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Abstract

Global food security is threatened by increasing population growth and the adverse
effects of climate change. To sustain the expected global population of 9.5 billion by
2050, food production must increase by at least 60%. Exploitation of the more efficient
C4 mode of photosynthesis of important food crops has been suggested as a resolution
for the foreseen risk as most of the cereal crops perform Cs photosynthesis which is
less efficient. Wheat (Triticum aestivum L..) is one of the most widely produced cereals
globally and accounts for 21% of the world’s daily dietary protein intake. Spike
photosynthesis is believed to play a vital role in grain filling in wheat, with the
contribution from ear photosynthesis to the total yield being 10-44%, depending on
genetic and environmental factors. That is, it seems possible that different
photosynthetic traits to the main photosynthetic organs may be expressed in specific
sites of the same plant, although it is less prominent. Here we refer to this phenomenon
as site-specific photosynthesis. It is also hypothesized that, along with photosynthesis,
other vital metabolic processes such as sucrose metabolism and nitrogen (N)
assimilation vary site-specifically and may play significant roles in grain quality and
quantity. The magnitude of this variation in metabolic processes varies even within
the same species, indicating a significant genetic difference. In addition, the site-
specific variation of metabolic processes in wheat probably depends on ontogeny,
being more pronounced during grain filling. Numerous studies have been conducted
to elucidate photosynthesis and other metabolic pathways in the flag leaves of wheat.
However, there are few site-specific studies of plant metabolic processes, and such
information is essential to improve crop yield potential. Therefore, this project aimed
to dissect the site-specific, genotypic, and temporal variation of key metabolic
processes associated with photosynthesis using pericarps and flag leaves of three

wheat genotypes (Huandoy, Amurskaja 75 and Greece25) at different growth stages.

Most gas exchange protocols are designed for leaves. Therefore, to acquire gas
exchange properties of wheat spikes, | developed and optimized a new protocol using
a LI-COR 6400XT portable photosynthesis system. The newly developed method was
used to estimate the biological capacity of carbon (C) assimilation (VCmax: maximum
rate of Rubisco carboxylation and Jmax: maximum rate of photosynthetic electron
transport) of wheat spikes at different ontogenies based on carbon dioxide response

curves (A-Cj curves). This method could be applied to the irregularly shaped organs



of other species, such as the panicles of rice. The measurements of VCmax, Jmax, and
triose phosphate utilization (TPU) of wheat spikes and flag leaves facilitated by using
the novel gas exchange protocol, together with expression of genes involved in
photosynthesis and sucrose metabolism, demonstrated site-specific variation in the
biological capacity of C assimilation at early ontogeny that dissipated by late grain-
filling. Transcript abundance of genes related to large and small sub-units of Rubisco
(rbcS and rbcL) in flag leaves was significantly higher than in the pericarps. At early
ontogeny, wheat pericarps exhibited a strong, positive correlation between the
biological capacity of C assimilation and expression of key genes related to sucrose
metabolism. The strong correlation between spike dry weight and the biological
capacity of spike photosynthesis along with other observations suggested that
metabolic processes in wheat spikes may play a major role in grain filling and thus
total yield production. Site-specific, genotypic and temporal variation in the
expression pattern of key genes of the C4 pathway in wheat revealed no evidence for
grain-specific C4 photosynthesis, despite evidence of gene expression related to Cs
pathway enzymes in pericarps and flag leaves. This inference is supported by §°C
observations. Site-specific, genotypic and temporal patterns of N metabolism
suggested that wheat pericarps may play an important role in grain quality (protein
concentration) and crop yield potential specifically after leaf senescence. The
metabolic responses of wheat spikes in response to elevated temperature showed
genotype-dependent differences in target gene expression and proteomics. The
proteomic studies revealed that along with photosynthesis, other metabolic processes
such as the antioxidant defense system, protein synthesis, and energy production were
significantly affected at elevated temperatures. Of the differentially expressed
proteins, those related to antioxidant defense systems were more significant in
Huandoy than Amurskaja 75, indicating that Huandoy was under greater heat stress
than Amurskaja 75. This inter-varietal difference was confirmed by the 60% yield
decrease in Huandoy compared with a 5% yield increase in Amursksja 75 at elevated
temperatures. That is, my results show that Amursksja 75 is relatively heat tolerant
making it a possible candidate for crop improvement programs for future climates.
However, the picture about spike metabolic processes in response to elevated
temperatures remains incomplete as in both genotypes, there were numerous
uncharacterized proteins which may play significant roles in wheat metabolism at a
higher temperature.



Findings of this study point to the importance of exploring the site-specific, genotypic,
and temporal variation of photosynthesis and other metabolic processes of vital food

crops to develop higher-yielding crop varieties in the future.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

1.1 Wheat and its importance for global food security

Global food security is threatened by the current population growth and the adverse
effects of climate change (Dehigaspitiya et al. 2019). It is predicted that the global
population will have increased to 9.5 billion by 2050 (Alexandratos and Bruinsma
2012). To sustain this increase, global food production must grow by at least 60%
(Cristetal. 2017). A dramatic yield improvement in cereal crops like rice (Oriza sativa
L.) and wheat (Triticum aestivum L.) was achieved between the 1950s and 1980s
during the Green Revolution, mainly via the introduction of dwarf varieties through
molecular breeding (Furbank et al. 2015). Outcomes of the Green Revolution aided to
satisfy the global cereal demand for many years. However, feeding the expected global
population seems impossible without another massive advance in agriculture as the
genetic yield potential of current cereal crops using conventional breeding has almost
reached its maximum (Furbank et al. 2015; Dehigaspitiya et al. 2019). Meeting future
food production targets has become even more challenging because of the damages to
crop and food system infrastructure due to the adverse effects of climate change (Lesk
et al. 2016).

As the most cultivated cereal crop in the world, wheat is accountable for one-third of
the global annual cereal production and is responsible for 21% of the world’s daily
dietary protein intake, playing an important role in global food security (Shiferaw et
al. 2013). Wheat provides vital components required for human nutrition such as
minerals, vitamins, beneficial phytochemicals, and dietary fibre (Shewry 2009). With
the projected population of 9.5 billion by 2050, demand for wheat is estimated to
increase by at least 50% (Li et al. 2017). Thus it is vital to focus on improving the

yield and nutritional properties of wheat (Alexandratos and Bruinsma 2012).



1.2 Site-specific photosynthesis in wheat

Wheat is considered a classical Cs crop, based on its leaf photosynthesis biochemistry.
Improving photosynthetic efficiency of classical Cs cereals has been suggested as a
resolution for future food production targets (Li et al. 2017). One of the different
strategies of improving the photosynthetic efficiency, that is bioengineering an
efficient photosynthetic pathway into food crops, has been intensely studied
(Peterhansel et al. 2013). However, improving photosynthetic efficiency has been
challenging due to the complex nature of the photosynthetic processes and inadequate

understanding of the genetic mechanisms (Dehigaspitiya et al. 2019).

Spike photosynthesis is believed to play a vital role in grain filling in wheat, with the
contribution from ear photosynthesis to the total yield being 10-44%, depending on
genetic and environmental factors (Sanchez-Bragado et al. 2014). In food crops, more
importance has until now been placed on photosynthesis of the main photosynthetic
organs, namely the leaves. However, little attention has been given to the site-specific
and temporal variation of photosynthesis and the possibility of utilizing the knowledge
of site-specific photosynthesis and photosynthesis-related processes for crop

improvement.

Although wheat is considered a classical Cs cereal based on its leaf photosynthesis,
evidence is mounting that a different mode of photosynthesis may operate in wheat
spikes compared to leaves (Rangan et al. 2016). This raises the possibility of
considering spike photosynthesis as a physiological trait for future crop improvements
(Dehigaspitiya et al. 2019). Along with photosynthesis, other vital metabolic processes
such as nitrogen assimilation and sucrose metabolism could also vary site-specifically
and may play significant roles in grain quantity and protein content (Dehigaspitiya et
al. 2019). Therefore, dissecting the site-specific and temporal variation in metabolic
processes in wheat and utilizing them for crop improvement appears to be the best way
forward. Detailed information about the site-specific variation of photosynthesis and
the possibility of utilizing the knowledge of site-specific photosynthesis in crop
improvement has been summarised in the published review manuscript entitled
“Exploring natural variation of photosynthesis in a site-specific manner: evolution,

progress, and prospects” (Chapter 2).



1.3 Objectives of the Study

Wheat genotypes have been characterized based on photosynthesis and other
metabolic processes of major photosynthetic organs: leaves. Less attention has been
given placed on site-specific variation of photosynthesis and the possibility of using
the site-specific variation of plant metabolic processes in crop improvement
(Dehigaspitiya et al. 2019). Thus this study focused on investigating site-specific,
genotypic and temporal variation in carbon assimilation and other photosynthesis-
related processes: sucrose metabolism, nitrogen (N) metabolism, and the expression
of C4 pathway enzymes in wheat using wheat spikes and flag leaves of three wheat
genotypes which were grown at different growth stages. Besides, the metabolic
changes in wheat spikes at elevated temperatures to determine the adaptability of
wheat genotypes to a changing climate was investigated. To achieve this overall aim,

this study was broken down into four objectives.

1. Optimize a protocol to measure spike gas exchange of wheat using LI-COR

6400XT portable photosynthesis system (Chapter 3)

Spike photosynthesis is believed to play a vital role in grain filling in wheat and thus
the total yield (Sanchez-Bragado et al. 2016). Determining gas exchange parameters
of wheat spikes has become increasingly important as a means of elucidating the
photosynthetic mechanism and whole plant performance. Although there have been
optimized methodologies to determine gas exchange parameters of leaves (Evans and
Santiago 2014), protocols for grain gas exchange are less well defined and are not
suitable of using protocols of measuring leaf gas exchange for spikes as wheat spikes
differ structurally and physiologically from leaves. Thus, the first objective of this
project was to optimize a protocol to measure gas exchange parameters of wheat spikes

using a portable photosynthesis system.

2. Determine the site-specific, temporal and genotypic variation of
photosynthesis and sucrose metabolism in wheat (Chapter 4)

Most of the previous studies investigating photosynthetic parameters of wheat have
focussed solely on flag leaves while limited information is available for temporal and
genotypic variation of spike photosynthesis (Dehigaspitiya et al. 2019). There also
does not appear to be much literature on how sucrose metabolism of wheat pericarps
vary over time compared to flag leaves. Therefore, a series of experiments which



involved, molecular, biochemical, and physiological approaches were used to
determine the site-specific, genotypic temporal variation of photosynthesis and

sucrose metabolism in wheat and the spike contribution to grain filling.

3. Investigate the site-specific, genotypic and temporal variation in the expression

of the C4 pathway and N metabolism in wheat (Chapter 5)

Wheat is considered a classical Cs cereal. However, recent findings suggested that
developing wheat pericarps probably perform a Cs-like photosynthetic pathway
(Rangan et al. 2016). The grain protein content of wheat is one of the critical aspects
of grain quality which is governed by the N metabolism in plants. Further, plant N
metabolism is one of the determining factors of the yield potential (Aben et al. 1999).
While it is established that there is a variation in N metabolism in flag leaves of wheat,
little is known about the site-specific, genotypic, and temporal variation behind N
metabolism (Dehigaspitiya et al. 2019). This chapter focusses on traits related to the
C4 pathway and changes in N metabolism in wheat pericarps (Outer pericarp which
includes epidermis and hypodermis) and flag leaves at different growth stages.
Identification of important traits of efficient photosynthesis and changes in N
metabolism will allow for closer investigations into these changes in future studies to

improve grain protein content in wheat.

4. Elucidate the genotypic variation of spike metabolic responses in response to
elevated temperatures using gene expression and proteomic approaches
(Chapter 6)

Wheat is among the most sensitive crops to heat stress (Wahid et al. 2007). Elevated
temperatures may significantly alter the metabolic pathways such as carbon and N
assimilation in wheat pericarps (Wahid et al. 2007). Changes in plant metabolism in
response to high temperature may have a considerable genotypic effect. Along with
carbon and N metabolism associated transcriptome responses, analysis of the whole
proteome response of a particular plant organ may provide vital information on
metabolic changes occurring in response to elevated temperatures. Therefore, this
chapter was designed to investigate the differences in spike metabolic processes of
wheat under heat stress and to identify characteristics of possible heat resistant

genotypes for crop improvement programs for future climates.



CHAPTER 2

LITERATURE REVIEW

In addition to the literature review in Chapter 1, a review publication entitled
‘Exploring natural variation of photosynthesis in a site-Specific manner: evolution,
progress, and prospects’ was published in Planta Journal. This review paper discusses
the importance of site-specific changes in photosynthesis and other metabolic
processes for crop improvement. The review presents an overview of the foreseen
threat to food security due to the population growth, stagnated crop productivity, and
climate change. It then explains site-specific photosynthesis, briefly giving some
background into natural variation and the evolution of photosynthetic pathways. This
chapter is an introduction to the rest of the experimental chapters of this thesis which
discuss the importance of site-specific photosynthesis in wheat to improve the crop
productivity.

Prabuddha Dehigaspitiya, Paul Milham, Gavin J. Ash, Kiruba Arun-Chinnappa,
Dananjali Gamage, Anke Martin, Seiji Nagasaka, Saman Seneweera. Planta. 2019 Jun
28:1-8.
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Abstract
Main conclusion Site-specific changes of photosynthesis, a relatively new concept, can be used to improve the pro-
ductivity of critical food crops to mitigate the foreseen food crisis.

Abstract Global food security is threatened by an increasing population and the effects of climate change. Large yield
improvements were achieved in major cereal crops between the 1950s and 1980s through the Green Revolution. However,
we are currently experiencing a significant decline in yield progress. Of the many approaches to improved cereal yields,
exploitation of the mode of photosynthesis has been intensely studied. Even though the C, pathway is considered the most
efficient, mainly because of the carbon concentrating mechanisms around the enzyme ribulose-1,5-bisphosphate carboxy-
lase/oxygenase, which minimize photorespiration, much is still unknown about the specific gene regulation of this mode
of photosynthesis. Most of the critical cereal crops, including wheat and rice, are categorized as C; plants based on the
photosynthesis of major photosynthetic organs. However, recent findings raise the possibility of different modes of photo-
synthesis occurring at different sites in the same plant and/or in plants grown in different habitats. That is, it seems possible
that efficient photosynthetic traits may be expressed in specific organs, even though the major photosynthetic pathway is
C;. Knowledge of site-specific differences in photosynthesis, coupled with site-specific regulation of gene expression, may
therefore hold a potential to enhance the yields of economically important C; crops.

Keywords Crop improvement - Engineering C, into C; - Photorespiration - Photosynthesis gene regulation

Introduction atmospheric CO,, after going through a series of photosyn-
thetic reduction steps, is converted to carbohydrates (Evans
2013). This biological process is used by autotrophic and
semi-autotrophic organisms, being the main driver of food

production for heterotrophs for billions of years (Wang et al.

Photosynthesis is the biological process that produces
organic carbon compounds by using solar energy, water
and atmospheric carbon dioxide (CO,). In this process,
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2011). However, the global production of food for humans
has been challenged as a result of increasing population and
a potential decrease in food productivity driven by factors
related to climate change (Berardy and Chester 2017; Crist
et al. 2017).

It is anticipated that the global population will have
increased to 9.5 billion by 2050 (Alexandratos and Bruin-
sma 2012). To sustain this increase, food production must
increase by at least 60% (Clay 2011; Crist et al. 2017).
Towards the end of 2016, Asia accounted for 59.5% of the
global population, and it is undergoing continuous growth
(Worldmeters 2017). Tilman et al. (2009) and Sheehy et al.
(2008) have suggested that a 60% improvement in the yield
of rice (Oryza sativa L.) might be needed in order to cater
for the growing Asian population in the near future. This
translates to catering to 43 people from a hectare of rice
instead of the present 27. A dramatic improvement in yield
of C; cereal crops like wheat (Triticum aestivum L.) and
rice was achieved between the 1950s and 1980s during the
Green Revolution, mainly through the introduction of dwarf
varieties via molecular breeding (Furbank et al. 2015). This
also improved the fertilizer use efficiency by increasing the
grain mass of the crop at the expense of the rest of the above
ground biomass (increase in harvest index) (Stapper and Fis-
cher 1990; Evans 2013). Outcomes of the Green Revolu-
tion have helped to satisfy the global food demand for many
years. However, feeding the projected global population
seems impossible without another massive breakthrough
as the genetic yield potential of current cereal crops, using
conventional breeding, has almost plateaued (Kropff et al.
1994; Furbank et al. 2015; Taylor and Long 2017; Wang
et al. 2017b). Meeting future food production goals has
become even more challenging because of the predicted
and even current changes in climate, such as the increase in
global temperature and water scarcity (Elliott et al. 2014).
Of the few possible solutions for the upcoming food crisis,
increasing the biomass of critical food crops is one of the
most intensely studied (Evans 2013; Taylor and Long 2017).

The Green Revolution increased the harvest index with
little change to the total aboveground biomass (Austin et al.
1989; Evans 2013; Ort et al. 2015). Evans (2013) sug-
gested that further increases in harvest index may come at
the expense of leaves, the major source of carbon fixation,
and consequently decreased grain yields. As a corollary, it
was argued that total biomass may have to be increased to
achieve higher yields (Evans 2013), which would require
either enrichment of the light interception of crop plants
throughout the growing season and/or an increase in the pho-
tosynthetic efficiency (Evans 2013; Taylor and Long 2017).
Since there appears little possibility of further improvement
to light interception (Evans 2013), increasing photosynthetic
efficiency merits investigation.

@ Springer

Of the different strategies for improving photosynthetic
efficiency (Fig. 1), engineering a more efficient mode of
photosynthesis for food crops is being intensively studied,
e.g., by engineering C, into C; (Gao et al. 2014; Wang et al.
2014; Li et al. 2017); mitigating the functional limitations
of the major CO, fixing enzyme, ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO) (Cai et al. 2014; Galmes
et al. 2014; Saez et al. 2017); increasing the mesophyll con-
ductance of CO, diffusion (Cano et al. 2014; Gu and Sun
2014; Xiong et al. 2017); minimizing the inefficiencies due
to dynamic environmental factors (Williams et al. 2014; Ret-
kute et al. 2015; Vialet-Chabrand et al. 2017); and regulat-
ing sink—source feedback on photosynthesis (Fatichi et al.
2014; Campany et al. 2017). However, improvement of pho-
tosynthetic efficiency is challenging because of the complex
nature of photosynthetic mechanisms and inadequate under-
standing of the genetic processes (Rangan et al. 2016b).

Until now, angiosperms have been divided into functional
categories according to the photosynthetic mode of the pri-
mary photosynthetic organs, typically the leaves. However,
this categorization has been brought into question by the fact
that, within the same plant, different organs may perform
different modes of photosynthesis (Rangan et al. 2016a, b).
We refer to this phenomenon as site-specific or dual bio-
chemistry photosynthesis. The hypothesis of site-specific
photosynthesis also includes the possibility that the mode
of photosynthesis may change with the environment. Here
we mainly focus on the site-specific C, photosynthesis since
it is the most efficient mode at the current atmospheric con-
ditions. This conceptually novel hypothesis is supported by
a growing number of observations, e.g., the cells surround-
ing the vascular bundles in the stem and petiole of tobacco
and celery have C,-like photosynthetic mechanisms, even
though the leaves are C;, and consequently, that is how the
species is categorized (Hibberd and Quick (2002). Further-
more, changes in photosynthesis similar to the C, pathway
were observed in rice panicles during grain filling (Imaizumi
et al. 1990), and evidence for grain-specific C, photosynthe-
sis has been reported in the C; species, wheat (Rangan et al.
2016b). Further, the existence of different photosynthetic
pathways in the husk and foliage leaves of maize (Zea mays)
is perhaps the most obvious case of site-specific changes in
photosynthesis.

The different modes of photosynthesis have been exten-
sively reviewed (Edwards et al. 2004; Kiang et al. 2007;
Hibberd and Covshoff 2010), including the possibility of
engineering the C, pathway into the C; (Matsuoka et al.
2001; von Caemmerer 2003; Kajala et al. 2011), and other
ways to improve photosynthetic efficiency (Long et al. 2006;
Zhu et al. 2010; Blankenship et al. 2011; Ort et al. 2015).
However, site-specific photosynthesis and dual-biochemistry
photosynthesis have not been sufficiently addressed.
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Fig.1 Possible approaches to improve photosynthesis (upward
arrows represent an improvement and downward arrows represent an
impairment. LDR and LIR represent light-dependant reactions and
light-independent reactions, respectively). Improving the efficiency
of the LDR could have an impact on improving the overall efficiency
of photosynthesis. Reduction of photosystem antenna size might
increase the light penetration and decrease the light saturation of the
photosynthetic tissue. In addition, canopy architecture is also impor-
tant. To expand the available waveband of sunlight, Cyanobacterial

In this review, we summarize the literature on site-specific
photosynthesis and its importance. We also critically analyze
the evolutionary linkage between C; and C, photosynthesis
through photorespiratory modifications, importance of pho-
torespiratory carbon pump as an evolutionary bridge for C,
pathway, recent approaches that have been taken to improve
the efficiency of photosynthesis, photosynthetically efficient
physiological traits to understand site-specific photosynthe-
sis, gene-regulatory characteristics of C, photosynthesis in
a site-specific manner. Also, we discuss the knowledge gaps
and the future directions that need to be undertaken to get a
better understanding of site-specific photosynthesis. Finally,
we summarise the other possible ways of increasing the effi-
ciency of photosynthesis by enhancing the properties of the
light-independent and light-dependent reactions.

Natural variation of photosynthesis in angiosperms
Being the most important biochemical light energy using

process on earth, photosynthesis converts CO, into organic
sugars through plants, algae, and photosynthetic bacteria.
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chlorophyll d and f can be used and increase the cytochrome f con-
tent may lead to increase the electron transport capacity. Moving to
the improvement of LIR, modification of RuBisCO is one of the hot
research trends. Engineering C, mode to Cj, initiate CCMs, redesign-
ing photorespiration and mitigation of the limitations of CO, diffu-
sion in photosynthetic tissues are other possible approaches that have
been proposed. In addition, alteration of the sink: source ratio and
activity; minimize the inefficiencies of photosynthesis due to dynamic
environmental factors have also been proposed

Photosynthesis consists of two distinct biochemical pro-
cesses, the light-dependent reaction (LDR) and the light-
independent reaction (LIR). The LDR produces ATP
(adenosine triphosphate) and NADPH (reduced form of nic-
otinamide adenine dinucleotide phosphate), which are later
utilized by the LIR: the Calvin—Benson cycle. Production of
carbohydrates using atmospheric CO, and the products of
the LDR take place in the Calvin—Benson cycle. Currently,
four major photosynthetic mechanisms have been identified
in angiosperms: C;, crassulacean acid metabolism (CAM),
C,, and C4—C, intermediates (Yamori et al. 2014) (Fig. 2).
Out of those, the most common photosynthetic mechanism
is C; where RubisCO fixes atmospheric CO, into a three-
carbon compound; mainly, phosphoglyceric acid (PGA).
On the other hand, the first stable compound of photo-
synthesis in the C, pathway is the four-carbon molecule,
oxaloacetate (OAA). Also, C, appears the most efficient
form of carbon fixation in the majority of current environ-
mental conditions, i.e., C, is theoretically 30% more efficient
than C; photosynthesis (Zhu et al. 2008). The C, grass Echi-
nochloa polystachya, growing on the Amazon floodplain,
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holds the record for the highest recorded annual dry-matter
productivity, for any terrestrial vegetation, having an aver-
age of 100 tonnes per hectare per year (t ha™! year™'; pro-
ductivity is given throughout as mass of oven-dry matter)
(Piedade et al. 1991). C, forage grass Pennisetum purpureum
cultivated in El Salvador, recorded the highest annual dry-
matter yield for a crop, producing 88 t ha™! year™! (Beadle
and Long 1985). Engineering C, photosynthesis into critical
C; food crops has been intensely studied (Kajala et al. 2011;
Rangan et al. 2016b; Wang et al. 2017b); however, engineer-
ing a complete C, pathway into C; has proven elusive due
to the lack of knowledge of specific gene regulation in both
photosynthetic pathways (Wang et al. 2011). Photosynthesis
of both C; and CAM plants takes place in a single photo-
synthetic cell. The primary difference between C, and CAM
is that the CAM pathway expresses a temporal separation
of the photosynthetic process (Fig. 2), rather than a spatial
separation seen in C, Kranz, which will be discussed later.

The evolutionary rise of C, photosynthesis
through photorespiratory modifications

Current differences in photosynthetic properties of higher
plants can be considered as an evolutionary adaptation to
diverse ecosystems/niches. The most diverse modifications
of photosynthesis occur in the LIRs. However, although
there are spatial and temporal differences among photosyn-
thetic modes, the enzyme RuBisCO universally catalyzes
the fixation of CO, into a stable, three-carbon intermediate.
RuBisCO is bifunctional, also binding O, in competition
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with CO, and catalyzing a reaction known as photorespi-
ration, which negatively affects the overall efficiency of
photosynthesis, and consumes ATP and NADPH (Bowes
et al. 1971; Furbank 2011, 2016). At current atmospheric
concentrations of CO, and O,, photorespiration can decrease
photosynthesis to 30% of its potential (Sharkey 1988; Zhu
et al. 2004). This happens mainly by losing assimilated C
and N as photorespiratory CO, and NH; (Fig. 2) (Sharkey
1988; Zhu et al. 2004). However, despite all the inefficien-
cies that adversely affect photosynthesis, photorespiration is
nonetheless the second-most important biochemical reaction
on earth, because of its salvage action against 2-phospho-
glycolate (2PG): a toxic by-product from oxygenation of
RuBisCO (Hagemann et al. 2016). Oxygenation of RuBisCO
produces a large amount of 2-PG during the day. Photorespi-
ration is a light-induced biochemical process which converts
2-PG into 3-phosphoglycerate (3-PGA), a Calvin—Benson
cycle intermediate (Fig. 2). Therefore, photorespiration is an
essential metabolic process for all organisms which perform
oxygenic photosynthesis (Somerville 2001). Reactions of
photorespiration take place in the chloroplasts, peroxisomes,
cytosol and mitochondria. Also, for the main photorespira-
tory cycle, at least eight enzymes are needed other than a few
more auxiliary enzymes (Bauwe et al. 2010).
Photorespiration was not a concern during the early
evolutionary stages of photosynthesis when the atmos-
phere was dominated by CO, with only a trace of O,
(Evans 2013). However, photosynthesis has so suc-
cessfully reversed that ratio that competition for bind-
ing O, to RuBisCO has appreciably increased. Hence,
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photorespiration may have co-evolved with oxygenic
photosynthesis around 3.8-2.5 billion years ago in cyano-
bacteria that initially lived in O,-free Precambrian oceans
(Canfield 2005; Allen and Martin 2007; Bauwe et al.
2010). The evolution of algae and higher plants may have
taken place after the uptake of cyanobacteria into heter-
otrophs about 1.5 billion years ago (Reyes-Prieto et al.
2007; Bauwe et al. 2010). During this time, C; photosyn-
thesis became the dominant carbon assimilation pathway
on earth. It is believed that the earth’s climate transformed
in the past 40 million years from a warm, humid atmos-
phere having temperate poles, to a less humid atmosphere,
with frozen poles, deserts, and grasslands (Zachos et al.
2008). Parallel to this climate shift, the atmospheric CO,
concentration decreased from over 1000 umol mol~!,
50 million years ago, to less than 200 umol CO, mol~!,
20,000 years ago (Zachos et al. 2008; Beerling and
Royer 2011). In response to this shift, the modern bio-
sphere evolved Bouchenak-khelladi et al. (2009), and two
main photosynthetic strategies evolved to deal with the
increasing O,/CO,. First, carbon concentrating mecha-
nisms (CCMs) evolved in photosynthetic organs to allow
RuBisCO to operate in a relatively enriched CO,/O, envi-
ronment (Hatch and Slack 1966; Sage 2016; von Caem-
merer et al. 2017). C,, CAM, and C;—C, intermediates
have CCMs in their photosynthetic pathways. Amongst
them, C, photosynthesis has the most efficient and com-
plex CCM. Secondly, the kinetic properties of RuBisCO
changed to improve its selectivity towards CO, relative to
O, (Evans 2013).

Fig.3 Schematic diagram of the
photorespiratory carbon pump.
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Photorespiratory carbon pump as an evolutionary
bridge to the C, pathway

There is increasing evidence for the linkage of photores-
piration to the evolution of C, photosynthesis from its C,
ancestors (Sage 2004; Hagemann et al. 2016). The develop-
ment of a photorespiratory carbon pump (Fig. 3), which is
commonly seen in C;—C, intermediates, is considered to be
an evolutionary bridge for decarboxyacid-based C, photo-
synthesis (Mallmann et al. 2014). The CO, released during
the decarboxylation in photorespiration may not be a com-
plete loss to the plant since it can be refixed by RuBisCO
(Sage and Sage 2009). The photorespiratory carbon pump
facilitates efficient refixation of CO,, by allowing photores-
piration to occur in two different types of cells: mesophyll
cells (MCs) and bundle sheath cells (BSCs) (Fig. 3). The
two-carbon metabolite glycine acts as the CO, transporter
of this mechanism, which is therefore termed the C, path-
way. To perform the C, pathway more efficiently, a large
number of cell-type-specific physiological, biochemical
and gene regulatory preconditioning is needed. Localiza-
tion of mitochondria, which contain glycine decarboxylase
(an essential enzyme in photorespiration) into BSCs is one
such modification, which forces photorespiratory glycine
to migrate from MCs to BSCs (Fig. 3). The CO, released
by the decarboxylation of glycine at least doubles the CO,
concentration at BSCs, which creates a favorable condition
for BSC RuBisCO to perform at a higher catalytic efficiency
and increase photosynthesis. The arrangement of cell orga-
nelles linked with photorespiration is also essential for an
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efficient C, pathway. The tight arrangement of chloroplasts
and mitochondria on the inner cell-walls of BSCs, modifica-
tions of chloroplasts to increase their surface area, reduced
MC:BSC through increased venation, higher plasmodesmata
density connecting adjacent MCs and BSCs, less permeable
cell walls of BSCs, and development of mechanisms for pho-
torespiratory NH,* metabolism are some other favorable fac-
tors to minimize photorespiratory CO, leakage and improve
C, pathway efficiency (Fig. 3) (Sage and Sage 2009; Busch
et al. 2013).

Even though photorespiration has been traditionally
regarded as energy wasteful, a process that needs to be
redesigned in order to improve photosynthesis, a growing
body of evidence suggests otherwise. Biotic and abiotic
stresses commonly limit crop productivity throughout the
world (Mittler 2006; Kangasjérvi et al. 2012) and it has been
reported that photorespiration mitigates their adverse effects.
The H,0, produced by the reaction of glycolate oxidase in
photorespiration is a useful defense against a wide range of
pathogens (Taler et al. 2004; Rojas et al. 2012). Strong cor-
relations between photorespiration and tolerance of abiotic
stresses, such as drought (Li and Hu 2015), salt (Hoshida
et al. 2000) and exposure to heavy metals (Voss et al. 2013),
have also been reported. In addition, recent studies have
provided evidence for the interaction of photorespiration
with other metabolic activities such as nitrogen assimila-
tion (Rachmilevitch et al. 2004; Linka and Weber 2005;
Keys 2006), respiration (Bykova et al. 2005; Tcherkez et al.
2008), one-carbon metabolism and associated purine bio-
synthesis (Rontein et al. 2003), and redox signaling (Foyer
et al. 2009).

Past studies, combined with modern technological
advancements, have answered some important questions
regarding the photorespiratory pathway, its evolutionary
linkage to C, photosynthesis and some of its interactions
with other metabolic pathways (Bauwe et al. 2010). Yet
there are several key areas that still need investigation, e.g.,
the changes in photorespiration in dynamic environments,
how photorespiration interacts with other metabolic path-
ways (Bauwe et al. 2010) and, most importantly, how pho-
torespiration may change in different photosynthetic organs
of the same plant (site-specific changes of photorespiration).
In most angiosperms, tissue/organ-specific anatomical, bio-
chemical and gene regulatory differences are prominent.
Therefore, expression of differences in metabolic pathways,
including site-specific photorespiration, may be possible.
For example, the efficiency of photorespiration could be
high/low in some photosynthetic organs compared to the
leaves of the same plant based on structural and biochemical
differences. Understanding photorespiration in a site-specific
manner generally is a better approach to address the existing
knowledge gap: specifically the transcriptional, post-tran-
scriptional and post-translational regulation of the pathway.
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This understanding could lead to redesigning of photores-
piration in a more energy efficient way to increase the over-
all photosynthetic productivity of critical C; food crops.
Knowledge of site-specific photorespiratory changes may
also facilitate bio-engineering a photorespiratory carbon
pump as in C;-C, intermediates into C; plants. This would
be an important intermediate step towards bio-engineering
a complete CCM as in C, plants into critical C; food crops.

C,: the ultimate result of the photosynthetic
evolution

The C, photosynthetic mechanism was elaborated from the
C; form simply by the coordination of existing anatomical
and biochemical traits that were not efficiently utilized in C,
plants (Christin and Osborne 2013). The C, carbon cycle is
the most efficient mechanism for atmospheric CO, fixation
in higher plants with respect to the use of nitrogen, water and
light (Christin and Osborne 2013; Long and Spence 2013).
The C, pathway may have originated independently up to
60 times during angiosperm evolution (Sage 2004). Most C,
species are grasses that evolved 30 million years ago, and
a lesser number of C, dicots that evolved some 20 million
years ago (Sage 2004, 2016).

To acquire CCMs in C, plants, RuBisCO has to be iso-
lated from the intercellular air spaces. If not, photorespi-
ration takes place because of the high O, concentrations
in inter-cellular spaces. Although C, photosynthesis may
take place within a single cell, e.g., in the Chenopodiaceae
(Voznesenskaya et al. 2002; Chuong et al. 2006), in most
cases CCMs of C, photosynthesis are a result of distinct
metabolic activities of two types of cells, BSCs and MCs,
arranged around the vascular tissue (Kranz anatomy), which
is supported by a specialized enzymatic activity through
gene regulation (Voznesenskaya et al. 2001a). Most of the
Calvin cycle enzymes including RuBisCO are localized in
BSCs and the arrangement of BSCs around the vascular tis-
sue is known as the photosynthetic carbon reduction (PCR)
tissue (Dengler and Nelson 1999). In the majority of C,
plants, initial CO, fixation takes place in MCs, and this car-
boxylation is catalyzed by phosphoenolpyruvate carboxylase
(PEPC). RuBisCO is hardly seen in MCs in C,, and for this
reason, oxygenation activity leading to photorespiration is
retarded. The four-carbon acid so produced by PEP is then
translocated to the BSCs. This process tends to initiate the
CCMs near RuBP by releasing CO, from the decarboxy-
lation of the four-carbon acid. The CCM of C, increases
the CO, concentration at the site of RuBisCO about tenfold
(Furbank 2011). For example, under high irradiance, C,
leaves operate with a ratio of the intercellular-to-ambient
CO, concentration of around 0.3 compared with around 0.7
for C; leaves (Wong et al. 1985; Evans 2013). This also
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allows the RuBisCO to perform closer to its catalytic maxi-
mum (V) (von Caemmerer and Furbank 2003).

Four subtypes of C, photosynthesis have been identified
based on the differences in decarboxylation reactions. They
are NADP-malic enzyme (NADP-ME), NAD-malic enzyme
(NAD-ME), PEP carboxykinase (PEP-CK), and combina-
tion of these enzymes (Prendergast et al. 1987). Although
each subgroup shows both morphological and biochemical
differences, production of OAA, a four-carbon compound
from the initial fixation of HCO,;~ by PEPC in MC cyto-
plasm, is common to all C, plants (Prendergast et al. 1987).

Modifications for spatial compartmentation of the C,
pathway could have indirect impacts on other metabolic
processes. For example, large-scale transcriptomic and
proteomic studies of some C, plants have revealed that
metabolic processes other than photosynthesis, such as
nitrogen or sulfur assimilation, protein synthesis, and lipid
metabolism are also compartmentalized between BSCs
and MCs (Majeran and van Wijk 2009). Such modifica-
tions of C, photosynthesis could perhaps improve overall
plant performance. In addition, the Kranz anatomy may also
impact on plant defense mechanisms to biotic and abiotic
stresses. An experiment by Ku et al. (2000)using transgenic
rice plants that overexpressed maize C, specific PEPC and
pyruvate orthophosphate dikinase (PPDK), highlighted this
phenomenon. The importance of the C, pathway, and its
future potential for mitigating the upcoming food crisis are
illustrated by the fact that even though only 3% of all plant
species perform C, photosynthesis, they contribute to 25%
of global photosynthesis (Sage et al. 2012). Because of its
higher efficiency, engineering C, into the critical C; food
crops has been studied profoundly during the last two dec-
ades (Burgess and Hibberd 2015).

Recent approaches for engineering the C,
pathway into major C; plants and possible insights
for success

Changing the mode of photosynthesis of classical C; food
crops into a more efficient photosynthetic pathway could
improve global food production. At least a 30% yield
improvement is expected from engineering the C, pathway
into C; food crops (Wang et al. 2017b). However, knowledge
about the gene regulation of the complete C, photosynthesis
is inadequate to achieve this ambitious and challenging goal
(Schuler et al. 2016).

Recent advances in techniques of molecular biology, like
Next Generation Sequencing, have provided new insights
into engineering C, into C; plants. Complete genome
sequencing of critical C, crop plants such as: Zea mays,
Sorghum bicolor, Setaria italica, Amaranthus hypochondria-
cus and Panicum virgatum, can be considered as an impor-
tant step in detailed understanding of C, photosynthesis

(Paterson et al. 2009; Schnable et al. 2009; Casler et al.
2011; Zhang et al. 2012a; Sunil et al. 2014). Also, new evi-
dence for gene regulation of C, biochemistry was revealed
by a systems biology approach utilizing transcriptomic data.
These transcriptomic data also provided a platform for the
computational modeling that facilitated the creation of a
metabolic map of the C, pathway (Burgess and Hibberd
2015). The first molecular evidence of C, Kranz anatomy
is one such finding that can be further developed for engi-
neering the C, pathway into C; plants (John et al. 2014; Li
et al. 2015).

Significant earlier approaches to engineering the C,
pathway into the C; focused on the submerged aquatic plant
Hydrilla verticilliata, which performs a single-cell CCM,
C,-like pathway (Caemmerer et al. 2014). This approach
may have been taken as it was thought that engineering a
single-cell C, pathway into C; would be easier than engi-
neering a complete Kranz anatomy. This has, however, been
questioned as it requires a large number of structural modi-
fications of the internal organelles, such as chloroplasts and
mitochondria, in addition to the necessary biochemistry to
minimize carbon leakage (Price et al. 2011).

The requirement of the internal organelles and struc-
tural modifications to engineer C, photosynthesis into a C;
pathway was highlighted by Wang et al. (2017a), indicat-
ing the evolutionary importance of transitioning from C,
to “proto-Kranz” anatomy in C, precursors (Wang et al.
2017a). Increased organelle volume (chloroplasts and
mitochondria) in sheath cells surrounding leaf veins is the
crucial characteristic of proto-Kranz anatomy. From the
constitutive expression of maize Golden2 like genes in C,
rice, Wang et al. (2017a) were able to induce chloroplast
and mitochondrial development in rice vascular sheath cells.
Further, increased organelle volume with the accumulation
of photosynthetic enzymes and increased intercellular con-
nections were also observed. This can be considered as a
critical intermediate step towards engineering a complete
C, pathway into Cj.

The C, rice consortium has initiated many projects to
engineer the C, mode of photosynthesis into rice (von
Caemmerer et al. 2012). The NADP-ME subtype of C,
in maize was selected as the model pathway, as it was the
best characterized of the C, subtypes (Kajala et al. 2011;
von Caemmerer et al. 2012). Also, of the three biochemi-
cal C, subtypes, NADP-ME requires the minimum number
of enzymes and transporters (Weber and von Caemmerer
2010). To investigate the differences between C; and C, pho-
tosynthetic pathways, Wang et al. (2014) profiled metabo-
lites and transcript abundance of leaves of C, maize (Zea
mays) and leaves of C; rice (Oryza sativa) using a statisti-
cal methodology named the unified developmental model
(UDM). Interestingly, the UDM identified possible candi-
date cis-regulatory elements and transcription factors of
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photosynthesis together with the differences between C;
and C, carbon and nitrogen metabolism. One of the crucial
aspects of UDM algorithms is the possibility of comparing
development in other species. These approaches are useful to
close the knowledge gap concerning gene regulation which
leads to transforming C; into C, photosynthesis. Nonethe-
less, the horizon for releasing a commercial C, rice variety
is unclear.

Rather than focusing on engineering the entire mode of
C, photosynthesis into C;, identification of site-specific
changes in photosynthesis and photorespiration, and the
induction of efficient Cy-like traits in the specific sites of
the plant could improve its photosynthetic efficiency. Also,
the site-specific changes in photosynthesis might be used in
conventional breeding, especially for crop plants which have
just a few C,-like traits, if only at specific sites. If nothing
else, more research on site-specific changes of photosyn-
thesis may not only speed up the process of improving the
efficiency of photosynthesis, but also be an intermediate step
towards engineering a complete C, plant from the Cj.

Evidence for site-specific variation
in photosynthesis

Even though the coordination of various anatomical and bio-
chemical C; traits was required to evolve a functioning C,
carbon cycle, all of the traits were present in the ancestral
C; plants (Christin and Osborne 2013). The evolution of
C, photosynthesis is a result of transcriptional, post-tran-
scriptional, post-translational and epigenetic regulation.
Evolution of Kranz anatomy generally seems to be one of
the initial steps towards C, photosynthesis (McKown and
Dengler 2007). Kranz anatomy facilitates CO, concentra-
tion at the site of RuBisCO. However, Bienertia cycloptera
(Chenopodiaceae), which grows under salinity stress in
Asian drylands, performs the C, mode of photosynthesis in
a single chlorenchyma cell, without having Kranz anatomy
(Voznesenskaya et al. 2002). This single-cell C, mode of
photosynthesis is achieved by positioning dimorphic chlo-
roplasts, photosynthetic enzymes, and other cell organelles,
like mitochondria and peroxisomes, in distinct places within
the cell (Sage and Monson 1998; Voznesenskaya et al.
2002). Voznesenskaya et al. (2002) also showed that the
division of labour between the two types of photosynthetic
cells (MCs and BSCs) in Kranz anatomy can be achieved by
compartmentation within a single chlorenchyma cell. Simi-
lar evidence for the single-cell C, pathway was shown using
Borszczowia aralocaspica (subfamily Salsoloideae, family
Chenopodiaceae) (Voznesenskaya et al. 2001b; Sage 2002).
This takes us to a novel understanding of C, photosynthesis,
which is that a C,-like mode of photosynthesis might be
engineered in a plant, or at a specific site within it, in the
absence of Kranz anatomy.
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Possible evidence for site-specific C,-like photosyn-
thesis was observed by Brown et al. (2010). According to
these authors, activation of the C, decarboxylation enzymes
required for C, photosynthesis occurs in the mid-vein region
of the classical C; plant, Arabidopsis, and plays an impor-
tant role in amino acid and sugar metabolism (Brown et al.
2010). The maximum catalytic activity in isolated mid-veins
of Arabidopsis leaves, for NADP-ME activity, is six times
higher than in the entire leaf, and ten times higher in both
NAD-ME and PEPCK on a chlorophyll basis (Brown et al.
2010). The catalytic activities of these decarboxylation
enzymes are significantly higher than the values obtained
from C; plants, and are similar to the catalytic activities in
the BSCs of C, (Brown et al. 2010). Two transcripts derived
from NADP-ME genes of C, (NADP-ME2, NADP-ME4) and
transcripts derived from PCKI C, were identified in mid-
vein regions of Arabidopsis; nonetheless, the full-length
protein of NADP-ME4 was not detected (Brown et al. 2010).
From work on the mid-vein region of Arabidopsis, Brown
et al. (2010) further suggested that the high activities of
NADP-ME, NAD-ME, and PEPC in veinal cells may pro-
vide CO, for an efficient photosynthesis. It is also possible
that differences in photorespiration may exist at different
photosynthetic sites within a plant. Therefore, it is worth-
while to study photorespiration along with photosynthesis in
a site-specific manner. Wang et al. (2014) demonstrated the
differences in gene expression and metabolites in different
sites along the developing leaves of C, Z. mays (maize) and
C; O. sativa (rice). This would again seem to be an indica-
tion of site-specific photosynthesis of plants.

Environmental conditions are also capable of causing
both morphological and biochemical changes in photosyn-
thesis. Evolution of C, photosynthesis is considered as an
adaptation to dry, humid and hot environments, in conjunc-
tion with low atmospheric CO, levels (Sage 2004; Furbank
2011). Thus environmental extremes may be a way of initi-
ating C,-like photosynthetic traits (Ueno 1998), e.g., trans-
formation from the C; mode to the CAM mode of photo-
synthesis occurs in some succulent plants (Edwards et al.
1985), while a transformation from C; to C,, again without
Kranz anatomy, has been detected in H. verticillata (Bowes
and Salvucci 1989). The amphibious, leafless sedge, Eleo-
charis vivipara, has a Kranz anatomy and expresses a C,-like
mode of photosynthesis under terrestrial conditions, even
though it expresses C;-like photosynthesis under submerged
conditions (Ueno 1998). These findings provide support for
the possibility of dual photosynthetic biochemistry and evi-
dence for the impact of environmental factors on the mode
of photosynthesis.

Ueno (1998) modified the experiment mentioned in the
previous paragraph to analyze the hormonal regulation of the
structural and biochemical differentiation of photosynthesis
in E. vivipara. For this study, submerged E. vivipara was
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stressed using 5 uM abscisic acid (ABA), which induced
the initiation of photosynthetic organs having C,-like Kranz
anatomy, and also, Kranz cells with many organelles (Ueno
1998). Accumulation of large quantities of PEP carboxylase,
pyruvate orthophosphate dikinase, and NAD-malic enzyme
was also observed at the appropriate sites of the cells, which
provided rich evidence for the induced C, mode of photosyn-
thesis from ABA exposure. Such results on induced C, pho-
tosynthesis are also supported by the findings in carbon-14
pulse and carbon-12 chase experiments (Ueno 1998). Solar
radiation and temperature are another two factors governing
photosynthesis, and it is therefore worthwhile to analyze
their impact.

Casati et al. (2000) analyzed the impact of temperature
and light on the induction of C, photosynthesis in Egeria
densaleaves, a submerged plant, and observed the expres-
sion of PEPC and NADP-malic enzyme (NADP-ME) under
two environmental conditions, namely low temperature and
low light (LTL) and high temperature and high light (HTL).
Plants grown in HTL showed higher expression and activity
of both C, enzymes than in the plants grown in LTL (Casati
et al. 2000).

Rice and wheat are critical to global food security and
their leaves photosynthesize using the C; pathway (Still et al.
2003; Yuan 2012). It is estimated that in wheat, 10-44% of
the photosynthate in grains may arise from photosynthesis in
the ear, and about 33—44% from photosynthesis in the grain
(Kriedemann 1966; Evans and Rawson 1970; Maydup et al.
2010). The photosynthetic pathway in cereal grains is not
well defined; therefore, a fuller understanding of site-specific
photosynthesis in immature grains might provide a target for
enhanced grain filling.

Data indicative of site-specific differences of photosyn-
thesis in major food crops has been observed for several dec-
ades (Nutbeam and Duffus 1976). The evidence of a mode of
photosynthesis other than C; was observed in wheat, despite
the fact that it is categorized as a typical C; plant (Nut-
beam and Duffus 1976; Rangan et al. 2016b). Duffus and
Rosie (1973) reported that there was a 50—100 times higher
activity of carbon fixation in PEPC from the barley pericarp
organs of developing grains, than in RuBisCO. The possibil-
ity of C, photosynthesis by the pericarp organs of develop-
ing grains was also suggested by Duffus and Rosie (1973),
from evidence of the enzyme activity of malate dehydroge-
nase, malic enzyme, and pyruvate-orthophosphate dikinase.
A few years later, clues for the site-specific photosynthesis
in wheat were observed by Duffus and Rosie (1973). In their
study, the flag leaf and developing grain of wheat showed
significantly different carbon isotope discrimination values
and had a strong correlation with water usage and transpira-
tion efficiency, even though the values were not comparable
with classical C, photosynthesis (Merah et al. 2001; Monn-
eveux et al. 2004). However, until the findings of Rangan

et al. (2016b) the concept of a C, mode of photosynthesis
in different wheat organs was not accepted and until now
remains contested.

Rangan et al. (2016b) observed the presence and expres-
sion of all the genes specific to NAD-ME subtype of C,
in developing wheat grains, and consequently argued the
possibility of a complete C, pathway in classical C; plants.
Subsequent to this, Rangan et al. (2016b) reported the pres-
ence of a complete C, mode of photosynthesis in the devel-
oping wheat grain. This was further supported by evidence
of the compartmentalization of C, gene expression in the
pericarp, which is anatomically fitted to perform C, photo-
synthesis. The C, photosynthesis in the wheat pericarp may
be an adaptation to heat and water stress in wheat (Rangan
et al. 2016a).

One of the most significant outcomes of the study by Ran-
gan et al. (2016b) was the optimal expression of specific
C, genes in the pericarp during the early- to mid- period
of grain filling. Despite the apparent strength of this study,
Busch and Farquhar (2016) argued that in the absence of
biochemical and physiological data, the evidence was insuf-
ficient to support such a conclusion. This opens an avenue
for future research, specifically for a biochemical and physi-
ological exploration of the dual biochemistry of photosyn-
thesis in parallel with a molecular analysis.

Interestingly, site-specific photosynthesis occurs in maize
(Z. Mays), where the foliage uses the C, photosynthetic path-
way, while the husk surrounding the ear operates through a
partial C; pathway (Pengelly et al. 2011; Wang et al. 2013).
Although high vein density is a prominent feature of C, pho-
tosynthesis to facilitate efficient transport of C, acids from
MCs to BSCs (McKown and Dengler 2007), photosyntheti-
cally active husk leaves shows a very low vein density as in
C; plants (Langdale et al. 1989, Wang et al. 2013). Based on
the presensce of Rubisco mRNA transcripts, Langdale et al.
(1989) inferred that MCs distant from the vascular bundles
may perform C; photosynthesis. Further, carbon isotope
discrimination (*2C and '3C) of foliage and husk leaves of
maize showed that there was a significant CO, fixation in
husks through C; photosynthesis (Yakir et al. 1991). These
findings further highlight the importance of vein density and
spacing for the modes of photosynthesis within the same
plant.

Identification of C,-like photosynthesis in C; plants and
elucidation of the mechanism might be used to induce a
similar photosynthetic pathway in other plant organs such
as leaves (Fig. 4). This may prove simpler than engi-
neering a complete C, pathway into C;, and improve the
yield of critical food crops. Understanding the impact of
environmental parameters on the site-specific changes in
photosynthesis may also prove to be important. Finally,
whether a thorough understanding of site-specific photo-
synthesis has the potential to mitigate the looming food
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Fig.4 Utilization of the site-specific C, photosynthesis in wheat to
increase crop productivity. Reg.of C, Gene Exp regulation of C, gene
expression, env environment. It has been hypothesized that the devel-
oping wheat grain performs NAD-ME subtype C, like photosynthesis
during mid-grain-filling although it performs C; like photosynthesis
during its early stages. Understanding this temporal variation of pho-
tosynthesis of wheat grain could be highly important to understand

crisis is an open question because the subject has not been
intensely studied, the literature is diffuse, and the practical
challenges remain unknown. The findings and evidence
of the dual biochemistry of photosynthesis/site-specific
photosynthesis may provide a novel way of improving the
crop yield of critical C; food crops such as rice and wheat
by increasing the efficiency of photosynthesis by inducing
C, pathway into specific organs rather than changing the
entire mode of photosynthesis in the plant.
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the site-specific photosynthesis in wheat. Knowledge of site-specific
photosynthesis in wheat can be utilized for an expression of C, pho-
tosynthesis in major photosynthetic tissues such as leaves. This may
facilitate increased efficiency of carbon fixation from the improve-
ment of efficiency in the use of water and nitrogen, and by initiating
CCMs. The ultimate outcome would be a yield improvement of ~40%

Identification of the specific photosynthetic organs which
contribute appreciably to crop/grain yield, and the induction
of C,-like traits in those specific organs, could be highly
important to yield improvement. Understanding the dual
biochemistry of photosynthesis, or site-specific photosyn-
thesis, may be as central to yield improvement as better
understanding the contribution of the different anatomical
elements of the C, pathway to photosynthetically efficient
carbon fixation.
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Importance of identifying photosynthetically
efficient physiological traits to understand
site-specific photosynthesis

McKown and Dengler (2007) state that Kranz anatomy had
to be fully evolved before a complete C, carbon shuttle was
initiated in most plants. However, it is possible that the effi-
ciency of photosynthesis might be increased, albeit not to
the full potential, without the complete complement of traits.
For example, a correlation between higher vein density of
leaves and grain yield of rice has been proposed (Feldman
et al. 2017; Nawarathna et al. 2017). Below we summarize
the literature on photosynthetically efficient physiological
traits of C, that might improve the efficiency of nett car-
bon fixation in C; crop plants. By altering site-specific gene
expression, there is also a possibility of transforming these
traits into other photosynthetic organs of the same plant.

Increased vein density as a factor for efficient
photosynthesis

To establish an efficient CCM in BSC, the distance between
MCs and adjacent BSCs should be a minimum, and place-
ment of each MC directly adjacent to at least one BSC is
also important (Sage 2004). High vein density of the photo-
synthetic organ has a vital role in achieving this unique cell
arrangement in C, plants (McKown and Dengler 2007). It
also increases the mechanical integrity of leaves, which is a
favorable trait in windy habitats, and improves the water sup-
ply of leaves in dry and hot conditions (Sage 2004). Higher
vein density increases the efficiency of C, photosynthesis
by rapid intercellular diffusion of photosynthetic metabo-
lites between MSs and BSCs (McKown and Dengler 2009).
Higher vein density has been hypothesized as an initial step
in the evolution of C, photosynthesis (McKown and Den-
gler 2009). Although dense venation is observed in most
C, leaves, studies using C; (Flaveria robusta) and C, spe-
cies (Flaveria bidentis), showed no difference in major vein
density, but a higher density of minor veins in the C, plants
due to a higher initiation frequency and different pattern-
ing (McKown and Dengler 2009). According to McKown
and Dengler (2009), earlier termination of MC division and
reduced enlargement also cause an increase in the vein den-
sity in C, plants. Although the gene regulation of vein initia-
tion is not well understood, studies on A. thaliana show that
vein initiation from ground tissues is induced by the polar
auxin flow, mediated by auxin efflux carriers (Scarpella et al.
2006; McKown and Dengler 2009). Conversion of the cells
along the auxin transport pathway into procambial cells,
followed by development into vascular bundles, has been
observed in Arabidopsis (Scarpella et al. 2006). Even though
a theoretical optimum for vein density has been suggested
(Noblin et al. 2008), vein density varies widely, especially

in C; plants, in response to the environment (Roth-Nebelsick
et al. 2001). Langdale and Nelson (1991) suggested that the
veins in C, leaves play a vital role in determining cell dif-
ferentiation, especially for MCs and BSCs. Nonetheless,
higher vein density is not invariably a significant character
of C,. For example, Muhaidat et al. (2007) showed that vein
density does not differ between some closely related C; and
C, grasses. In this study, these authors also suggested that
the vein density might not be a reliable indicator of the C;
or C, photosynthetic pathways in the eudicots as a whole.
This is exemplified by higher vein densities in the same spe-
cies grown in dry environments with low humidity and high
solar irradiance, compared to wet environments with high
humidity and low solar irradiance (Roth-Nebelsick et al.
2001; Zhang et al. 2012b). Nonetheless, with few exceptions,
higher vein density of the photosynthetic organ appears to be
an important C,-like trait that could be the first step in the
evolution of Kranz anatomy.

The potential role of MCs and BSCs arrangement in efficient
photosynthesis

The increased vein density in C, plants is associated with
an increase in the ratio between MCs and BSCs (Ku et al.
1974; Gowik and Westhoff 2011). In most C; photosynthetic
cells, a larger number of chloroplasts is concentrated in the
MCs, and MCs of the leaves contribute the most carbon
assimilation (Gowik and Westhoff 2011). In contrast, MCs
of the C, photosynthesis have fewer chloroplasts than in
closely related C; species (Dengler and Nelson 1999; Stata
et al. 2014). The combination of a higher ratio of MCs and
BSCs in C,, with lower chloroplast numbers in MCs, would
appear to decrease the potential for photosynthesis in a given
area. However, this is not the case, because the photosyn-
thetically active BSCs in C, have more, larger chloroplasts
(Black and Mollenhauer 1971; Muhaidat et al. 2011; Sage
et al. 2011). Differences in the chloroplast distribution of C,
and C, leaves can be seen roughly with the naked eye: the
veins are colourless in C; and dark green in C, (Dengler and
Nelson 1999; Maai et al. 2011). The reason for having fewer
chloroplasts in MCs of C, plants could be that the initial
site of carbon fixation is not the chloroplast, but instead, the
cytosol of the MC. In contrast, since the chloroplast stroma
is the site of carboxylation in C; species, a large number of
chloroplasts is needed for efficient carboxylation in the MCs
(Evans and Loreto 2000; Tholen et al. 2008). In BSCs of C,
a larger number of mitochondria and peroxisomes are also
present (Hylton et al. 1988; Gowik and Westhoff 2011). As
a result of the higher number of organelles in BSCs and also
because of the higher metabolic activity, the BSCs of C, are
relatively larger than in closely related C; species (Hylton
et al. 1988; Stata et al. 2014).
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Anatomical and structural changes of MCs and BSCs
in different C, subtypes

Anatomical and structural differences of MCs and BSCs
between the three C, subtypes (NADP-ME, NAD-ME, PEP-
CK) have also been identified (Kanai and Edwards 1999).
Changes in chloroplast placement in the BSCs, grana devel-
opment of the chloroplasts of BSCs and MCs, the number
and the sizes of mitochondria of BSCs, and the initiation of
suberin lamella within the BSCs are some of the features
that differentiate the three subtypes of C, (Hatch et al. 1975;
Yoshimura et al. 2004; Ueno et al. 2005). For example, C,
grasses of the NADP-ME subtype show significantly higher
vein density and reduced granal development of chloroplasts
in BSCs, with fewer in bundle sheaths, than in the NAD-ME
and PEP-CK subtypes. Most of the grasses of NADP-ME
subtype also have centrifugally placed chloroplasts in BSCs
(Hatch et al. 1975).

Importance of the placement and the relative volume
of MCs and BSCs for efficient photosynthesis

In C, plants, BSCs are positioned to decrease contact with
intercellular air spaces to minimize oxygenation of RuBisCo,
which leads to photorespiration. According to Dengler et al.
(1994), not only the BSCs in C, carbon shuttle, but also MCs
have a lesser surface area exposed to intercellular spaces.
Also, in both MCs and BSCs in C,, the ratio between surface
area and cell volume is lower than in the closely related C;
species. The proportions of the MCs and BSCs in C, eud-
icots is also appreciably less than in their closely related C,
counterparts (Muhaidat et al. 2007). This is partly due to
thinner leaves and/or a decreased number of MC layers in
the leaf (Muhaidat et al. 2007). The relative volumes of the
MCs and BSCs may be significant (Hattersley 1984; Soros
and Dengler 1998), because it is important to understand
the role of major C, characteristics, such as enlarged BSCs
and the short diffusion distances for C, metabolites between
MCs and BSCs (Muhaidat et al. 2007).

Importance of plasmodesmata and their density to efficient
photosynthesis

An effective connection between MCs and BSCs is needed
for an efficient CCM in photosynthesis, and this connection
relies on the plasmodesmata. There are extensive metabolic
fluxes between MCs and BSCs through interconnecting
plasmodesmata (Danila et al. 2018). Danila et al. (2018)
combined scanning electron microscopy and three-dimen-
sional immunolocalization to understand the density of plas-
modesmata in C; O. sativa and C4 Z. mays, revealing that
the C, species had almost twice the number of plasmodes-
mata per unit area as the C; species. Identification of genetic
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components responsible for high plasmodesmatal density
and engineering them into C; crop plants could improve
their photosynthetic productivity. Moreover, understanding
the differences between MCs and BSCs of both C; and C,
species would seem to have important implications when
studying the evolution of the C, carbon shuttle.

Site-specific gene regulation of C, photosynthesis

Site-specific changes of photosynthesis within plant spe-
cies have not been sufficiently investigated (Rangan et al.
20164, b). There may be potential to select crop plants for
higher yield based on the occurrence of photosynthetically
efficient physiological traits at different sites. Further, it is
worth studying the possibility of transferring such traits to
major photosynthetic sites such as leaf blades. For this task,
a sound knowledge of the genetic regulation of photosyn-
thesis is essential. Since C, is the most efficient mode, we
summarize the current limited knowledge on C, gene regu-
lation, because narrowing the knowledge gap about gene
regulation of photosynthesis is another step in understanding
site-specific photosynthesis.

The evolution of C, photosynthesis from C; precursors
was a result of large-scale quantitative and spatial modifica-
tions in gene expression (Briutigam et al. 2010). Although
understanding the specific gene regulation of C, photo-
synthesis is inadequate, it is believed that it is a result of a
multi-level regulation of transcriptional, post-transcriptional,
post-translational and epigenetic factors (Sheen 1999; Wang
et al. 2011; Fankhauser and Aubry 2016; Lovell et al. 2016;
Reeves et al. 2016). Amongst these factors, transcriptional
regulation of C, is the most extensively studied (Hibberd and
Covshoff 2010; Gowik et al. 2016).

Localization of PEPC in MCs exemplifies the transcrip-
tional regulation of C, photosynthesis (Taniguchi et al.
2000; Li et al. 2010). It has not yet fully confirmed whether
the complete C, mechanism is regulated through transcrip-
tional or post-transcriptional controls; however, expression
of NADP-ME in BSCs in maize is considered the result of
transcriptional regulation (Sheen and Bogorad 1987; Wang
et al. 2011). Regulation of pyruvate orthophosphate diki-
nase, a C, enzyme which is required for PEP regeneration
in MCs, is another example of the transcriptional regulation
of C, photosynthesis (Hibberd and Covshoff 2010). In addi-
tion, the maize Golden2 (Bsdl) gene is one of the earliest
transcription factors identified through genetic studies which
could play a role in the C, pathway (Langdale and Kidner
1994). Importance of Golden2 like genes to transform C,
into proto-Kranz have been reported from the experiments
conducted using rice plants (Wang et al. 2017a). Proto-
Kranz may have existed even before the C, pathway in C,
evolution.
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The C, mechanism with Kranz anatomy is the most effi-
cient mode of carbon fixation. Of about 7500 C, species,
maize is one of the more intensely studied regarding Kranz
development (Wang et al. 2013). From histological and cell
lineage analysis, the morphological manifestation of Kranz
anatomy of maize has been well documented (Langdale et al.
1989). However, much is still unknown about the genetic
regulation of Kranz development despite maize scarecrow
gene (Wang et al. 2013). To provide a much broader insight
into the gene regulation of Kranz anatomy, Wang et al.
(2013) conducted a genome-wide comparative analysis
using Kranz and non-Kranz organs (leaves and husk sheaths,
respectively) of maize at different development stages. The
analysis revealed cohorts of genes which showed much
higher activity during early leaf development. Furthermore,
a group of transcription factors linked with the Kranz pat-
terning was identified. This seems to be an important finding
since Kranz anatomy may be fundamental to efficient CCM
in C,, and knowledge of its genetic regulation may provide
a doorway to transitioning critical C5 food crops into C,
(Sedelnikova et al. 2018). From an experiment conducted
by Li et al. (2010) used Illumina sequencing throughout a
developmental gradient and in mature MSs and BSCs to ana-
lyze the transcriptome of the maize leaf. That study identi-
fied about 180 transcription factors which were differentially
expressed in MCs and BSCs. These transcriptional factors
may be highly useful for future studies in functional genom-
ics to dissect the photosynthetic pathways in leaves.

Within the constraints of the limited literature, it is
assumed that the post-translational control of C, photosyn-
thesis is highly interconnected with protein and enzyme
modification, and that it also applies beyond the phosphoryl-
ation of PEPC and pyruvate orthophosphate dikinase (Wang
et al. 2011). In addition, the results from a study conducted
by Naidu et al. (2003) using Miscanthus giganteus, suggest
that the abundance of pyruvate orthophosphate dikinase
may also be regulated through protein turnover. Moving to
the epigenetic control of C, photosynthesis, it is believed
that the expression of PEPC is predominantly epigenetically
regulated (Taniguchi et al. 2000; Kausch et al. 2001). Since
the knowledge of specific gene regulation in both the C; and
C, pathways is poor, and the rate of accumulation of knowl-
edge in this area is not high, a novel way of addressing this
problem might be needed.

The establishment of the C, pathway in maize takes place
along the developmental axis of the leaf blade which has
undifferentiated cells at the leaf base and highly specialized
MCs and BSCs at the leaf tip (Majeran et al. 2010) To obtain
a system level understanding of the kinetics of maize leaf
development and C, differentiation, Majeran et al. (2010)
measured the accumulation proteome profiles of the leaf
along the developmental gradients using mass spectrom-
etry. The results were supported by analyzing structural

features, e.g., Kranz anatomy, cell wall, plasmodesmata,
and organelles through microscopy. This study identified
and functionally annotated more than 4300 proteins. These
results can be considered as a well-defined molecular tem-
plate that demonstrates the metabolic and structural transi-
tions which occur during C, differentiation. One year later,
Pick et al. (2011) reported that the C, pathway in maize
leaves is established from sink tissues without having an
intermediate phase of C, or C; channels. Further, Pick et al.
(2011) concluded that the evolutionary linkages of C, pho-
tosynthesis were not recapitulated during C, differentiation
in maize. Such findings indicate that development of the C,
pathway may be more complicated than initially thought and
that deeper investigation of the processes may be needed to
understand C, gene regulation.

Understanding the concept of the site-specific photo-
synthesis appears to be an ideal way to fill the knowledge
gap on gene regulation, both in C; and C, photosynthesis,
because there is a possibility of using different organs of the
same plant and/or plants grown in different environmental
conditions to analyze both the C; and the C, photosynthetic
models. This might complement the model plant approach,
which instead uses different organs of the same plant to ana-
lyze C; and C, pathways.

Other possible approaches to improving
photosynthesis

Parallel to the concept of site-specific photosynthesis, it
is important to know about other possible approaches that
might be utilized to improve photosynthesis. Among these
are mitigation of the inefficiencies of LDR and LIR (Evans
2013; Sharwood et al. 2016; Niinemets et al. 2017).
Modifying the LDRs is less-well studied compared with
the LIRs (Evans 2013). From the limited research, improve-
ment of photosynthetic efficiency by accelerating recovery
from photoprotection through genetic manipulation seems
to be important as it increased both CO, uptake and dry mat-
ter productivity by 15% in Nicotiana (tobacco) (Kromdijk
et al. 2016). Some other approaches that have been studied
include (Fig. 1): reduction of light saturation of leaves by
improving light penetration by reducing the antenna size of
the photosystem (Ort et al. 2011); engineering the pigment-
protein complex of higher plants to extend the waveband of
sunlight that can be used for photosynthesis using cyanobac-
terial chlorophyll d and f (Chen and Blankenship 2011); and
improvement of the electron transport capacity by increasing
cytochrome f content (von Caemmerer and Evans 2010).
Improving kinetic properties of RuBisCo (Sharwood et al.
2016) and mitigating limitations to CO, diffusion from the
atmosphere to the sites of fixation (Tosens et al. 2016) are
some of the major challenges of improving the LIR of pho-
tosynthesis and these areas also need intensive study.
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Photorespiration can reduce photosynthetic productivity
by 20-50% depending on the growth temperature. Hence re-
engineering photorespiration seems to be a way of improv-
ing the efficiency of photosynthesis in C; plants and the
crop yield. This was simulated by South et al. (2019) alter-
ing the photorespiratory pathway in tobacco. Interestingly,
after introducing synthetic glycolate metabolic pathways,
20% quantum yield improvement and 40% more biomass
productivity were observed in field-grown tobacco. On the
other hand, the ratio between the consumption of carbohy-
drates from the whole plant (sink) and the supply of car-
bohydrates from leaves (source); sink—source activity has
also been considered as a factor that can regulate photo-
synthesis (Sugiura et al. 2017). Therefore, manipulation of
sink—source balance could also be used as a tool to improve
the efficiency of photosynthesis at the whole plant level.
In addition to these strategies of improving photosynthesis
to achieve higher crop yield, it is noteworthy that recent
research has highlighted the use of chemical intervention
strategies to increase crop yield and resilience. For example,
Griffiths et al. (2016) have demonstrated the use of chemical
substances to modulate trehalose 6 phosphate (T6P) levels
which play a crucial role in sucrose metabolism and sugar
sensing pathways of plants. Results of this study revealed
that modulation of T6P levels through chemical interven-
tions altered crop growth and development, and thereby the
potential yield.

Conclusions

A significant yield improvement of critical food crops is cru-
cial to assure the global food security because of the increas-
ing population and the factors related to climate change.
The yield improvement of most food crops by conventional
methods has plateaued, thus feeding the future world seems
to be impossible without a significant leap in science. Of
the many possible approaches, improving the efficiency of
photosynthesis of critical food crops is seen as an essential
step in addressing the foreseen risk.

Although the hypothesis of site-specific photosynthesis
is novel, evidence of the phenomenon has been accumulat-
ing for decades. Direction of more attention to site-specific
photosynthesis/dual biochemistry of photosynthesis stands
to improve the efficiency of photosynthesis per unit area of
critical food crops, thereby increasing the crop yield.

The C, pathway is considered the most efficient photo-
synthetic system; consequently, identification and/or induc-
tion of C, like photosynthesis in specific sites of classical
C; plants (site-specific C, photosynthesis of classical C;
plants) promises to increase the yield of classical C; crops,
with no increase in the existing photosynthetic biomass
(increase in harvest index). Understanding and optimization
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of site-specific photosynthesis could also be a useful inter-
mediate step in engineering a complete C, pathway into C;
plants. In addition, investigation of site-specific photosyn-
thesis will help to fill the knowledge gap of the gene regula-
tion of C; and C, photosynthesis. Lastly, engineering C,-like
photosynthetic pathways into the classical C; food crops
using genome editing tools like CRISPR/Cas9 would be a
novel way of addressing the ambitious goal of increasing the
yield of critical C; food crops. This venture will probably be
the foundation of the next green revolution.
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CHAPTER 3

PHOTOSYNTHESIS MEASUREMENTS OF WHEAT SPIKES: A
PROTOCOL USING LI-COR-6400XT PORTABLE PHOTOSYNTHESIS
SYSTEM COUPLED WITH A LI-COR CONIFER CHAMBER

An initial technical hurdle was how to measure gas exchange parameters of wheat
spikes as most gas exchange protocols available were designed for leaves. As spikes
differ structurally and physiologically from leaves, a new methodology was optimized
to measure gas exchange parameters of wheat spikes using a LI-COR-6400XT
portable photosynthesis system coupled with a LI-COR conifer chamber. The method
that was optimized was used to determine the biological capacity of carbon
assimilation of wheat spikes at different stages of ontogeny as discussed in Chapters
4, 5, and 6. This chapter has been prepared as a methods article to be submitted to

“Functional Plant Biology”.
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Abstract

Understanding gas exchange parameters of critical cereals like spikes of wheat and
panicles of rice has become increasingly important as a means of elucidating the
mechanisms behind grain photosynthesis and whole plant performance. Optimized
methods have been established to analyse leaf gas exchange using the LI-COR
portable photosynthesis system. However, protocols for grain gas exchange analysis
are less well defined. In this study, we have provided a method of analysing gas
exchange of wheat spikes/ cereal grains using LI-COR-6400XT portable
photosynthesis system coupled with a LI-COR conifer chamber (6400-05). The
method discussed here has been optimized for analysing gas exchange parameters of
wheat spikes. Further, several means of calculating the photosynthetic area of wheat
spikes required in determining gas exchange parameters is provided. Similar protocol
with minor changes can easily be utilized to analyse gas exchange parameters of three-

dimensional plant organs such as fruits and stems.

Key words: Grain photosynthesis, Portable photosynthesis system, LI-COR, rice

and wheat
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1. Introduction

Spike photosynthesis is believed to play a vital role in grain filling in wheat, with the
contribution from ear photosynthesis to the total yield being 10-44%, depending on
the genotypic and environmental conditions (Sanchez-Bragado et al., 2016, Sanchez-
Bragado et al., 2014). Furthermore, the possibility of having a different mode of
photosynthesis in wheat spikes compared to leaves (Rangan et al., 2016, Dehigaspitiya
et al., 2019) raises the possibility of considering spike photosynthesis as a
physiological trait for future crop improvements (Molero et al., 2016). Although
various approaches have been proposed to measure spike photosynthesis, there is a
limitation of having an adequately established methodology (Sanchez-Bragado et al.,
2016). The LI-COR-6400XT portable photosynthesis system (Li-COR, Lincoln,
Nebraska, USA) is commonly used to analyze gas exchange of leaves; however, wheat
spikes differ structurally and physiologically from leaves. To overcome similar issues
when studying gas exchange of roots, Aranjuelo et al. (2009) suggested using a hand-
made chamber connected in parallel to the sample air hose of the LI-COR-6400. A
similar modification was used to measure the gas exchange parameters of wheat spikes
(Sanchez-Bragado et al. (2016). However, there are notable difficulties, e.g. the
apparatus is difficult to construct; the degree of control of conditions inside the
chamber is questionable as is the calculation of the photosynthetic area; and, the
respiration rate of the wheat spike generally exceeds that of leaves and changes with
the physiological stages of the grain (Evans and Santiago, 2014a).

We address the preceding difficulties by coupling a LI-COR-6400XT with a LI-COR
conifer chamber (6400-05: Li-COR, Lincoln, Nebraska, USA) and developing a
methodology for calculating the photosynthetic area of the wheat spikes. This
calculation can be extended to estimate the area of other thick and uneven

photosynthetic organs.

2. Materials and equipment
2.1.Materials and equipment: for gas exchange measurements

e LI-6400 XT portable photosynthesis system
e LI-COR transparent conifer chamber (6400-05)
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e COq cartridges and (O-rings) gaskets

e LI-COR portable light meter

e Desiccant

e Soda lime

e LI-6020 battery charger

e Tripod

e Standard RS-232 cable- to download data

e Growth cabinet- to maintain a constant light and other environmental

conditions throughout the measurements

e Computer software
e LI-6400 software
e LI-6400 Sim program — to recompute data
e Imaje-J application software

e Microsoft Excel

2.2.Materials and equipment: for spike area measurements

e Permanent marker, sharp blade, zip-lock bag, ice container
e Metric ruler

e White cardboard sheet that contains 1 cm? coloured square
e High-resolution digital camera (6 megapixel or higher)

e Vernier calliper

3. Methodology
3.1.Calculating the area of the spike using Image J software

1. Detach the wheat spike from the plant using a sharp blade, place into a zip-
lock bag, and store on ice until commencing the area measurements.

2. Place the wheat spike on white cardboard that contains a 1 cm? coloured
square. Also, place a metric ruler (cm ruler) next to the wheat spike as shown
in Figure 1.01 (The metric ruler and the wheat spike must be parallel to each

other and it must be perpendicular to the horizontal axis) (Figure 1.01).
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10.

11.

12.

Place the digital camera vertically above the middle of the wheat spike and
take a high-resolution photograph (1 cm? square and the metric ruler must be
present in the photograph, and the placement of the rectangle should be closer
to the middle of the wheat spike. The height of the camera is not critical as the
metric ruler is in the photograph).

Transfer the image to a computer which has ImageJ application. (Digital Image
Analysis Software: Download ImageJ software with Java application that suits
to your computer operating system using the link:
http://rsb.info.nih.gov/ij/download.html) (Figure 1.02).

Open the image (Step 4) from an image editing software and crop it to remove
unnecessary contents/area to get a clear image which contains the spike, metric
ruler and the 1 cm? square. Save the image.
Open the ImageJ application. (Double click on the ImageJ icon on the desktop
or click the start menu and navigate to ImageJ).
On ImageJ application, click “File” menu on the menu bar and click “Open”
or press “Ctrl” and “O” keys together on the keyboard to open the relevant
image (Figure 1.03, Figure 1.04).
From the “Open” window, select the saved photograph of the wheat spike
(Figure 1.05, Figure 1.06).
Select the “Straight line” tool from the toolbar (Figure 2.07).
Then, move cursor to the 1 cm?square. Click and drag from one corner to the
other (same side) to draw a straight line of 1 cm (Figure 2.08).
Click “Analyse” menu and select “Set Scale” (To set the scale of the image
which contains the wheat spike) (Figure 2.09).
a. At “Set Scale” window, type “1” at “Known distance:” (Figure 2.10).
b. Type “cm” at “Unit of length” (Figure 2.11).
€. Check “Global” check-box (Figure 2.12) and then click “OK”.
Click ‘Image’ Menu — Select ‘Type” — Select ‘8 bit” (to convert the image
into grayscale) (Figure 3.13, Figure 3.14).
a. Click ‘Image’ — Select ‘Adjust’ — Click ‘Threshold’ (to convert the
wheat spike into red colour) (Figure 3.15).
b. Adjust the lower slide bar back and forth to get a minimum amount of red
colour in the background and minimum grey on the spike (Figure 3.16).
c. Click ‘Apply’ to get a black-and-white (grey scale) image (Figure 3.17).
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13.

14.

15.

16.
17.

18.

19.

20.

21.

From the ‘Analyze’ menu, navigate to ‘Set Measurements’. Click on ‘Area’,
‘Standard deviation” and ‘Display label”’ to check the relevant check-boxes.
Then change the ‘Decimal places’ to ‘2’ (Figure 3.18, Figure 4.19).
Navigate to ‘Analyze’— Select ‘Analyze Particles’ and confirm whether the
range within the ‘Size’ is sufficient to get the minimum and maximum areas
of the wheat spikes (Figure 4.20, Figure 4.21).
Click on check-boxes of ‘Display results’, ‘Clear results’ and ‘Include holes’
(Figure 4.22).
Click ‘OK’
All the measurements are saved in the ‘Results’ file and displayed in the
‘Results’ window (Figure 4.23).
The area of the wheat spike can also be calculated using the ‘ROl Manager’
method in image J software
Go to ’Analyze’— select ‘“Tools’ — ‘ROI Manager’ (This will open the ROI
Manager window) (Figure 5.24, Figure 5.25)

a. Click on “Wand’ (tracing) tool from the toolbar (Figure 5.26)

b. Click on 1 cm? square in the image (Figure 5.27)

c. Click on ‘Add [t]’ on ROI Manager window (or press ‘t’ key on the

keyboard) (Figure 5.28)

d. Then click on the wheat spike (Figure 6.29)

e. Click ‘Add [t]’

f. Click ‘Measure’ (Figure 6.30)
Similar to the previous method, all the measurements are saved in the ‘Results’
file and displayed in the ‘Results” window. Now the individual results can be
copied and pasted into an Excel sheet, or else, can be copied after analysing all
the images. (Figure 6.31).

a. Select “File” — Select “Save As” (Figure 6.32).

b. Save the picture with a separate name to avoid overwriting the original

image.

The result which derived from this method only gives the two-dimensional
area of a single side of the wheat spike. To get the total photosynthetic area of
the spike, the result must be multiplied by two. The spike area calculated from
this methodology is not very accurate since the wheat spike is a three-

dimensional structure rather than two-dimensional as consider in ImageJ.
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3.2.Calculating the area of the spike using physical methods
In this approach, the wheat spike is considered as an elliptical/oval cylinder (Figure 7)

1. Calculate the average diameter of the major axis (a) of the wheat spike by
taking measurements at different places using a Vernier caliper. e.g.: (a= (a:
+az + a3)/3) (Figure 7)

2. Calculate the average diameter of the minor axis (b) of the wheat spike
following the same method. e.g.: (b=(b1 + b2+ b3)/3) (Figure 7)

3. Measure the length of the wheat spike (L). (Figure 7)

4. Calculate the photosynthetic area of the wheat spike using either of these

equations.
a. Equation 1:
2)2 4+ (b/2)?
AzZnL\/(a/) (b/2)
2
b. Equation 2:

“A” is the photosynthetic area of the wheat spike. a and b denote the diameters of the
major axis and minor axis of the oval, respectively (Figure: 7). L is the length of the

spike that is used for the photosynthetic measurements.

Equation 1 is more accurate (within 5% of the actual value) when “a” is not more than

three times higher than b.

A comparison between spike areas of different varieties at different growth stages

derived from Image J software and the equation method is shown in Table 1.

3.3.Installation of L1-6400XT for the measurements

1. Connect the LI-COR conifer chamber (6400-05) to the sensor/infrared gas
analyser (IRGA) following the instruction manual.
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10.

e Atripod is usually required for taking measurements since the handle on the
sensor head has to be removed to accommodate the conifer chamber (6400-
05). Also, to determine A/Ci curves, approximately 30 to 40 minutes is
required, making it difficult to manually hold the IRGA.

e The manufacturer advises that IRGAs not be interchanged (Manual, 2005).

Connect the sensor head/IRGA to the tripod and attach the signal cables.

Install the external quantum sensor to the mounting bracket and plug the BNC

connector.

Connect the power supply or insert batteries to the console and connect the sensor

head/IRGA to the console.

Change the desiccant and soda lime if needed.

e Both desiccant and soda lime (CaO and NaOH) give a colour change with the
use. The Indicating Drierite (W.A. Hammond Drierite Company, P.O. Box
460, Xenia, OH 45385) is the recommended desiccant for L1-6400/L1-6400XT
(Manual, 2005). Colour change of the Drierite is more prominent and easier to
observe (blue when dry and pink upon absorption of moisture) indicating the
time to replace. However, the colour indicator of most of the soda lime, which
is a pH-sensitive ethyl violet, might not give a noticeable colour change upon
absorption of COz. Also, the efficiency of the soda lime decreases if soda lime
becomes too dry as absorption of CO requires moisture. If the soda lime is too
dry, open the chemical tube and add about 5-10 mL of water.

Connect the CO- cylinder/cartridge.

o Before installing the CO> cartridge, check the presence and the condition of
the O-ring. It is recommended to use a new O-ring with each new CO; cartridge
(Manual, 2005).

Turn on the machine using on/off switch.

From the “Userprefs” menu, select the appropriate configuration.

e By default, the conifer chamber comes with the caption of “ConiferChmbr
Needless EB.xml”

Press “Y” to the message regarding the IRGA connected status for navigating to

the main menu. Once you press “Y” IRGA starts to warm up.

To configure the instrument for the light source that you are using for

measurements, navigate to the configuration menu. From there, navigate to light
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source controls and then select the appropriate configuration from pick sources

and press enter. Press escape to return to the main menu.

Before starting the measurements, it is advisable to go through a preparation

checklist to ensure that the instrument is performing satisfactorily.

11. To start this checklist, navigate to new measurements from the main menu.

3.3.1. Preparation checklist

12. Check the temperatures

To check temperatures (block temperature, leaf temperature, and air
temperature) in LI-COR-6400XT and LI-COR-6400 navigate to the
display group h (row h) by pressing “h” from the keypad. There, the three
values should be reasonable and within the same range to the working
environment. Then, disconnect the leaf thermocouple and compare the leaf
and block temperatures. If the difference between the leaf and block
temperatures are higher than 0.1°C make sure to adjust the leaf temperature

to zero.

13. Check the light source and sensors

To check the light sensors (Parln_um and ParOut_um) navigate to the
display group g (row g) by pressing “g” and check the response of the
sensors when the external light source is illuminated and darkened. If the
ParIn_ um gives a negative value, there is a mismatch between the actual
light source and the configured light source at step 10. To correct this,
navigate to the configuration menu and reselect the appropriate light

source.

14. Check the pressure sensors

Navigate to the display group g (row g) by pressing “g” to check the
ambient pressure. The value should be reasonable and stable. For example,
at sea level 100 kPa, at an altitude of 1000 feet value should be around 97
kPa. These values could also be varied due to weather conditions.

15. Check the leaf fan

To check the condition of the leaf fan (to check whether the fan is working
or not), navigate to level two by pressing “2” and then press “F1”. Press

“0” to turn off the fan and listen to the sound change of the stopping fan
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motor. Again, press “f” for turn on the fan. You should be able to hear the
fan motor. If you do not hear the sound, there could be a problem in the

leaf fan either fused or clogged with debris.

16. Check the flow

Fix the flow rate into 1000 umol s by navigating to level 2 and pressing
“F2” (chamber should be closed). To check the actual maximum flow, go
to display group b by pressing “b”. The flow rate should be around 700
umol st if the CO, mixer is installed. To check the flow restrictions of
chemical tubes, make the soda lime and drierite into full scrub from the full
bypass. By doing this, the flow rate should drop from 5 umol s to 10 umol
st per tube. If the drops are higher than this, air mufflers of the chemical
tubes could be clogged or a problem with the flow diversion tube. If the
flow control is within the acceptable range, set the flow to 500 pmol s.

Once the IRGA is switched on for about 10 minutes (after warming up), the

following steps can be conducted.

17. Check the flow rate

Turn off the pump by navigating to level 2 by pressing “2”, press “F2” and
set the flow to “0”. Next, turn off the chamber fan by navigating to level 2,
press “F1” and press “0”. The flow rate should be between 0 pmol s and
2 umol s If the flow does not fall into an appropriate range, navigate to
the calibration menu in the main menu, and go to zero flow meter to re-
zero the flow rate. Wait for the 10-second countdown. Then the voltage

will reach closer to zero. After that, select Ok.

18. Check the reference and sample CO> levels (CO. IRGA)

Press “a” and navigate to display group a, to observe reference and sample
CO2 values. Then, make the soda lime and drierite chemical tubes into full
scrub and full bypass respectively. The reference CO2 value should rapidly
reach zero. However, it takes more time for sample COz to reach zero. It is
acceptable if both the values (reference and sample) are between 0-5 pmol
mol. If not, CO, IRGA must be re-zeroed. (If the working temperatures
are not much changing re-zeroing the IRGA is not needed since they are

quite stable. However, it has been advised to follow this step every time
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you turn on the instrument) Prior to re-zeroing the CO. IRGA, both soda
lime, and drierite must be replaced with fresh chemicals by putting the
device into sleep mode. Navigate to the main menu by pressing “escape”.
Then select the calibration menu and navigate to IRGA zeroing. Select auto
CO2 (Not auto H20 or auto all) and observe the values. (It is advisable to

record old and new CO2 IRGA zero values).

19. Check the reference and sample H-O levels (H.O IRGA)

Observe the reference and sample H20 levels on display group “a” in the
new measurement menu. Turn the drierite chemical tube into the full scrub
and observe the changes of the H>O levels. Reference H.O must reach zero
faster than the sample H>O does (This takes more time than when zeroing
CO2 IRGA). It is acceptable if the reference H.O drops down to 0.2-0.3
mmol mol? within a minute and further falling slowly. Generally, the
sample H2O values are higher than that, but it also should fall down
gradually. If these values are not between the above ranges, re-zeroing the
H>O IRGA may be needed. To re-zero H2O IRGA, navigate to calibration
menu, select IRGA zeroing and hit auto H,O.

(To re-zero both CO2 IRGA and H2O IRGA at the same time, turn both the
chemical tubeless into the full scrub and select auto all in IRGA zeroing

menu).

20. Mixer calibration

The reason for conducting the mixer calibration is to check the maximum
and minimum possible operating CO> levels of the instrument. Generally,
the maximum CO: level should be around 2000 pmol mol™ and the
minimum should be around 40 umol mol™. For this, the chamber (conifer
chamber) doesn’t need to be closed. Turn the soda lime chemical tube into
the full scrub. Press “escape” and navigate to the main menu. From there,
navigate to calibration menu and select mixer calibration and press “Y” for
the prompted message (OK to continue?). Once the calibration is done, the
data can be viewed in a graph. Press “escape” to navigate to the main menu

and go to new measurements menu.

21. Check for leaks
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Press “a” and navigate to display group a. Close the conifer chamber (this
should be empty). Exhale the air around the chamber gasket and observe
the fluctuations of the sample CO> concentration. If there are no leaks, this
should not increase the sample CO2 concentration for more than 1 pmol
mol. If there is a fluctuation more than that, check the gasket for damages
and replace it.

Now the instrument is ready for taking measurements

3.3.2. Taking measurements

22. Navigate to level 1 by pressing “1”” and open a log file by pressing “F1”. Give an

appropriate name to the data file. (It is better to include parameters like date,

species, variety, tissue, etc.) And if necessary, add remarks accordingly.

23. Navigate to level 2 by pressing “2” to set the reference CO> level and the block

temperature

Press “F3” and navigate to CO2 mixer, select CO. reference and press
“enter”, set the mixer value to 400 pmol mol™* and press keep (this value
depends on the environmental condition that you are working on. when you
are taking measurements at ambient conditions it should be slightly above
the ambient CO- level).

Press “F4” and navigate to the temperature menu, select the block
temperature, press enter and set the block temperature to the desired value
(for example, 25°C). (If the entered block temperature is not around the
ambient temperature (working temperature), the power consumption of the
instrument will be higher than the normal, and if the instrument is operated

using batteries, frequent battery changes might be required.)

24. Introduce the wheat plant to a constant artificial light source where the light

intensity is around 1000 umole m s photosynthetically active radiation (PAR)

and keep it for 30 to 45 minutes.

It is better to introduce the plant into a controlled growth chamber since
other environmental parameters such as temperature and relative humidity
can also be maintained at a constant level until the measurement is taken.

(Generally, for A/Ci curves it may take approximately 30 to 45 minutes to
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25.

26.

217.

28.

29.

30.

31.

32.

33.

complete. So, it is better to have a constant environment throughout this
period)
Calculate the area of the selected spike part which accommodates into the conifer
chamber using the described method and inserts the spike area by navigating to
Level 3 by pressing “3”. (This also can be done after downloading the data to a
computer).
Insert the wheat spike to the conifer chamber and wait until the spike reaches to
steady-state photosynthesis.

e Make sure that the conifer chamber is properly sealed.

e To identify the steady-state photosynthesis, check the graphs of
photosynthesis and stomatal conductance by navigating to Level 4 by
pressing “4”.

If graphs are stable, spot measurements of gas exchange can be taken. To log this
value, navigate to Level 1 by pressing “1”” and press “F1”. This value will be saved
into the log file which was previously created. (Step: 22).
To obtain A/Ci curves, navigate to Level 5 by pressing “5” and select “AUTO
PROG”. From the list, select “A-Ci Curve”. Press “Y” when asked, “Append to
current data file?”
Insert the desired COz levels to the instrument and press “Enter”.
e E.g. For Cs plants, 400 300 200 100 50 400 400 600 800 1200 1500 1700
e For C4 plants 400 300 200 100 00 400 400 600 800 1200 1500 1700
Set minimum and maximum waiting times.

e Set 120 s and 300 s as the minimum and the maximum waiting time,
respectively.

Pres “Y” (Yes) to the option “Always Match” and press “Y” for “Stability
Definition OK?”.
Then press “F5” to start the auto-program.

e Then the program will run automatically for different CO: levels, and it
will take about 40 minutes depending on the matching time.

e The star mark (*) at menu 2 indicates the auto-program is running.

When the measurements are taken, attention should be paid to the following:
e Line C: Photo (photosynthesis) should be between -10 and + 30 or higher

depending on the CO> level, Cond (conductance) should be a positive value
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34.

35.

36.

37.

38.
39.

40.

between 0.01 and 1, Ci (intercellular CO2 level) should be a positive value
(negative Ci may be due to a problem associated with leaf temperature or
moisture calibration)

e Line D: VpdL should be lesser than 2. Higher values may be due to higher
spike and outside temperatures.

e Line H: spike temperature should be slightly less than the air temperature.

e Line I: Indicates the battery charge. Beeping indicates voltage below 10
and should change the batteries.

e At the end of the auto program, the “*”” mark in menu 2 will disappear.
After the measurement, turn off the light source of the growth chamber while
keeping all other parameters unchanged (temperature and relative humidity).
Navigate to Level 2 by pressing “2” and set the reference CO- level back to 400
pumol mol ™,

e After the measurement, the reference CO> level will be at 1700 pmol mol

! Thus, it has to be changed back into 400 umol mol™.
Allow the plant to stay in the dark for 30 minutes.

o If the artificial light source is not from a controlled growth chamber, cover
the entire plant and the conifer chamber with a black cover to stop the light
penetration.

Take A/Ci curve using the same program used with the light source.

e If the photosynthesis values in the dark give much lower values than -2,
photosynthesis values can be recomputed using the following equation.

e P¢ = [PL - Pp] where Pc denotes corrected photosynthesis, P. denotes
photosynthesis values under constant light and Pp denotes photosynthesis
values in the dark.

Download data as described in (Evans and Santiago, 2014b)

Recompute data after measuring the entire spike area as described in (Evans and
Santiago, 2014b)

Gas exchange parameters of wheat spikes under light and dark is tabulated in
Tables 2 and 3 respectively.
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3.3.3. After measurements

41. Turn off the LI-COR 6400XT as described in Evans and Santiago (2014b)

42. Detach the IRGA from the tripod and loose the leaver of the lid of the conifer
chamber to avoid gasket compression during storage.

43. Remove batteries or the external power source.

44, Store appropriately in the storage box

3.4.Concluding remarks

The analyse of gas exchange parameters of the photosynthetic organs is useful to
determine the underlying photosynthetic biochemistry and the whole plant
performance. In most cereals, protocols for measuring gas exchange parameters of
leaves have been fully established. However, less attention has paid shown to the
investigation of the gas exchange of minor photosynthetic organs such as wheat spikes
and rice panicles. Growing evidence supports the fact that photosynthesis of
developing cereals may play an important role in grain filling and thus total yield.
Further, there is a high possibility of using spike/panicle gas exchange parameters as
a trait of crop improvement. Therefore, characterization of cereals, based on the grain

gas exchange seems increasingly important.

An optimized protocol to determine gas exchange parameters of wheat spikes using
LI-COR-6400XT portable photosynthesis system coupled with LI-COR conifer
chamber is reported. Further, two different methods for the photosynthetic area
calculations of wheat spikes, which can further be utilized in crop phenotyping has
also been reported. Photosynthetic area values acquired from different methods have
been discussed and compared. Similar approaches with slight modifications can be

used to assess gas exchange parameters in most other cereals.

Conflict of interest

The authors declare that this study was conducted in the absence of any commercial

relationships that could lead to any potential conflict of interest.

39



Acknowledgment

This work was supported by the University of Southern Queensland (USQ), Australia
and the USQ Strategic Research Fund. PD is supported by a USQ International Stipend
Research Scholarship and USQ International Fees Research Scholarship.

40



Tables and figures

Open

Open Next
Open Samples
Open Recent

01

CuivO
Ctri+Shift+O

Edt image Process Anahze Plugns Window Help

Alajo|0 aledss| 2

02

Captured CoptureS

File Edt Image Process Analyze Plugins Window Help
B olc|o|~lalN Aol afe s 2] | |3

- 0

Captureb

°

@

Capture?

i

ri T .

Cantured T:aorura Caoturel0 UW NS
Porere. Ut :
Fies of type [MFses v] [ Coned |

05

06

Figure 1

4



File Edit Image Process Analyze Plugins Window Help

Cllo)| ol <1\ Al 0| Qs

PARIPA

ectangle®, rounded rect or rotated rect (right click to switch)

07
4 SetScale

Distance in pixels: 48.7016

Known distance: [0
Pixel aspectratio: 1.0

Unit of length:  unit

Click to Remove Scale I

™ Global

Scale: 48.7016 pixels/iunit

_OK | cancel| e |

08

Distance in pixels: 48.7016

Known distance:  1.00
Pixel aspectratio: 1.0

Unit of length:

Click to Remove Scale I

[ Global

Scale: 48.7016 pixels/cm

Distance in pixels: 48.7016 i
Known distance: 1.00

Pixel aspectratio: 1.0

Unit of length:  cm

Click to Remove Scale I

Scale: 48.7016 pixels/cm

_OK | cancel | Heip|

10

11

12

Figure 2

42



0 0| c R TR

Pectangle” , 165
Show info Cuiet | 2Dt
CuteShit+P

CuteShiteX.
Cut+Shit+0

(AT

1851 %
« ' o
! « = y o187
Default v Red -

I~ Dark background I Stack histogram

16

Process Analyze Plugns Window Help
. I‘D Qlom 4]0 2| -
] oo G

Cutel  WindowLevel

Propertes. CateShift+P  Color Balarce
Cotr N e Gresoaer |

Stacks B
Hyperstacks ’

Colox Threshold
Size
Canvas See

Crop CirteShifte X
Dupbcate CuieShipep | Line Wit
Rename

Clear Results

Set Scale
Calbrate
Histogram
Plot Profile
Surface Plot
Gels

Tools

18

I Mean gray vas |
7 Standard devabion 1~ Medal gray value
I~ Min 8 mnax gy vatue. 1~ Canbiold
I~ Canter of msss
[ Bowangrecangie [~ Fitelipse
[ Shage descrgtors [~ Ferets Samer
[ integrated censty [~ Medan
I~ Shewness
I Areavacson

T~ Permater

I~ Kunosis

T Stack poaiton
™ Limasotwashold & Display tazel
[ imeetY cooedinates

I[Fie Edt image Process Iorured Plgns Window Help
| {48|x

Measure CirisM

[~ Acam overtay I Nt emoty cobs

Recitecito.  Hone -

Decmai places (09) 2

o] _cancel | Hee |

“ Stack histopram

19

Size (cm*2).  O-infinity
I Pixel units

Circularity:  0.00-1.00

Show: Nothing -

¥ Display results

I Exclude on edges
¥ Include holes

I” Record starts

I In situ Show

_ ok | cancel| Heip |

I” Summarize
I Add to Manager

22

Size (cm*2)
[ Pixel units

Circularity.  0.00-1.00

Show. Nothing

™ Exclude on edges
¥ Include holes

™ Record starts

™ In situ Show

¥ Display results
¥ Clear results
™ Summarize

I~ Add to Manager

20 21
ri Results
File Edit Font Results
[Label [area [stapev |
1 Untitled-1.png  0.11 0 ‘
2  Untitled-1png 0.29 27 60
3 Untitled-1png 9.17 13.90
4 Untitled-1.png 0.04 0.00
5  Untitled-1png 4.338E-4 0.00
6  Untitled-1png 4.338E-4 0.00
7 Untitled-1png 4.338E-4 0.00
< | m |
—

23

Figure 4

43



§ tmage) b
File Edit Image Process UEIEH Plugins Window Help
QUOIG|ORF £ 55| esswe o B s]0] 7] | |
mageJ 2.0.0-rc-43/1.52e; Java 1.6 Analyze Particles..

——n =

Summarize

Distribution.
Label
Clear Results

Add [t]

v

Rename...
ck histogram

Save XY Coordinates... Measure

Bt| Set Set Measurements...

—J J Fractal Box Count... Deselect
Set Scale... Analyze Line Graph = g
Calibrate... Curve Fitting... ODBIBS.

Flatten [F]

Histogram Ctri+H |JEz{e T ERETT

Plot Profile Cui+K | Scale Bar...
Surface Plot Calibration Bar.

Gels » Synchronize Windows
Tools 4 Grid

[~ Show All
« | Labels

File Edit Image Procless Analyze Plugins Window Helpl
Ojo)c|o|~|4 [N Al |o|0) ajo s8]~

*Oval®, elliptical or brush selections (right click to switch)
\ L —

27

g
= ;
Rename. ! z
Measure é"!
“Dsseiea | 21
Propemes !
Flamen [F]
More »
I™ Show All
(=" Labels
T 7 ——
28 29 30
- p [T— T
$ Results % Results =
File Edit Font Results Edit Font Results
|Label |area [taDev | E SaveAs.. Cti+S |area |staDev | s

1 Untitled png:0298-0042 1.12 13.88
Untitled png:0297-0148  8.85 13.19

042 112 1388
148 885 13.19

Rename...

Duplicate...

m

Rename...

i Duplicate...

S

31 32

Figure 6

44



Figure 7. Calculation of the photosynthetic area of the wheat spike considering it as
an elliptical cylinder. L denotes the length of the spike. “a” denotes diameter of the
major axis and “b” denotes the dimeter of the minor axis. To get much accurate
measurements, it is better to take the average value of different a and b values taken

at different points of the spike.

Table 1. Differences of photosynthetic areas of wheat spikes from different area

measuring methods. Abbreviations: 14-dpa: 14 days post anthesis.

Method
Growth stage Image J (cm?)  Equation 1 (cm?)  Equation 2 (cm?)
Heading 8 10.5 10.5
Heading 10.34 10.76 10.75
Heading 10.4 12.61 12.6
Heading 16.28 14.32 14.21
14-dpa 19.2 20.31 20.2
14-dpa 20.02 16.92 16.8
14-dpa 21.34 17.83 17.7
14-dpa 21.6 19.68 19.67

14-dpa 23.6 18.82 18.68
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Table 2. Gas exchange parameters of wheat spike of Huandoy at 14 days post anthesis
(14-dpa) under 800 umole m? s (PAR)

COz2 level _ Stomatal Intercellular ~ Transpiration

inside the Photosynthesis conductance COz rate
(umol m?st)

chamber (mol H,O m?2s?)  (umol CO; mol?)  (mmol H,0 m?2s?)
400 3.75 0.0943 320 1.63
300 2.39 0.103 249 1.76
200 0.61 0.112 184 1.89
100 -1.50 0.12 120 2.00
50 -2.67 0.128 87.6 2.10
100 -0.97 0.133 111 2.18
200 1.68 0.138 171 2.23
300 4.01 0.141 237 2.27
400 5.96 0.142 307 2.28
700 9.93 0.138 542 2.24
800 10.50 0.128 620 2.10
1200 12.60 0.115 961 2.10
1500 13.80 0.107 1220 1.85

1700 14.30 0.101 1390 1.78
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Table 3. Gas exchange parameters of wheat spike of Huandoy at 14 days post anthesis
(14-dpa) under dark (0 PAR)

CO:z2 level _ Stomatal Intercellular ~ Transpiration
inside the Photosynthesis conductance CO2 (mmol H,0 m2s
(umol m2s™)
chamber (mol H,0 m2s1)  (umol CO, mol?) D)
400 -8.87 0.174 492.0 2.24
300 -9.08 0.163 402.0 2.16
200 -9.04 0.151 311.0 2.06
100 -8.96 0.143 218.0 1.99
50 -8.86 0.139 171.0 1.96
100 -8.47 0.137 215.0 1.94
200 -8.34 0.136 312.0 1.93
300 -8.19 0.134 409.0 1.90
400 -8.18 0.127 511.0 1.82
700 -7.95 0.116 809.0 1.69
800 -8.18 0.105 921.0 1.56
1200 -7.79 0.096 1310.0 1.46
1500 -7.80 0.089 1620.0 1.36

1700 -7.65 0.084 1810.0 1.30
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CHAPTER 4

SITE-SPECIFIC, GENOTYPIC AND TEMPORAL VARIATION OF GAS
EXCHANGE AND ITS RELATED BIOCHEMISTRY IN WHEAT (Triticum

aestivum L.)

The site-specific, genotypic, and temporal variation of photosynthesis and sucrose
metabolism in flag leaves and spikes of wheat were comparatively investigated. Three
winter wheat varieties were grown under glasshouse conditions and analysed at four
different stages of ontogeny after heading. To determine the variation in metabolic
processes, a multidisciplinary approach was used including gas exchange
measurements to determine the biological capacity of carbon assimilation, gene
expression profiling, phenotyping, and biochemical assays. Findings of this study can
be used to address the current knowledge gaps of site-specific, genotypic and temporal
variation of photosynthesis and the importance of spike-metabolic processes for grain
filling. This chapter has been prepared as a research manuscript to be submitted to

“Planta”.
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Abbreviations

AGB - above ground biomass; BWS — biomass without spikes; CM — complete
maturity; dpa — days post anthesis; HI — harvest index; PAL — photosynthetic area of
total leaves; PAS — photosynthetic area of total spikes; PAT - total photosynthetic
area; PASM — photosynthetic area of spike of main tiller; Rubisco - Ribulose 1,5-
bisphosphate carboxylase/oxygenase; rbcL - Ribulose 1,5 —bisphosphate
carboxylase/oxygenase (large sub unit); rbcS - Ribulose 1,5 — bisphosphate
carboxylase/oxygenase (small sub unit); SAIl — spike area index; SPP1 - Sucrose
Phosphate Phosphatase 1; SPS1 - Sucrose Phosphate Synthase 1; SUS1 - Sucrose
Synthase type 1; TB — total biomass; TPU — trios phosphate utilization.
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Abstract

To determine the importance of wheat spikes for yield we investigated the genotypic
and temporal variation of traits related to photosynthesis and sucrose metabolism in
the pericarps and flag leaves of three wheat genotypes, Huandoy, Amurskaja75 and
Greece 25. Spike biomass, nitrogen (N) concentrations of photosynthetic organs and
the photosynthetic area of flag leaves and spikes were measured at heading, and at 14-
and 30-days post-anthesis (dpa). Further, the biological capacity of carbon
assimilation (Vcmax and Jmax) Of spikes and flag leaves were determined using A-Ci
curves at heading, and at 3-, 14-, and 30-dpa. Lastly, molecular level changes in
photosynthesis and sucrose metabolism at heading, and at 14- and 30-dpa were
determined by investigating the transcript abundance of key genes of photosynthesis
and sucrose metabolism: rbcL, rbcS, SPS1, SUS1 and SPP1. Significant genotypic and
temporal variation in Vcmax and Jmax Were observed early in ontogeny that dissipated
by late grain-filling. Although the transcript abundance of rbcS and rbcL in flag leaves
was significantly higher than in the pericarps, both organ types displayed a similar
expression pattern among growth stages. The N concentrations of pericarps suggest
that the greatest amount of Rubisco may be present during grain enlargement;
however, gene expression indicated the contrary. From heading to 14-dpa, wheat
pericarps exhibited a strong, positive correlation between biological capacity for
carbon assimilation and expression of key genes related to sucrose metabolism (SPS1,
SUS1 and SPP1). Lastly, the strong correlation between spike dry weight and the
biological capacity for carbon assimilation suggest that metabolic processes in wheat

spikes may have a major role in grain filling and total yield.

Keywords: source and sink interaction, Rubisco, sugar sensing, transcript abundance,

grain filling, organ-specific photosynthesis
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1. Introduction

Significant yield improvement of critical Cs cereal crops occurred during the green
revolution between the 1950s and 1980s (Furbank et al., 2015) and has sustained the

global food demand for a number of decades. However, catering to the estimated
global population of 9.8 billion by 2050 (Dillard, 2019) necessitates a 60% yield

improvement of critical food crops (Li et al., 2017, White and Gardea-Torresdey,

2018). Reaching that target seems impossible without another huge breakthrough, as

the yield potential of most current cereal crops has plateaued (Furbank et al., 2015,

Wang et al., 2017). Sustaining global food security is even more precarious given the

predicted water scarcity and global warming (Yadav et al., 2019). Increasing the

efficiency of photosynthesis is one possible solution to the upcoming food crisis

(Kubis and Bar-Even, 2019, van Bezouw et al., 2019); and several different

approaches have been suggested. The favored approaches include: engineering Cs
traits into Cz plants; mitigating the functional limitations of ribulose-1,5-bisphosphate
carboxylase/oxygenase (Rubisco); regulation of sink and source feedback of
photosynthesis; and minimization of the inefficiencies of photosynthesis due to
dynamic environmental factors (Schuler et al., 2016, Jansson et al., 2018, South et al.,

2018, Dehigaspitiya et al., 2019). However, inadequate understanding of the complex

genetic processes of photosynthesis has minimized improvement in what already are

photosynthetically inefficient crop plants (Li et al., 2017).

In angiosperms, more importance has until now been placed on photosynthesis of the
major photosynthetic organs, namely the leaves. However, a growing number of
observations support the possibility that more efficient modes of photosynthesis may
occur in minor photosynthetic organs, a phenomenon described as site-specific

changes in photosynthesis (Rangan et al., 2016b, Bachir et al., 2017, Wang et al.,

2017). Site-specific changes in photosynthesis in major crop plants merit investigation
because of the possibility of transferring those more photosynthetically efficient traits

into the leaves.

As a cereal, wheat (Triticum aestivum L.) is second in importance only to rice,
providing 20% of the daily calories and protein in the developing world (Tadesse et
al., 2017). Wheat demand is expected to increase by 50% by 2050 (Li et al., 2017),

which requires the annual increment in wheat yield to be boosted from less than 1%
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at present, to at least 1.6% (Tadesse et al., 2017). Photosynthesis in wheat leaves has

been well studied (Evans and Rawson, 1970, Lawlor et al., 1989). Nonetheless, little

is known about how photosynthesis in other organs, e.g. in wheat spikes, which may
play an important role in grain-filling (Serrago et al., 2013), contributing perhaps 10—

44% of photosynthate depending on genetic and environmental factors (Tambussi et

al., 2007, Maydup et al., 2010). The potential contribution of wheat spikes to grain

yield is supported by delayed chlorosis in the pericarps, better water supply during late
grain filling and the protection provided to the endosperm (Dehigaspitiya et al., 2019).

Also, evidence for grain specific C4 photosynthesis has been recently reported

(Rangan et al. (2016b), hence a fuller understanding of spike photosynthesis in wheat

may open a new route to enhancement of grain yield.

In Cs3 plants, the first step in net photosynthetic CO- assimilation and photorespiratory
oxidation of carbon (C) is catalyzed by the enzyme Rubisco. Rubisco is the most
abundant protein in the Cs photosynthetic organs and accounts for 15-30% of the total

nitrogen (N) in leaves (Makino et al., 1992, Suzuki et al., 2009, Seneweera et al.,

2011). Rubisco plays a central role in C assimilation in all photosynthetic pathways:
Cs, C4, CAM and Cs3-C4 intermediates. In the Cz pathway under high irradiance, the
amount of Rubisco is a determining factor for the rate of CO- assimilation throughout

the life cycle of a photosynthetic organ (Suzuki et al., 2009). In addition, Rubisco

content varies widely with the physiological stage of the leaf/ photosynthetic organ,
e.g. in leaves, it increases during maturation and gradually declines during senescence

(Suzuki et al., 2001). Site-specific variation of Rubisco abundance has also been also

reported (Nomura et al., 2000). In higher plants, degradation products of Rubisco are

a source of N that is utilized by developing tissues (Makino et al., 1984, Suzuki et al.,

2001). The balance between Rubisco synthesis and degradation determines the amount
of Rubisco in a photosynthetic organ (Suzuki et al., 2001). The expression patterns of

rbcL and rbcS mRNAs, and their activities, have been intensely studied in wheat

leaves (Nie et al., 1995, Demirevska et al., 2009), whereas, less attention has been paid

to site-specific/ organ-specific changes of expression of rbcL and rbcS in wheat

pericarps/ spikes.

In Cs photosynthesis, the maximum rate of Rubisco carboxylation (Vcmax) and the
maximum rate of electron transport in the light-dependent reactions (Jmax) regulate the
biological capacity of C assimilation. Carbon dioxide response curves (A-Ci curves)
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generated from gas exchange parameters of leaves, combined with various fitted
models (A-Ci curve fitting methods) provide access to estimates of VCmax and Jmax

(Farquhar et al., 1980, Fan et al., 2011). The biological capacity of C assimilation by

leaves of wheat plants has been well-characterized using A-Ci curves. However, it has
been suggested that a more efficient photosynthetic system may be expressed in wheat

spikes and contribute to crop yield (Rangan et al., 2016b). Thus, it is important to

better understand the variation of C assimilation capacity in wheat spikes during grain
filling, which until now has not been evaluated in detail.

Photosynthesis correlates highly with plant sucrose metabolism (Vu et al., 2006,

Vicente et al., 2015). The quantity of sugars produced from photosynthesis varies

among different photosynthetic organs (Koch, 2004), which may lead to initiation of

site-specific molecular level changes of the sucrose metabolism. For example, with
high rates of photosynthesis, the sugar concentration of the photosynthetic tissue
(source) increases and the genes related to source activity of sucrose metabolism are

upregulated (Stitt et al., 2010). Subsequently, the produced sugars are translocated to

sink tissues while upregulating the genes related to sucrose formation and amino acids
synthesis (Paul and Pellny, 2003, Stitt et al., 2010). This sink-source interaction is a

determining factor in grain yield of wheat (Rajala et al., 2009). Knowledge of the

expression patterns of key genes regulating sucrose metabolism in wheat pericarps
during grain filling may therefore illuminate the photosynthetic contribution by the
spike to wheat grain yield, and consequently, deserve further exploration.

The main hypotheses of this study are: (i) parameters of C assimilation and sucrose
metabolism site-specifically, genotypically and temporally vary; and (ii) spike
photosynthesis and sucrose metabolism of wheat pericarps contribute appreciably to
grain yield. These hypotheses was tested by observing the physiological and molecular
level changes of photosynthesis and sucrose metabolism in wheat spikes and flag
leaves of three wheat genotypes through different growth stages after heading.
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2. Methods
2.1 Plant materials and growth conditions

Three winter wheat varieties (Amurskaja 75, Greece 25, and Huandoy) were selected
based on differences in the expression of genes related to C4 pathway observed from

an experiment conducted by Rangan et al. (2016a). Of the three genotypes, Greece 25

and Huandoy were awned wheat varieties. Seeds were sourced from the Australian
Grain Gene Bank, Grains Innovation Park, Horsham, Victoria. Five seeds were sown
in each pot filled with 4.2 kg of loam soil. The experimental design was completely
randomized with 3 replicates. The pots were placed in a glasshouse at the University
of Southern Queensland, Australia (Latitude: 27° 33' 38.02" S and Longitude: 151°
55' 55.20" E) from May 2017 to October 2017. The maximum and minimum
temperatures were maintained at 22°C and 14°C respectively. All the pots were
randomized weekly to minimize the location effect inside the glasshouse. Germinated

seedlings were thinned to two plants per pot 14 days after sowing.

2.2. Plant growth measurements

Three replicates from four growth stages [heading, 14-days post anthesis (14-dpa), 30-
dpa and complete maturity (CM)] were used for phenotyping. The traits measured and
growth stages of data collection are indicated in Table 1. Areas of leaves were
measured using a leaf area meter (LI-COR, USA). Spike area was measured using the
method described in (Chapter 2). The harvest index (HI) was calculated by dividing
the weight of the total harvest from the total above ground biomass. Spike area index
(SAI) was calculated by dividing spike area from the total photosynthetic area. After

leaf and spike area measurements, samples were dried at 60°C for 72 h and weighed.

2.3. Gas exchange measurements

Four growth stages of the wheat spikes and flag leaves: heading, 3-dpa, 14-dpa and
30-dpa were selected to assess gas exchange parameters. Spike gas exchange
measurements were made using a portable photosynthesis system (LI-6400xt, LI-
COR, USA) coupled with LI-COR transparent conifer chamber (LI-COR, Lincoln,
NE, USA 6400-05) as described in Chapter 2. Gas exchange measurements of the flag
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leaves were carried out as described by Evans and Santiago (2014) between 9 am and

2.30 pm. Wheat plants were introduced into a controlled growth chamber (PGC-105,
Percival, USA) at the University of Southern Queensland, Australia at least one h prior
to the measurements. The temperature, canopy level light intensity, relative humidity
of the controlled growth chamber was maintained at 22°C, 1000 pmol m2 s and 70%
respectively. Photosynthetic area of the wheat spike was calculated using the method
described in (Chapter 2). After connecting the wheat spike to the portable
photosynthesis system, spike level temperature and the air flow rate were maintained
at 22°C and 500 umol s respectively. The starting reference CO, concentration inside
the conifer chamber was 400 pmol mol™. Relative humidity inside the chamber was
maintained at 50-70%. Each spike was equilibrated for about 10-15 min to reach
steady state gas exchange before measurements commenced. Steady-state gas
exchange was identified by observing the fluctuations in graphs of photosynthesis and
stomatal conductance. Carbon dioxide response (A-Ci) curves were obtained for wheat
spikes and flag leaves in each growth stage.

2.4 Plant carbon and nitrogen analysis

Oven dried pericarps and flag leaves of three genotypes at four growth stages were
removed from the plants and ground in a ball mill (Tissue Lyser I, QIAGEN,
Australia) to ~100 um diameter. Carbon and N content of the plant samples was

measured using a combustion analyzer (C and N) (Leco CN628, USA).

2.5 Gene expression analysis

It has been suggested that at least nine enzymes are involved in sucrose metabolism
which are fructokinase, hexokinase, invertase, phosphoglucomutase, phosphoglucose
isomerase, UDP-glucose Purophosphorylase (UDPGP), sucrose synthase (SUS),
sucrose phosphate phosphatase (SPP), and sucrose phosphate synthase (SPS) (Jiang et
al., 2015). Of these possibilities, we focused on the mRNA abundance of the last three

types of enzymes since they may have major roles in sucrose biosynthesis. Along with
sucrose metabolism, transcript abundance of key genes of photosynthesis was also
tested.
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2.5.1. Sample collection and RNA extraction

Three replicates of wheat spikes and flag leaves from the main tiller at heading, 14-
dpa, and 30-dpa were harvested between 11.00 am and 1.00 pm, placed in storage
tubes and immediately submerged in liquid N2. Samples were subsequntly stored at -
80°C until total RNA extraction.

Uncontaminated and RNase free mortars and pestles were stored at -80°C, in a sealed
polythene bag, at least 12 h prior to the extraction. TPS buffer was prepared using 10
mM EDTA, 1 M KCI, and 100mM TRIS-HCI. After adjusting the pH to 8, the buffer
was autoclaved and cooled to room temperature. Mortars and pestles were chilled
using liquid N2 before ~200 mg of the outermost layer of the wheat pericarp and flag
leaves was dissected and placed into separate chilled mortars. Plant samples were
ground to a fine powder using liquid N2. Five hundred pL of Trizol® Reagent
(Invitrogen by Thermo Fisher Scientific, USA) and 700 pL of TPS buffer were added
to the ground plant samples and the grinding was continued. The homogenized
solutions were collected in 2.5 mL RNase-free, autoclaved microcentrifuge tubes and
incubated at room temperature for 10 min. One hundred and twenty pL of chloroform
(per 200 mg of plant tissue) was added to the incubated samples and mixed gently.
The samples were incubated for another 3 min before being centrifuged for 15 min at
15 000 rpm at 4°C (Eppendorf centrifuge 5424R, Australia). After phase separation,
the supernatant was collected in a new set of RNase-free microcentrifuge tubes and
600 uL of ice-cold isopropanol was added (Biotechnology grade, Sigma-Aldrich,
USA). The sample tubes were gently mixed and incubated for 10 min. To separate the
precipitated RNA, tubes were centrifuged for 10 min at 15 000 rpm at 4°C. After
removing the supernatant, 600 uL of 75% ethyl alcohol (Biotechnology grade, Sigma-
Aldrich, USA) was added to each tube. To purify RNA pellets, tubes were centrifuged
for 5 min at 15,000 rpm at 4°C. After removing ethyl alcohol, samples were air-dried,
30 pL of diethyl pyrocarbonate (DEPC) treated water (Sigma-Aldrich, USA) was
added to each tube to dissolve the RNA and the samples were stored at -80°C until

further use.
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2.5.2. RNA measurement

RNA was quantified using a Qubit Fluorimeter (Invitrogen by Thermo Fisher
Scientific, USA) according to the manufacturer’s instructions. To ensure RNA
integrity, agarose gel electrophoresis stained with “Gel Red” nucleic acid stain (Fisher
Biotech, Australia) was conducted and gels were observed using a gel visualization

unit (Fisher Biotech, Australia). Concentrations of the RNA samples were adjusted to

1 po/ulL.

All RNA samples were treated with DNase I, Amplification Grade (Invitrogen by
Thermo Fisher Scientific, USA) according to the manufacturer’s instructions. RNA
samples were reverse-transcribed using SensiFAST™ cDNA synthesis kit (Catalogue
No — Bi0-65054, Bioline, UK) as per the manufacturer’s instructions and the samples
of 20 pL were introduced into the thermal cycler with the program set at 25°C for 10
min for primer annealing, 42°C for 15 min for reverse transcription and 85°C for 5

min for inactivation of the process. cDNA was stored at -20°C for future use.

2.5.3. Primer selection and quantitative reverse transcription polymerase chain
reaction (QRT-PCR)

Nucleic acid sequences for gene-specific primers of key genes in photosynthesis and
sucrose metabolism (Supplementary Table S1) were acquired from published

literature (Vicente et al., 2015, Bachir et al., 2017). The specificity of the primers for

Triticum aestivum L. was tested using the Primer-Blast option in the National Centre

for Biotechnology Information (NCBI) website (https://www.ncbi.nlm.nih.gov).

Primers were sourced from Integrated DNA Technologies, Inc. (Integrated DNA

Technologies Pty. Ltd, the Republic of Singapore).

Reactions were carried out in 96-well plates using QuantStudio 3 real-time PCR
system (Applied Biosystems, Thermo Fisher Scientific, USA). cDNA were diluted 10
times by adding DEPC treated water (1:9). Each reaction mixture contained 4 pL of
diluted cDNA, 4 uL of DEPC treated water, 10 pL of PowerUp™ SYBR™ Green
Master (Applied Biosystems from Thermo Fisher Scientific, USA), 1 puL of 10 mM
forward primer and 1 pL of 10 mM reverse primer. Three biological replicates were
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used for each growing stage of the three wheat genotypes. The PCR programme was
set at 95°C for 10 min followed by 40 cycles of 95°C for 15 s and 60°C for 1 min.

2.6 Statistical analysis

Before statistical analysis, the normality of the data set was tested and the data which
were not normally distributed were transformed for normality. To determine the
significance of different growth stages, organ types and genotypes, ANOVA was
carried out at P <0.05 significant level. Tukey’s test and standard errors of differences
were used to determine the differences between growth stages, organ types and
genotypes. Pearson product-moment correlations were used to test potential
correlations between spike dry-weights and parameters of the biological capacity of C
assimilation and of gene expression related to sucrose metabolism and the parameters
of biological capacity of C assimilation. Data analysis was conducted using SPSS
statistical software version 23 (IBM, Armonk, NY, USA). GraphPad Prism scientific
software version 5.01 (GraphPad Software, San Diego, CA) was used for graphical
representation of the data. Primer efficiencies of the reactions of gene expression
analysis were determined using the LinRegPCR software v2012. Relative gene
expression of three varieties of two organ types at different growth stages was
calculated using the comparative threshold cycle (Ci) 222 method.

3. Results
3.1 Phenotypic changes of the wheat genotypes

The measured phenotypic traits were categorized into three different groups related

respectively to growth, photosynthesis and harvest characteristics (Table 1).
3.1.1 Growth-related traits

There were statistically significant interactions between genotype and growth stage on
growth related traits, namely: total spike weight (P < 0.001), total above ground
biomass (AGB) (P < 0.001), total biomass (TB) (P < 0.001), plant height (P < 0.01)
and biomass without spikes (BWS) (P < 0.001) (Figure 1). Huandoy had the greatest

total spike weights at all four growth stages, while the maximum TB was shown by
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Amurskaja 75 (Figure 1). Both TB and TAB steadily increased up to 30-dpa, with
little or no difference between 30-dpa and CM. Importantly, from heading to 14-dpa,
BWS increased steadily, and from 14-dpa to CM, BWS gradually decreased.

3.1.2 Photosynthesis-related traits

Genotype and the growth stage had statistically significant interactions on
photosynthetic area of total spikes (PAS) (P < 0.01), spike of main tiller (PASM) (P
< 0.01), photosynthetic area of leaves (PAL) (P < 0.01), total photosynthetic area
(PAT) (P <0.01), spike area index (SAI) (P < 0.001) and the ratio between total spike
area and total leaf area (PAS/PAL) (P < 0.001) (Figure 2). However, statistically
significant interactions between genotype and growth stage were not observed on
photosynthetic area of total flag leaves (PAFL) and flag leaf of main tiller (PAFLM)
(Figure 2). The maximum PAS was observed in Huandoy at three growth stages:
heading, 14-dpa and 30-dpa (Figure 2a). In contrast, the maximum PAFL was
observed in Amurskaja 75 (Figure 2b). Similarly, Amurskaja 75 also displayed the
highest PAL and PAT (all spikes and leaves) at three growth stages (Figure 2c and
2d). However, the highest SAI and the PAS/ PAL were shown by Huandoy (Figure 2e
and 2f).

3.1.3 Harvest-related traits

Genotype affected tiller number (P < 0.01), total harvest (TH) (P < 0.001) and HI (P
< 0.001) (Figure 3a, 3c, and 3d), but did not affect spike number (Figure 3.b). Both
TH and HI were greater for Huandoy than other genotypes, while Amurskaja 75 had
the greatest number of spikes and tillers at maturity (Figure 3). Overall, there were
significant interactions among genotypes, growth stage and organ type for VCmax, Jmax,
and TPU (Table 2).

3.2 Changes in gas exchange parameters between genotypes and during ontogeny

Overall, there were significant interactions among genotypes, growth stage and organ
type for Vcmax, Jmax, and TPU (Table 2). For spikes, there was a statistically significant

interaction between genotype and growth stage on: C assimilation capacity; Vcmax (P
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< 0.001), Jmax (P < 0.001) and TPU (P < 0.001) (Figure 4). Both Huandoy and
Amurskaja 75 displayed their highest Vcmax, Jmax and TPU for spikes at 14-dpa (Figure
4). Except for between 3-dpa and 30-dpa, Vcmax of wheat spikes were significantly
different among other growth stages (Table 3). When compared to 30-dpa, VCmax, Jmax
and TPU at 14-dpa showed increases of 21.2%, 33.2%, and 22.5% respectively for
Huandoy and 12.3%, 15.4% and 7.4% respectively for Amurskaja 75. In contrast,
highest Vcmax, Jmax and TPU of Greece 25 occurred at heading, with a mean increase
of 47.2%, 103.74%, and 51.9% respectively compared to 30-dpa. Of the three
genotypes, spikes of Greece 25 displayed the highest Vcmax, Jmax and TPU for all the
growth stages except for 30-dpa (Figure 4).

For flag leaves, growth stage and genotype displayed statistically significant
interaction effects on Vcmax (P < 0.05), Jmax (P < 0.01) and TPU (P < 0.05) for flag
leaves (Figure 5). However, the effect of genotype for the Vcmax was not statistically
significant (Figure 5). Results from multiple comparisons revealed that growth stage
heading and 3-dpa did not show a statistically significant difference for Vcmax, Jmax,
and TPU (Table 3). Overall, in the studied genotypes, the highest and the lowest flag
leaf VCmax, Jmax and TPU were observed at 14-dpa and 30-dpa respectively (Figure 5).
The mean increases of Vcmax, Jmax, and TPU at 14-dpa compared to 30-dpa was 72.3%,
215.3%, and 82.8%, respectively for Huandoy, 42 %, 100 %, and 61% respectively,
for Amurskaja 75 and 87%, 197%, and 70% respectively, for Greece 25.

Photosynthetic parameters of flag leaves (VCmax, Jmax, and TPU) were significantly
higher than in spikes at early reproductive stages (heading to 14-dpa) (Figure 6).
Interestingly, during late-grain filling (30-dpa), the parameters of C assimilation

capacity of spikes and flag leaves was not statistically different (Table 5).

3.3 Site-specific, genotypic and temporal variation of N concentrations

From heading to 14-dpa, N concentration increased in the pericarps and was
unchanged in flag leaves (Figure 7). Overall, N concentrations of flag leaves were
appreciably higher than in the pericarps. In pericarps and flag leaves, there was a
statistically significant interaction between genotype and growth stage on N

concentrations (P < 0.001), with the lowest N concentrations occurring at CM (Figure

62



7). Greece 25 had the greatest N concentration in both pericarps and flag leaves at all

four growth stages (Figure 7).

3.4 Expression of genes associated with photosynthesis

The 3-dpa stage was omitted from gene expression analysis since differences in Vcmax,
Jmax and TPU between heading and 3-dpa were typically minimal. Genotype, organ
type and growth stage had a significant interaction with expression of rbcS (P < 0.001)
(Table 6). However, there were no statistically significant interactions on rbcL
expression between genotype and organ type, and genotype, organ type and growth
stage (Table 6).

In pericarps, the expression pattern of rbcL and rbcS was similar across genotypes at
the three growth stages, with a decreasing trend from heading to 30-dpa. Mean relative
expression of rbcL at heading was 82.9, 37.2 and 20.3-fold greater than the relative
expression of rbcS at the same growth stage (heading) in Huandoy, Amurskaja 75 and
Greece 25, respectively (Table 7). The maximum expression for both rbcL and rbcS
occurred during heading (Table 7). Relative expression of rbcL at heading compared
with 30-dpa showed 4.4, 8.0 and 2.3-fold increases for Huandoy, Amurskaja 75 and
Greece 25, respectively (Table 7). Also, the relative expression of rbcS at heading was
6.8, 30.9 and 6.5-fold higher than at 30-dpa for Huandoy, Amurskaja 75 and Greece
25 respectively (Table 7). At heading, Amurskaja 75 and Greece 25 had the highest
and the lowest relative expressions for rbcL, respectively (Table 7). In contrast, the
maximum and the minimum mean rbcS expression were observed in pericarps of

Greece 25 and Huandoy respectively.

In flag leaves, as with the pericarps, the maximum and the minimum expression for
both rbcL and rbcS occurred at heading and 30-dpa respectively, for all three wheat
genotypes (Table 7). Flag leaves at heading displayed 8.6, 6.8 and 7.0-fold increases
in rbcL expression compared to the expression at 30-dpa for Huandoy, Amurskaja 75
and Greece 25, respectively. And for rbcS expression, 6.8, 5.6 and 20.1-fold increases
were observed at heading, compared to 30-dpa in Huandoy, Amurskaja 75, and Greece
25, respectively (Table 7). Similar to pericarps, expression of rbcL is significantly

higher than the expression of rbcS at all growth stages in the three genotypes.
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To conclude, at all ontogenies of wheat pericarps and flag leaves, both rbcL and rbcS
expression displayed a similar pattern across genotypes, which was a decreasing trend
towards 30-dpa. Of the two genes, the relative expression of rbcL was significantly
higher than rbcS between genotypes at all growth stages.

3.5 Expression variation of key genes related to sucrose metabolism

Genotype, organ type and growth stage had a statistically significant interaction effect
on the expression of SPS1 (P < 0.001) (Table 6). Likewise, genotype and organ type
and, genotype and growth stage showed statistically significant interactions on SUS1
and SPP1 expression (Table 6). However, organ type and growth stage did not show

a statistically significant interaction effect on SPP1 expression (Table 6).

In pericarps, expression of SPS1 and SUS1 increased with growth stage for Huandoy,
while for Amurskaja 75 and Greece 25 the trend was to decrease (Table 8). Generally,
the expression of genes of sucrose metabolism was higher in early to mid-reproductive

stages (heading and 14-dpa) than later during late-grain filling (30-dpa).

In flag leaves, there were considerable variations in the expression of SPS1, SUS1 and
SPP1 among the three growth stages. As for pericarps, expression of SPS1 and SUS1
in Huandoy increased over time, while in Amurskaja 75 and Greece 25 the trend was

for SPS1 expression to decrease.

When comparing two organ types, both pericarps and flag leaves of Huandoy and
Amurskaja 75 showed similar expression patterns in SPS1, SUS1 and SPP1 (Table 8).
Generally, the expression of SPS1 and SUS1 was much higher in flag leaves than in
pericarps (Table 8). In contrast, the expression of SPP1 was much higher in pericarps

than in flag leaves of Amurskaja 75 and Greece 25.

3.6 Strong positive correlations were observed between spike dry weights and
parameters of biological capacity of carbon assimilation of wheat spikes
multiplied by total spike area

To obtain a holistic idea about the plant photosynthetic parameters, values of VCmax,
Jmax and TPU of spikes at different growth stages were multiplied by the total spike
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area at considered growth stages. Strong positive correlations between spike dry
weight and [Vcmax]* [spike area] (r = 0.800, P < 0.01), spike dry weight and
[Imax]*[spike area] (r=0.720, P < 0.01), and, spike dry weight and [TPU]*[spike area]
(r=0.813, P <0.01) were observed.

3.7 Strong positive correlations were observed between parameters of biological
capacity of carbon assimilation and the expression of genes of sucrose metabolism

at early reproductive stages.

At heading in all three genotypes, strong positive correlations were observed between
Vcmax and the expression of SUSL (r = 0.816, P < 0.01), Vcmax and the expression of
SPP1 (r = 0.946, P < 0.01), Jmax and the expression of SUS1 (r= 0.851, P < 0.01),
Jmax and the expression of SPP1 (R= 0.959, P < 0.01), TPU and the expression of
SUS1 (r = 0.799, P < 0.01), and, TPU and the expression of SPP1 (r = 0.932, P <
0.01). At 14-dpa, strong positive correlations were observed between Vcmax and the
expression of SPS1 (r =0.786, P < 0.05), Vcmax and the expression of SPP1 (r = 0.817,
P <0.01), Jmax and the expression of SPS1 (r=0.769, P < 0.05), Jnax and the expression
of SPP1 (r=0.7909, P < 0.05), TPU and the expression of SPS1 (r = 0.807, P < 0.01),
and, TPU and the expression of SPP1 (r = 0.795, P < 0.05). However, at later growth
stages (30-dpa) in pericarps, this strong correlations between spike photosynthetic
parameters and gene expression of sucrose metabolism could not be observed.
Likewise, in flag leaves, positive correlations were not observed between

photosynthetic parameters and gene expression of sucrose metabolism.

4. Discussion

4.1 Highest biomass accumulation of wheat spikes occurred between 14-dpa and
30-dpa

The greatest rate of biomass accumulation of spikes was between 14-dpa and 30-dpa
for all three genotypes. Moreover, during the same period, BWS decreased while TB
increased. This means that most of the photosynthetic products from the grain

enlargement phase to CM, accumulates in wheat spikes (wheat endosperm).
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Furthermore, the degradation products of senescing plant tissues also translocate to
wheat spikes and are stored in the endosperm. It has been identified that both starch
and protein deposition in the wheat endosperm is controlled by two separate
mechanisms (Jenner et al., 1991). Wheat endosperm starts accumulating dry matter

during the grain enlargement phase, that is between 15-20-dpa, until the spike reaches
maturity (35-40-dpa) (Jenner et al., 1991). The substrate effect on mitotic activity has

been considered as the main determinant of biomass deposition in wheat spikes. The
genetic, morphological and environmental factors also play an important role in

determining the rate and the duration of biomass accumulation (Jenner et al., 1991).

More importantly, the rate and the distribution of starch deposition during grain filling
is governed mainly by factors related to wheat spikes and/or the grain itself (Jenner et
al., 1991).

In general, our results reveal that the biological capacity of C assimilation (Vcmax and
Jmax) Was higher at 14-dpa than the other growth stages, supporting the fact that wheat
spikes may have a prominent role in starch biosynthesis in the endosperm (Figure 8).
A strong correlation between Vcmax and the tissue N content was reported by Walker
et al. (2014). Consistent with this proposition, in the present study, the highest N
concentrations for wheat pericarps were observed at 14-dpa, the phase which

displayed the highest Vcmax, and Jmax. Rubisco is the key enzyme of C assimilation and

plays a central role in Cz photosynthesis (Suzuki et al., 2001). Also, Rubisco is a
significant proportion of the N content of photosynthetic organs; consequently, it is
not unreasonable to assume that peaking of the N content in wheat pericarps during

grain enlargement reflects peaking of Rubisco.

The remobilization of N from the vegetative organs of the wheat plant to the
endosperm takes place during mid- to late-grain filling phase and is dependent on

genotypic and environmental factors (Barbottin et al., 2005). In this study, the low N

concentrations in flag leaves at late grain filling (30-dpa) are consistent with
remobilization. From the current study, considerable variation in organ specific N
concentrations among genotypes was recorded. In general, the highest and the lowest
N concentrations in wheat pericarps were observed in Greece 25 and Huandoy
respectively. However, the variation in N concentrations in wheat flag leaves was not
as significant as in the wheat pericarps (Figure 7) indicating organ specific changes in

N metabolism.
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Lastly, there is a considerable genotypic variation in growth and harvest related factors
including: total spike weight, AGB, TB, BWS, HI and TH, as expected from previous
research (Darroch and Baker, 1990a). It has also been reported that the duration of

grain filling determines the time to maturity and the yield (Darroch and Baker, 1990b).

4.2 Transcript abundance of rbcL and rbcS varied between organ types,

genotypes and organ ontogeny

The expression of both rbcL and rbcS varied temporally in all three genotypes, with
the heading stage generally showing the highest rbcS and rbcL expression. Similarly,
by confirming the genotypic variation of the mRNA abundance, pericarps of Greece
25 and Amurskaja 75 displayed the highest rbcS and rbcL expression respectively at
heading. Likewise, in flag leaves at heading, Greece 25 displayed the highest mMRNA
abundance for rbcS. These genes of rbcL and rbcS in a photosynthetic organ code for

the enzyme Rubisco.

Rubisco limits light-saturated C assimilation under current atmospheric conditions and
is important in both C and N metabolism of plants (Suzuki et al., 2009). In higher

plants, Rubisco is made up of eight large subunits and eight small subunits. The small
and the large subunits of Rubisco are coded from a multigene family rbcS in the

nucleus, and a single gene rbcL in the chloroplast genome respectively (Dean et al.

1989, Suzuki et al., 2009). In grasses, Rubisco content increases during leaf growth,

peaks at full expansion, then declines during senescence (Suzuki et al. (2010). The

transcript abundance of the Rubisco-encoding genes, rbcS and rbcL, determines the

amount of Rubisco in a photosynthetic organ (Suzuki et al., 2010). In general, our

results revealed that the, transcript abundance of rbcS and rbcL were highest at
heading, and the lowest at 30-dpa respectively both in wheat pericarps and flag leaves.
A similar expression pattern was documented in leaves of amaranth (Nikolau and
Klessig, 1987), pea (Sasaki et al., 1987), bean (Bate et al., 1991) and rice (Suzuki et
al., 2001). Although the abundance of rbcS and rbcL is lower at 14-dpa than at the

heading, the highest N concentrations in the pericarps occurred at 14-dpa. These
observations suggest that Rubisco content and rbcS and rbcL abundance in wheat
pericarps may not have a strong positive correlation. The reason for this observation

may be that at heading, wheat pericarps start producing Rubisco at an increasing rate
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and that, although the rbcS and rbcL expression declines between heading and 14-dpa,
Rubisco production may continue. Alternatively, the degradation of Rubisco between
heading and 14-dpa may be minimal, in contrast to that in the flag leaves. The N
concentrations of flag leaves across growth stages revealed that the highest Rubisco

content may occur during leaf expansion as found by Suzuki et al. (2010). Therefore,

our results suggest that there is an organ-specific variation in Rubisco biosynthesis/

degradation, N and C metabolism in wheat.

4.3 Carbon assimilation capacity depends on organ types, genotypes and growth

stages

A clear difference in Vcmax, Jmax, and TPU between wheat spikes and flag leaves was
observed in this study. The highest VCmax, Jmax, and TPU were observed in flag leaves
at heading to grain enlargement phase (heading to 14-dpa). The photosynthetic
capacity of the flag leaves drastically declined while that of the spikes did not, so by
30-dpa there was no significant difference in VCmax, Jmax and TPU between these
organs. This collapse in C assimilation by flag leaves coincided with leaf senescence.
In both wheat spikes and flag leaves, strong positive correlation among Vcmax and Jmax

was found that accords with the results of Wullschleger (1993) based on analysis of

A-Ci curves for 109 species. The amount of Rubisco present in a photosynthetic organ

decreases during senescence (Suzuki et al., 2001), and loss of Rubisco from flag leaves

at late grain-filling could explain the decreased rate of C assimilation at 30-dpa. This
assumption is supported by the observation in our next experiment that N
concentration in flag leaves decreased in late grain-filling compared to the heading
and grain enlargement phases. Since Rubisco contributes for 15-35% of total N of a
Cz photosynthetic organ (Makino et al., 1992, Suzuki et al., 2009), lesser N

concentrations in flag leaves at late grain-filling may be due to the existence of a lesser
amount of Rubisco due to degradation. Furthermore, there was a significant difference
in N concentrations between wheat pericarps and flag leaves. Nitrogen concentrations
of flag leaves were much higher than the wheat pericarps around heading and 14-dpa.
Similarly, the highest rbcL and rbcS mRNA expressions were observed in wheat flag
leaves compared to wheat pericarps mainly during heading to 14-dpa. Moreover, the
ratio of spike photosynthetic area and leaf photosynthetic area was lower at heading
than during late grain-filling. The preceding observations support the argument that
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flag leaves are the main driver of C assimilation during heading to grain enlargement
phase in wheat and that this role may be taken up by the spikes/ pericarps during late

grain-filling.

Strong positive correlations between spike dry weight and the product of biological
capacity of C assimilation of wheat spikes and spike area were observed. Although
the wheat leaves are the main driver of photosynthesis during heading and grain
enlargement, C assimilation and sucrose metabolism of wheat spikes/pericarps is
likely play an important role later during grain filling (Figure 8). Therefore, the
metabolic processes of wheat spikes/pericarps, such as N metabolism and protein
biosynthesis, and their contribution to grain quality under different environmental

conditions merit further investigation.

In this study, a marked difference was observed in biological capacity of C
assimilation between genotypes in both wheat spikes and flag leaves. Similarly, there
was a significant variation between plant growth stages on biological capacity of C
assimilation. In general, the highest and the lowest VCmax, Jmax and TPU of wheat
spikes were observed during grain enlargement and 30-dpa respectively. Genetic
variation in biochemical limitations to C assimilation in plants has been recorded

(Wullschleger, 1993, Geber and Dawson, 1997). Genetic diversity is one of the

governing factors for adaptive evolution in rates of C fixation (Geber and Dawson,

1997). Other than genetic variation, plant development stage, organ type, plant
nutrient supply and environmental conditions also influence the rate of C assimilation
(Fan et al., 2011, Walker et al., 2014). Therefore, further research is required to

elucidate the molecular mechanisms following the site specific, temporal and

genotypic changes behind wheat grain filling for a higher yield.

4.4 Expression of key genes associated with sucrose metabolism varied between

organ types, genotypes and growth stages

Marked variation in abundance of the mRNAs, SPS1, SUS1 and SPP1, among organ
types, indicating that the sucrose metabolism varied in a site-specific manner was
observed. Further, the growth stage and genotype also had a significant influence on
the expression of the above mRNAs. The correlation analysis between the biological

capacity of C assimilation in wheat spikes and mRNA abundance in wheat pericarps
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at heading showed a strong positive correlation between Vcmax and SPP1, Vcmax and
SUS1, Jmax and SUS1, and Jmax and SPP1. Similarly, the biological capacity of C
assimilation and SPS1 and SPP1 in pericarps had strong positive correlations at 14-
dpa. Sucrose is the main product of photosynthesis which plays important roles in
growth, signal transduction, acclimation, growth, and development in plants (Jiang et

al., 2015). The overall steps of sucrose metabolism in higher plants have been clearly

documented (Jiang et al., 2015). However, to date, the site-specific and temporal

variation of sucrose metabolism in wheat has not been intensely investigated.
Translocation of sucrose from its source to sink regulates the source and sink
integration of the plant and then determines the plant growth and the yield (Bihmidine
etal., 2013).

A number of studies have suggested a correlation between photosynthesis and sucrose
biosynthesis (Stitt, 1986, Battistelli et al., 1991, Seneweera et al., 1995). SPS catalyzes

the biosynthesis of sucrose-6-phosphate from fructose-6-phosphate and UDP-glucose
(Figure 8). Furthermore, SPS has been identified as the main rate-limiting enzyme of

sucrose synthesis (Seneweera et al., 1995, Lunn and MacRae, 2003). Moreover, the

enzyme SPP is responsible for the final step of sucrose biosynthesis in plants (Figure
8). SPP catalyzes the irreversible reaction of producing sucrose by hydrolyzing

sucrose-6-phosphate (Jiang et al., 2015). In most plants, sucrose is the main transport

carbohydrate and it forms the interface between C assimilation and utilization at the
source and the sink tissues respectively (Baxter et al., 2003). The amount of sucrose

present in a photosynthetic organ depends on the rate of sucrose biosynthesis and the

rate of sucrose export from the source (Ho and Thornley, 1978, Baxter et al., 2003).

The possibility of regulating the gene expression of a number of metabolic pathways
including sucrose metabolism from sucrose and its metabolites have been reported
(Koch et al., 1996, Baxter et al., 2003). According to our results, the highest

photosynthetically active stage of wheat spikes was the heading and the grain
enlargement phase. Interestingly, the highest SPS1 and SPP1 mRNA expression were
also observed among the same growth stages (heading and 14-dpa) (Table 8). This
suggests the fact that the sucrose metabolism of wheat pericarps may be regulated
through a sugar sensing mechanism as reported by Koch et al. (1996), Baxter et al.
(2003). The higher expression of both SPS1 and SPP1 may reveal the increased

sucrose synthesis in the wheat pericarp which then leads to higher C assimilation. Our
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results showed that the biomass accumulation after heading was mainly taking place
in wheat spikes. Thus, the sucrose, generated at wheat pericarps may therefore be
exported to the wheat endosperm. This was further confirmed by the highest biomass
accumulation of wheat spikes which commenced during the grain enlargement phase
in all considered wheat genotypes. Because of the strong interdependence of SPP and
SPS, similar potential activities and importance in sucrose biosynthesis, Echeverria et
al. (1997) suggested that both SPP and SPS act together as a multienzyme complex in

sucrose metabolism.

In a photosynthetic organ, sucrose is degraded by either sucrose invertase or SUS.
Degradation of sucrose into UDP-glucose is catalyzed by the enzyme SUS while under

invertase, sucrose is converted into both fructose and glucose (Jiang et al., 2015). In

general, higher SUS activity could be seen in source tissues. However, increased
biomass production and/or sucrose content was reported in switchgrass, tobacco,
cotton and poplar due to overexpression of SUS enzyme (Coleman et al., 2006,
Coleman et al., 2009, Jiang et al., 2012, Poovaiah et al., 2015). Furthermore,

phenotypic changes were exhibited in plants which had disabled SUS enzymes by
knockout mutations (Craig et al., 1999, Ruan et al., 2003). Consistent with this

proposition, in the current study, pericarps of the tested wheat genotypes exhibited an
increased SUS1 expression around grain enlargement phase; the phase which
displayed the highest biological capacity of C assimilation and the increased biomass
accumulation. This may also occur because at grain enlargement phase, wheat grains
exhibit more sink activities such as starch and amino acid biosynthesis. To facilitate
those sink activities, sucrose cleavage has to be increased and this is supported by the
higher SUS1 expression at grain enlargement phase in wheat pericarps. The products

of sucrose cleaving in the wheat pericarp is then translocated to the wheat endosperm.

Data from this study as well as in other reported studies suggests that sucrose
metabolism in wheat is influenced by the genotype, growth stage and organ type.
Moreover, sucrose metabolism in wheat pericarps may have a major role in wheat
grain filling and thereby influence the total yield (Figure 8). More research in this area
is increasingly important to elucidate the complete mechanism of sucrose metabolism

in wheat pericarps to understand its contribution for a higher crop yield.
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5. Conclusion

In this study, we characterized the properties of the biological capacity of C
assimilation in wheat spikes using gas exchange measurements. Comparison between
wheat spikes and flag leaves revealed that Vcmax and Jmax Of spikes are generally similar
to the wheat flag leaves during late grain filling although flag leaves displayed
significantly higher rates from early to mid-grain-filling. With the other supporting
data (both phenotypic and molecular), we infer that during leaf senescence, wheat
spikes may perform a significant role in C assimilation contributing to the total yield.
The mRNA abundance of rbcS and rbcL with N percentages and biological capacity
of C assimilation of wheat pericarps and flag leaves revealed that the wheat pericarps
and flag leaves act differently during Rubisco biosynthesis. Finally, expression of key
genes of sucrose metabolism with the other supporting data provided by us and others
also revealed that the genotypic, site-specific and temporal influence on sucrose
metabolism in wheat and the influence of the metabolites of sucrose metabolism for
altering the gene expression. Interestingly, mRNAs abundance during sucrose
metabolism in wheat pericarps further confirmed the fact that spike sucrose
metabolism may have a significant role in grain filling and then for the total yield.
These observations point towards the importance of the metabolic activities of wheat
spikes/pericarps for grain filling. However, it is a challenging task to present a
generalised picture of spike contribution to grain filling because of the complex nature
of metabolic processes, their interactions and the genotypic variation observed even
within the same species. Thus, more focused research is required to elucidate the site-
specific changes in the key metabolic processes such as protein biosynthesis, source
and sink balance, photosynthesis, sucrose metabolism and N assimilation along with
their interactions to get a holistic understanding of grain filling and thereby explore

new avenues to improve crop yield in the future.
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List of Figures

Figure 1. Variation in growth related traits: (a) total spike weight, (b) total above
ground biomass (AGB), (c) total biomass (TB), (d) total biomass without spikes
(BWS) and (e) plant height between three genotypes in four different growth stages.
Data presented are mean values from three replicates. Abbreviations; Hu; Huandoy,
Am; Amurskaja 75, Gr; Greece 25, CM; complete maturity, ***; P<0.001, **;
P<0.01.

Figure 2. Variation of (a) photosynthesis area: spikes, (b) photosynthesis area: flag
leaves, (c) photosynthesis area: total leaves, (d) photosynthesis area: total, (e) spike
area index and (f) spike area/total leaf area between considered wheat genotypes at
three growth stages. Data presented are mean values from three replicates.
Abbreviations; Hu; Huandoy, Am; Amurskaja 75, Gr; Greece 25, ***; P<0.001, **;
P<0.01.

Figure 3. Variation in (a) tiller number, (b) spike number, (c) total harvest and (d)
harvest index between three wheat genotypes at complete maturity (CM). Data
presented are mean values from three replicates. Abbreviations; Hu; Huandoy, Am;
Amurskaja 75, Gr; Greece 25, ***; P<0.001, **; P<0.01, ns; not statistically
significant.

Figure 4. Changes in (2) Vcmax, (b) Jmax and (c) TPU of three wheat genotypes at four
growth stages in wheat spikes. Data presented are mean values from three replicates.
Abbreviations; Hu; Huandoy, Am; Amurskaja 75, Gr; Greece 25, ***; P<0.001

Figure 5. Changes in (a) Vcmax, (b) Jmax and (c) TPU of three wheat genotypes at four
growth stages in flag leaves of wheat. Data presented are mean values of three
replicates. Abbreviations; Hu; Huandoy, Am; Amurskaja 75, Gr; Greece 25, ***;
P<0.001, **; P<0.01, *; P<0.05, ns; not statistically significant.
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Figure 6. Comparison between wheat spikes and flag leaves of (a) Huandoy: VCmax,
(b) Huandoy: Jmax (¢) Huandoy TPU (d) Amurskaja 75: Vcmax (€) Amurskaja 75: Jmax
(F) Amurskaja 75: TPU (g) Greece 25: Vcmax (h) Greece 25: Jmax and (i) Greece 25:
TPU. Data presented are mean values of three replicates. Brackets with lowercase ‘a
and b’ represents statistically not significant. Abbreviations; Hu; Huandoy, Am;

Amurskaja 75, Gr; Greece 25, SP; wheat spikes, FL; wheat flag leaves.

Figure 7. Changes in (a) nitrogen percentages in wheat pericarps, and (b) nitrogen
concentrations in wheat flag leaves of three wheat genotypes at four growth stages.
Data presented are mean values from three replicates. Abbreviations; Hu; Huandoy,
Am; Amurskaja 75, Gr; Greece 25, ***; P<0.001.

Figure 8. Schematic diagram of the proposed mechanism of spike contribution for
grain filling in wheat. Abbreviations; SUC: sucrose, Fruc: Fructose, F6P: fructose 6
phosphate, UDP-Glc: UDP glucose, Suc6P: sucrose 6 phosphate, rbcL: ribulose 1,5 —
bisphosphate carboxylase/oxygenase (large sub unit), rbcS: ribulose 1,5 -
bisphosphate carboxylase/oxygenase (small sub unit), SPP: Sucrose Phosphate
Phosphatase, SPS: Sucrose Phosphate Synthase, SUS: Sucrose Synthase type 1, C:
carbon, LIR: light independent reaction, LDR: light dependent reaction.
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List of Tables and Supplememtary Tables

Table 1. Considered growth traits, their categories and growth stage/s of data

collection of considered wheat genotypes.

Table 2. Summary of the multivariate analysis (after data transformation) showing the
effect of genotype, organ type (spikes and flag leaves), growth stage and their
interactions on Vcmax, Jmax and TPU for wheat spikes and flag leaves. Abbreviations:
*** P <0.001.

Table 3. Summary of multivariate analysis showing multiple comparisons of VCmax,
Jmax and TPU between growth stages. Abbreviation: 3-dpa, three days post anthesis;
14-dpa, fourteen days post anthesis; 30-dpa, thirty days post anthesis; ns, not
significant; *, P <0.05; **, P < 0.01; ***, P < 0.001.

Table 4. Multiple comparisons of VCmax, Jmax and TPU between wheat genotypes.
Summary of multivariate analysis is shown (Transformed data: square root).
Abbreviations: 3-dpa, three days post anthesis; 14-dpa, fourteen days post anthesis;
30-dpa, thirty days post anthesis; ns, not significant; *, P < 0.05; **, P < 0.01; *** P
< 0.001.

Table 5. Comparison of Vcmax, Jmax and TPU between wheat spikes and flag leaves of
three genotypes at four growth stages. Summary of multivariate analysis is shown.
Abbreviations: 3-dpa, three days post anthesis; 14-dpa, fourteen days post anthesis;
30-dpa, thirty days post anthesis; ns, not significant; *, P < 0.05; **, P < 0.01; *** P
< 0.001.

Table 6. The effect of genotype, organ type, growth stage and their interactions for
rbcL, rbcS, SPS1, SUS1, and SPP1 expression in wheat pericarps and flag leaves.
Summary of the multivariate analysis is shown. Abbreviations: ***, P < 0.001, **; P

< 0.01, *; P < 0.05, ns; not statistically significant.
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Table 7. Heatmap of transcript abundance of rbcL and rbcSgenes related to
photosynthesis regulation in wheat pericarps and flag leaves at four growth stages.
Data presented are the mean values of gene expression. At relative expressions, shades
of red denote relatively higher expression, shades of yellow denote average
expression, and shades of green denote relatively low expression. At fold changes,
dark blue indicates greater fold changes, and light blue indicates moderate fold

changes.

Table 8. Heatmap of transcript abundance of SPS1, SUS1 and SPP1 genes related to
carbon metabolism in wheat pericarps and flag leaves at four growth stages. Data
presented are the mean values of gene expression. At relative expressions, shades of
red denote relatively higher expression, shades of yellow denote average expression,
and shades of green denote relatively low expression. At fold changes, dark blue

indicates greater fold changes, and light blue indicates moderate fold changes.

Supplementary Table S1. List of primer sequences of genes selected for qRT-PCR
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Table 1.

Category

Trait

Growth stage/s of data collection

Growth-related traits

Total spike weight
Total above ground biomass (AGB)
Total biomass (TB)
Plant height
Total biomass without spikes (BWS)

Heading, 14-dpa, 30-dpa and Complete
maturity (CM)

Photosynthesis-related traits

Photosynthesis area: total spikes (PAS)
Photosynthesis area: spike, main tiller
(PASM)
Photosynthesis area: total flag leaves
(PAFL)

Photosynthesis area: flag leaf, main tiller
(PAFLM)
Photosynthesis area: total leaves (PAL)
Photosynthesis area: total (PAT)
Spike area index (SAI)

Ratio between total spike area and total
leaf area (PAS/ PAL)

Heading, 14-dpa and 30-dpa

Harvest-related traits

Harvest index (HI)
Total harvest (TH)
Spike number
Tiller number

CM
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Table 2.

Individual effect

Interaction effect

Traits Genotype  Organ Growth Genotype X Genotype X Organ type X  Genotype X Organ type
effect type stage Organ type Growth stage Growth stage X Growth stage
effect effect
chax *k*k **k*k **%k **%k **k*k **k*k **
(umol CO,m%s?)
Jmax *k*k **k*k **%k **%k **k*k **k*k **%
(umolem2s?)
TPU **k*x *Kk*x **k* *k* *kx *kx **

(umol m?s™)
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Table 3.

Spikes Flag leaves
Growth stage comparison Traits
stage a stage b VCmax Jimax TPU VCmax Jmax TPU
Heading 3-dpa fole ** ns ns ns ns
Headlng 14_dpa ** * * *k* *k*x **
Headlng 30_dpa * ** ** *k* *k*x *k*x
3_dpa 14_dpa **k* **k* **k* ** *k*k **
3-dpa 30-dpa ns ns ns il el el
14_dpa 30_dpa **k* * k% * k% * k% *k*k *k*k
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Table 4.

Spikes Flag leaves
Genotype comparison Traits
Genotype a Genotype b VCrmax Jmax TPU VCrmax Jmax TPU
Huandoy Amurskaja 75 ns ns ns ns * *
Huandoy Greece 25 faleka ikl Fhx ns ns *
Amurskaja 75 Greece 25 Fkx Fkx Fhx ns ns ns
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Table 5.

Huandoy Amurskaja 75 Greece 25
Mean values Mean values Mean values
Growth stage Trait Spike Flag leaf Significance  Spike Flag leaf Significance Spike Flag leaf Significance

heading VCrmax 22.67  43.67 faleie 22.30 36.00 falaied 3533  45.33 *k
Jmax 109.00 275.67 faleled 106.67  164.00 el 235.67 287.33 ns

TPU 10.10 16.43 faleie 9.77 15.77 *x 16.10 16.27 ns

3-dpa VCrmax 2467  43.33 faleie 18.00  43.67 Fokk 28.33  43.00 *k
Jmax 121.67 271.33 falaied 83.00 259.00 Fokk 161.00 218.67 *

TPU 10.93 17.10 x 8.77 15.77 kel 13.43 14.10 ns

14-dpa VCrmax 26.67  47.67 faleled 30.33  43.67 bl 33.67  48.00 *k
Jmax 136.33  370.00 faleled 156.67 273.67 il 202.33  312.67 *k

TPU 11.77 18.77 faleie 12.10 17.60 bl 14.60 16.60 ns

30-dpa VCrmax 22.00  27.67 ns 27.00 30.67 ns 24.00  25.67 ns
Jmax 102.33  117.33 ns 135.67 136.33 ns 115.67 105.33 ns

TPU 9.60 10.27 ns 11.27 10.93 ns 10.60 9.77 ns
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Table 6.

Individual effect Interaction effect
_ Gene Genotype Organ Growth stage  Genotype X  Genotype X  Organ type X  Genotype X Organ type
Metabolism effect type effect effect Organ type  Growth stage  Growth stage X Growth stage
. bCL * **k*k **k*k ns ** **k* ns
PhOtOSyntheSIS I’bCS * **k* Eax = ** *k* *k* *k*
SPSl * **k* ** *kx *k* *k* *k*
Carbon SUSl Eax = **k* * ** ** *k* ns

SPPl **k* **k* ** **k* **k* ns ns




Table 7.

Expression and Relative I_Expression: Relative Expression: Flag Fold change between organ
Gene fold change Stage Pericarps Leaves types
Huandoy | Amurskaja Greece Huandoy Amurskaja Greece Amurskaja | Greece
heading 5.00 13.94 14.97 31.06 1.90 3.06
Mean expression 14-dpa 1.42 1.50 1.81 14.49 3.75 1.88
rbeS 30-dpa 0.74 0.45 2.29 4.56 4.77
Fold change heading and 14-dpa | 3.53 9.29 8.27 2.14 4.72
between growth | heading and 30-dpa | 6.76 6.54 6.81 5.56
stages 14-dpa and 30-dpa | 1.92 3.33 0.79 3.18
heading 41481 | 519.31 | 303.81
Mean expression 14-dpa 200.51 | 11351 | 129.63 | 314.09
rbel. 30-dpa 94.47 64.63 130.06 | 12454 | 14786 | 12565 | 1.32
Fold change heading and 14-dpa 2.07 4.58 2.34 3.43 3.92 3.77
between growth | heading and 30-dpa | 4.39
stages 14-dpa and 30-dpa | 2.12 1.76 1.00 2.52 1.74 1.84
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Table 8.

Expression Relative Expression: Relative Expression: Flag Fold change between organ
Gene and fold Stage Pericarps Leaves types
change Huandoy | Amurskaja | Greece | Huandoy | Amurskaja | Greece | Huandoy | Amurskaja | Greece
heading 0.64 1.31 1.23 3.68 4.67 4.49
exg/r'ee:‘s'} on 14-dpa 1.09 1.63 278 | 2.89 3.47 149 | 267 213 0.53
Sps1 30-dpa 1.42 0.47 141 3.06 1.92 1.36
Fold Change heading and 14-dpa 0.59 0.81 0.44 1.27 1.77
between heading and 30-dpa 0.45 0.87 0.41
growth stages | 14-gpaand 30-dpa | 077 0.33 113 | 078
heading 1.27 2.65 4.23 3.31 1.25 1.14
exgr‘g:‘; on 14-dpa 3.99 3.14 3.27 2.14 122 | 131 0.68 0.37
SUS1 30-dpa 2.93 1.57 2.02
fold Change heading and 14-dpa 0.32 0.84 1.29 0.86 1.55
between heading and 30-dpa 0.43 1.69 0.53 0.67 0.94
growth stages | 14-dpaand 30-dpa | 1.36 162 | o062 043 | 0.24
heading 0.79 1.49 4.05 0.97 1.25 0.84 0.59
exgr]:?sﬂ on 14-dpa 0.66 1.70 278 | 150 0.80 0.47 0.29
SPP1 30-dpa 0.72 1.38 2.70 1.03 1.17 0.85 0.57
heading and 14-dpa 1.19 0.88 1.46 0.65 1.57
fold change -
between | neading and 30-dpa | 1,08 1.08 150 | 0.94 1.07 1.56
growth stages | 14-dpaand 30-dpa | 0.91 1.23 1.03 1.46 0.68 0.52
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Supplementary Table S1. List of primer sequences of genes selected for gRT-PCR

Primer abbreviation

Sequence (5’

Metabolism

Reference

rbcL

F: GGCTGCAGTAGCTGCCGAATCT
R: TCCCCAGCAACAGGCTCGATGT

rbcS

F: AGCCTCAGCAGCGTCAGCAAT
R: CGTGGATAGGGGTGGCAGGTAAGA

SPPI

F: GCGCACGGGAAGGAGTTTTTCTTCT
R: GACCTCCGTAGACATCATCCAGCCC

SPS1

F: AGAAGGCTCTGCCTCCCATTTGGTC
R: AGGATCATCGGCTTGTGCGGGTT

SUS1

F: GTATGTTCACCAGGGCAAGGGCA
R: GGCGTCAAACTCAGCAAGCAGC

Rubisco biosynthesis and
sucrose metabolism

Vicente et al, 2015

ADP riosylation factor

F: GCTCTCCAACAACATTGCCAAC
R: GCTTCTGCCTGTCACATACGC

TaActin-F

F: TTGCTGACCGTATGAGCAAG
R: ACCCTCCAATCCAGACACTG

TaSand-F

F: TGCCTTGCCCATAAGAAATC
R: GTGCGGACCAGTTGCTTTAT

Housekeeping genes

Vicente et al, 2015

Bachir et al. 2017
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CHAPTER 5

SITE-SPECIFIC, GENOTYPIC, AND TEMPORAL CHARACTERIZATION
OF NITROGEN METABOLISM AND THE EXPRESSION OF KEY GENES
OF C4 PHOTOSYNTHESIS IN WHEAT (Triticum aestivum L.)

Wheat is known to be a classical Cs plant. However, recent findings suggest that Cs-
like photosynthesis may be occurring specifically in the wheat pericarps. This study
was designed to investigate the site-specific, genotypic, and temporal variation of the
expression of key C4 pathway genes in pericarps and flag leaves of wheat. Along with
gene expression profiling, isotopic signatures of carbon and nitrogen (N) (8*3C and
5'°N) were also determined in plant dry matter at different ontogenies to underpin the
underlying photosynthetic pathway in wheat. Differences in N metabolism during
grain filling was also investigated between wheat spikes and flag leaves. This chapter
has been prepared as a research manuscript to be submitted to “Frontiers in Plant

Science.”
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Abstract

C4 photosynthesis is the most efficient mode of carbon (C) fixation, due to its unique
biochemical and structural adaptations. However, cereals such as rice and wheat,
perform Cz photosynthesis, which is considered less efficient. As the C4 system
evolved from ancestral Cz species, both C3 and C4 plants may have a similar
photosynthetic genetic makeup, although there are clear differences in expression. To
test this hypothesis, we elucidated site-specific, genotypic, and temporal variations of
the expression of C4 pathway and nitrogen (N) metabolism in wheat, in pericarps and
flag leaves of three genotypes (Huandoy, Amurskaja 75 and Greece 25) at different
growth stages. Real-time PCR was used to determine the expression variation of key
genes related to the C4 pathway (7aPEPC 5, TuNADP-ME 1, TaPPDK lo,
TaMDH 7, TaPEPC 5ALTaPEPC 5BL, TaPEPC 5DL, TaNADP 1A4S,
TuNADP_1BS , TaNADP_1DS , TaPPDK_IaAL, TaPPDK_loBL, TaPPDK_IaDL )
along with their sub-genome specificity and N metabolism (Fd-GOGAT , NiR, GS2a,
NADH-GOGAT , GSR1, GS2b, GS1a). Carbon and N isotopic signatures (5**C and
31°N) of dry matter of wheat pericarps and flag leaves were measured along with their
organ-specific C and N atomic ratios and were verified by phenotyping and organ-
specific gas exchange parameters. Evidence of grain-specific C4 photosynthesis in
wheat was not apparent; however, there was a site-specific expression pattern of genes
related to C4 pathway enzymes in the pericarps and flag leaves of wheat. Nonetheless,
in both organs, C isotopic signatures were within the Cs range. The site-specific,
genotypic, and temporal variation in the expression of genes related to N metabolism
support the hypothesis that wheat pericarps may play an important role in grain yield
and quality after leaf senescence. Finally, our results point to the importance of
understanding the metabolic processes of wheat spikes to develop a high
yielding/grain quality variety in the future.

Keywords: C and N isotopic signatures, grain photosynthesis
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1. Introduction

To feed the expected population of 9.8 billion by the middle of this century, overall
food production must increase by at least 60% (Crist et al., 2017). Global food demand
has been sustained for a few decades by yield transformation of cereals during the
green revolution between the 1950s and 1980s (Furbank et al., 2015). However,
feeding the future population seems challenging without another similar
transformation, as the current genetic yield potential of critical food crops has almost
plateaued (Furbank et al., 2015, Taylor and Long, 2017). One of the possible solutions
is an increase in crop biomass by improving photosynthetic efficiency (Kubis and Bar-
Even, 2019, van Bezouw et al., 2019). Several approaches seem possible including:
enhancing the activity of ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco),
the leading CO: fixing enzyme (Galmes et al., 2014); engineering more efficient
photosynthetic pathways into critical food crops (Gao et al., 2014, Wang et al., 2014);
optimizing the source and sink feedback mechanism in photosynthesis (Campany et
al., 2017); reducing the barriers of mesophyll conductance to CO. diffusion (Xiong et
al., 2017) and minimizing the incompetence of photosynthesis due to dynamic
ecological aspects such as light and temperature (Vialet-Chabrand et al., 2017).
However, limited understanding of the genetic background underlying
photosynthesis-related processes has impeded many of these approaches to crop

improvement.

The atmospheric CO concentration may have decreased from over 1,000 pmol mol™
to less than 200 pmol mol™, during the last 50 million years (Sage et al., 2012). The
natural variations of photosynthesis which is seen in angiosperms such as Cg,
crassulacean acid metabolism (CAM), Cs4, and Cs-C4 intermediates are evolutionary
adaptations to the diverse states of atmospheric CO2 concentration over time (Yamori
et al., 2014, Dehigaspitiya et al., 2019). Although there are biochemical, structural,
and temporal deviations in different photosynthetic pathways, the bifunctional enzyme
Rubisco catalyzes the reaction of atmospheric COz fixation into a stable, three-carbon
intermediate. Also, Rubisco binds with atmospheric Oz in competition with CO>
initiating oxygenic activity of the bifunctional enzyme leading to photorespiration.
Photorespiration is capable of reducing the efficiency of photosynthesis by up to 30%.
To minimize the oxygenic activity of Rubisco, higher plants have evolved biochemical
and structural modifications, and carbon concentration mechanisms (CCMs), as in Ca,
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are one such adaptation. In C4, the enzyme Rubisco is localized in the chloroplasts of
inner bundle sheath cells (BCs), and by decarboxylation of the malate/aspartate from
malic enzymes, CO: is liberated by increasing the CO> concentration by about 10-fold
than in the atmosphere at the sites of Rubisco (Furbank, 2011). This allows Rubisco
to perform closer to its catalytic maximum (Vmax) by minimizing photorespiration (von
Caemmerer and Furbank, 2003). This unique arrangement of Cs photosynthesis is
termed Kranz anatomy and evolved independently up to 60 times from Cz ancestors
during angiosperm evolution and is the most efficient photosynthetic pathway under
current atmospheric conditions concerning the use of water, nitrogen (N), and light
(Hibberd and Covshoff, 2010).

Bioengineering the C4 pathway into Cs cereals, such as rice and wheat, is expected to
massively increase Cz yields (Rangan et al., 2016, Wang et al., 2017). This ambitious
goal would be facilitated by an enhanced understanding of the regulatory mechanisms
underlying both the Cz and C4 pathways (Weissmann and Brutnell, 2012, Rangan et
al., 2016). Until recently, the majority of the research on photosynthesis has focussed
on leaves (Rangan et al., 2016, Dehigaspitiya et al., 2019). However, different modes
of photosynthesis have recently been reported at various sites of the same plant, or of
plants which are grown in diverse niches (Rangan et al., 2016, Bachir et al., 2017).
Not only photosynthesis, but also, the other metabolic processes such as
photorespiration, sucrose, and N metabolism, can also vary site-specifically
(Dehigaspitiya et al., 2019). Knowledge of site-specific C4 photosynthesis and other
metabolic processes may accelerate the production of higher-yielding crop varieties

by bioengineering efficient C4 photosynthetic traits into major Cs cereals.

Wheat (Triticum aestivum L.) is the second most important cereal globally, providing
20% of the daily protein and calories in the developing world (Tadesse et al., 2017).
Despite the fact that wheat is a typical Cz plant, site-specific C4 photosynthesis may
occur in developing pericarps (Rangan et al., 2016). However, the unequivocal
establishment of site-specific Cs photosynthesis in wheat requires additional

biochemical and physiological evidence (Busch and Farquhar, 2016).

In this study, we test the hypothesis that site-specific C4 photosynthesis occurs in
developing pericarps of wheat by observing the genotypic, temporal, and site-specific

expression of key genes of C4 photosynthesis relative to those in flag leaves. These
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data are supported by measurements of: 5!3C and 5'°N analysis; transcript abundance
of key genes associated with N metabolism; the C/N atomic ratio; and growth and gas

exchange.

2. Materials and methods
2.1. Plant materials and growth conditions

Three winter wheat genotypes (Huandoy, Amurskaja 75, and Greece 25) were used to
investigate the site-specific changes in the expression of key genes related to Cs
photosynthesis and N metabolism in wheat. These genotypes had been used to
determine the C4 pathway expression in the developing wheat pericarps (Rangan et
al., 2016). Seeds were acquired from the Australian Grain Genebank, Grains
Innovation Park, Horsham, Victoria. The experiment was conducted in a glasshouse
at the University of Southern Queensland, Australia (Latitude: 27° 33' 38.02" S and
Longitude: 151° 55' 55.20" E) between May 2018 and October 2018. The
experimental design of the glasshouse experiment was completely randomized with
three replicates. Seeds were sown in pots filled with 4.2 kg of loam soil (5 seeds per
pot) with a diurnal temperature range of 14°C to 22°C. The seedlings were thinned to
two plants per pot fourteen days after sowing. Pots were randomized regularly to

reduce the location effect of the glasshouse.

2.2. Phenotyping

Phenotypic traits measured are shown in Table 1. Leaf area measurements were taken
using a LI-COR area meter (LI-COR, USA). Photosynthetic area of the wheat spikes
was measured as described by (Dehigaspitiya et al chapter 2)’ after which samples
were dried at 60°C for 72 h and weighed.

2.3. Gas exchange measurements

To determine the genotypic, temporal and organ-specific variation of gas exchange,
the rate of photosynthesis (A), stomatal conductance (SC), intercellular CO-

concentration (Ci) and the ratio between Ci and ambient CO2 concentration (Ca)
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(Ci/Ca) was measured between wheat spikes and flag leaves in three wheat genotypes
(Huandoy, Amurskaja 75, and Greece 25) across four growth stages (heading, 3-dpa,
14-dpa and 30-dpa) using LI-COR portable photosynthesis system (LI-6400xt, LI-
COR, USA) coupled with a leaf chamber and a transparent conifer chamber (LI-COR,
Lincoln, NE, USA 6400-05). Gas exchange measurements of spikes and flag leaves
were measured as described by (Dehigaspitiya et al 2019. chapter 2) and (Evans and
Santiago, 2014) respectively.

All the measurements were taken between 10.00 am and 2.00 pm. At least one hour
before taking measurements, wheat plants were moved to a controlled growth cabinet
(PGC-105, Percival, USA). Canopy level light intensity, relative humidity (RH) and
temperature inside the growth cabinet were maintained at 1000 umol m? s, 70%, and
22 °C respectively. Spike level temperature, air flow rate, and reference CO-
concentration inside the leaf and conifer chambers were maintained at 22 “C, 500 umol
s1, and 400 umol mol™ respectively. RH inside the conifer chamber was maintained
between 50% and 70%. Rate of photosynthesis (A), stomatal conductance (SC), and
intercellular CO2 concentration (Ci) were obtained. Further, for wheat spikes, dark
respiration was measured as described in (Dehigaspitiya et al chapter 2).

2.4. Carbon and nitrogen analysis

Oven-dried samples of wheat pericarps and flag leaves of four growth stages [heading,
14-dpa, 30-dpa and maturity (CM)] and wheat seeds at 30-dpa and CM were used for
C and N analysis. Oven-dried (65°C for 72 hours) plant samples were ground using a
ball mill (Tissue Lyser 1l, QIAGEN, Australia) to a fine powder (~100 um). The C
and N concentrations of the plant organs were analyzed using a CN analyzer (Leco
CN628, USA).

2.5. Stable isotope of carbon and nitrogen analysis

Wheat pericarps and flag leaves at heading and 14-dpa were selected for stable C and
N isotope (813C and 5'°N) analysis to investigate the differences of isotopic signatures
at early and mid-reproductive stages. Oven-dried samples (65°C for 72 hours) were

ground to a fine powder using a ball mill (Tissue Lyser Il, QIAGEN, Australia) and
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stored at -30°C. Isotopic signatures of C and N were determined using a mass
spectrometer (IsoPrimel100, IsoPrime, U.K.) connected to a combustion device (Vario

MICRO cube elementar, Germany).

2.6. Gene expression analysis
2.6.1 Sample collection

Wheat spikes and flag leaves at heading, 14-dpa, and 30-dpa were collected for gene
expression analysis. Sampling was conducted between 11.00 am and 1.00 pm. Wheat
spikes and flag leaves were separated from the plant, stored in chilled storage tubes
separately prior to being submerged in liquid N2. Until total RNA extraction, samples

were stored at -80 "C.

2.6.2 Extraction and quantification of RNA

Before extraction all mortars and pestles were chilled using liquid N2. Approximately
300 mg (fresh weight) of the pericarp of the wheat spikes and flag leaves were used
for RNA extraction. Plant materials were placed into a mortar and ground into a fine
powder with liquid N2. Then, 500 pL of Trizol® Reagent (Invitrogen by Thermo
Fisher Scientific, USA) and 700 pL of TPS buffer [L00 mM Tris-HCI (pH 8), 10 mM
EDTA and 1 M KCI] were added to the ground samples and grinding was continued
until the samples were completely homogenized. High-quality RNA was extracted
according to the manufacturer’s instructions of Trizol® Reagent (Invitrogen by
Thermo Fisher Scientific, USA). Quantification of the extracted RNA was carried out
using Qubit 3 Fluorimeter (Invitrogen by Thermo Fisher Scientific, USA) as per the
manufacturer’s instructions. For the cDNA synthesis, the concentration of each

extracted RNA sample was adjusted to 1jg/pl.

2.6.3. cDNA Synthesis

To avoid possible contamination from genomic DNA, extracted RNA samples were
treated with DNasel, Amplification Grade (Invitrogen by Thermo Fisher Scientific,

USA) according to the manufacturer’s instructions. Then, a volume of 20 pl of cDNA

109



from each sample was synthesised using SensiFAST™ cDNA synthesis kit

(Catalogue No — Bi0-65054, Bioline, UK) as per the manufacturer’s instructions.

2.6.4. Primer Selection

Gene-specific primers of genes related to N metabolism and C4 photosynthesis
(Supplementary Table S1) were designed as per (Vicente et al., 2015, Bachir et al.,
2017). Using the Primer-Blast option in the National Centre for Biotechnology
Information (NCBI) website, the genes were verified for their specificity to T.
aestivum L. Primers were sourced from Integrated DNA Technologies, Inc.
(Integrated DNA Technologies Pty. Ltd, Singapore).

2.6.5. Expression analysis using real-time Quantitative PCR (qRT-PCR)

Gene expression was determined from the reaction assays carried out in 96-well plates
using QuantStudio 3 quantitative real-time PCR system (Applied Biosystems, Thermo
Fisher Scientific, USA). The total reaction mixture in a well (20 pL) consisted of 4 puL
of diluted cDNA, 10 uL of PowerUp™ SYBR™ Green Master (Applied Biosystems
from Thermo Fisher Scientific, USA), 4 uL of DEPC treated water, 1 uL of 10 mM
forward primer and 1 pL of 10 mM reverse primer. The program of the thermal cycler
was set at 95 ‘C for 10 min, followed by 40 cycles at 95 °C for 15 s and 60 "C for 1
min. The primer efficiency of each primer was calculated using LinRegPCR v2012.3
application software. Expression analysis was carried out using the comparative
threshold cycle [(Cy) 222 method.

2.7. Statistical analysis

Before analysis, the normality of the data set was tested and the data which were not
normally distributed were transformed to normalize. ANOVA was carried out to
determine the significance between organ types, genotypes, and growth stages (P
<0.05). To determine the statistical differences between genotypes, organ types, and
growth stages, Tukey’s test was used. Data analysis was performed using SPSS
statistical software version 23 (IBM, Armonk, NY, USA). GraphPad Prism scientific
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software version 5.01 (GraphPad Software, San Diego, CA) was used for the graphical

representations.

3. Results
3.1 Genotypic, temporal and organ-specific variation of gas exchange parameters

Statistically significant interactions among genotypes, growth stages, and organ types
affected the combined dependent variables of gas exchange: A (P < 0.001), SC (P <
0.001), and Ci/Ca (P < 0.001) (Figure 1). However, wheat genotype did not have a

statistically significant effect on Ci/Ca.

According to the multiple comparisons, A was significantly different among wheat
genotypes (Supplementary Table S2). However, SC was only statistically significant
between Huandoy and Amurskaja 75 and Amurskaja 75 and Greece 25
(Supplementary Table S2). Statistically significant difference for A was observed
across most growth stage combinations [heading and 30-dpa (P < 0.001), 3-dpa and
14-dpa (P < 0.05), 3-dpa and 30-dpa (P < 0.001), 14-dpa and 30-dpa (P < 0.001)]
(Supplementary Table S3). However, the difference between growth stage heading
and 14-dpa was not statistically significant for all traits.

In Huandoy, growth stage 14-dpa displayed the highest values for A for both spikes
and flag leaves (Figure 1). In contrast, in Greece 25, the highest values for A was
exhibited at heading for both the organ types: spikes and flag leaves. In general, at
early reproductive growth stages (heading to 14-dpa), A was significantly higher in
flag leaves than in wheat spikes (Figure 1). However, at 30-dpa, the difference
between spikes and flag leaves for A was getting reduced. Interestingly, at 30-dpa, A
of wheat spikes were much higher than in the flag leaves for both Huandoy and Greece
25. Further, in all the instances, the Ci/Ca was between 0.626 and 0.81 (Figure 1).
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3.2 Genotypic, temporal and organ-specific expression of genes related to the C4

photosynthesis N metabolism

The key genes related to Cs photosynthesis (general and genome-specific) and N
metabolism (Supplementary Table S1) were tested in pericarps, and flag leaves of
selected wheat genotypes at different growth stages (heading, 14-dpa and 30-dpa).

3.2.1 Expression of key genes related to the C4 photosynthesis

The gqRT-PCR using general primers for the Cs pathway showed a statistically
significant interaction effect among wheat genotype, growth stage and organ type on
the relative expressions of TaNADP-ME _1 (P < 0.001), TaPEPC_5 (P < 0.05),
TaMDH_7 (P <0.01) and TaPPDK 1o (P <0.001) (Table 2). However, the genotypic
and organ (pericarps and flag leaves) effect for TaNADP-ME _1 expression was not
statistically significant. In contrast, of the four genes, only TaNADP-ME _1 displayed
a statistically significant growth-stage effect (Table 2).

According to multiple comparisons, Amurskaja 75 and Greece 25 displayed
statistically significant differences for TaPEPC_5 (P < 0.01), TaMDH_7 (P < 0.001)
and TaPPDK_1a (P < 0.001) expression (Supplementary Table S4). In contrast, only
TaNADP-ME _1 displayed a statistically significant difference across growth stages
(Supplementary table S5).

Wheat pericarps and flag leaves showed a similar expression pattern between wheat
genotypes across different growth stages (Table 3). In pericarps of all three wheat
genotypes, TaPEPC _5 displayed the highest relative expression at all growth stages
(Table 3). Likewise, flag leaves also showed a similar expression pattern with a few
exceptions where TaPPDK la displayed the highest expression in Huandoy and
Greece 25 at 14-dpa and 30-dpa respectively (Table 3). In wheat pericarps, the highest
and the lowest mean relative expression for TaPPDK 1o was observed in Huandoy
and Amurskaja 75, respectively, at 14-dpa (Table 3).

In Huandoy at all growth stages, flag leaves showed much higher relative expressions
for all considered genes than in wheat pericarps. With few exceptions, the other two

varieties also displayed a similar trend (Table 3).
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Genome-specific primers of TaPEPC_5, TaNADP-ME _1, and TaPPDK Ia were
used to determine the variation in genome-specific expression. Because of the
relatively lower expression in most instances, the genome-specific expression analysis

was not carried out for TaMDH_7.

When considering genome-specific analysis of TaNADP-ME _1, there was a
statistically significant interaction among genotype, growth stage, and organ type on
TaNADP_1DS expression (Table 2). Also, there was a statistically significant
interaction between genotypes and organ types on TaNADP_1BS expression (Table
2). For TaNADP_1AS, the only significant effect was from the organ type (Table 2).
Moving to multiple comparisons, the significant differences could only be seen
between Huandoy and Amurskaja 75 and, Amurskaja 75 and Greece 25 for
TaNADP_1BS. Also, TaNADP_1BS displayed a statistical difference between 14-dpa
and 30-dpa (Supplementary Table S6).

Of three genome-specific genes of TaNADP-ME _1, TaNADP_1BS displayed the
highest expression in both wheat pericarps and flag leaves, among three genotypes at
all growth stages (Table 4). Mean relative expressions of TaNADP_1AS,
TaNADP_1BS, and TaNADP_1DS along with their fold changes, are shown in Table
4,

In the genome-specific expression of TaPEPC_5, there was a statistically significant
interaction effect between growth stage and organ type on TaPEPC_5AL (P <0.05),
TaPEPC 5BL (P <0.01) and TaPEPC 5DL (P <0.05) expression (Table 2).
Similarly, there were statistically significant interaction effects between genotype and
organ type and, genotype and growth stage on the three genome-specific genes of
TaPEPC _5 (Table 2). However, the interaction effect from the genotype, growth stage
and the organ type on TaPEPC 5AL, TaPEPC 5BL, and TaPEPC_5DL was not
statistically significant (Table 2). According to multiple comparisons, the only
significant difference was observed in TaPEPC_5AL (P <0.01) between Huandoy and
Greece 25 (Supplementary Table S7). Furthermore, there was a statistically significant
difference (P <0.05) between heading and 14-dpa on TaPEPC_5BL expression
(Supplementary Table S6). In most cases, in wheat pericarps and flag leaves, total
expression from TaPEPC_5AL, TaPEPC_5BL and TaPEPC_5DL were significantly
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lower than the total expression of genome-specific genes of TaNADP-ME _1 and
TaPPDK la (Table 4).

The genotype, organ type, and growth-stage had a statistically significant interaction
effect on the expression of all genome-specific genes of TaPPDK 1o [TaPPDK 1aAL
(P <0.001), TaPPDK IaBL (P <0.001) and TaPPDK laDL (P <0.05)] (Table 2).
Results from multiple comparisons revealed that the expression of TaPPDK 1aAL,
TaPPDK loBL, and TaPPDK IlaDL was not statistically significant between
Huandoy and Amurskaja 75 (Supplementary Table S6). Furthermore, there was a
statistically significant difference between heading and 30-dpa on TaPPDK 1aAL (P
<0.001), TaPPDK laBL (P <0.001) and TaPPDK laDL (P <0.01) expression
(Supplementary Table S7). In all instances, the expression of TaPPDK IlaBL and
TaPPDK loDL were significantly higher than the expression of TaPPDK 1oAL
(Table 4).

3.3.2 Expression of key genes related to N metabolism

There was a statistically significant interaction effect among genotype, growth stage
and organ type on Fd-GOGAT (P <0.05), NiR (P <0.001), GS2a (P <0.001), NADH-
GOGAT (P <0.001), and GSR1 (P <0.001) (Table 5). GS2b and GSla had a
statistically significant interaction effect with growth stage and organ type ( P<0.05
and P <0.001, respectively) (Table 5). Multiple comparisons revealed that Huandoy
and Amurskaja 75 were statistically different for the relative expression of NiR (P
<0.001), GS2a (P <0.05), and NADH-GOGAT (P <0.001) (Supplementary Table S8).
Further, in all genotypes, the relative expression of Fd-GOGAT (P <0.01), NiR (P
<0.001), GS2a (P <0.001), GSla (P <0.001), and GSR1 (P <0.001) differed
significantly between 14-dpa and 30-dpa (Supplementary Table S9). Only GS2a
displayed a significant difference among all considered growth stages (Supplementary
Table S9).

In most cases, although the relative expression of genes of N metabolism was
comparatively higher in flag leaves than in wheat pericarps (except NADH-GOGAT),
both the organ types displayed a similar expression trend (Table 6). In both organ
types, the lowest expression was from GS2b (Table 6). In general, the highest
expression of wheat pericarps was observed from GS2a across all genotypes (Table
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6). However, the highest expression in flag leaves varied among Fd-GOGAT, GS2a,
and GSla (Table 6). Both in wheat pericarps and flag leaves, the expression of GSla
increased from heading to 30-dpa, and this was prominent in flag leaves. In contrast,
the expression of GS2a was much higher at heading in both organ types except flag
leaves of Amurskaja 75 (Table 6).

3.3 Organ-specific 8'3C, 8'°N and C/N atomic ratios

There was a statistically significant difference between wheat pericarps and flag leaves
for 51°N and C/N atomic ratio in all three wheat genotypes at two considered growth
stages (heading and 14-dpa) (Table 7). However, except in Amurskaja 75 and Greece
25 at heading, there was no statistically significant difference between wheat pericarps
and flag leaves for 5'3C (Table 7).

In general, in both wheat spikes and flag leaves, 5!°C displayed a decreasing trend
with the age of the plant (heading to 14-dpa) while C/N atomic ratios were showing

an increasing trend.

3.4 Phenotypic variation
3.4.1 Photosynthesis-related traits

There was a statistically significant interaction effect between genotype and growth
stage on the spike photosynthetic area (SPA) (P <0.01), total photosynthetic area of
leaves (LPA) (P <0.01), total photosynthetic area (TPA) (P <0.01), spike area index
(SPA/TPA) (SAIl) (P <0.01) and the ratio between SPA and LPA (SPA/LPA) (P
<0.001) (Figure 2). Genotype (P <0.001) and growth stage (P <0.001) had a
statistically significant effect on flag leaf photosynthetic area (FPA) (Figure 2).
According to multiple comparisons, Amurskaja 75 and Greece 25 were not
statistically different only for SPA out of photosynthesis-related traits (Supplementary
Table S10). Lastly, LPA was not statistically different between heading and 14-dpa
(Supplementary Table S11).

In all genotypes, the highest SPA was observed at 30-dpa, and the highest value was
shown by Huandoy (Figure 2). In contrast, the highest FPA was observed in
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Amurskaja 75 (Figure 2). Also, Amurskaja 75 had the highest TPA at heading (Figure
2). However, the highest SAI was observed in Huandoy at 30-dpa (Figure 2).

3.4.2 Growth-related traits

The wheat genotype and growth stage had a statistically significant interaction effect
on spike dry weight (SD) (P <0.001) and total biomass (TB) (P <0.001) (Figure 3).
However, according to the multiple comparisons, 30-dpa and CM were not statistically
different for TB (Supplementary Table S12). In all growth stages, the highest and the
lowest SD was given by Huandoy and Amurskaja 75 respectively (Figure 3). Further,
the highest and the lowest TB in each growth stage was observed in Amurskaja 75 and

Greece25, respectively (Figure 3).

3.4.2 Harvest-related traits

For both harvest index (HI) and total harvest (TH), the genotypic effect was
statistically significant (P <0.001) (Figure 3). The highest values for HI and TH was
observed in Huandoy (Figure 3). Amurskaja 75 showed the lowest value for HI while
Greece 25, giving the lowest TH (Figure 3).

3.5 Genotypic, temporal and organ-specific variation in N concentrations in

wheat

Nitrogen concentration (weight basis) in wheat interacted significantly with organ
type, genotype, and growth stage (P <0.001) (Figure 4). Across all genotypes at the
considered growth stages (heading, 14-dpa, 30-dpa, and CM), the N concentrations
were much higher in flag leaves than in wheat pericarps except for Amurskaja 75 at
CM (Figure 4). Further, Greece 25 showed the highest mean N concentration for both
wheat pericarps and flag leaves (Figure 4). For N concentrations, wheat pericarps and
flag leaves expressed a similar pattern, which is a decreasing trend after 14-dpa (Figure
4). For all genotypes, the highest N concentrations were observed at 14-dpa for both
pericarps and flag leaves (Figure 4). To determine the activity of N sinks, N
concentrations of wheat seeds at 30-dpa and CM were measured. Wheat genotype and

growth stage showed a statistically significant interactive effect on seed N

116



concentrations (Figure 4). The weight of N in the TH of a plant was calculated. The
results showed a similar trend in TH with highest average N weight for Huandoy being

217.9 mg and the lowest for Greece 25 being 104.6 mg (Figure 4).

4. Discussion

4.1 Expression of key genes related to Cs4 pathway site-specifically and temporally

varied

In this study, we were able to report the site-specific, genotypic and temporal variation
of the expression of key genes related to C4 photosynthesis (TaPEPC_5, TaNADP-ME
_1,TaPPDK la, and TaMDH_7). Our results supported those gene expression results
of Bachir et al. (2017), which were conducted on wheat flag leaves at three different
growth stages. According to Bachir et al. (2017), the expression of TaNADP-ME _1
was relatively low compared to other C4 like genes among genotypes. In contrast, our
results show that, in most cases, both in wheat pericarps and flag leaves, the relative
expression of TaMDH_7 was the lowest (Table 3). Although wheat is known to
perform Cs photosynthesis, evidence for the existence of a Cas-like photosynthetic
mechanism has been reported in developing wheat pericarps using transcriptomic and
microscopy data (Rangan et al., 2016). Further, Bachir et al. (2017) characterized the
expression patterns of key genes related to the C4 pathway enzymes, including NADP-
dependent malic enzyme (NADP-ME), malate dehydrogenase (MDH), pyruvate
orthophosphate dikinase (PPDK), and Phosphoenolpyruvate carboxylase (PEPC) in
wheat flag leaves. It is evident that not only in wheat, but also the genomes of other
Cs, cereals may encode all the genes of the C4 pathway even though they are less active
(Rangan etal., 2016, Bachir et al., 2017). However, less effort has been made to utilize

their functions for crop improvement (Bachir et al., 2017).

Further, our results indicated that there was no genotypic or organ-specific variation
for the expression of TaNADP-ME _1 (Table 2). Importantly too, we observed no
variation in expression among growth stages for TaPEPC_5, TaPPDK la, and
TaMDH_7. Except for a very few instances, TaPEPC 5 was the most highly
expressed of the four genes (Table 3).
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The modern bread wheat (hexaploid) is a result of hybridization between diploid goat
grass (DD, Aegilops tauschii) and cultivated tetraploid emmer wheat (AABB,
Triticum dicoccoides) approximately 8000 years ago (Nesbitt et al., 1996). Out of
three diploid progenitor sub-genomes (AA, BB, and DD) of wheat, AA and DD were
from Triticum urartu and Ae. tauschii respectively, and BB was from an unknown
species (Haudry et al., 2007). When considering present cultivated varieties, the
nucleotide diversity of each sub-genome (A, B, and D) has noticeably declined from
its ancestral populations (Haudry et al., 2007). In our study, the genome-specific
expression of genes related to PEPC, NADP-ME, and PPDK Cs enzymes was
evaluated. In both organ types, across all considered growth stages, the expression of
TaNADP_1BS was much higher than the other two genome-specific genes
(TaNADP_1AS and TaNADP_1DS) indicating that in this particular instance, the B

sub-genome of wheat may be accountable for the NADP-ME expression (Table 4).

In contrast, the expression of both TaPPDK loBL and TaPPDK 1aDL was much
higher than the expression of TaPPDK 1aAL, indicating that both B and D sub-
genomes maybe responsible for PPDK expression (Table 4). However, in flag leaves
at 30-dpa, the expression of TaPPDK 1aAL was comparatively higher than in the
other growth stages specifying a temporal variation of PPDK gene expression (Table
4). Interestingly, the expression of PPDK related genes in Greece 25 at 30-dpa was
much higher than in the flag leaves of other varieties (Table 4). The reason for this
observation could be at late grain filling, as PPDK may have an important role in wheat
metabolic processes. Although the expression of genome-specific genes related to
PEPC was comparatively lower than the other two: NADP-ME and PPDK, in most
cases, from the gene expression data, we can assume that all the three (A, B and D)
sub-genomes may be accountable for the PEPC expression (Table 4). Although the
relative expression of key genes related to C4 enzymes was much higher in flag-leaves
than in wheat pericarps, the organ-specific variation of NADP-ME expression was
comparatively lower than the organ-specific variation of PPDK and PEPC. This
indicates that, although wheat pericarp is not a major photosynthetic organ, it may
have the potential to perform in a more or less similar manner to the flag leaves
concerning NADP-ME, PPDK, and PEPC expression. Similar to the results of Bachir
etal. (2017), in our study as well, a correlation between the expression of general and

genome-specific C4 genes was not observed.
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4.2 Change in nitrogen dynamics in flag leaves and wheat pericarps from heading

to maturity

We observed organ-specific variation in the relative expression of GS2a, GS2b, GS1a,
and GSrl: key genes which encode GS2 and GS1 isoenzyme families, between wheat
spikes and flag leaves (Table 5). In both organ types, the highest GS2a expression was
during the early reproductive stages, and there was a decreasing trend towards 30-dpa
(Table 6). A similar observation was reported by Bernard et al. (2008) from a study of
wheat flag leaves. The reason for this decreasing trend of GS2a may be due to the
senescence of photosynthetic organs, which converts their roles from N-sinks to N-
sources. At early reproductive stages, the relative expression of GS2a in flag leaves
was much higher than in pericarps (Table 6). However, at 30-dpa, the difference
between wheat pericarps and flag leaves for GS2a expression was minimum, and in
some instances, it was higher in wheat pericarps (Table 6). That maybe again due to

early senescence of flag leaves when compared to wheat pericarps (Figure 5).

Interestingly, in both organ types at early reproductive stages, the GSla expression
was comparatively lower than the GS2a, highlighting the site-specific variation of
GS1 and GS2 (Table 6). However, in most cases at 30-dpa, the GSla expression is
higher than the GS2a both in wheat pericarps and flag leaves (Table 6). The increasing
trend of GS1a expression towards 30-dpa was more prominent in flag leaves. Again,
this may be due to the change from N-sinks to N-sources (N remobilization), which
fits with the much earlier senescence of flag leaves (late senescence of wheat spikes)
than spikes. According to Masclaux-Daubresse et al. (2006), the GS1 facilitates N
remobilization from initial sink tissues, in this case, from flag leaves and wheat
pericarps to developing sink organs: maybe to the wheat grain. That is, wheat pericarps
probably become a prominent source of grain N during late grain filling or after

complete leaf senescence.

N is amongst the essential elements required by plant cells to maintain protein turnover
(White et al., 2015). Until senescence, plant roots are the sources of N while shoots
act as sinks. At senescence, shoot tissues then become a secondary N source due to

remobilization of N mainly for reproduction and growth (White et al., 2015).

In plant N assimilation, glutamate is converted into glutamine by glutamine synthetase
(GS), using ammonia as a substrate. Among GS subclasses, GS1, and GS2 are
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believed to have site-specific roles in N metabolism (Masclaux-Daubresse et al.,
2010). The enzyme GS2 is highly abundant in photosynthetic organs such as in leaves
(sinks). Further, GS2 catalyzes the primary N assimilation of ammonia and re-
assimilation of respiratory ammonia. In contrast, the expression of GS1 is

comparatively lower in leaf organs (Foyer and Zhang, 2011).

To integrate amino groups into amino acids which are required for protein synthesis,
the GS enzymes tend to combine with two types of GOGAT (glutamate synthase)
enzymes: Fd-GOGAT and NADH-GOGAT (Masclaux-Daubresse et al., 2010).
According to Kamachi et al. (1992), both Fd-GOGAT and NADH-GOGAT display a
site-specific localization in plants where there is an abundance of NADH-GOGAT at
non-photosynthetic organs while a much higher profusion of Fd-GOGAT was detected
at photosynthetic organs. Supporting this, our results also revealed that the expression
of genes related to Fd-GOGAT is much higher than NADH-GOGAT gene expression
both in wheat pericarps and flag leaves (Table 6). Further, the expression of genes
associated with Fd-GOGAT is much higher in the flag leaves than in the wheat
pericarps indicating chloroplastic localization (Figure 5).

Consistent with the expression of genes related to N assimilation, in our study, we
observed a site-specific, genotypic, and temporal variation in N concentrations
between wheat pericarps and flag leaves (Table 5). In flag leaves, there was a steady
N concentration during heading and 14-dpa: the stages which generally have the
highest photosynthetic activity (Table 6). In this stage, the flag leaves may be in
equilibrium between the N supply and N remobilization or with minimum N
remobilization. The comparatively lower expressions of genes encoding GS1 further
supported our observation. The steady decrement in N concentrations from 14-dpa to
CM denotes the role change of flag leaves, which is the transformation from N-sink

to N-source due to N remobilization taking place during leaf senescence.

However, wheat pericarps across all genotypes showed a different pattern in N
concentrations compared to the leaves (Figure 4). In spikes, N concentrations
increased between heading and 14-dpa (Figure 4) indicating sink activity. Further,
although N concentrations decreased between 14-dpa and 30-dpa, the decrease was

not as steady as in flag leaves (Figure 4), indicating delayed senescence of wheat
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spikes and delayed N remobilization compared to flag leaves. However, the flag leaf

N concentrations were always much higher than the pericarps (Figure 4).

Further, the highest and the lowest N content (weight) of the total harvest was in
genotype Huandoy and Greece 25, respectively (Figure 4). However, the highest grain
N concentration was with variety Amurskaja 75. Hence, we can assume that although
the amount of N (weight) in the total harvest higher in Huandoy, the highest grain

quality was with Amurskaja 75 concerning the grain protein content.

The grain protein content is one of the most important quality parameters in cereals.
The findings of ours’ and others’ suggest that there may have a strong interconnection
between spike N metabolism and the grain protein concentrations.

4.3 Intraspecific variation in plant growth parameters, gas exchange

measurements and C and N isotopic signatures

The differences in gas exchange parameters support the site-specific, genotypic, and
temporal variation of plant metabolic processes already noted. In most cases, the
highest A was at 14-dpa both in wheat pericarps and flag leaves (Figure 1). With few
exceptions, the expression of genes related to PEPC and NADP-ME was also higher
in early reproductive stages (between heading and 14-dpa) (Table 3 and 4). The
presence of much higher N concentrations in pericarps and flag leaves during early to

mid-reproductive stages is consistent with the photosynthetic rates (Figure 1 and 4).

In photosynthetic organs, Ci /Ca is an indication of the CO2 concentration at the
intercellular air spaces in comparison to that of the atmosphere (Feng, 1998). In our
study, the Ci/Ca was 0.62—-0.85 for both wheat spikes and flag leaves (Figure 1).
Although there were organ-specific and temporal variations, the range is consistent

with organs performing Cs photosynthesis.

There are two naturally occurring C isotopes in the atmosphere: *2C, which is the most
abundant (98.9%) and *3C (1.1%). During photosynthetic carbon fixation, along with
underlying photosynthetic pathway, plants discriminate one stable C isotope over
another (Caemmerer et al., 2014). Further, a strong positive correlation between C
isotope discrimination values (C isotopic signatures) and Ci /Ca has been reported
(Farquhar et al., 1982, Caemmerer et al., 2014). The 5'3C signatures of wheat spikes
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(dry matter) were -27% to -31% while flag leaves had values of -28% to -31%. Except
for Amurskaja 75 at 14-dpa, we did not observe a statistically significant difference
for 513C between wheat pericarps and flag leaves (Table 7). Thus we infer that the
wheat pericarps and flag leaves may both be performing Cs photosynthesis. However,
determining the photosynthetic pathway by looking at the C isotopic signature of plant
dry matter may be inaccurate, as part of dry matter of the considered plant organ is
derived from the C fixation of other photosynthetic organs rather than the current
photosynthates of a particular organ.

Although there are some limitations, C isotopic signature of plant dry matter reveals
information about the changes in chemical, physical, and metabolic processes of
photosynthesis (Farquhar et al., 1982). In general, C isotopic signature of Cz organs
varies between -21% and -35% while in C4, the isotopic signature of C varies between
-9% and -20% (Badeck et al., 2005). Further various other factors related to plant
respiration also affect the C isotopic signature of plant dry matter (Caemmerer et al.,
2014). Therefore, to get a better understanding of the underlying carbon metabolism
of plant organs, along with C isotopic signatures, other methods such as gas exchange

measurements, chemical, and molecular assays are needed.

4.4 Growth Parameters

Not only grain biomass but also total biomass may be important in breeding programs
(Villegas et al., 2001). For example, a relationship has been reported between plant
total biomass and grain yield in bread wheat during anthesis (Teulat et al., 1997,
Villegas et al., 2001). Consistent with this proposition, we observed a moderate
positive correlation between TB and SD (r = 0.65, P < 0.05); however, there wasn’t a

positive correlation between the total photosynthetic area and the TB.

The SD among different growth stages gives a clue about the temporal variation of
grain filling in wheat. In our study, the highest grain biomass accumulation was
observed between 14-dpa and 30-dpa (Figure 2), which is consistent with the results
of Jenner et al. (1991). Finally, to get an overall understanding of plant C and N
metabolism, intense phenotyping along with molecular and biochemical analysis is

increasingly important.
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5. Conclusion

We found no strong evidence for site-specific C4 photosynthesis in wheat; however,
genotypic temporal and site-specific variations in the expression key Cs pathway
genes were observed. Further, we reported the site-specific, genotypic and temporal
changes in the mechanisms of C and N metabolism. Our results support the idea the
that metabolic processes of wheat spikes may play a significant role in grain filling
and in grain protein content.
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Figure 1. Variation of photosynthesis (A), stomatal conductance (SC) and the ratio
between intercellular to ambient CO> concentrations (Ci/Ca) between wheat pericarps
and flag leaves of three wheat genotypes at different growth stages. Abbreviations:
*** P <0.001; Hu, Huandoy; Am, Amurskaja 75; Gr, Greece 25.

Figure 2. Photosynthesis related physiological traits of wheat pericarps and flag
leaves of three wheat genotypes at different growth stages. Abbreviations: ns, not
significant; **, P <; 0.01; ***, P <0.001; Hu, Huandoy; Am, Amurskaja 75; Gr,
Greece 25; SPA, spike photosynthetic area; FPA, flag leaf photosynthetic area; LPA,
photosynthetic area of the total leaves; TPA, total photosynthetic area; SAI, spike area

index.

Figure 3. Growth and harvest related physiological traits of wheat pericarps and flag
leaves of three wheat genotypes at different growth stages. Abbreviations: ***, P
<0.001; Hu, Huandoy; Am, Amurskaja 75; Gr, Greece 25; SD, spike dry weight; TB,

total biomass; HI, harvest index; TH, total harvest.

Figure 4. Nitrogen concentrations of wheat pericarps and flag leaves of three wheat
genotypes at different growth stages. Abbreviations: *** P <0.001; Hu, Huandoy;
Am, Amurskaja 75; Gr, Greece 25.

Figure 5. Schematic diagram of key gene expression nitrogen metabolism in wheat
spikes and flag leaves at late grain filling. Red arrows represent temporal variation in
the gene expression, green arrow represent comparison between flag leaves and
pericarps and blue arrows represent changes between Fd-GOGAT and NADH-GOGAT
in a same organ. NiR - Ferredoxin Nitrite Reductase; Fd-GOGAT - Putative
ferredoxin-dependent glutamate synthase; GS2a - Glutamine Synthetase (Plastidial),
NADH-GOGAT - Putative NADH-dependent glutamate synthase; GSla - Glutamine

synthetase (cytosolic); GSrl - Glutamine synthetase (cytosolic).
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0.01; ***, P <0.001.
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photosynthesis in wheat pericarps and flag leaves at three growth stages. Data
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Table. 5. The effect of wheat genotype (Huandoy, Amurskaja 75 and Greece 25),
growth stage (Heading, 14-dpa and 30-dpa), organ type (wheat spikes and flag leaves),
and their interactions on the expression of selected N pathway genes: Fd-GOGAT,
NIR, GS2A, GS2B, NADH-GOGAT, GS1A and GSR1 on wheat spikes and flag leaves.
Abbreviations: ns, not significant; *, P <0.05; **, P < 0.01; ***, P <0.001.

Table. 6. Heat-map of transcript abundance of genes related to N metabolism in wheat
pericarps and flag leaves at three growth stages. Data presented are the mean values of

relative expression.
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Table.7. Comparison of N and C isotopic signatures and C and N atomic ratios
between wheat pericarps and flag leaves. Abbreviations: 8*°N, N isotopic signature;
313C, C isotopic signature; C/N atomic ratio, atomic ratio of C and N; ns, not
significant; *, P <0.01; ***, P <0.001.

Supplementary Table S1. Primer abbreviations, references and sequences.

Supplementary Table S2. Photosynthesis (A), stomatal conductance (SC) and the
ratio between intercellular to ambient CO, concentrations of wheat pericarps and flag
leaves of three wheat genotypes. Summary of multiple comparisons. Abbreviations:
ns, not significant; **, P < 0.01; ***, P <0.001.

Supplementary Table S3. Variation of photosynthesis (A), stomatal conductance
(SC) and the ratio between intercellular to ambient CO2 concentrations between wheat
pericarps and flag leaves of different growth stages. Summary of multiple

comparisons. Abbreviations: ns, not significant; **, P< 0.01; ***, P <0.001.

Supplementary Table S4. Multiple comparisons of selected genes of the C4 pathway
between different wheat genotypes. Summary of multivariate analyses. Abbreviations:
ns, not significant; *, P <0.05; **, P <0.01; ***, P <0.001.

Supplementary Table S5. Multiple comparisons of selected genes of the C4 pathway
between different growth stages in wheat. Summary of multivariate analyses.
Abbreviations:14-dpa, fourteen days post-anthesis; 30-dpa, thirty days post-anthesis;
ns, not significant; *, P <0.05; **, P <0.01; ***, P <0.001.

Supplementary Table S6. Multiple comparisons of selected genes of the C4 pathway
between different wheat genotypes. Summary of multivariate analyses. Abbreviations:
ns, not significant; *, P <0.05; **, P <0.01; ***, P <0.001.
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Supplementary Table S7. Multiple comparisons of selected genes of the C4 pathway
between different growth stages in wheat. Summary of multivariate analyses.
Abbreviations: 3-dpa, three days post-anthesis; 14-dpa, fourteen days post-anthesis;
30-dpa, thirty days post-anthesis; ns, not significant; *, P <0.05; **, P <0.01; ***, P
<0.001.

Supplementary Table S8. Multiple comparisons of selected genes of N metabolism
between different wheat genotypes. Summary of multivariate analyses. Abbreviations:
ns, not significant; *, P <0.05; **, P <0.01; ***, P <0. 001.

Supplementary Table S9. Multiple comparisons of selected genes of N metabolism
between different growth stages in wheat. Summary of multivariate analyses.
Abbreviations:14-dpa, fourteen days post-anthesis; 30-dpa, thirty days post-anthesis;
ns, not significant; *, P <0.05; **, P <0.01; ***, P <0.001.

Supplementary Table S10. Photosynthesis-related physiological traits of wheat
pericarps and flag leaves of three wheat genotypes at different growth stages.
Summary of multiple comparisons. Abbreviations: ns, not significant; **, P <0.01;
*** P <0.001; SPA, photosynthetic spike area; FPA, flag leaf photosynthetic area;
LPA, photosynthetic area of the total leaves; TPA, total photosynthetic area; SAI

(transformed), spike area index.

Supplementary Table S11. Photosynthesis-related physiological traits of wheat
pericarps and flag leaves of three wheat genotypes at different growth stages.
Summary of multiple comparisons. Abbreviations: ns, not significant; **, P <0.01;
*** P <0.001; SPA, photosynthetic spike area; FPA, flag leaf photosynthetic area;
LPA, photosynthetic area of the total leaves; TPA, total photosynthetic area; SAI,

spike area index.
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Supplementary Table S12. Growth-related physiological traits at different growth
stages. Results of multiple comparisons. Abbreviations: ns, not significant; ***, P

<0.001; SD, spike dry weight; TB, total biomass; HI, harvest index; TH, total harvest.

Supplementary Table S13. Growth-related physiological traits of wheat genotypes.
Results of multiple comparisons are shown. Abbreviations: *** P <0. 001; Hu,
Huandoy; Am, Amurskaja 75; Gr, Greece 25; SD, spike dry weight; TB, total biomass;
HI, harvest index; TH, total harvest.
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Table 1.

Category

Trait

Growth stage/s of data collection

Growth-related traits

Total spike weight (SD)
Total biomass (TB)

Heading, 14-dpa, 30-dpa and Complete
maturity (CM)

Photosynthesis-related traits

Photosynthetic area: total spikes (SPA)
Photosynthetic area: total flag leaves (FPA)
Photosynthetic area: total leaves (LPA)
Photosynthetic area: total (TPA)

Spike area index (SAI)

Ratio between total spike area and total leaf area
(SPAILPA)

Heading, 14-dpa and 30-dpa

Harvest-related traits

Harvest index (HI)
Total harvest (TH)

CM
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Table 2.

Individual effect Interaction effect
Genotype X
Gene
Genotype Growth stage Organ Genotype X Genotype X Growth stage Growth stage X
Growth stage Organ X Organ
Organ

TaNADP-ME_1 ns FxKx ns *x kel kel ookl

TaPEPC 5 *x ns Fxk ns *x ns *
TaMDH 7 **k* ns ** ** **k* nS **
TaPPDK 1a **k* ns *kx ** **k* nS **k*
TaNADP-1AS ns ns * ns ns ns ns
TaNADP_lBS **k* * ** * ** *kk ns
TaNADP-1DS ns falaled Fkk * ns ns **
TaPEPC-5AL *x ns *x * ** * ns
TaPEPC-5BL ns * Fkx ** Fkx *x ns
TaPEPC-5DL ns * Fkx * ** * ns
TaPPDK_laAL **k%k **k%k **x *k*% **k*% **x ***
TaPPDK_laBL * **k%k **x **% *k%k **x ***

TaPPDK-1aDL ns o ok * e * *
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Table 3.

Gene

Growth Stage

Mean Relative Expression: Pericarps

Mean Relative Expression: Flag Leaves

TaNADP-ME_1

Heading
14-dpa
30-dpa

TaPEPC_5

Heading
14-dpa
30-dpa

TaMDH_7

Heading
14-dpa
30-dpa

TaPPDK_la

Heading
14-dpa
30-dpa
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Table 4.

Mean Relative Expression: Pericarps Mean Relative Expression: Flag Leaves
Gene Growth Stage
Hu Am Gr Hu Am Gr
Heading
TaNADP-1AS 14-dpa
30-dpa
Heading
TaNADP-1BS 14-dpa
30-dpa
Heading
TaNADP-1DS 14-dpa
30-dpa
Heading 1.96 1.53 1.30 1.35 1.08 2.19
TaPEPC-5AL 14-dpa 1.28 1.40 1.71 1.22 2.32 3.71
30-dpa 1.20 1.65 1.31 1.19 2.97 2.97
Heading 2.98 1.69 1.17 1.68 1.68 2.16
TaPEPC-5BL 14-dpa 1.83 1.89 1.38 1.74 4.08 4.96
30-dpa 2.09 2.02 ﬁ 2.43 3.50 2.60
TaPEPC.5DL Heading 2.48 1.95 1.31 2.69 2.79 2.29
14-dpa 1.78 2.32 1.52 2.54 3.83 6.16
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30-dpa

Heading
TaPPDK-1aAL 14-dpa
30-dpa

Heading
TaPPDK-1aBL 14-dpa
30-dpa

Heading
TaPPDK-1aDL 14-dpa
30-dpa
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Table 5.

Individual effect

Interaction effect

Genotype X
Gene
Genotype Growth stage Organ Genotype X Genotype X Growth stage Growth stage
Growth stage Organ X Organ
X Organ
Fd_GOGAT ** ** **%k ns * ** *
N | R *k*k **%k **%k **%k **%k **k*k *k*k
G 8261 * **k* **k* ** I’IS *kx *k*x
GS2b *x il ns * ns *x ns
NADH-
GOGAT

GSR1

***k

**k*

**

*k*k

**k*k
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Table 6.

Mean Relative Expression: Pericarps Mean Relative Expression: Flag Leaves
Gene Stage

Hu Am Gr Hu Am Gr

Pre A

FD-Gogat 14dpa 4@
30dpa

Pre A

NIR l4dpa
30dpa

Pre A

GS2A 14dpa
30dpa

Pre A

GS2B 14dpa
30dpa

Pre A

NADH-Gogat 14dpa
30dpa

Pre A

GS1A l4dpa 2.92 4.28
30dpa 11.20 7.50

Pre A

GSR1 14dpa 2.39 1.73
30dpa 1.90 1.46
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Table 7.

Comparison between wheat pericarps and flag leaves

Variety Growth Stage 1N oC C/N atomic ratio
Huandoy Heading * ns il
14-dpa *h* ns *kk
Amurskaja 75 Heading Fekk — ke
14-dpa *h* ns *kk
Greece 25 Heading *xx *xk —_—
14-dpa * ns KKk
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Supplementary Table S1.

Primer abbreviation

Sequence (5°------ 3°)

Metabolism

Reference

F:

AACCTCCTCTCCTCCTACATCA

NiR : CCTAGGAAGGTTGGTGATGGC
: CGGCAATGGAGGCTGAGCAACA
Fd-GOGAT : TGAGCCTGCTCGATGGTCACTGT
G520 : CTCATGGTGTGTTGCGAACC N metabolism Vicente et al, 2015
: GGTCCTCCAGGTATCCTTTGC
GS2b : TGAAGGAAACGAGCGGAGAC
: CTCGCCCCACACGAATAGAG
: GCCATTGAATCAGTTCCAGGGCCAC
NADH-GOGAT : GCCAGCACCTGAGCTTTCCTGATG
o : AGGTCATCGTGGATGCCGTGGA
a : TTTGCGACGCCCCAGCTGAA
GSrl : AAGGGCTACTTCGAGGACCGCA
: ATGATCTGGCGGCGGTAGGCAT
TuPEPC 5 . CAGGGTGAAGTTATCGAGCAG

: ACTTGGCTTTCTCTTGGATGG
: CTCTACATCAGCCTCAAGGAC

R

=

R

F

R

F

R

F

R

F

R

F

R

F

R

F
TaNADP-ME _1 R: CGTTGAGCAATGTCTCGTTG C4 pathway Bachir et al. 2017

F: CAGGCTTGGTATTTCGTATC
TaPPDK_la R: CTGCTCTGCTATCTCATCT

F: CGATTGCTGCTGAGATTC
TaMDH_7 R: CAGCGTTCTGTATCCTCT

F: TGCTGTGGGCCTTGTATC
TaPEPC_5AL R: CAAGTACGACTGACAAACAGATTAG

F: GTATCTCAGCGGATGTTGCT
TaPEPC_SBL R: GGAGTACATTGTTAAGTGTTCCAAG

F: GTATCTCAGCGGATGTTGCT
TaPEPC_SDL R: CACCCAATCCAGTACATTGTTA

F: CTGCCCTCCATGTTCGTTT Genome specific C4 pathway
TaNADP_14S R: AGAGACAGAGAGAGGGAGAGA

F: TTCAGCGACGCAACCTAAA
TaNADF_IBS R: ACCTCGACACGGATAGACA

F: CCGACCACCTTCTTCAATCC Bachir et al. 2017
TaNADP_IDS R: TCGTTCGTTACCCATGACAAA

F: CAACGACACCGACCTCAT
TaPPDK_IaAL R: ATACTTGTTCGCTCTCGGACT

F: ACCGACCTCACTGCCAAT
TaPPDK_IaBL R: TGTACTTGTTCGCTCTCGGA

F: GTTGGTGCATCTGGTGAAGATA
TaPPDK_laDL R: GCACAGATAATCGCCACCTT
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F: TTGCTGACCGTATGAGCAAG
R: ACCCTCCAATCCAGACACTG
F: TGCCTTGCCCATAAGAAATC
R: GTGCGGACCAGTTGCTTTAT

TaActin-F

TaSand-F

Housekeeping genes

Bachir et al. 2017

Supplementary Table S2.

Genotype Comparison Traits
Genotype a Genotype b A SC CilCa
Huandoy Amurskaja 75 Fhx ** ns
Huandoy Greece 25 * ns ns
Amurskaja 75 Greece 25 Fhx Fhx ns
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Supplementary Table S3.

Growth stage comparison Traits
Growth stage a Growth stage b A SC Ci/Ca
Heading 3-dpa ns * ns
Heading 14-dpa ns ns ns
Heading 30-dpa Fhx * ikl
3-dpa 14-dpa * ns ns
3-dpa 30-dpa Fhx Fhx *x
14-dpa 30-dpa falaied falaied *
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Supplementary Table S4.

Genotype Comparison Genes
Genotype a Genotype b TaNADP-ME_1 TaPEPC_5 TaMDH_7 TaPPDK_la
Huandoy Amurskaja 75 ns ns ns ikl
Huandoy Greece 25 ns ns kel ns
Amurskaja 75 Greece 25 ns *x Fhx il

Supplementary Table S5.

Growth stage Comparison Genes
Growth stage a Growth stage b TaNADP-ME_1 TaPEPC_5 TaMDH_7 TaPPDK_la
Heading 14-dpa ool ns ns ns
Heading 30-dpa *x ns ns ns

14-dpa 30-dpa * ns ns ns
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Supplementary Table S6.

Genotype Genes
Genotype a Genotype b TaNADP-1AS TaPPDK- TaPPDK- TaPPDK-
TaNADP-1BS TaNADP-1DS TaPEPC-5AL TaPEPC-5BL  TaPEPC-5DL
laAL laBL laDL
Huandoy Amurskaja ns ** ns ns ns ns ns ns ns
Huandoy Greece ns ns ns ** ns ns ikl * ns
Amurskaja  Greece ns Fkx ns ns ns ns *x ns ns
Supplementary Table S7.
Growth stage Genes
Growth Growth TaNADP-1AS TaPPDK- TaPPDK- TaPPDK-
TaNADP-1BS  TaNADP-1DS TaPEPC-5AL  TaPEPC-5BL  TaPEPC-5DL
stage a stage b laAL leBL laDL
Heading 14-dpa ns ns il ns * ns ns ns *
Heading 30-dpa ns ns Fhx ns ns ns okl okl **
14-dpa 30-dpa ns * ns ns ns ns foleiel foleiel ns
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Supplementary Table S8.

Genotype Genes
Genotype a Genotype b FD-GOGAT NiR GS2a GS2b NADH- GSla GSR1
GOGAT
Huandoy Amurskaja ns Fkx * ns Fhx ns ns
Huandoy Greece kel * ns *x kel ns ns
Amurskaja Greece ns il ns ns * ns *
Supplementary Table S9.
Growth stage Genes
Growthstage ~ Growthstage FD-GOGAT NiR GS2a GS2b NADH- GSla GSR1
a b GOGAT
Heading 14-dpa * ns ol ol ns ns ns
Heading 30-dpa ns faleka foleka foleka ns falahed faleka
14-dpa 30-dpa ** folaiel il ns ns foleie falaled
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Supplementary Table S10.

Genotype Traits
Genotype a Genotype b SPA FPA LPA TPA SAl SPA/LPA
Huandoy Amurskaja ikl ikl ikl ikl Fhx falekel
Huandoy Greece ok ok N ke *k *k
Amurskaja Greece ns Fkx okl okl Fhx Fhx
Supplementary Table S11.
Genotype Traits
Genotype a Genotype b SPA FPA LPA TPA SAI SPA/LPA
Heading 14-dpa il * ns ** Fhx Fhx
Heading 30-dpa faleka faleka kel Fkx Fhx Fkx
14-dpa 30-dpa falekal * kel Fkx

*k*k

*k*k
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Supplementary Table S12.

Growth stage comparison Traits
Growth stage a Growth stage b SD B
Heading 14-dpa Hokk s
Heading 30-dpa KkK Kk
Heading CM ke —
14-dpa 30-dpa *xx xxx
14-dpa CM *okk Kk
30-dpa CM Fkok ns

Supplementary Table S13.

Genotype Traits
Genotype a Genotype b SD B
Huandoy Amurskaja ok e
Huandoy Greece *okk Kok

Amurskaja Greece

**k*

*k*k
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CHAPTER 6

A COMPARATIVE PROTEOMIC ANALYSIS OF WHEAT (Triticum
aestivum L.) AT MODERATELY HIGH TEMPERATURE

Wheat is amongst the most sensitive crop species to heat stress. Of the different
metabolic processes, photosynthesis is the most affected by heat stress in wheat.
Although flag leaf metabolism of wheat induced by moderately high temperatures has
been well characterized changes in spike metabolism have not been well documented.
Findings from previous studies (Chapter 4 and Chapter 5) demonstrated the
importance of spike carbon and nitrogen metabolism in determining grain quality and
quantity. In this study, a comparative proteomic analysis was conducted to determine
the changes in key metabolic processes that govern grain quality and quantity using
pericarps of two wheat genotypes under different temperature regimes. Biochemical
and phenotypic data were used to support the molecular results. Genotypic variation
in spike responses to high temperatures was detected. This study has been prepared as

a research manuscript to be submitted to “Journal of Experimental Botany”.
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Abstract

Knowledge of the changes in crop metabolism in response to moderately high
temperatures is essential for crop improvements for future climates. Wheat is a
globally important crop and changes in flag leaf of wheat induced by moderately high
temperatures have been characterized. However, less attention has been paid to the
changes in spike metabolism during grain filling in response to temperature. To
address this knowledge gap, we observed the differences in vital metabolic processes
in wheat spikes of two wheat genotypes (Huandoy and Amurskaja 75), with
contrasting spike nitrogen (N) metabolism, grown at two temperature regimes after
heading. A comparative proteomic analysis was carried out to elucidate the
mechanistic responses in wheat spikes in response to moderately high temperatures.
Key genes associated with Rubisco biosynthesis, sucrose metabolism, N metabolism,
and the C4 photosynthesis were investigated. In addition, isotopic signatures of carbon
(C) and N, along with phenotyping, and spike gas exchange were investigated. At
moderately high temperature, grain yield decreased by 60% in Huandoy and increased
by 5% in Amurskaja 75. Proteomics analysis identified 458 proteins common to both
genotypes, and of these, 12% and 23% were significantly affected in Huandoy and
Amurskaja 75, respectively. These proteins belonged predominantly to the antioxidant
defence system and upregulation was greater in Huandoy than in Amurskaja 75,
indicating a greater heat stress of Huandoy than Amurskaja 75. The relative effect of
moderately high temperature on upregulation of the antioxidant defence system
between the genotypes is consistent with the effects on grain yield. Proteomic studies
further revealed that along with antioxidant defence system, other metabolic processes
such as photosynthesis, energy production and protein synthesis significantly affected
at elevated temperatures. The finding that Amurskaja 75 is a relatively heat resistant
variety makes it a candidate for crop improvement programs for future climate

scenarios.

Keywords. Moderate heat stress, nitrogen assimilation, sucrose metabolism, spike

photosynthesis
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1. Introduction

Wheat (Triticum aestivum L.), accounts for one-third of the global annual cereal
production, with an estimate of 735 million tons, which provides approximately 21%
of the world’s daily dietary protein intake (Shiferaw et al., 2013). With a projected
population of 9.8 billion by 2050, demand for wheat is estimated to increase by at least
50% (Li et al., 2017). To cater for this demand, the annual yield increment of wheat
has to be boosted by at least 1.6% compared to the current 1% (Tadesse et al., 2017).
The green revolution sustained global food demand between the 1950s and 1980s.
However, reaching future food production targets seems challenging without another
breakthrough, as genetic yield potential of most of the current cereals has reached its
maximum (Wang et al., 2017, Dehigaspitiya et al., 2019). The aim of nourishing the
future world has become even more challenging because of the adverse effects of
climate change, including water scarcity and global warming (Yadav et al., 2019). It
has been estimated that mean atmospheric temperatures could increase by of 1.5-
5.8°C by the end of this century (Farooq et al., 2011).

Since the middle of the 20" century, more severe floods, droughts and extreme
temperature events have been recorded in many regions of the world (Reduction, 2013,
Lesk et al., 2016). When these extreme weather events occur in agricultural areas they
can cause significant damage to crop and food system infrastructure, threatening
global food security (Lesk et al., 2016). In the recent past, nearly one-quarter of total
damage and losses due to extreme climatic events were associated with the agricultural
sector in the developing world (Lesk et al., 2016), and these disasters are likely to
become a more frequent occurrence in the future. Increasing global temperatures have
become a significant factor with the potential to destabilize the global food system
(Asseng et al., 2015). However, the effects of extreme temperatures on crop

production and the global food system are yet to be fully quantified (Lesk et al., 2016).

Adverse effects of heat stress on wheat include floret abortion, pollen sterility, tissue
dehydration, lower CO: assimilation with decreased phenology, and increased
photorespiration (Kase and Catsky, 1984, Wahid et al., 2007, Farooq et al., 2011). Of
these, photosynthesis is the biological process that is most sensitive to high
temperatures (Wabhid et al., 2007). Along with photosynthesis and sucrose metabolism,

it may be worthwhile to investigate the metabolism of nitrogen (N), which is
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responsible for grain protein, a prominent grain quality factor. Increases in the
atmospheric temperature cause changes in membrane fluidity, metabolism, protein
conformation and assembly of the cytoskeleton (Ruelland et al., 2010). Furthermore,
those changes trigger adaptive metabolic processes at the cellular level to minimize
heat stress damage, such as the expression of heat shock proteins (Wahid et al., 2007).
The intensity of these protective measures may vary genotypically. Therefore,
combining conventional morphological, physiological and molecular approaches with
wheat proteomic investigations of the photosynthetic organs may reveal new
knowledge about acclimation to elevated temperatures that could lead to the

development of adaptive crop varieties for future climates.

Wheat is highly susceptible to high temperature or heat stress (Satorre and Slafer,
1999). According to Lesk et al. (2016), the reduction in the national cereal production
in Canada was approximately 9-10% due to drought and extreme heat due not only to
reduced yield per unit area, but also to reduced harvested area. Heat stress is a function
of the rate and the magnitude of temperature increase, as well as the duration of
exposure (Wahid et al., 2007). Asseng et al. (2011) reported that high temperatures
alone could have large negative impacts on cropping systems. The influence of high
temperature on wheat yield differs profoundly depending on the phenological stage,
and is most damaging during the reproductive and grain filling phase (Farooq et al.,
2011). The optimum temperatures for wheat heading and grain filling are 12-22°C,
and prolonged exposure to higher temperatures can depress the yield (Tewolde et al.,
2006, Farooqg et al., 2011).

Metabolic activities of wheat pericarps may play a vital role in grain filling, yield, and
grain quality (Rangan et al., 2016, Dehigaspitiya et al., 2019), and spikes may
contribute 10-44% to the total grain photosynthates (Dehigaspitiya et al., 2019). This
is particularly important when plant experience stresses like moderately high
temperatures. To test the hypothesis that high temperatures/ moderately high
temperatures affect the wheat pericarps, and the effect of moderately high temperature
varies between genotypes, a comparative proteomic analysis was carried out. Besides,
we studied the effect of elevated temperature on the photosynthesis, sucrose
metabolism, and N assimilation in developing spikes of two wheat genotypes known

to differ in spike N metabolism.
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2. Materials and methods
2.1. Plant materials and growth conditions

Seeds of two bread wheat varieties (Huandoy and Amurskaja 75) were obtained from
the Australian Grains Gene Bank, the Grains Innovation Park, Horsham, Victoria.
These wheat genotypes had been used in transcriptomic studies for Cs-like gene
expression by Rangan et al. (2016). Further, these two genotypes displayed significant
differences in spike N metabolism (chapter 5). Experiments were conducted in
identical controlled growth cabinets (PGC-165 105, Percival, USA) at the University
of Southern Queensland, Toowoomba, Australia. The experiment was a complete
randomized design with three replicates in a controlled environment. Five seeds were
sown in each pot filled with 4 kg of loam soil. The pots were placed in growth cabinets
and the initial environmental conditions were a 14-h photoperiod with a light intensity
of 700-800 pumol m? s, and temperatures of 22°C (day) and 12°C (night). The
relative humidity inside the growth cabinets was maintained at ~70%. Two weeks after
sowing seedlings were thinned to two uniform plants per pot. To minimize the location
effect inside the growth cabinets, pots were randomized weekly. When heading
commenced, pots were allocated to two separate growth cabinets: one remained at of
22°C (day) and 12°C (night) and the other at the elevated temperature (+8°C from the
control). The environmental conditions of the two growth cabinets (heat treatment and

control) are indicated in Supplementary Tables S1 and S2.

2.2. Gas exchange measurements

Before taking measurements, plants were allowed to stabilize in the dark for about 30
min by turning off the light source in the growth cabinet. Gas exchange measurements
were made on wheat spikes ten days after heading (10-DAH). The measurements were
carried out during the middle of the photoperiod using a portable photosynthesis
system (LI-6400XT, LI-COR, USA) coupled with a transparent conifer chamber (LI-
COR, Lincoln, NE, USA 6400-05). The reference CO2 concentration and the airflow
rate inside the conifer chamber were maintained at 400 pmol mol* and 500 pumol s
respectively. Spike temperature was maintained at the relevant growth temperature.
Relative humidity inside the conifer chamber was maintained at 50—70%. The rate of
photosynthesis (A), intercellular CO2 concentration (C;), stomatal conductance (g) and
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the transpiration rate were measured for each genotype at each temperature regime.
After gas exchange measurements, dark respiration was measured using a portable
photosynthesis system (LI-6400XT, LI-COR, USA) coupled with a transparent
conifer chamber (LI-COR, Lincoln, NE, USA 6400-05) with the same settings as in
Chapter 3.

2.3. Phenotyping and N concentration

At 10-DAH and maturity (CM), a subset of plants grown at each heat regime was
harvested and oven-dried at 65°C for 72 h to determine the dry weights of spikes of
the main tiller (SDM), dry weights of flag leaves of the main tiller (FDM), seed dry
weight of spike of the main tiller (SDSM), hundred grain weight, number of spikes
per plant (SN), total spike weight (SDT), total above-ground biomass (AGB), total
above ground biomass without spikes (ABWS), harvest index (HI).

2.4. Carbon and nitrogen isotopic signatures and atomic ratios

The oven-dried pericarps and flag leaves (2.3) were ground in a ball mill (Tissue Lyser
I, QIAGEN, Australia) to a fine powder (~100 um) and stored at -30°C prior to C and
N analysis. Stable C and N isotope signatures (5**C and §'°N) and the C/N atomic
ratios of the samples were determined using a mass spectrometer (MS) (IsoPrime100,
IsoPrime, U.K.) coupled to a combustion analyser (Vario MICRO cube, Elementar,
Germany) at the Tokyo university, Japan as described by (Le et al., 2017).

2.5. Sample collection for proteomics and gene expression analysis

At 10-DAH, wheat spikes of the main tiller were separated from the plant at the end
of the 6™ hour of a total photoperiod of 12 h, placed into a chilled tube and quickly
submerged in liquid N2. Samples were stored at -80°C prior to total RNA and total

soluble protein extraction.
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2.6. Analysis of the pericarp proteome
2.6.1 Extraction and purification of total soluble proteins

For the total protein extraction, 300 mg of wheat pericarps were separated from the
wheat spikes and ground using liquid N2 and homogenized with 500 pL of modified
RIPA solubilizing buffer [10 mM Tris-HCI (pH 8.0, ImM EDTA, 0.5% sodium
deoxycholate, 0.1% SDS, 140 mM NaCl 216 and 1 mM PMSF]. The homogenate was
vortexed, sonicated three times, incubated at 37°C for 30 min on a mechanical shaker,
then centrifuged at 18 000 rpm for 10 min. Proteins in the supernatant were quantified
using microplate bicinchoninic acid (BCA) protein assay kit (Thermo Fisher
Scientific, USA) according to the manufacturer’s instructions. Desalting of the
samples was conducted using Zeba spin columns according to the manufacturer’s

instructions.

2.6.2 Precipitation of total proteins

For protein precipitation, 400 pL of methanol was added to 100 uL of protein solution,
mixed thoroughly and centrifuged at 9000 rpm for 10 sec. After adding100 pL of
chloroform, samples were again centrifuged at 9000 rpm for 10 sec. Three-hundred
uL of double-distilled H2O was added to the mixture and again centrifuged at 9000
rpm for 1 min after which phase separation could be observed, i.e. the bottom
chloroform phase, the middle protein phase, and the upper aqueous phase. After
removing the upper aqueous phase, 300 uL of methanol was added, mixed thoroughly
and centrifuged at 9000 rpm for 2 min to precipitate proteins. After removing the
supernatant, the precipitated protein pellet was air-dried and used in proteomic

analysis.

2.6.3 Proteome analysis

The extracted protein samples were analysed using liquid chromatography-mass
spectrometry (LC-MS/MS) at the Comprehensive Proteomic Platform, La Trobe
Institute for Molecular Science, La Trobe University, Australia, as described by (Lowe
etal., 2015).
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From the precipitated protein sample, 50 ug was resuspended in 100 uL of 8 M urea
and allowed to reduce for 5 h after adding 1 uL of 200 mM tris (2-carboxyethyl)
phosphine (TCEP). Then, 4 uL. of 1 M iodoacetamide (IAA) was added to the mixture
and alkylated for 1 h at 25°C in the dark. Duel-step trypsin digestion was performed
by adding 1 ug of trypsin (Promega, Madison WI, USA) and 900 uL of 50 mM TRIS
to the samples and retaining overnight at 37°C, followed by adding another 1 pg of
trypsin and an additional 4-h incubation period at 37°C.

The solution of digested proteins was dried using SpeedVac centrifugation. Dried
proteins were resuspended in 100 uL of 1% (v/v) formic acid centrifuged at 14 000
rpm for 2 min. Extraction was performed using Empore reverse-phase extraction disks
(SDB-XC reversed-phase material, 3M) as described by (Ishihama et al., 2006), with
the following modifications. Before the tryptic peptides were bound to the membrane,
50 uL of 80% (v/v) acetonitrile (ACN), 0.1% (w/v) and trifluoroacetic acid (TFA)
were used to condition the membrane followed by washing with 50 puL of 0.1% TFA.
The bound peptides were eluted by 50 L 80% (v/v) ACN, 0.1% (w/v) TFA, and dried
using a SpeedVac centrifuge.

For the LC-MS/MS analysis, 2 ug of dried peptides were taken and reformed into a
final volume of 10 pL by adding 0.1% TFA and 2% ACN (buffer A). The solution
was loaded into a trap column (C18 PepMap 100 pm i.d. X 2 cm trapping 276 columns,
Thermo-Fisher Scientific) at a rate of 5 uL min™ for 6 min before switching the pre-
column in-line with the analytical column (Easy-Spray 75 um i.d. x 50 cm, Thermo-
Fisher Scientific). Starting from 5% of buffer B (0.1% formic acid, 80% ACN) and
increasing to 60% over 300 min, the peptide separation was conducted at 250 nL min°
! using a linear CAN gradient with buffer A (0.1% formic acid, 2% ACN).

Data were acquired from Orbitrap Elite (Thermo-Fisher Scientific) in data-dependent
acquisition mode and a m/z scan range of 300-1500 Da. Collision-induced
dissociation (CID) MS/MS spectra were determined for the 20 most intense ions.
Repeat count, duration, and exclusion list size was set at 1, 90 sec and 500, respectively
for dynamic exclusion parameters with disabling the early expiration. The rest of the
Orbitrap settings were as follows: MS scan at 120 000 resolution, maximum injection
time 150 ms, automatic gain control (AGC) target 1 x 10°, CID at 35% energy for a
maximum injection time of 150 ms with AGT target of 5000. The Orbitrap Elite
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functioned in dual analyser mode and MaxQuant software (version 1.6) was used for
spectra analysis. Andromeda peptide search engine, combined with MaxQuant
environment with Triticum aestivum proteome, downloaded from the UniProt

database were used for protein identification and quantification.

2.7 Gene expression analysis
2.7.1 RNA extraction, quantification, and cDNA synthesis

Approximately 300 mg of wheat pericarps were ground using liquid N, and the ground
samples were homogenized with 500 pL of Trizol® Reagent (Invitrogen, Thermo
Fisher Scientific, USA) and 700 pL of TPS buffer [100 mM TRIS-HCI (pH 8), 10 mM
EDTA and 1 M KCI]. RNA was extracted according to the manufacturer’s instructions
(Invitrogen, Thermo Fisher Scientific, USA). Extracted RNA was quantified using a
Qubit 3 Fluorimeter (Invitrogen, Thermo Fisher Scientific, USA) as per the
manufacturer’s instructions. The concentration of each RNA sample was adjusted to
1 pg/pL. RNA samples were treated with DNasel, Amplification Grade (Invitrogen,
Thermo Fisher Scientific, USA) according to the manufacturer’s instructions. CONA
(20 puL) was synthesized from each RNA sample using SensiFAST™ cDNA synthesis

kit (Catalogue No — Bio-65054, Bioline, UK) as per the manufacturer’s instructions.

2.7.2 Primer Selection and expression analysis (QRT-PCRT)

Genome-specific primers of wheat, related to N metabolism, sucrose metabolism,
Rubisco biosynthesis, and the C4 pathway were identified from the published literature
(Vicente et al., 2015, Bachir et al., 2017) (Supplementary Table S3). Gene specificity
of those primers to T. aestivum L. was tested using the Primer-Blast option at the
National Centre for Biotechnology Information (NCBI) website. Primers were sourced
from Integrated DNA Technologies, Inc. (Integrated DNA Technologies Pty. Ltd,
Singapore).

Gene expression was determined from the reactions carried out in 96-well plates using
QuantStudio 3 quantitative, real-time PCR system (Applied Biosystems, Thermo
Fisher Scientific, USA). The composition of the reaction mixture in a well was 4 pL
of diluted cDNA, 4 uL of DEPC treated water, 10 pl of PowerUp™ SYBR™ Green
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Master (Applied Biosystems from Thermo Fisher Scientific, USA), 1 pL of 10 mM
reverse primer and 1 pL of 10 mM forward primer. The thermal cycler program was
set as 95°C for 10 min, followed by 40 cycles of 95°C for 15 s, and 60°C for 1 min.
LinRegPCR v2012.3 application software was used to calculate the efficiency of each
primer. Gene expression was determined using the comparative threshold cycle [(Cy)

244C1 method.

2.8 Statistical analysis

Before analysis, normality of the data sets was determined, and the data sets that were
not normally distributed were transformed. To determine the significance between
treatments and genotypes, analysis of variance was carried out at a significance level
of P < 0.05. Data analysis was conducted using SPSS statistical software version 23
(IBM, Armonk, NY, USA). Gene expression data were transformed into a logz scale
for normality. Statistical analysis of proteomics data was performed using the R
programming language. Graphical representations used GraphPad Prism scientific
software version 7 (GraphPad Software, San Diego, CA).

3. Results
3.1 Genotypic variation of growth responses to elevated temperature

At 10-DAH statistically significant interactions (P <0.001) occurred between
genotype and growth temperature on both the dry weight of the spike on the main tiller
(SDM) (P <0.01) and on 100-grain weight (100 GW) (Figure 1). However, there was
no statistically significant interaction between genotype and temperature on the dry
weight of the flag leaf of the main tiller (FDM) (Figure 1). In Huandoy and Amurskaja
75 at 10-DAH, the increase of SDM at the higher temperature was 53.8% and 25.6%,
and the corresponding 100 GW increase was 268% and 192% (Figure 1).

At maturity, SDMT (P <0.01), total spike weight (SDT) (P <0.05), total harvest (TH)
(P <0.01) and harvest index (HI) (P <0.001) exhibited statistically significant
interactions between genotype and growth temperature. In contrast, spike number,
above-ground biomass (AGB), and AGB without harvest did not display significant

interactions (Figure 2). A 7.1% and 25.7% SN reduction was observed in Huandoy
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and Amurskaja 75, respectively at the higher growth temperature. In Huandoy, at
moderately high temperature there was a 60% decrease in HT and a 5% HT increment
in Amurskaja 75 (Figure 2). Amurskaja 75 displayed a 15% increase in HI at
moderately high temperature, while Huandoy had a 28% decrease (Figure 2). Both
Huandoy and Amurskaja showed a decrease of AGB and AGB without harvest at the

higher temperature.

3.2 Genotypic variation of gas exchange parameters at elevated temperature

At 10-DAH, the rates of spike photosynthesis (A) and of spike respiration in the dark
(DR) were stimulated significantly under higher temperature in both the genotypes
(Huandoy and Amurskaja 75) (Figure 3). At elevated temperature, the increment of A

was much greater in Huandoy (40%) than in Amurskaja 75 (4.5%) (Figure 3).

There were statistically significant interactions between genotype and growth
temperature on A (P <0.01) and intercellular CO2 concentration (Ci) (P <0.001)
(Figure 3). The highest DR was observed with Huandoy at moderately high
temperature ( 41%). On the other hand, the increase of DR in Amurskaja 75 at the
higher temperature was 62%. Further, wheat genotype and growth stage did not

interact on DR or stomatal conductance (SC) (Figure 3).

3.3. Site-specific variation in N concentrations to moderately high temperature

There was a statistically significant (P <0.001) interactions between wheat genotype
and growth temperature on N concentrations of wheat pericarps and flag leaves at 10-
DAH (Figure 4). However, there were no significant interactions between genotype
and growth temperature on grain N concentrations (Figure 4). In Huandoy, there was
a decrement of mean N concentrations in wheat pericarps, seeds, and flag leaves at
moderately high temperature, which were 30%, 9%, and 19%, respectively. In
contrast, for Amurskaja 75, the mean N concentrations of flag leaves increased by 6%.
Although there was a decrement of mean N concentrations of pericarps and seeds of
Amurskaja 75 at moderately high temperature, that difference was comparatively

smaller in Huandoy (Figure 4).
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3.4. Genotypic and site-specific variation in 8 *C and & °N

Wheat genotype, organ type, and growth temperature displayed statistically significant
interactions (P <0.001) for & 3C and C/N atomic ratio. However, § ®N was not
statistically different for genotypic, organ type, and heat-treatment interactions. In
Huandoy, both § ®N and C:N atomic ratio showed an increasing trend in wheat
pericarps and flag leaves at moderately high temperature while isotopic signatures of
C (5 13C) decreased (Figure 5). Although the pericarps of Amurskaja 75 exhibited a
similar expression pattern to Huandoy, in most cases, the flag leaves of Amurskaja 75
acted differently. In all instances, C isotopic signatures (& *3C) were between the

ranges of organs, which perform Cs photosynthesis.

3.5. Effect of moderately high temperature and genotype on the expression of

genes associated with Rubisco biosynthesis and sucrose metabolism

The mean relative expression of rbcS was statistically different among wheat
genotypes (P <0.001) and the growth temperature (P <0.001) (Table 1). However,
there was no statistically significant interaction effect between genotype and growth
temperature on the rbcS expression (Table 1). In addition, the relative expression of
rbcL also differed between genotypes (P <0.05) (Table 1). Generally, the expression
of rbcL is much higher than that of rbcS at both temperature regimes (Table 2).

In Huandoy, the relative expression of both rbcS and rbcL was down-regulated 0.7
and 0.6 log fold at high temperature (Table 2). However, there was a 0.1 log fold
upregulation in the rbcL expression in Amurskaja 75 (Table 2). In all the instances,
the expression of rbcS and rbcL in Huanday is comparatively greater than in
Amurskaja 75 (Table 2).

Of the three sucrose metabolism genes, SPP1, SPS1, and SUS1, only expression of
SUS1 and SPP1 had statistically significant interactions between genotype and growth
temperature (Table 1). In Huandoy, expression of SPP1, SPS1, and SUS1 was
upregulated at high temperature (0.09, 0.60 and 0.04-log fold upregulation,
respectively) while expression was downregulated in Amurskaja 75 (Table 3).
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3.6. Effect of moderately high temperature and genotype on the expression of key

genes related to Cs photosynthesis

There were statistically significant interactions between wheat genotype and growth
temperature on the combined dependent variables: TaPPDK la (P <0.001),
TaPEPC_5 (P <0.001) and TaMDH_7 (P <0.001), although TaNADP-ME _1 was not
statistically different (Table 1). In Huandoy, the relative expression of TaNADP-ME
_1, TaPPDK la, TaPEPC 5, and TaMDH_7 increased 0.12, 1.08, 0.89, and 1.82-log
fold increase respectively at high temperature (Table 4). In contrast, in Amurskaja 75,
high temperature down-regulated the relative expression of all measured C4 pathway
genes (Table 4). Independent of temperature, Huandoy had the highest expression of
TaPPDK la, while Amurskaja 75 had the highest expression of TaPEPC_5 (Table
4).

3.7. Effect of moderately high temperature and genotype on nitrogen metabolism

In pericarps

Wheat genotype and the growth stage showed a statistically significant interaction
effect on the expression of NADH-GOGAT (P<0.05), GS1a (P<0.05), GS2a (P<0.01)
and NiR (P <0.001) (Table 1). Further, the expression of Fd-GOGAT and GS2b was
genotypically varied (Table 1). In Huandoy, only GSla expression displayed an
upregulation, with a 0.4 log-fold increase at high temperature (Table 5). In contrast,
the expression of both GS2a and GS2b were upregulateds in Amurskaja 75 (Table 5).
In Amurskaja 75, the highest downregulation was observed in the NiR expression at

high temperature with a 2.7 log-fold decrease (Table 5).

3.8. Effect of moderately high temperature on the pericarp proteome

From the extracted protein samples of wheat pericarps, overall, 458 different protein
types were identified from proteomics analysis, which were common to both Huandoy
and Amurskaja 75. The differently expressed proteins (significantly) were grouped,
based on the metabolic pathway to which they belonged (Figures 6 and 7). In
Huandoy, of the 458 proteins, only 54 (11.8% of the total) were significantly affected
by high temperature, of which 28 were upregulated and 26 downregulated (Table 6).
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Among the 54 different expressed protein types, 27 were characterized (Table 6). Of
them the highest proportion (11.3%) were from the antioxidant defence system (Figure
6). The characterized proteins, changes in expression, and statistical significance are
shown in Table 6.

In Amurskaja 75, of the 458 proteins, 105 (23%) were significantly affected at
moderately high temperature. Of these, 54 proteins (51%) were upregulated (Table 7).
Of the significantly affected proteins 38 were characterized (Table 7) and again these

were mainly part of the antioxidant defence system (Figure 7).

Among proteins which were found to be significantly affected by moderately high
temperature, 27 were common for both Huandoy and Amurskaja 75, of which 14 were
characterized. Of these, seven protein types displayed a similar expression pattern
across both genotypes: glutathione-S-transferase 19E50, chloroplast acetyl-CoA
carboxylase (fragment), phosphoribulokinase, 40S ribosomal protein S30 were
upregulated and cytochrome b559 subunit alpha (PSII reaction center subunit V),
proteasome subunit alpha type, and UMP-CMP kinase (deoxycytidylate kinase) (CK)
(dCMP kinase) (uridine monophosphate/cytidine monophosphate kinase) (UMP/CMP
kinase) (UMP/CMPK) were down-regulated at moderately high temperature. The
expression pattern of the remaining seven proteins differed between Huandoy and
Amurskaja 75.

4. Discussion
4.1. Growth traits affected by moderately high temperature

For both genotypes at 10-DAH, there were increases in SDM and 100 GW at
moderately high temperature after heading (Figure 1) and at maturity, there were
reductions in SN, SDT, AGB, and AGB without harvest (Figure 2). These results are
consistent with previous findings in wheat (Saini and Aspinall, 1982, Ferris et al.,
1998, Gibson and Paulsen, 1999). The influence of moderately high temperature on
harvest related traits depends on the growth stage at which the high temperature occurs
(Farooq et al., 2011), i.e. temperatures above 20°C in the reproductive phase cause
yield loss due to pollen sterility, floret abortion, lower CO; assimilation, dehydration

of reproductive organs, and increased photorespiration (Saini and Aspinall, 1982,
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Porter and Gawith, 1999, Farooq et al., 2011). High temperature reduced the duration
between heading and maturity by increasing the rate of spike development. This is
associated with a reduced number of spikelets, and thus total yield (Porter and Gawith,
1999). For instance, the reduction of grain number in a spike by approximately 4%
was observed for every 1°C increase between 15-22°C from anthesis to 30-days post-
anthesis (30-dpa) (Fischer, 1985). Further, grain weight reduced by ~1.5 mg day™* for
every 1°C increase between 15-22°C (Shpiler and Blum, 1986). With the high
temperature, the enzymatic activities involved in starch biosynthesis and deposition
are hindered, and reduced starch deposition in the grain is the main reason for reduced
harvest as starch accounts for about 70% of the dry weight of wheat grain (Jenner,
1994). In this study, the accelerated growth rates at moderately high temperature may
be the reason for obtaining much higher SDM and 100 GW values at 10-DAH than at

the lower temperature.

We observed a substantial genotypic variation in growth-related traits due to
moderately high temperature. Of the different growth parameters, marked genotypic
variation was shown in TH, that is although harvest decreased significantly in
Huandoy it increased in Amurskaja 75, and HI displayed a similar pattern. Although
high temperature generally causes a reduction in the wheat harvest, others too have
reported significant genotypic variation (Freeha et al., 2008, Farooq et al., 2011).
Consequently, we suggest that Amurskaja 75 may be useful in breeding programs for
heat tolerance.

4.2. Spike photosynthesis affected by moderately high temperature

Both genotypes displayed an increase in the rate of spike photosynthesis, respiration
in the dark and stomatal conductance at moderately high temperature (Figure 3),
although the effect of A was not statistically significant in Amurskaja 75. Similarly,
an increase in the rate of CO> assimilation with the increase in temperature of up to
30°C was reported in cotton (Wise et al. (2004), and Shah et al. (2003) state that the
photosynthesis in mature plants is not severely affected by moderately high

temperature in the absence of water stress.

In plants, photosynthesis is the most sensitive biological process to high temperature
(Wahid et al., 2007). In wheat, spike photosynthesis may play a vital role in grain
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filling although it is less well studied (Dehigaspitiya et al., 2019). The reduction in
CO- assimilation at high temperature and how it affects crop productivity has been
investigated for decades (Wise et al., 2004). Previously, the reactions in photosystem
I1 (PSII) including photosystem | (PSI) mediated electron transfer was considered as
the most temperature-sensitive component in photosynthesis (Berry and Bjorkman,
1980). However, recent findings revealed that there was no significant inhibition in
PSIl under moderate heat stress (< 40°C) although there were substantial
photosynthesis reductions (Sharkey and Environment, 2005, Farooq et al., 2011).
Currently, it is believed that the deactivation of Rubisco due to the loss of activity of
Rubisco activase is the main reason for photosynthesis inhibition at moderately high
temperature (35-40°C) (Salvucci et al., 2001). The nett rate of photosynthesis at
moderately high temperature can be decreased by increased photorespiration because
of the changes in kinetic properties of Rubisco and the changes in CO; and O
solubility (Ogren, 1984). In this study, the reason for not observing a photosynthesis
reduction at moderately high temperature may be due to the maximum temperature
that we used (30°C) which was not sufficient to inhibit the activity of PSI, PSII, and
Rubisco. However, increased respiration rates in the dark and photorespiration may
account for the final yield reduction in Huandoy. In addition, there was a clear
genotypic variation in gas exchange parameters at moderately high temperature.
Supporting the substantial yield loss in Huandoy at moderately high temperature,
much higher respiration rates were also observed in the dark with Huandoy than in

Amurskaja 75.

In our study, in most cases, the isotopic signatures of C and N (& *C and & **N) did
not display a significant variation when they were grown at moderately high
temperature, although there were genotypic and organ-specific changes. According to
our results, in all instances, the isotopic signatures of C were within the range of Cs
photosynthesis. Thus, we can assume that the mode of photosynthesis or the selectivity
of CO2 in photosynthesis may not be affected by moderately high temperature.
However, this observation may not lead to any deliberation as to when the plants were
introduced to moderately high temperature as the flag leaves had already initiated. In
addition, part of the dry matter of the considered organ may be from the photosynthate
of other photosynthetic organs rather than its own C fixation. Of the two genotypes,

Amurskaja 75 displayed the lesser variation in C and N isotopic signatures (5 **C and
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5 ®N) at moderately high temperature. During photosynthetic C fixation along with
underlying photosynthetic pathway of the photosynthetic organ, plants discriminate
two types of CO2 which were composed of the two naturally occurring C isotopes (*2C
and 3C) (Caemmerer et al., 2014). Although there are some limitations, isotopic
signatures of plant dry matter are widely used to determine the underlying mechanism

of C assimilation in plants (Farquhar et al., 1982, Caemmerer et al., 2014).

4.3. Expression of genes related to Rubisco biosynthesis affected by moderately
high temperature

We did not observe a statistically significant interaction between genotype and growth
temperature on the expression of rbcS and rbcL at 10-DAH; nonetheless, the
individual effects of genotype and growth temperature on rbcS expression were
significant (Table 1). Of the two genes, expression of rbsS was strongly reduced by
elevated temperature in both genotypes (Table 2). In Huandoy, moderately high
temperature decreased the expression of rbcL by 35%. A similar expression pattern in
rbcS was previously observed in flag leaves of wheat grown at two different
temperature regimes (Almeselmani et al. 2012). These authors also reported a

genotypic variation in expression of both rbcS and rbcL.

The enzyme Rubisco governs the light-saturated C fixation under current atmospheric
conditions and plays a vital role in both C and N metabolism in higher plants (Suzuki
et al., 2009). As wheat spikes play an important role in grain filling and thus the total
yield, it is vital to study the metabolic processes, including Rubisco biosynthesis in
wheat pericarps (Dehigaspitiya et al., 2019). Rubisco consists of eight large and small
subunits and rbcL; a single gene in the chloroplast codes for the large subunit while
rbcS; a multigene family at the nucleus is coding for the small subunit (Suzuki et al.,
2009). The abundance of rbcS and rbcL in a photosynthetic organ is an indirect
measurement for the amount of Rubisco present in that organ (Suzuki et al., 2010).
According to our results, the transcript abundance of both rbcS and rbcL was higher
in Huandoy than Amurskaja 75 at both temperature regimes displaying a genotypic
variation similar to the study of Almeselmani et al. (2012). In Huandoy, although there
was a decrease in rbcL expression at moderately high temperature, Amurskaja 75

displayed an increment. A similar expression pattern was observed by Almeselmani
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et al. (2012) from a study conducted using flag leaves of heat resistant wheat varieties
at different temperature regimes. In addition, supporting our observation of rbcL
expression, the N concentrations of wheat pericarps of Amurskaja 75 did not display
a decrement when exposed to moderately high temperature, whereas there was a

significant decrease in Huandoy.

4.4. Expression of genes associated with the sucrose metabolism affected by

moderately high temperatures

In wheat pericarps expression of key genes of sucrose metabolism varied between
genotypes at the elevated temperature. The importance of knowledge of sucrose
metabolism in wheat pericarps for crop improvement was explained by Dehigaspitiya
et al. (2019). It has been proposed that at least nine enzymes are involved in sucrose
metabolism including fructokinase, invertase, hexokinase, phosphoglucomutase,
UDP-glucose purophosphorylase, phosphoglucose isomerase, (UDPGP), sucrose
phosphate phosphatase (SPP), sucrose synthase (SUS), and sucrose phosphate
synthase (SPS) (Jiang et al., 2015). However, in this study, we considered only the
MRNA abundance of SPS, SUS, and SPP as they may play significant roles in sucrose
biosynthesis. Of the above three genes, both SUS1 and SPP1 displayed a significant
interaction from genotype and growth temperature.

Sucrose is the main transport carbohydrate in most plants, and it forms the interface
between C production at the source and assimilation in sink tissues; consequently the
amount of sucrose present in a photosynthetic organ represents the balance between
these processes (Baxter et al., 2003). The enzyme SPS is considered the main rate-
limiting enzyme of sucrose synthesis and SPS is responsible also for catalysing the
reactions of sucrose-6-phosphate biosynthesis from UDP-glucose and fructose-6-
phosphate (Lunn and MacRae, 2003). In addition, SPP catalyses the final step of
sucrose biosynthesis by hydrolysing sucrose-6-phosphate (Jiang et al., 2015). Because
of the strong interdependence, it is believed that both SPP and SPS act together as a
multi-enzyme complex in sucrose metabolism (Echeverria et al., 1997). A correlation
between the rate of photosynthesis and the rate of sucrose biosynthesis in
photosynthetic organs was suggested (Stitt, 1986, Battistelli et al., 1991). Consistent

with this proposition, in Huandoy, we also observed slightly higher expression of SPS1
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and SPP1 at elevated temperature with the increase of photosynthesis. However, the
expression of SPS1 and SPP1 did not increase in Amurskaja 75 (Table 3) as the rate
of photosynthesis did not increase at elevated temperature. The higher expression of
SPS1 and SPP1 may be an indication of an increased sucrose biosynthesis in wheat
pericarps at elevated temperature. This sucrose has to be transported to sink tissues of
the plant for storage. However, the biomass reduction of Huandoy at elevated
temperature suggests that although the C assimilation is high at elevated temperature,
nett C assimilation was reduced. This may be due to inefficiencies such as higher
respiration rates and site-specific inefficiencies, for instance, low photosynthetic rates
in other photosynthetic organs such as the leaves as well as increased rate of

photorespiration and respiration.

Concerning sucrose metabolism in higher plants, sucrose is degraded by either SUS
or sucrose invertase. Sucrose invertases catalyses the conversion of sucrose into
fructose and glucose while under SUS, sucrose is converted into UDP-glucose (Jiang
et al., 2015). Besides, SUS is mainly involved in the biosynthesis of sugar polymers
such as cellulose and starch and biosynthesis of energy (ATP: Adenosine Tri-
Phosphate) (Coleman et al., 2009, Ruan et al., 2010). In our study, the relative
expression of SUS1 displayed a genotypic variation at moderately high temperature,
which was in Huandoy; there was an increase in SUS1 expression while Amurskaja
75 showed a decrease. Further, out of three genes of sucrose metabolism, SUS1
expression was the highest.

4.5. Nitrogen metabolism affected by moderately high temperature

The expression of key genes of N metabolism changed in response to moderately high
temperature (Tables 1 and 5). Of the seven genes tested, only NADH-GOGAT and NiR
were significantly changed by the growth temperature, and only four interacted
significantly with genotype and growth temperature (Table 1). In N metabolism,
GS2a, GS2b, GSla, and GSrl encode for the GS2 and GS1 isoenzyme families. In
general, the expression of GS2a is much higher in N-sinks, i.e., immature
photosynthetic organs (Bernard et al., 2008). With the age of a plant organ, the relative
expression of GS2a decreases. In our study, expression of GS2a declined at elevated

temperature in Huandoy. This may be due to temperature induced differences in tissue
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maturity even though all the samples were taken at 10-DAH. Until senescence, plant
shoots act as N-sinks while roots act as sources. When the photosynthetic organ
senesces it changes from a N-sink to a source that is remobilized for grain/reproduction
(Bernard et al., 2008). However, in Amurskaja 75, there was no apparent decrease in
the relative expression of GS2a at elevated temperature. Our gene expression results
were supported by the observation that at elevated temperature pericarps of Huandoy
had lowered N concentrations. Moreover, consistent with the GS2a expression, there
was no apparent decrease in N concentrations of pericarps of Amurskaja 75 at

moderately high temperature.

N metabolism in wheat pericarps may play an important role in grain protein content
(Dehigaspitiya et al., 2019). In plant N metabolism, glutamine synthetase (GS)
converts glutamate into glutamine using ammonia as a substrate. A few subclasses of
GS have been identified, and among them, GS1 and GS2 are believed to have site-
specific roles in N metabolism. Generally, the expression of GS2 is higher in N-sinks,
such as photosynthetic organs and it catalyzes the primary N assimilation of ammonia
and re-assimilation of respiratory ammonia (Bernard et al., 2008). However, the
expression of GS1 is relatively lower in sink organs (Bernard et al., 2008). Combining
with two types of GOGAT (glutamate synthase) enzymes: Fd-GOGAT and NADH-
GOGAT, GS integrates amino groups into amino acids in protein synthesis (Masclaux-
Daubresse et al., 2010). Similar to GS enzymes, both Fd-GOGAT and NADH-GOGAT
display a site-specific localization in their expression where there is an abundance of
Fd-GOGAT in photosynthetic organs while a much higher profusion of NADH-
GOGAT is localized in non-photosynthetic organs (Kamachi et al., 1992). Consistent
with this proposition, our results exhibited site-specific variation in the expression of
GOGAT enzymes in pericarps such that there were significantly higher expressions in
Fd-GOGAT than NADH-GOGAT.

4.6. Expression of key genes associated with the Cas pathway affected by

moderately high temperature

At moderately high temperature, the expression of key Ca pathway genes in the two
wheat genotypes varied (Table 1). These results are similar to those for wheat flag

leaves (Bachir et al. 2017). We generally found significant interaction effects between
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genotype and growth temperature on expression of TaPEPC 5, TaPPDK la, and
TaMDH_7. Interestingly, the expression pattern of four Cs pathway genes was
contrary between the genotypes. For instance, in Huandoy, the mean relative
expression of TaPEPC_5, TaNADP-ME _1, TaPPDK Ia, and TaMDH_7 increased at
elevated temperature, while expression decreased in Amurskaja 75. In both genotypes,

the lowest expression was with TaMDH_7 independent of temperature (Table 4).

Wheat is a classic Cs cereal. However, recent findings of Rangan et al. (2016) suggest
the existence of a Cs-like photosynthetic pathway in developing wheat pericarps.
Bachir et al. (2017) characterized the expression of genes related to the main Cs4
pathway enzymes including phosphoenolpyruvate carboxylase (PEPC), NADP-
dependent malic enzyme (NADP-ME), malate dehydrogenase (MDH), and pyruvate
orthophosphate dikinase (PPDK). Although we observed expression of C4 pathway
genes in developing wheat pericarps, a definitive inference would require supporting
evidence from other metabolic processes. This merits further research because of the

potential benefits to crop productivity (Bachir et al., 2017, Rangan et al., 2016).

4.7. The proteome of the wheat pericarp affected by moderately high

temperature

Of the 458 protein types we identified that were common to both Huandoy and
Amurskaja 75, only 12% and 23% were significantly affected by elevated temperature
in Huandoy and Amurskaja 75, respectively. Genotypic variation of grain proteome at
high temperature was reported by Majoul et al. (2003, 2004). Of the different proteins,
a considerable amount was uncharacterized. The characterized proteins that were
marked different were grouped based on their metabolic functions, including:
carbohydrate metabolism, photosynthesis, protein synthesis, and post-translational
modifications, antioxidant defence, energy production, signal transduction, gene
expression (transcription) and nitrogen assimilation. In both genotypes, the greatest
number of significantly affected proteins belonged to the antioxidant defence system.

Reactive oxygen species (ROS) are activated or partially reduced forms of oxygen
(027, H20,, 10,). ROS in plants can be considered as unavoidable by-products of
aerobic metabolism, originating about 2.7 billion years ago with the oxygen-evolving
photosynthetic pathways (Mittler et al., 2011). Although ROS are considered as
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harmful by-products of plant metabolism which cause oxidative damage to cell
membranes (by lipid peroxidation), proteins, nucleotides, and even oxidative
destruction of cells, they also act as signal transduction molecules that regulate
different pathways during plant acclimation to abiotic stresses (Choudhury et al.,
2017). Thus plants have their own set of ROS-producing and ROS-scavenging
pathways in subcellular compartments (Choudhury et al., 2017). The antioxidant
defence system consisting of ROS detoxifying proteins is one such ROS-scavenging
pathway (Mittler et al., 2004).

In Huandoy, we observed upregulation of proteins related to the antioxidant defence
system and other stress coping proteins (Table 6), including: glutathione-S-transferase
19E50, dirigent protein, glutathione S-transferase, ascorbate peroxidase (fragment),
Harpin binding protein 1 and protein disulfide-isomerase at elevated temperature
indicating a stress response. Further, 11% of the significantly affected proteins in
response to moderately high temperature were categorized as parts of the antioxidant
defence system (Figure 6). However, in Amurskaja 75, of 105 significantly affected
proteins, only eight were grouped into the antioxidant defence system and only five
were upregulated (Table 7). This genotypic difference indicates that Huandoy was
experiencing greater heat stress than Amurskaja 75. This observation is further
supported by the effect of moderately high temperature on relative yield. However, of
the proteins significantly affected by elevated temperature, 49%, and 64% were
uncharacterized in Huandoy and Amurskaja 75, respectively at the time of the study,

which may substantially mask the overall picture.

Consistent with the much higher photosynthetic rates of Huandoy at elevated
temperature, fructose-bisphosphate aldolase was upregulated. This protein is
responsible for C fixation and sucrose metabolism and has functions in both glycolysis
and Calvin cycle, Chloroplast acetyl-CoA carboxylase (Fragment), and
Phosphoribulokinas; a protein in Calvin cycle which converts ribulose 5 phosphate to
ribulose-1, 5-bisphosphate. Likewise, in Amurskaja 75, the following proteins were
upregulated: phosphoribulokinase, photosystem Il polypeptide (fragment); protein
which contributes to PSII light-harvesting, photosystem I iron-sulfur center (PSI-C)
(photosystem I subunit VII) (PsaC); a protein responsible for photochemical activity
including electron acceptance and transport, chloroplast acetyl-CoA carboxylase, a
protein involved in fatty acid metabolism and geranylgeranyl hydrogenase; a protein
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involved in the production of chlorophyll. Supporting the higher respiration rates at
elevated temperature, few proteins of the energy pathway were upregulated, i.e., in
Huandoy phosphoglycerate kinase; a protein involved in glycolysis and in Amurskaja
75, succinate dehydrogenase [ubiquinone] flavoprotein subunit- mitochondrial and
glyceraldehyde-3-phosphate  dehydrogenase showed upregulation. Of the
significantly affected proteins in Huandoy at elevated temperature, 9% were related to
protein synthesis and post-translational modifications, 4% were in plant signalling, 8%
were responsible for transcriptional regulation, and 2% were associated with N
metabolism. Likewise, in Amurskaja 75, of the significantly affected proteins, 7%,
4%, 7%, and 1% belonged to protein synthesis and post-translational modifications,

plant signalling, transcriptional regulation, and N metabolism, respectively.

There were numerous uncharacterized proteins that may have significant roles in
wheat metabolism in response to moderately high temperatures. For instance, in both
genotypes, the uncharacterised protein AOA1D5U621 WHEAT displayed the highest
upregulation, but the function or the metabolic pathway attached was unknown. The
inability to characterize protein roles is a significant challenge to determining the
complete spike responses to elevated temperature.

Conclusion

The results of this study confirm that elevated temperature has a significant influence
on major metabolic processes in wheat pericarps and that the impact varied
genotypically. Of the two varieties, Amurskaja 75 had the greater resistance to
moderately high temperature. Of significantly affected proteins in both genotypes, the
highest proportion was associated with the ROS-scavenging pathway. However, a
significant number of proteins are yet to be characterized and, this has become a

challenge when determining overall plant responses to elevated temperature.
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Figure 1. Variation of spike dry mass of the main tiller (SDM), flag leaf dry mass of
the main tiller (FDMT) and 100 grain weight (100GW) at 10-dah of two wheat
genotypes in response to elevated temperature. Abbreviations: ***, P <0.001; **, P
<0.01; *, P <0.05; ns, not significant; Hu, Huandoy; Am, Amurskaja 75; C, control;

HT, elevated temperature.

Figure 2. Variation of spike number per plant (SN), total spike weight (SDT), total
harvest (TH), above-ground biomass (AGB), and AGB without harvest and harvest
index (HI) at maturity of two wheat genotypes in response to elevated temperature.
Abbreviations: *** P <0.001; ** P <0.01; *, P <0.05; ns, not significant; Hu,

Huandoy; Am, Amurskaja 75; C, control; HT, elevated temperature.

Figure 3. Variation of photosynthesis, intercellular CO2 concentration (C;), dark
respiration rate (DR) and stomatal conductance (SC) of spikes of two wheat genotypes
in response to elevated temperature. Abbreviations: ***, P <0.001; **, P <0.01; *, P

<0.05; ns, not significant; Hu, Huandoy; Am, Amurskaja 75.

Figure 4. Variation of N concentration of pericarps, seeds and flag leaves of two wheat
genotypes in response to elevated temperature. Abbreviations: *** P<0.001; **,
P<0.01; *, P<0.05; ns, not significant; Hu, Huandoy; Am, Amurskaja 75; C, control;

HT, elevated temperature.

Figure 5. Variation of isotopic signatures of N, C and C and N atomic ratios of wheat
spikes and flag leaves of two wheat genotypes in response to elevated temperature.
Abbreviations: *** P <0.001; **, P <0.01; *, P <0.05; ns, not significant; Hu,
Huandoy; Am, Amurskaja 75; C, control; HT, elevated temperature.

Figure 6. Protein categories of Huandoy which were significantly affected by elevated

temperature.
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Figure 7. Protein categories of Amurskaja 75 which were significantly affected by

elevated temperature.
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Table 1. The effect of wheat genotype (Huandoy and Amurskaja 75), growth
temperature, and their interactions, on the expression of genes related to Rubisco
biosynthesis, sucrose metabolism, nitrogen metabolism, and C4 pathway enzymes in
wheat pericarps in response to elevated temperature. Abbreviations: ns, not
significant; *, P <0.05; **, P <; 0.01; ***, P <0.001.

Table 2. Heat-map of transcript abundance of key genes related to Rubisco
biosynthesis in wheat pericarps in response to elevated temperature. Data presented
are log> mean values of relative expression. At relative expressions, shades of red
denote relatively higher expression, shades of yellow denote average expression and
shades of green denotes relatively low expression. Abbreviations: C, control (normal
temperature); HT, elevated temperature.

Table 3. Heat-map of transcript abundance of key genes related to sucrose metabolism
in wheat pericarps in response to elevated temperature. Data presented are mean values
of relative expression. At relative expressions, shades of red denote relatively higher
expression, shades of yellow denote average expression and shades of green denote
relatively low expression. Abbreviations: C, control (low temperature); HT, elevated

temperature.

Table 4. Heat-map of transcript abundance of key genes related to Cs pathway
enzymes in wheat pericarps in response to elevated temperature. Data presented are
mean values of relative expression. At relative expressions, shades of red denote
relatively higher expression, shades of yellow denote average expression and shades
of green denote relatively low expression. Abbreviations: C, control (low

temperature); HT, elevated temperature.
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Table 5. Heat-map of transcript abundance of key genes related to nitrogen
metabolism in wheat pericarps in response to elevated temperature. Data presented are
mean values of relative expression. At relative expressions, shades of red denote
relatively higher expression, shades of yellow denote average expression and shades
of green denote relatively low expression.  Abbreviations: C, control (low

temperature); HT, elevated temperature.

Table 6. Significantly affected characterized proteins of Huandoy and their metabolic
pathways. Abbreviations: *, P <0.05; **, P <; 0.01; ***, P <0.001.

Table 7. Significantly affected characterized proteins of Amursjaka 75 and their
metabolic pathways. Abbreviations: *, P <0.05; **, P <; 0.01; ***, P <0.001.
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Table 1

Gene Significance
Metabolic pathwa
p y Genotype Growth Temperature Gen'l?gnps;(aﬁjﬁwm
Rubisco biosynthesis rbcs falele jra— s
rbcL * ns .
SPS1 ns s —
Sucrose metabolism SUS1 ook o o
SPP1 ns ns .
NADH-GOGAT * — _
GSla * ns .
GSr1 ns ns "
Nitrogen metabolism Fd-GOGAT * ns o
GS2a ns ns >k
GS2b * ns "
NiR — - e
TaNADP-ME_1 ns s -
Cs pathway enzymes TaPPDK_la ok ns Hokk
TaPEPC 5 * ns x
* ns *kk

TaMDH_7
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Table 2

Relative expression Log2 fold change
Gene Name Huandoy Amurskaja 75 Huandoy [Amurskaja75
C HT C HT-C HT-C
rbcS 6.73 6.02 5.78
bl | 1255 | moe1 | num
Table 3.
Relative expression Log2 fold change
Gene Name Huandoy Amurskaja 75 Huandoy |Amurskaja75
C HT C HT HT-C HT-C
SPS1 1.77 1.85 233 1.99 0.09 -0.34
sus1 3.28 3.28 2.46
SPP1 1.32 1.37 1.44 0.04 -0.57
Table 4
Relative expression Log2 fold change
Gene Name Huandoy Amurskaja 75 Huandoy |Amurskaja75
C HT C HT HT-C HT-C
TaNADP-ME_1 -0.53 -0.41 0.21 -0.41 0.12 -0.61
TaPPDK_la 0.28 0.88 -0.21 1.08 -1.09
TaPEPC_5 -0.21 0.69 0.12 0.89
TaMDH_7 -0.87 -0.43 -1.83
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Table 5

Relative expression Log2 fold change

Gene Name Huandoy Amurskaja 75 Huandoy |Amurskaja75
C HT C HT HT-C HT-C
NADH-GOGAT 0.41 -0.26 0.37 0.33 -0.66 -0.04
GSla 1.05 1.43 2.24 1.35 0.37 -0.89
GSr1 0.27 0.26 0.17 0.03 -0.01 -0.14
Fd-GOGAT 2.63 2.63 3.23 2.89 0.00 -0.34
GS2a 3.26 2.58 2.63 2.85 -0.68 0.22
GS2b -3.64 -4.07 -4.26 -4.14 -0.42 0.11

NiR 109 | an | 20 [ 45 063 | 2B |
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Table 6

Fold change at

Accession No Protein names and metabolic pathway elevated P value
temperature
Carbohydrate metabolism
W5FL09 Fructose-bisphosphate aldolase (EC 4.1.2.13) 0.67 *
AOA1DSRVB3  Phosphotransferase (EC 2.7.1.-) -0.37 *
Photosynthesis
Q6XW17 Photosystem Il polypeptide (Fragment) -0.52 *x
UMP-CMP kinase (EC 2.7.4.14) (Deoxycytidylate kinase) (CK) (dCMP kinase)

AOA1D5UBN5  (Uridine monophosphate/cytidine monophosphate kinase) (UMP/CMP kinase)
(UMP/CMPK) -0.40 o
Q5S744 Chloroplast acetyl-CoA carboxylase (EC 6.4.1.2) (Fragment) 0.48 *
AOALD6DFN1  Phosphoribulokinase (EC 2.7.1.19) 0.32 *
S470B1 Cytochrome b559 subunit alpha (PSII reaction center subunit V) -0.41 *

Protein synthesis and post translational modifications
USHTDS8 Ribosomal protein S20 0.61 **
AOALD5RXH7  Proteasome subunit alpha type (EC 3.4.25.1) -0.50 *x
WsBPU1 40S ribosomal protein SA 0.52 *
W5C3H4 Proteasome subunit alpha type (EC 3.4.25.1) 0.51 *
AOALID6CDNY7 408 ribosomal protein S30 0.43 *
Antioxidant defense system

Q8LGN5 Glutathione-S-transferase 19E50 0.60 **
W5SEC14 Dirigent protein 1.25 **
QI9SP56 Glutathione S-transferase 0.44 *
C3vQs2 Ascorbate peroxidase (Fragment) 0.47 *
Q5QJAS Harpin binding protein 1 -0.36 *
AOALDSX7C5  Protein disulfide-isomerase (EC 5.3.4.1) 0.40 *
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Energy production

AOA1D5ZIJMO  Cytochrome b-c1 complex subunit 7 -0.75 *x
AOA1D6RDZ8  Phosphoglycerate kinase (EC 2.7.2.3) 0.37 *
Signaling
COSPI3 Polyphenol oxidase 0.38 *
AOALDSZA24  Clathrin heavy chain 0.36 *
Gene expression (transcription)
AOA1D5Z8I16 Histone H4 -0.49 **
AOAID5SHX1  Tubulin beta chain 0.59 *
W5A3G5 Profilin -0.51 *
AOA1D5SXQB86  Alanine--tRNA ligase (EC 6.1.1.7) (Alanyl-tRNA synthetase) (AlaRS) 0.34 *
Nitrogen assimilation
AOA1D6AQAT  Glutamine synthetase 0.51 >
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Table 7

Fold Change
Accession No Protein names at elevated P Value
temperature
Carbohydrate metabolism
AOALD5YRW6 Fructose-bisphosphate aldolase (EC 4.1.2.13) -0.31 *
Photosynthesis

QA45FE7 Geranylgeranyl hydrogenase 0.46 *x
Q35744 Chloroplast acetyl-CoA carboxylase (EC 6.4.1.2) (Fragment) 0.43 *
ALYV22 Photosystem | iron—su_lfur center (EC 1.97.1.12) (9 kDa polypeptide) (PSI-C)

(Photosystem | subunit V1I) (PsaC) 0.40 *
S4z0B1 Cytochrome b559 subunit alpha (PSII reaction center subunit V) -0.47 *
Q6XW17 Photosystem Il polypeptide (Fragment) 0.41 *
AOA1D6DFN1 Phosphoribulokinase (EC 2.7.1.19) 0.31 *

UMP-CMP kinase (EC 2.7.4.14) (Deoxycytidylate kinase) (CK) (dCMP kinase)
AOA1D5UBNS (Uridine monophosphate/cytidine monophosphate kinase) (UMP/CMP kinase)

(UMP/CMPK) -0.29 *

Protein synthesis and post translational modifications
AOA1D6CDNY7 40S ribosomal protein S30 0.74 **
AOA1D6C4Q5 60S acidic ribosomal protein PO -0.52 *x
AOA1D5XUJ3 40S ribosomal protein S21 -0.48 *
S429J2 30S ribosomal protein S7, chloroplastic -0.43 *
AOALDSRXH7 Proteasome subunit alpha type (EC 3.4.25.1) -0.35 *
W5C3H4 Proteasome subunit alpha type (EC 3.4.25.1) 0.50 *
A0A1DS5S805 60S ribosomal protein L36 0.42 *
Antioxidant defense system

QB8LGNS5 Glutathione-S-transferase 19E50 0.82 kk
Q9LD25 Phenylalanine ammonia lyase (Fragment) -0.93 ke
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AOA1D6RKR9 Isocitrate dehydrogenase [NADP] (EC 1.1.1.42) 0.52 **
W5CQ97 Cysteine proteinase inhibitor 0.47 o
Q8GZB9 Putative ascorbate peroxidase (Fragment) -0.41 *
AOA1DERUVY Dirigent protein -0.51 *
W5GUI9 Phenylalanine ammonia-lyase (EC 4.3.1.24) 0.43 *
Q9S8F6 Glycosylated protein disulfide isomerase homolog (Fragment) 0.30 *
Energy production

AOA1DSYL67 Glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.-) 0.84 **
AOA1D5YWR2 ) - . L .

Succinate dehydrogenase [ubiquinone] flavoprotein subunit, mitochondrial (EC 1.3.5.1) 0.78 ol
S470A5 ATP synthase epsilon chain, chloroplastic (ATP synthase F1 sector epsilon subunit) (F-

ATPase epsilon subunit) -0.54 *

Signaling
AOA1D5T1D8 SHAGGY -like kinase 0.58 *x
AOA1D6S3V8 Cysteine synthase (EC 2.5.1.47) 0.91 *
D2KZ12 3-ketoacyl-CoA thiolase-like protein 0.51 *
COSPI3 Polyphenol oxidase -0.41 *
Gene expression (transcription)
AOA1D6ERGUS Importin subunit alpha -0.77 *x
QIFXQ9 TaWIN1 0.57 %
AOA1D5X443 Low temperature-responsive RNA-binding protein -0.65 *k
081331 Vacuolar invertase (EC 3.2.1.26) (Fragment) 0.45 *x
AOA1DSU4GY Adenosylhomocysteinase (EC 3.3.1.1) -0.44 *
A0A1D5XQ86 Alanine--tRNA ligase (EC 6.1.1.7) (Alanyl-tRNA synthetase) (AlaRS) 0.38 *
A4KAZ1 Tubulin alpha chain 0.51 *
Nitrogen assimilation

AOA1D6AQAT Glutamine synthetase 0.40 *
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Supplementary Table S1. Atmospheric conditions of the low-temperature growth

cabinet

Growth cabinet one: low temperature

Hours Light intensity Temperature
°C
0-4 Off 14
4-5 On (20%) 16
5-6 On (30%) 18
6-7 On (50%) 20
7-17 On (60%) 22
17-18 On (50%) 20
18-19 On (30%) 18
19-20 On (20%) 16
20-23 Off 14

Supplementary Table S2. Atmospheric conditions of the elevated temperature

growth cabinet.

Hours Light intensity Temperature
°C
0-4 Off 22
4-5 On (20%) 24
5-6 On (30%) 26
6-7 On (50%) 28
7-17 On (60%) 30
17-18 On (50%) 28
18-19 On (30%) 26
19-20 On (20%) 24
20-23 Off 22
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Supplementary Table S3. List of primer sequences of genes selected for gRT-PCR

Primer R , Metabolism Reference
. Sequence (5°------ 3%)
abbreviation
NiR F: AACCTCCTCTCCTCCTACATCA
! R: CCTAGGAAGGTTGGTGATGGC
F: CGGCAATGGAGGCTGAGCAACA
Fd-GOGAT R: TGAGCCTGCTCGATGGTCACTGT
GS2a F: CTCATGGTGTGTTGCGAACC
R: GGTCCTCCAGGTATCCTTTGC
F: TGAAGGAAACGAGCGGAGAC . )
GS2b R: CTCGCCCCACACGAATAGAG N metabolism Vicente et al, 2015
F: GCCATTGAATCAGTTCCAGGGCCAC
NADH-GOGAT R: GCCAGCACCTGAGCTTTCCTGATG
GSTa F: AGGTCATCGTGGATGCCGTGGA
R: TTTGCGACGCCCCAGCTGAA
GSr1 F: AAGGGCTACTTCGAGGACCGCA
R: ATGATCTGGCGGCGGTAGGCAT
F: CAGGGTGAAGTTATCGAGCAG
TaPEPC_5 R: ACTTGGCTTTCTCTTGGATGG
F: CTCTACATCAGCCTCAAGGAC Bachir et al. 2017
TaNADP-ME Iy, (GTTGAGCAATGTCTCGTTG C4 pathway '
F: CAGGCTTGGTATTTCGTATC enzymes
TaPPDK_la R: CTGCTCTGCTATCTCATCT
F: CGATTGCTGCTGAGATTC
TaMDH_7 R: CAGCGTTCTGTATCCTCT
vhel F: GGCTGCAGTAGCTGCCGAATCT
R: TCCCCAGCAACAGGCTCGATGT
b F: AGCCTCAGCAGCGTCAGCAAT .
roe R: CGTGGATAGGGGTGGCAGGTAAGA Rubisco
F: GCGCACGGGAAGGAGTTTTTCTTCT biosynthesis and .
SPP1 R: GACCTCCGTAGACATCATCCAGCCC Sucrose Vicente et al, 2015
Spsi F: AGAAGGCTCTGCCTCCCATTTGGTC metabolism
R: AGGATCATCGGCTTGTGCGGGTT
SUSI F: GTATGTTCACCAGGGCAAGGGCA
R: GGCGTCAAACTCAGCAAGCAGC
ADP riosylation ~ F: GCTCTCCAACAACATTGCCAAC Vicente et al, 2015
factor R: GCTTCTGCCTGTCACATACGC )
Tadctin-F F: TTGCTGACCGTATGAGCAAG Housekeeping
adcun- R: ACCCTCCAATCCAGACACTG genes Bachir et al. 2017
F: TGCCTTGCCCATAAGAAATC :
TaSand-F

R: GTGCGGACCAGTTGCTTTAT
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CHAPTER 7

GENERAL DISCUSSION, CONCLUSION AND FUTURE DIRECTIONS

7.1 General Discussion

Wheat is considered a classical Cs cereal based on its leaf photosynthesis, yet evidence
is mounting that a different mode of photosynthesis may operate in wheat spikes,
raising the possibility of manipulating this physiological trait for future crop
improvement (Dehigaspitiya et al., 2019). Other vital metabolic processes such as
nitrogen (N) assimilation and sucrose metabolism could also vary site-specifically and
may have significant roles in grain quality and quantity. To test these hypotheses I
investigated site-specific, genotypic and temporal variation in carbon assimilation and
other photosynthesis-related processes in wheat using wheat spikes and flag leaves of
three wheat genotypes (Huandoy, Amurskaja 75 and Greece25) at different growth
stages [heading, three days post-anthesis (3-dpa), fourteen days post-anthesis (14-
dpa), thirty days post-anthesis (30-dpa) and maturity (CM)].

A major initial technical hurdle for the study was to measure the gas exchange
parameters of wheat spikes. This was difficult because spikes differ structurally and
physiologically from leaves for which most gas exchange protocols are designed. The
LI-COR conifer chamber (6400-05) is designed to connect with LI-COR 6400
portable photosynthesis system to determine gas exchange parameters of short needle
conifers in a chamber environment where humidity, temperature, and CO, are
controlled by LI-COR 6400. In Chapter 3, | optimized a methodology of analysing
gas exchange of wheat spikes using the LI-COR portable photosynthesis system
coupled with LI-COR conifer chamber, using an external light source. | provided two
methods of calculating the photosynthetic area of wheat spikes, which is a vital piece
of information when determining gas exchange parameters of photosynthetic organs.
Together these developments enabled me to calculate the biological capacity of carbon
assimilation (Vcmax and Jmax) Of wheat spikes at different growth stages using carbon

dioxide response (A-Ci) curves (Chapter 3). This method can be extended in
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phenotyping and determining the gas exchange of other photosynthetic organs such as

rice panicles.

Chapter 4 integrated the site-specific, genotypic, and temporal variation of the
photosynthesis in wheat (Chapter 3) with biochemical, and molecular approaches
focussing on wheat spikes and flag leaves. Molecular-level changes in photosynthesis
and sucrose metabolism were investigated using the expression of key genes of
Rubisco biosynthesis (rbcL and rbcS) and sucrose metabolism (SPS1, SUS1, and
SPP1). The results confirmed the hypothesis of site-specific photosynthesis and
significant genotypic, site-specific, and temporal variations in the biological capacity
of carbon assimilation. The highest biological capacity of carbon assimilation both in
wheat spikes and flag leaves was at 14-dpa. The highest biomass accumulation in
wheat spikes was also between 14-dpa and 30-dpa. During early to mid-grain filling
(heading to 14-dpa), wheat flag leaves displayed a significantly higher Vcmax and Jmax
than wheat spikes. Interestingly, at late grain filling (30-dpa), there was a steady
decrease in the biological capacity of carbon assimilation of wheat flag leaves and the
difference in Vcmax and Jmax between spikes and flag-leaves was not significantly
different, maybe due to early leaf senescence. This again supports my hypothesis of
much higher spike contribution to crop yield than leaves specifically at late grain
filling stage. Results of phenotyping further supported this observation (Chapter 4).
Although there were quantitative differences in the expression of rbcS and rbcL, both
organ types (pericarps and flag leaves) displayed a similar expression pattern across
genotypes which was much higher expression at heading and a gradual decrease
towards 30-dpa. In both organ types, the rbcL expression was much higher than the
rbcS abundance. As the key enzyme of carbon assimilation, Rubisco plays a vital role
in photosynthesis and is accountable for a significant proportion of the N content of a
photosynthetic organ (Suzuki et al., 2001). Further, a strong correlation between Vcmax
and the N content of a photosynthetic organ has also been reported (Walker et al.,
2014). Consistent with this proposition, I also observed the highest Vcmax at 14-dpa,
the stage which showed the highest organ N concentrations. Although the rbcS and
rbcL expression was comparatively lower at 14-dpa than heading, organ-specific N
concentrations suggested the maximum Rubisco content was at 14-dpa possibly due
to low Rubisco degradation rates during heading to 14-dpa. In addition, | found a

marked, organ-specific, variation in expression of SPS1, SUS1, and SPP1 along with
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genotypic and temporal variation, indicating changes in sucrose metabolism. At 14-
dpa, positive correlations between the biological capacity of carbon assimilation of
wheat spikes and SPS1 and SPP1 were observed. The growth stage heading and the
14-dpa were the most photosynthetically active stages of wheat spikes. Interestingly,
the relative expression of SPS1 and SPP1 was maximal at those stages, suggesting an
increased sucrose biosynthesis in the wheat pericarp, which leads to high carbon
assimilation. Phenotyping revealed that the greatest biomass accumulation after
heading took place in wheat spikes, consistent with the idea that the C assimilated
during the high photosynthetic activity of wheat spikes was directly translocated to

the endosperm, contributing in a major way to grain filling.

Chapter 5 investigated the site-specific expression pattern of key Cs pathway genes
during grain filling and determined site-specific variation in nitrogen metabolism.
While this experiment did not directly demonstrate Cs photosynthesis in wheat
pericarps, there was a site-specific, genotypic, and temporal variation in the expression
of key genes of the C4 pathway (TaNADP-ME _1, TaPEPC 5, TaPPDK Ia, and
TaMDH_7). These genes encode for: NADP-dependent malic enzyme (NADP-ME),
phosphoenolpyruvate carboxylase (PEPC), pyruvate orthophosphate dikinase (PPDK)
and malate dehydrogenase (MDH). Of these genes, in most instances, the highest and
the lowest relative expression was with TaPEPC_5 and TaMDH_7, respectively.
Wheat is composed of three diploid progenitor sub-genomes (AA, BB, and DD). To
gain an overall idea of the expression pattern, the sub-genome specificity of Ca
pathway genes was also tested. The higher expressions of TaNADP_1BS suggested
that sub-genomes B was mainly accountable for the NADP-ME expression. In
contrast, both B and D sub-genomes were responsible for PPDK expression. Even
though there was a minimum expression, all sub-genomes of wheat (A, B and D) were
responsible for PEPC expression. Isotopic signatures of C (5'3C) in a photosynthetic
organ (dry matter) provide clues about the underlying C metabolism. In this study, the
C isotopic signatures of wheat spikes and flag leaves were between -27% and -31%.
Further, in most cases, site-specific variation in C isotopic signatures was not
observed. From these results, | suggested that wheat spikes and flag leaves probably
perform the same photosynthetic mode, i.e. Cz. However, determining the
photosynthetic pathway based on §*3C of dry matter may be inaccurate as part of dry

matter is imported from other photosynthetic organs.
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There was an organ-specific variation in the expression of GS2a, GS2b, GS1a, and
GSr1: key genes which encode GS2 and GS1 isoenzyme families of N metabolism in
plants. In both spikes and flag leaves, the maximum relative expression of GS2a was
at the early reproductive stages and showed a decreasing trend towards late grain
filling showing a temporal variation. This expression pattern is an indication for the
organ senescence over time, which convert their roles from N-sinks to secondary N-
sources. The organ-specific difference | observed in GS2a expression was probably
due to early senescence of flag leaves as compared to pericarps. The steady increase
of GS1la expression towards 30-dpa in flag leaves further point toward the fact that the
role change in the N metabolism (N remobilization) and much earlier flag leaf
senescence compared to pericarps, as GS1 facilitates N remobilization from initial
sink tissues to developing sink organs (endosperms) (Masclaux-Daubresse et al.,
2006). My results further suggested that the N remobilization of flag leaves starts
much earlier than in the wheat pericarps implying the importance of spike N
metabolism for grain protein content at the late grain filling stage. To integrate the
amino groups into amino acids in protein synthesis, GS enzymes tend to combine with
two types of GOGAT (glutamate synthase) enzymes: Fd-GOGAT and NADH-
GOGAT, which show a site-specific localization. Supporting the chloroplastic
localization, the expression of genes associated with Fd-GOGAT was much higher in
flag leaves than in the wheat pericarps. Consistent with the gene expression, organ-
specific N concentrations also showed genotypic and temporal variation, supporting
much earlier leaf senescence than in wheat spikes. Analysis of grain N content
revealed that although the maximum grain N content (mass) per plant was with
Huandoy, the maximum grain N concentration was with Amurskaja 75 indicating

highest grain quality in Amurskaja 75.

Chapter 6 tested the effect of elevated temperature on spike photosynthesis and other
related metabolic processes on varieties Huandoy and Amurskaja 75 at ten days after
heading (10-dah). At elevated temperature, grain yield increased by 5% in Amurskaja
75 and decreased by 60% in Huandoy. Gene expression differed between genotypes
showing a significant genotypic variation in spike metabolism in response to elevated
temperature. According to the proteomics studies, most of the differentially expressed
proteins at high temperatures belonged to the antioxidant defense system,

photosynthesis, protein synthesis, and energy production. This indicates that along
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with the changes in carbon assimilation in wheat pericarps, other metabolic processes
such as N and energy pathways also differed in response to high temperatures. Of the
differentially expressed proteins, those related to antioxidant defense system were
more significant in Huandoy than in Amurskaja 75, indicating that Huandoy was under
greater heat stress than Amurskaja 75. Upregulation of proteins related to the
antioxidant defense system is an indication of excessive production of reactive oxygen
species (ROS). Although ROS have important roles in plant metabolism, including
intercellular signaling, excessive ROS production causes oxidative damage
(Choudhury et al., 2017). My observation of the expression of proteins related to
antioxidant defense system was consistent with the effects on grain yield. In both
genotypes, there were numerous uncharacterized proteins which may have performed

significant roles in spike metabolism in response to heat stress.

7.2 Conclusions and future directions

The most severe limitation of previous attempts to measure gas exchange parameters
(A-Ci curves) of wheat spikes was the requirement of an appropriate chamber which
can accommodate wheat spikes and the inability to control the chamber environment
precisely. My novel solution optimized in Chapter 3, with a LI-COR portable
photosynthesis system coupled with the conifer chamber, could with minor changes
be utilized also to analyse gas exchange parameters of other three-dimensional
photosynthetic organs, such as rice panicles, fruits, and stems. Further, the optimized
area calculation protocol is equally widely applicable. A-Ci curves generated using
the above protocol, coupled with other molecular techniques, facilitated observation
of mechanistic variation behind the site-specific, genotypic, and temporal changes of
photosynthesis and other key metabolic processes in three genotypes of wheat under
controlled conditions. The observations allow the proposal of a mechanism of spike

contribution to grain filling at leaf senescence.

Nonetheless, more needs to be done to test these findings, e.g. by using more
genotypes and growth stages in the field. Knowledge from such studies might open
new leads to yield enhancement in economically important Cz cereals. By mounting a
lighted conifer chamber (Li-COR, Lincoln, Nebraska, USA 6400-22L) we can

209



eliminate the necessity of an external light source for gas exchange measurements. In
addition, it may also necessary to identify efficient photosynthetic traits through
microscopy since | could not identify strong evidence for the existence of Cs4 like
photosynthetic pathway in wheat from gene expression and carbon isotopic signatures.
There was however site-specific, genotypic and temporal variation in the expression
of key C4 pathway genes, which is worthy of further investigation. In addition, |
demonstrated the importance of spike N metabolism for grain protein content
specifically during leaf senescence, and identified Amurskaja 75 as a genotype with
high grain protein concentration. | investigated the expression only of key genes of
each metabolic pathway: new experiments should conduct an in-depth transcriptomic

analysis through microarray and make observations at more developmental stages.

Lastly, changes in the proteome of wheat pericarps allowed me to identify the key
metabolic pathways affected at high temperatures. However, of the significantly
affected proteins, there were numerous uncharacterized proteins which may have
prominent roles in plant metabolism. It is essential to characterize the wheat proteome
in the future to underpin the mechanistic changes which occur not only at heat stress
but also during other biotic and abiotic stresses. Huandoy displayed the highest
upregulation of proteins related to antioxidant defence system indicating heat stress.
Molecular and physiological findings point to the fact that of the two genotypes,
Amurskaja 75 was a heat resistant variety and a possible candidate for crop

improvement programs for future climates.
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