, Erect leaves caused by

brassinosteroid deficiency increase biomass production and grain yield in rice, Nat.
Biotechnol. 24 (2006) 105-109.

T. Tezuka, T. Hotta, I. Watanabe, Growth promotion of tomato and radish plants by
solar UV radiation reaching the Earth’s surface, J. Photochem. Photobiol. B Biol. 19
(1993) 61-66. doi:10.1016/1011-1344(93)80094-P.

T.L. Turnbull, A.M. Barlow, M.A. Adams, Photosynthetic benefits of ultraviolet-A to
Pimelea ligustrina, a woody shrub of sub-alpine Australia, Oecologia. 173 (2013) 375—
385. doi:10.1007/s00442-013-2640-9.

J.J. Wargent, B.R. Jordan, From ozone depletion to agriculture: understanding the role
of UV radiation in sustainable crop production., New Phytol. 197 (2013) 1058-76.
doi:10.1111/nph.12132.

R.E. Blankenship, M. Chen, Spectral expansion and antenna reduction can enhance
photosynthesis for energy production, Curr. Opin. Chem. Biol. 17 (2013) 457-461.

M.-Y. Ho, G. Shen, D.P. Canniffe, C. Zhao, D.A. Bryant, Light-dependent chlorophyll
f synthase is a highly divergent paralog of PsbA of photosystem II, Science (80-. ). 353
(2016) aaf9178.

0. Béja, L. Aravind, E. V Koonin, M.T. Suzuki, A. Hadd, L.P. Nguyen, S.B.
Jovanovich, C.M. Gates, R.A. Feldman, J.L. Spudich, Bacterial rhodopsin: evidence
for a new type of phototrophy in the sea, Science (80-. ). 289 (2000) 1902—-1906.

J.M. Walter, D. Greenfield, C. Bustamante, J. Liphardt, Light-powering Escherichia
coli with proteorhodopsin, Proc. Natl. Acad. Sci. 104 (2007) 2408-2412.

Y .-S. Kim, N.-H. Kim, H.-J. Kim, J.-K. Lee, S.-W. Kim, D.-K. Oh, Effective
production of retinal from beta-carotene using recombinant mouse beta-carotene
15,15’-monooxygenase., Appl. Microbiol. Biotechnol. 76 (2007) 1339-45.
doi:10.1007/s00253-007-1118-2.

C.A. Raines, Increasing photosynthetic carbon assimilation in C 3 plants to improve
crop yield: current and future strategies, Plant Physiol. 155 (2011) 36-42.

I.E. Woodrow, K.A. Mott, Modelling C 3 photosynthesis: A sensitivity analysis of the
photosynthetic carbon-reduction cycle, Planta. 191 (1993) 421-432.

Y. Miyagawa, M. Tamoi, S. Shigeoka, Overexpression of a cyanobacterial fructose-1,
6-/sedoheptulose-1, 7-bisphosphatase in tobacco enhances photosynthesis and growth,
Nat. Biotechnol. 19 (2001) 965-969.

F. Carrari, A. Nunes-Nesi, Y. Gibon, A. Lytovchenko, M.E. Loureiro, A.R. Fernie,
Reduced expression of aconitase results in an enhanced rate of photosynthesis and
marked shifts in carbon partitioning in illuminated leaves of wild species tomato, Plant

22



595

596
597
598
599

600
601

602
603

604

605
606
607

608
609

610
611
612

613
614
615
616

617
618
619
620

621
622
623

624
625
626

627
628
629
630

631
632
633

634
635

[54]

[55]

[56]

[57]
[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

Physiol. 133 (2003) 1322-1335.

A. Nunes-Nesi, F. Carrari, A. Lytovchenko, A.M.O. Smith, M.E. Loureiro, R.G.
Ratcliffe, L.J. Sweetlove, A.R. Fernie, Enhanced photosynthetic performance and
growth as a consequence of decreasing mitochondrial malate dehydrogenase activity in
transgenic tomato plants, Plant Physiol. 137 (2005) 611-622.

A. Nunes-Nesi, R. Sulpice, Y. Gibon, A.R. Fernie, The enigmatic contribution of
mitochondrial function in photosynthesis, J. Exp. Bot. 59 (2008) 1675-1684.

A. Nunes-Nesi, W.L. Araujo, A.R. Fernie, Targeting mitochondrial metabolism and
machinery as a means to enhance photosynthesis, Plant Physiol. 155 (2011) 101-107.

C.C. Mann, Genetic engineers aim to soup up crop photosynthesis, (1999).

J. Singh, P. Pandey, D. James, K. Chandrasekhar, V. Achary, T. Kaul, B.C. Tripathy,
M.K. Reddy, Enhancing C3 photosynthesis: an outlook on feasible interventions for
crop improvement, Plant Biotechnol. J. 12 (2014) 1217-1230.

A. Bar-Even, Daring metabolic designs for enhanced plant carbon fixation, Plant Sci.
273 (2018) 71-83. doi:10.1016/j.plantsci.2017.12.007.

F.A. Busch, T.L. Sage, A.B. Cousins, R.F. Sage, C3 plants enhance rates of
photosynthesis by reassimilating photorespired and respired CO2, Plant. Cell Environ.
36 (2013) 200-212.

R. Kebeish, M. Niessen, K. Thiruveedhi, R. Bari, H.-J. Hirsch, R. Rosenkranz, N.
Stabler, B. Schonfeld, F. Kreuzaler, C. Peterhansel, Chloroplastic photorespiratory
bypass increases photosynthesis and biomass production in Arabidopsis thaliana, Nat.
Biotechnol. 25 (2007) 593-599.

G. Nolke, M. Houdelet, F. Kreuzaler, C. Peterhansel, S. Schillberg, The expression of a
recombinant glycolate dehydrogenase polyprotein in potato (Solanum tuberosum)

plastids strongly enhances photosynthesis and tuber yield, Plant Biotechnol. J. 12
(2014) 734-742.

M.A.J. Parry, P.J. Andralojc, J.C. Scales, M.E. Salvucci, A.E. Carmo-Silva, H. Alonso,
S.M. Whitney, Rubisco activity and regulation as targets for crop improvement, J. Exp.
Bot. 64 (2013) 717-730.

D. Orr, A. Alcantara, M. V Kapralov, J. Andralojc, E. Carmo-Silva, M.A J. Parry,
Surveying Rubisco diversity and temperature response to improve crop photosynthetic
efficiency, Plant Physiol. (2016) 00750.2016.

A.E. Carmo-Silva, M.E. Salvucci, The temperature response of CO2 assimilation,
photochemical activities and Rubisco activation in Camelina sativa, a potential
bioenergy crop with limited capacity for acclimation to heat stress, Planta. 236 (2012)
1433—-1445.

W. Yamori, C. Masumoto, H. Fukayama, A. Makino, Rubisco activase is a key
regulator of non-steady-state photosynthesis at any leaf temperature and, to a lesser
extent, of steady-state photosynthesis at high temperature, Plant J. 71 (2012) 871-880.

G.D. Price, J.J.L. Pengelly, B. Forster, J. Du, S.M. Whitney, S. von Caemmerer, M.R.
Badger, S.M. Howitt, J.R. Evans, The cyanobacterial CCM as a source of genes for

23



636
637

638
639

640
641
642
643

644
645

646
647
648

649
650

651
652
653
654

655
656

657
658

659
660
661

662
663
664
665

666
667

668
669
670

671
672
673

674
675
676

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

improving photosynthetic CO2 fixation in crop species, J. Exp. Bot. 64 (2013) 753—
768.

Y. Wang, S.P. Long, X.-G. Zhu, Elements required for an efficient NADP-malic
enzyme type C4 photosynthesis, Plant Physiol. 164 (2014) 2231-2246.

N.K. Koteyeva, E. V Voznesenskaya, J.O. Berry, A.B. Cousins, G.E. Edwards, The
unique structural and biochemical development of single cell C4 photosynthesis along
longitudinal leaf gradients in Bienertia sinuspersici and Suaeda aralocaspica
(Chenopodiaceae), J. Exp. Bot. 67 (2016) 2587-2601.

S. von Caemmerer, R.T. Furbank, The C4 pathway: an efficient CO2 pump,
Photosynth. Res. 77 (2003) 191.

Y. Wang, A. Brautigam, A.P.M. Weber, X.-G. Zhu, Three distinct biochemical
subtypes of C4 photosynthesis? A modelling analysis, J. Exp. Bot. 65 (2014) 3567—
3578.

S. von Caemmerer, R.T. Furbank, Strategies for improving C 4 photosynthesis, Curr.
Opin. Plant Biol. 31 (2016) 125-134.

A K. Spence, J. Boddu, D. Wang, B. James, K. Swaminathan, S.P. Moose, S.P. Long,
Transcriptional responses indicate maintenance of photosynthetic proteins as key to the
exceptional chilling tolerance of C4 photosynthesis in Miscanthus giganteus, J. Exp.
Bot. 65 (2014) 3737-3747.

S. von Caemmerer, W.P. Quick, R.T. Furbank, The development of C4 rice: current
progress and future challenges, Science (80-. ). 336 (2012) 1671-1672.

S. Karki, G. Rizal, W.P. Quick, Improvement of photosynthesis in rice (Oryza sativa
L.) by inserting the C4 pathway, Rice. 6 (2013) 28.

A.B. Feldman, E.H. Murchie, H. Leung, M. Baraoidan, R. Coe, S.-M. Yu, S.-F. Lo,
W.P. Quick, Increasing leaf vein density by mutagenesis: laying the foundations for C4
rice, PLoS One. 9 (2014) €94947.

A.B. Feldman, H. Leung, M. Baraoidan, A. Elmido-Mabilangan, I. Canicosa, W.P.
Quick, J. Sheehy, E.H. Murchie, Increasing leaf vein density via mutagenesis in rice
results in an enhanced rate of photosynthesis, smaller cell sizes and can reduce
interveinal mesophyll cell number, Front. Plant Sci. 8 (2017).

C. Peterhansel, Best practice procedures for the establishment of a C4 cycle in
transgenic C3 plants, J. Exp. Bot. 62 (2011) 3011-3019.

M.S.B. Ku, S. Agarie, M. Nomura, H. Fukayama, H. Tsuchida, K. Ono, S. Hirose, S.
Toki, M. Miyao, M. Matsuoka, High-level expression of maize phosphoenolpyruvate
carboxylase in transgenic rice plants, Nat. Biotechnol. 17 (1999) 76-80.

S. Agarie, A. Miura, R. Sumikura, S. Tsukamoto, A. Nose, S. Arima, M. Matsuoka, M.
Miyao-Tokutomi, Overexpression of C4 PEPC caused O 2-insensitive photosynthesis
in transgenic rice plants, Plant Sci. 162 (2002) 257-265.

R.E. Hausler, H.-J. Hirsch, F. Kreuzaler, C. Peterhansel, Overexpression of C4-cycle
enzymes in transgenic C3 plants: a biotechnological approach to improve C3-
photosynthesis, J. Exp. Bot. 53 (2002) 591-607.

24



677
678
679

680
681
682
683

684
685
686

687
688
689

690
691
692

693
694

695
696
697

698
699
700

701
702
703

704
705
706

707
708
709
710

711
712
713

714
715
716
717

718

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

D. Jiao, X. Huang, X. Li, W. Chi, T. Kuang, Q. Zhang, M.S.B. Ku, D. Cho,
Photosynthetic characteristics and tolerance to photo-oxidation of transgenic rice
expressing C 4 photosynthesis enzymes, Photosynth. Res. 72 (2002) 85-93.

H. Fukayama, M.D. Hatch, T. Tamai, H. Tsuchida, S. Sudoh, R.T. Furbank, M. Miyao,
Activity regulation and physiological impacts of maize C 4-specific phospho enol

pyruvate carboxylase overproduced in transgenic rice plants, Photosynth. Res. 77
(2003) 227-239.

D.M. Jiao, X. Li, B.H. Ji, Photoprotective effects of high level expression of C 4
phosphoenolpyruvate carboxylase in transgenic rice during photoinhibition,
Photosynthetica. 43 (2005) 501-508.

X. Li, C. Wang, Physiological and metabolic changes of transgenic rice plant with
increased activity of phosphoenolpyruvate carboxylase during flowering stage, Acta
Physiol Plant. 35 (2013) 1503-1512.

N. Qin, W. Xu, L. Hu, Y. Li, H. Wang, X. Q1, Y. Fang, X. Hua, Drought tolerance and
proteomics studies of transgenic wheat containing the maize C4 phosphoenolpyruvate
carboxylase (PEPC) gene, Protoplasma. 253 (2016) 1503—1512.

S.M. Driever, J. Kromdijk, Will C3 crops enhanced with the C4 CO2-concentrating
mechanism live up to their full potential (yield)?, J. Exp. Bot. 64 (2013) 3925-3935.

M.J. Paul, M. Oszvald, C. Jesus, C. Rajulu, C.A. Griffiths, Increasing crop yield and
resilience with trehalose 6-phosphate: targeting a feast-famine mechanism in cereals
for better source-sink optimization, J. Exp. Bot. (2017) erx083.

E.A. Ainsworth, D.R. Bush, Carbohydrate export from the leaf: a highly regulated
process and target to enhance photosynthesis and productivity, Plant Physiol. 155
(2011) 64-69.

U.P. Yadav, B.G. Ayre, D.R. Bush, Transgenic approaches to altering carbon and
nitrogen partitioning in whole plants: assessing the potential to improve crop yields and
nutritional quality, Front. Plant Sci. 6 (2015).

A. Tuncel, T.W. Okita, Improving starch yield in cereals by over-expression of
ADPglucose pyrophosphorylase: expectations and unanticipated outcomes, Plant Sci.
211 (2013) 52-60.

E. Rosche, D. Blackmore, M. Tegeder, T. Richardson, H. Schroeder, T.J. V Higgins,
W.B. Frommer, C.E. Offler, J.W. Patrick, Seed-specific overexpression of a potato

sucrose transporter increases sucrose uptake and growth rates of developing pea
cotyledons, Plant J. 30 (2002) 165-175.

N. Weichert, 1. Saalbach, H. Weichert, S. Kohl, A. Erban, J. Kopka, B. Hause, A.
Varshney, N. Sreenivasulu, M. Strickert, Increasing sucrose uptake capacity of wheat
grains stimulates storage protein synthesis, Plant Physiol. 152 (2010) 698-710.

H. Rolletschek, F. Hosein, M. Miranda, U. Heim, K.-P. G6tz, A. Schlereth, L.
Borisjuk, I. Saalbach, U. Wobus, H. Weber, Ectopic expression of an amino acid
transporter (VfAAP1) in seeds of Vicia narbonensis and pea increases storage proteins,
Plant Physiol. 137 (2005) 1236-1249.

M.M. Laporte, J.A. Galagan, J.A. Shapiro, M.R. Boersig, C.K. Shewmaker, T.D.
25



719
720

721
722
723

724
725
726

727
728
729

730
731

732
733

734
735

736
737
738

739
740

741
742
743

744
745

746
747
748

749
750

751
752

753
754

755
756
757

758

Sharkey, Sucrose-phosphate synthase activity and yield analysis of tomato plants
transformed with maize sucrose-phosphate synthase, Planta. 203 (1997) 253-259.

[96] Z. Peleg, M. Reguera, E. Tumimbang, H. Walia, E. Blumwald, Cytokinin-mediated
source/sink modifications improve drought tolerance and increase grain yield in rice
under water-stress, Plant Biotechnol. J. 9 (2011) 747-758.

[97] M. Oszvald, L.F. Primavesi, C.A. Griffiths, J. Cohn, S. Basu, M.L. Nuccio, M.J. Paul,
Trehalose 6-phosphate regulates photosynthesis and assimilate partitioning in
reproductive tissue, Plant Physiol. (2018) 01673.2017.

[98] W.H. Loescher, R.H. Tyson, J.D. Everard, R.J. Redgwell, R.L. Bieleski, Mannitol
Synthesis in Higher Plants Evidence for the Role and Characterization of a NADPH-
Dependent Mannose 6-Phosphate Reductase, Plant Physiol. 98 (1992) 1396-1402.

[99] G.C. Khachatourians, Y.H. Hui, R. Scorza, W.-K. Nip, Transgenic plants and crops,
CRC Press, 2002.

[100] S.M. Ghoreishi, R.G. Shahrestani, Innovative strategies for engineering mannitol
production, Trends Food Sci. Technol. 20 (2009) 263-270.

[101] S.H. Song, C. Vieille, Recent advances in the biological production of mannitol, Appl.
Microbiol. Biotechnol. 84 (2009) 55-62.

[102] C. Eva, A. Solti, M. Oszvald, R. Tomoskozi-Farkas, B. Nagy, G. V Horvath, L. Tamas,
Improved reactive aldehyde, salt and cadmium tolerance of transgenic barley due to the
expression of aldo-keto reductase genes, Acta Physiol. Plant. 38 (2016) 99.

[103] N. Smirnoft, Q.J. Cumbes, Hydroxyl radical scavenging activity of compatible solutes,
Phytochemistry. 28 (1989) 1057-1060. doi:10.1016/0031-9422(89)80182-7.

[104] J.M.H. Stoop, D.M. Pharr, Effect of different carbon sources on relative growth rate,
internal carbohydrates, and mannitol 1-oxidoreductase activity in celery suspension
cultures, Plant Physiol. 103 (1993) 1001-1008.

[105] I. Zelitch, The close relationship between net photosynthesis and crop yield,
Bioscience. 32 (1982) 796-802.

[106] T.C. Fox, R.A. Kennedy, W.H. Loescher, Developmental changes in photosynthetic
gas exchange in the polyol-synthesizing species, Apium graveolens L.(celery), Plant
Physiol. 82 (1986) 307-311.

[107] W. Larcher, effect of environmental and physiological variables on the carbon dioxide
gas exchange of trees, Photosynthetica. 3 (1969) 167-198.

[108] W.H. Loescher, Physiology and metabolism of sugar alcohols in higher plants, Physiol.
Plant. 70 (1987) 553-557.

[109] K. Asada, Production and scavenging of active oxygen in photosynthesis,
Photoinhibition. (1987).

[110] A. Wingler, P.J. Lea, W.P. Quick, R.C. Leegood, Photorespiration: metabolic pathways
and their role in stress protection, Philos. Trans. R. Soc. London B Biol. Sci. 355
(2000) 1517-1529.

[111] M. Kanako, N. Chonan, T. Matsuda, H. Kawahara, Ultrastructure of the small vascular

26



759
760

761
762

763
764
765

766
767
768

769
770
771

772
773

774
775

776
777
778

779
780
781

782
783
784

785
786
787

788
789
790

791
792
793

794
795
796

797
798
799

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

bundles and transfer pathways for photosynthate in the leaves of rice plant, Japanese J.
Crop Sci. 49 (1980) 42-50.

N. Chonan, H. Kawahara, T. Matsuda, Ultrastructure of transverse veins in relation to
phloem loading in the rice leaf, Japanese J. Crop Sci. 54 (1985) 160—169.

G.N. Scofield, T. Hirose, N. Aoki, R.T. Furbank, Involvement of the sucrose
transporter, OsSUT]1, in the long-distance pathway for assimilate transport in rice, J.
Exp. Bot. 58 (2007) 3155-3169.

C.E.J. Botha, N. Aoki, G.N. Scofield, L. Liu, R.T. Furbank, R.G. White, A xylem sap
retrieval pathway in rice leaf blades: evidence of a role for endocytosis?, J. Exp. Bot.
59 (2008) 2945-2954.

S. Lalonde, M. Tegeder, M. Throne-Holst, W.B. Frommer, J.W. Patrick, Phloem
loading and unloading of sugars and amino acids, Plant. Cell Environ. 26 (2003) 37—
56.

R.T. Giaquinta, W. Lin, N.L. Sadler, V.R. Franceschi, Pathway of phloem unloading of
sucrose in corn roots, Plant Physiol. 72 (1983) 362-367.

J.D. Lim, J. Cho, Y. Park, T. Hahn, S. Choti, J. Jeon, Sucrose transport from source to
sink seeds in rice, Physiol. Plant. 126 (2006) 572—-584.

J.F. Ma, N. Yamaji, N. Mitani, X.-Y. Xu, Y.-H. Su, S.P. McGrath, F.-J. Zhao,
Transporters of arsenite in rice and their role in arsenic accumulation in rice grain,
Proc. Natl. Acad. Sci. 105 (2008) 9931-9935.

A K. Garg, J.-K. Kim, T.G. Owens, A.P. Ranwala, Y.D. Choi, L. V. Kochian, R.J. Wu,
Trehalose accumulation in rice plants confers high tolerance levels to different abiotic
stresses, Proc. Natl. Acad. Sci. 99 (2002) 15898-15903. doi:10.1073/pnas.252637799.

Y. Kanayama, H. Mori, H. Imaseki, S. Yamaki, Nucleotide sequence of a cDNA
encoding NADP-sorbitol-6-phosphate dehydrogenase from apple, Plant Physiol. 100
(1992) 1607.

R. Tao, S.L. Uratsu, A.M. Dandekar, Sorbitol synthesis in transgenic tobacco with
apple cDNA encoding NADP-dependent sorbitol-6-phosphate dehydrogenase, Plant
Cell Physiol. 36 (1995) 525-532.

R.H. Lee, C.H. Wang, L.T. Huang, S.G. Chen, Leaf senescence in rice plants: Cloning
and characterization of senescence up-regulated genes, J. Exp. Bot. 52 (2001) 1117—
1121. doi:10.1093/jexbot/52.358.1117.

M. Iwamoto, H. Higo, K. Higo, Strong expression of the rice catalase gene CatB
promoter in protoplasts and roots of both a monocot and dicots, Plant Physiol.
Biochem. 42 (2004) 241-249. doi:10.1016/j.plaphy.2004.01.008.

M. Oszvald, T.-J. Kang, S. Tomoskozi, B. Jenes, T.-G. Kim, Y.-S. Cha, L. Tamas, M.-
S. Yang, Expression of Cholera Toxin B Subunit in Transgenic Rice Endosperm, Mol.
Biotechnol. 40 (2008) 261-268. doi:10.1007/s12033-008-9083-2.

S.W. Park, K.J. Song, M.Y. Kim, J.-H. Hwang, Y.U. Shin, W.-C. Kim, W. Chung II,
Molecular cloning and characterization of four cDNAs encoding the isoforms of NAD-
dependent sorbitol dehydrogenase from the Fuji apple, Plant Sci. 162 (2002) 513-519.

27



800
801
802

803
804
805
806

807
808
809
810

811
812
813

814
815
816

817
818
819

820
821
822

823
824
825

826
827
828

829
830

831
832

833
834
835

836
837
838

839
840
841

[126] K. Ohta, R. Moriguchi, K. Kanahama, S. Yamaki, Y. Kanayama, Molecular evidence
of sorbitol dehydrogenase in tomato, a non-Rosaceae plant, Phytochemistry. 66 (2005)
2822-2828.

[127] B.-H. Wu, S.-H. Li, M. Nosarzewski, D.D. Archbold, Sorbitol dehydrogenase gene
expression and enzyme activity in apple: tissue specificity during bud development and

response to rootstock vigor and growth manipulation, J. Am. Soc. Hortic. Sci. 135
(2010) 379-387.

[128] M.F. Aguayo, D. Ampuero, P. Mandujano, R. Parada, R. Munoz, M. Gallart, T.
Altabella, R. Cabrera, C. Stange, M. Handford, Sorbitol dehydrogenase is a cytosolic
protein required for sorbitol metabolism in Arabidopsis thaliana, Plant Sci. 205 (2013)
63-75.

[129] J. Watari, Y. Kobae, S. Yamaki, K. Yamada, K. Toyofuku, T. Tabuchi, K. Shiratake,
Identification of sorbitol transporters expressed in the phloem of apple source leaves,
Plant Cell Physiol. 45 (2004) 1032—-1041.

[130] C.E.J. Botha, R.H.M. Cross, Plasmodesmatal frequency in relation to short-distance
transport and phloem loading in leaves of barley (Hordeum vulgare). Phloem is not
loaded directly from the symplast, Physiol. Plant. 99 (1997) 355-362.

[131] R.G. Thompson, J.E. Dale, Export of 14C-and 11C-labelled assimilate from wheat and
maize leaves: effects of parachloromercurobenzylsulphonic acid and fusicoccin and of
potassium deficiency, Can. J. Bot. 59 (1981) 2439-2444.

[132] N. Aoki, G.N. Scofield, X.D. Wang, J.W. Patrick, C.E. Offler, R.T. Furbank,
Expression and localisation analysis of the wheat sucrose transporter TaSUT1 in
vegetative tissues, Planta. 219 (2004) 176—184.

[133] E. V Sheveleva, S. Marquez, W. Chmara, A. Zegeer, R.G. Jensen, H.J. Bohnert,
Sorbitol-6-phosphate dehydrogenase expression in transgenic tobacco high amounts of
sorbitol lead to necrotic lesions, Plant Physiol. 117 (1998) 831-839.

[134] B.F. Chong, G.D. Bonnett, D. Glassop, M.G. O’Shea, S.M. Brumbley, Growth and
metabolism in sugarcane are altered by the creation of a new hexosea€[Iphosphate
sink, Plant Biotechnol. J. 5 (2007) 240-253.

[135] R. Giaquinta, Evidence for phloem loading from the apoplast chemical modification of
membrane sulthydryl groups, Plant Physiol. 57 (1976) 872-875.

[136] K. Robinson-Beers, R.F. Evert, Ultrastructure of and plasmodesmatal frequency in
mature leaves of sugarcane, Planta. 184 (1991) 291-306.

[137] J.R. Gottwald, P.J. Krysan, J.C. Young, R.F. Evert, M.R. Sussman, Genetic evidence
for the in planta role of phloem-specific plasma membrane sucrose transporters, Proc.
Natl. Acad. Sci. 97 (2000) 13979-13984.

. Murata, 5. Takahashi, Y. Nishiyama, S.1. akhverdiev, Photoinhibition o

138] N.M S. Takahashi, Y. Nishiy S.I. Allakhverdiev, Photoinhibiti f
photosystem II under environmental stress, Biochim. Biophys. Acta - Bioenerg. 1767
(2007) 414-421. doi:10.1016/j.bbabio.2006.11.019.

[139] D.M. Kramer, T.J. Avenson, G.E. Edwards, Dynamic flexibility in the light reactions
of photosynthesis governed by both electron and proton transfer reactions, Trends Plant
Sci. 9 (2004) 349-357. doi:10.1016/j.tplants.2004.05.001.

28



842
843
844

845
846

847
848

849

850
851
852

853
854

855
856
857

858
859

860

861

862

863

864

865

866

867

868

869

870

871

872

[140] M.C. Tarczynski, R.G. Jensen, H.J. Bohnert, Stress protection of transgenic tobacco by
production of the osmolyte mannitol, Sci. YORK THEN WASHINGTON-. 259 (1993)
508.

[141] E.J. Russell, A. Appleyard, The atmosphere of the soil: its composition and the causes
of variation, J. Agric. Sci. 7 (1915) 1-48.

[142] J.I. Morison, Intercellular C02 Concentration and Stomatal Response to C02 James I. L
Morison, E. Zeiger, GD Farquhar IR Cowan. (1987) 229.

[143] E.A. Bray, Plant responses to water deficit, Trends Plant Sci. 2 (1997) 48-54.

[144] W.T. Hay, Engineering cyanobacterial genes into Glycine max (Soybean) leads to
increased photosynthesis and productivity, University of Illinois at Urbana-Champaign,
2012.

[145] R.A. Mertz, T.P. Brutnell, Bundle sheath suberization in grass leaves: Multiple barriers
to characterization, J. Exp. Bot. 65 (2014) 3371-3380.

[146] C. Eva, F. Téglas, H. Zelenyanszki, C. Tamas, A. Juhasz, K. Mészaros, L. Tamas, Cold
inducible promoter driven Cre-lox system proved to be highly efficient for marker gene
excision in transgenic barley, J. Biotechnol. 265 (2018) 15-24.

Figure legends

Fig. 1. Elements of plant productivity (P): senescence, harvest index, photosynthesis and
stress tolerance. Strong interactions are marked by arrows. These are connected as care
always should be taken to maintain a high harvest index while improving any other trait.
Increasing harvest index by enhanced sink strength also upregulates photosynthesis. However
improving photosynthetic performance in itself does not always lead to an increased yield of
the harvested organ. The photosynthetic route both affects the overall productivity and stress
tolerance. C4 plants were shown to exhibit high water and N-use efficiency, while sugar-
alcohol metabolizing plants have high osmotic stress tolerance. Plants with crassulacean acid
metabolism excel with extreme drought tolerance. Stress tolerance is also in relation with
senescence, because senescence delay could considerably increase drought tolerance. Delayed

senescence and longer photosynthetically active period also increase productivity overall. The
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senescence may also affect the harvest index as assimilate remobilization during senescence

considerably increases the yield of wheat.

Fig. 2. A proposed scheme of root to shoot carbon dioxide transport, through NAD ME or
PEPCK-type C4 photosynthesis split between the two organs. Our scheme (A) is intended to
transfer energy (through sugar alcohol metabolism) from the energy-rich leaves (B) to the
energy-poor roots (C) in exchange for CO,, which is abundant in the vicinity of roots. CO, is
fixed by PEP-carboxylase in roots, yielding oxaloacetate (OAA). Oxaloacetate is
transaminated to form the more stable aspartic acid (Asp), which is then transported to the
shoot system through the xylem. Aspartic acid is converted to alanine (Ala) and CO, in leaves
through either NAD-ME or PEPCK C4 photosynthesis process. The produced CO; is fixed by
Rubisco. Alanine is transported back to the roots through the phloem. Pyruvate (Pyr) is
formed from deamination of alanine. Phosphoenolpyruvate (PEP) is regenerated from
pyruvate at the expense of 2 ATP. The approach may be supported by the implementation of
sugar alcohol metabolism (see the text for details). It would involve sorbitol supply of roots
(green) which is more energy-rich per carbon atom, compared to the common sucrose.
Sorbitol is degraded to fructose by sorbitol-dehydrogenase, forming fructose and NADH.

Reducing power of a NADH molecule is eligible to produce three ATPs.
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